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within the droplets (for example, released from lysed cells). 
In some cases, the barcodes may be used to distinguish tens, 
hundreds, or even thousands of nucleic acids, e.g., arising 
from different cells or other sources. 
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Nucleic Acids.” by Weitz, et al., which claims the benefit of 
U.S. Provisional Patent Application Ser. No. 61/982,001, 
filed Apr. 21, 2014; U.S. Provisional Patent Application Ser. 
No. 62/065,348, filed Oct. 17, 2014; U.S. Provisional Patent 
Application Ser. No. 62/066,188, filed Oct. 20, 2014; and 
U.S. Provisional Patent Application Ser. No. 62/072,944, 
filed Oct. 30, 2014. Each of these is incorporated herein by 
reference. 

GOVERNMENT FUNDING 

0002 This invention was made with government support 
under Grant No. R21 DK098818 awarded by the National 
Institutes of Health. The government has certain rights in the 
invention. 

FIELD 

0003. The present invention generally relates to microflu 
idics and labeled nucleic acids. 

BACKGROUND 

0004. Much of the physiology of metazoans is reflected in 
the temporal and spatial variation of gene expression among 
constituent cells. Some of this variation is stable and has 
helped us to define adult cell types, as well as numerous 
intermediate cell types in development. Other variation 
results from dynamic physiological events such as the cell 
cycle, changes in cell microenvironment, development, 
aging, and infection. Still other expression changes appear to 
be stochastic in nature, and may have important conse 
quences. To understand gene expression in development and 
physiology, it has been a dream of biologists to map gene 
expression changes not only in RNA levels, but also in protein 
levels, and evento monitor post-translational modifications in 
every cell. 
0005. The methods available today for RNA sequence 
analysis (RNA-Seq) have the capacity to quantify the abun 
dance of RNA molecules in a population of cells with great 
sensitivity. With some considerable effort these methods have 
been harnessed to analyze RNA content in single cells. What 
is limiting are effective ways isolate and process large num 
bers of individual cells for in-depth RNA sequencing, and to 
do so quantitatively. This requires the isolation of cells under 
uniform conditions, preferably with minimal loss of cells, 
especially in the case of clinical samples. The requirements 
for the number of cells, the depth of coverage, and the accu 
racy of the measurements of RNA abundance will depend on 
experimental considerations, which will include factors such 
as the difficulty of obtaining material, the uniqueness of the 
material, the complexity of the cell population, and the extent 
to which cells are diversified in gene expression space. Lack 
ing today high capacity single cell transcriptome data, it is 
hard to know the depth of coverage needed, but the presence 
of rare cell types in populations of interest, such as occult 
tumor cells or tissue stem cell Sub-populations, combined 
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with other independent drivers of heterogeneity such as cell 
cycle and stochastic effects, suggests a demand for analyzing 
large numbers of cells. 
0006 Although analysis of RNA abundance by RNA-seq 

is well-established, the accuracy of single cell RNA-Seq is 
much more sensitive than bulk assays to the efficiency of its 
enzymatic steps; furthermore the need for PCR or linear 
amplification from single cells risks introducing considerable 
errors. There are also major obstacles to parallel processing of 
thousands or even tens of thousands of cells, and to handling 
small samples of cells efficiently so that nearly every cell is 
measured. Over the past decade, microfluidics has emerged as 
a promising technology for single-cell studies with the poten 
tial to address these challenges. Yet the number of single cells 
that can be currently processed with microfluidic chips 
remains low at 70-90 cells per run, which sets a limit for 
analysis of large numbers of cells in terms of running costs 
and the limited time during which cells remain viable for 
analysis. Moreover, capture efficiencies of cells into microf 
luidic chambers are often low, a potential issue for rare or 
clinical samples where the number of cells available is lim 
ited. 

SUMMARY 

0007. The present invention generally relates to microflu 
idics and labeled nucleic acids. The subject matter of the 
present invention involves, in Some cases, interrelated prod 
ucts, alternative solutions to a particular problem, and/or a 
plurality of different uses of one or more systems and/or 
articles. 
0008. In one aspect, the present invention is generally 
directed to an article. In one set of embodiments, the article 
comprises a plurality of at least 10 microfluidic droplets, each 
of the droplets containing cell lysate including nucleic acid 
fragments. In some cases, a plurality of the nucleic acid 
fragments within a droplet are each bound to an oligonucle 
otide tag. In certain embodiments, the oligonucleotide tag 
within the droplet is distinguishable from oligonucleotide 
tags within the other droplets of the plurality of droplets. 
0009. The article, in another set of embodiments, includes 
a plurality of at least 10 microfluidic droplets, each of the 
droplets containing cell lysate. In some embodiments, at least 
about 90% of the droplets contains only one particle. In some 
cases, the particle comprises an oligonucleotide covalently 
bonded thereto. 
0010. According to yet another set of embodiments, the 
article comprises a plurality of particles, at least about 90% of 
the particles comprising an oligonucleotide covalently 
bonded thereto, the oligonucleotide comprising at least 2 
primer sites and at least 2 barcode regions. In some embodi 
ments, at least about 90% of the particles are distinguishable 
from the other particles of the plurality of particles on the 
basis of the barcode regions of the oligonucleotides. 
0011. In one set of embodiments, the article comprises a 
plurality of at least 10,000 microfluidic droplets. In some 
embodiments, at least some of the droplets containing cell 
lysate include nucleic acid fragments. In certain cases, a 
plurality of the nucleic acid fragments within a droplet are 
bound to an oligonucleotide tag. The oligonucleotide tag 
within the droplet, in one embodiment, is distinguishable 
from oligonucleotide tags within the other droplets of the 
plurality of 10,000 microfluidic droplets. 
0012. The article, in another set of embodiments, includes 
a plurality of at least 10,000 microfluidic droplets. In some 
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embodiments, at least Some of the droplets contain cell lysate. 
At least about 90% of the plurality of 10,000 microfluidic 
droplets may contain only one particle in certain cases. In 
Some embodiments, the particle may comprise an oligonucle 
otide covalently bonded thereto. The oligonucleotide within a 
droplet may be distinguishable from oligonucleotides within 
the other droplets of the plurality of 10,000 microfluidic 
droplets in various instances. 
0013. In another aspect, the present invention is generally 
directed to a method. In one set of embodiments, the method 
includes acts of encapsulating a cell and a particle within a 
microfluidic droplet, the particle comprising an oligonucle 
otide tag covalently bonded thereto, lysing the cell within the 
droplet to release nucleic acid from the cell, and bonding the 
released nucleic acid and the oligonucleotide tag within the 
droplet. 
0014. The method, in another set of embodiments, 
includes acts of providing a plurality of microfluidic droplets 
containing cells, at least about 90% of the droplets containing 
one cell or no cell, lysing the cells within the plurality of 
microfluidic droplets to release nucleic acid from the cells, 
and bonding the nucleic acid to oligonucleotide tags, wherein 
for at least about 90% of the droplets. In some cases, the 
oligonucleotide tag within the droplet may be distinguishable 
from oligonucleotide tags within the other droplets of the 
plurality of droplets. 
0015. According to still another set of embodiments, the 
method includes acts of providing a plurality of particles, 
attaching first oligonucleotides to the plurality of particles 
such that at least about 90% of the particles has covalently 
bonded thereto only one first oligonucleotide, where the first 
oligonucleotides are taken from a pool of at least 10 unique 
first oligonucleotides; and attaching second oligonucleotides 
to the first oligonucleotides such that at least about 90% of the 
first oligonucleotides has covalently bonded thereto only one 
second oligonucleotide, where the second oligonucleotides 
are taken from a pool of at least 10 unique second oligonucle 
otides. 

0016. In accordance with one set of embodiments, the 
method includes acts of encapsulating a cell and a hydrogel 
microsphere or particle within a droplet, where the hydrogel 
microsphere or particle has attached thereto a barcoded 
nucleic acid, lysing the cell within the droplet to release RNA 
and/or DNA from the cell, and enzymatically reacting the 
RNA and/or DNA with the barcoded nucleic acid. 

0017. The method, in another set of embodiments, com 
prises providing droplets containing cells such that no more 
than 10% of the droplets contains two or more cells, lysing the 
cells within the plurality of droplets to release RNA and/or 
DNA from the cells, and uniquely labeling the RNA and/or 
DNA with a droplet-specific barcode. 
0018. According to still another set of embodiments, the 
method includes acts of providing droplets containing cells 
such that no more than 10% of the droplets contains two or 
more cells, lysing the cells within the plurality of droplets to 
release RNA and/or DNA from the cells, and uniquely label 
ing the RNA and/or DNA with a barcode selected from a pool 
of at least 10,000 barcodes. 
0019. In yet another set of embodiments, the method 
includes acts of providing a plurality of microspheres or 
particles carrying nucleic acid, covalently attaching an oligo 
nucleotide to the microspheres or particles, enzymatically 
extending the oligonucleotides with a first barcode selected at 
random from a pre-defined pool of first barcodes, and enzy 
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matically extending the oligonucleotides with a second bar 
code selected at random from a pre-defined pool of second 
barcodes. 

0020. In one set of embodiments, the method includes 
encapsulating a plurality of cells and a plurality of particles 
within a plurality of at least 10,000 microfluidic droplets, at 
least Some of the particles comprising an oligonucleotide tag 
covalently bonded thereto, such that the droplets of the plu 
rality of the at least 10,000 droplets contain one or more 
oligonucleotide tags distinguishable from oligonucleotide 
tags contained in other droplets of the plurality of droplets, 
lysing at least some of the cells within the droplets to release 
nucleic acid from the cell, and bonding the released nucleic 
acids and the oligonucleotide tags within at least some of the 
droplets. 
0021. In another set of embodiments, the method includes 
providing a plurality of at least 10,000 microfluidic droplets 
containing cells, at least about 90% of the plurality of droplets 
containing one cell or no cell, lysing the cells within the 
plurality of microfluidic droplets to release nucleic acid from 
the cells, and bonding the released nucleic acid to oligonucle 
otide tags, wherein for at least about 90% of the droplets, the 
oligonucleotide tag within the droplet is distinguishable from 
oligonucleotide tags within other droplets of the plurality of 
droplets. 
0022. The method, according to yet another set of embodi 
ments, includes encapsulating a cell and a hydrogel micro 
sphere or particle within a droplet, where the hydrogel micro 
sphere or particle may have attached thereto a barcoded 
nucleic acid, lysing the cell within the droplet to release 
nucleic acid from the cell, and enzymatically reacting the 
released nucleic acid with the barcoded nucleic acid. 

0023 The method, in accordance with still another set of 
embodiments, is directed to providing a plurality of at least 
about 10,000 microfluidic droplets containing cells such that 
no more than 10% of the droplets contains two or more cells, 
lysing the cells within the plurality of droplets to release 
nucleic acid from the cells, and uniquely labeling the released 
nucleic acid with a droplet-specific barcode. 
0024. In yet another set of embodiments, the method com 
prises providing droplets containing cells such that no more 
than 10% of the droplets contains two or more cells, lysing the 
cells within the plurality of droplets to release nucleic acid 
from the cells, and uniquely labeling the released nucleic acid 
with a barcode selected from a pool of at least 10,000 distin 
guishable barcodes. 
0025. The method, in another set of embodiments, 
includes providing a plurality of at least about 10,000 microf 
luidic droplets containing cells such that no more than 10% of 
the droplets contains two or more cells, lysing the cells within 
the plurality of droplets to release nucleic acid from the cells, 
and uniquely labeling the released nucleic acid with a droplet 
specific barcode. 
0026. In yet another set of embodiments, the method 
includes providing droplets containing cells such that no 
more than 10% of the droplets contains two or more cells, 
lysing the cells within the plurality of droplets to release 
nucleic acid from the cells, and uniquely labeling the released 
nucleic acid with a barcode selected from a pool of at least 
10,000 distinguishable barcodes. 
0027. In another aspect, the present invention encom 
passes methods of making one or more of the embodiments 
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described herein. In still another aspect, the present invention 
encompasses methods of using one or more of the embodi 
ments described herein. 
0028. Other advantages and novel features of the present 
invention will become apparent from the following detailed 
description of various non-limiting embodiments of the 
invention when considered in conjunction with the accompa 
nying figures. In cases where the present specification and a 
document incorporated by reference include conflicting and/ 
or inconsistent disclosure, the present specification shall con 
trol. If two or more documents incorporated by reference 
include conflicting and/or inconsistent disclosure with 
respect to each other, then the document having the later 
effective date shall control. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0029 Non-limiting embodiments of the present invention 
will be described by way of example with reference to the 
accompanying figures, which are schematic and are not 
intended to be drawn to Scale. In the figures, each identical or 
nearly identical component illustrated is typically repre 
sented by a single numeral. For purposes of clarity, not every 
component is labeled in every figure, nor is every component 
of eachembodiment of the invention shown where illustration 
is not necessary to allow those of ordinary skill in the art to 
understand the invention. In the figures: 
0030 FIG.1 illustrates a flowchart in accordance with one 
embodiment of the invention; 
0031 FIGS. 2A-2B illustrate a microfluidic device in 
another embodiment of the invention; 
0032 FIG. 3 illustrates cells and particles within droplets 
in yet another embodiment of the invention; 
0033 FIG. 4 illustrates a microfluidic channel containing 
cells and particles within droplets in still another embodiment 
of the invention; 
0034 FIG. 5 illustrates sample count as a function of 
collection time, in one embodiment of the invention; 
0035 FIG. 6 illustrates a distribution of read sequences, in 
another embodiment of the invention; 
0036 FIG. 7 illustrates production of oligonucleotide 

tags, in yet another embodiment of the invention; 
0037 FIG. 8 illustrates a microfluidic device in another 
embodiment of the invention; 
0038 FIGS. 9A-9B illustrates particles containing oligo 
nucleotide tags, in yet another embodiment of the invention; 
0039 FIGS. 10A-10C illustrates extended oligonucle 
otide tags contained within droplets, in still another embodi 
ment of the invention; 
0040 FIG. 11 illustrates sequencing of DNA fragments, in 
another embodiment of the invention; 
0041 FIG. 12 illustrate reverse transcription efficiency as 
a function of droplet size, inaccordance with another embodi 
ment of the invention; 
0042 FIGS. 13 A-13H illustrate microfluidic droplets for 
DNA barcoding thousands of cells, in one embodiment of the 
invention; 
0043 FIGS. 14A-14G illustrate droplet integrity and ran 
dom barcoding, in accordance with another embodiment of 
the invention; 
0044 FIGS. 15A-15G illustrate the heterogeneous struc 
ture of certain ES cell populations, in yet another embodiment 
of the invention; 
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0045 FIGS. 16A-16C illustrate a gene correlation net 
work, produced in accordance with still another embodiment 
of the invention; 
0046 FIGS. 17A-17H illustrate temporal heterogeneity 
and population structure in differentiating ES cells, in yet 
another embodiment of the invention; 
0047 FIG. 18 illustrates a microfluidic device in another 
embodiment of the invention; 
0048 FIG. 19A-19B illustrate certain microfluidic 
devices, in yet another embodiment of the invention; 
0049 FIGS. 20A-20C illustrate synthesis of oligonucle 
otide tags for particles, in still another embodiment of the 
invention; 
0050 FIGS. 21A-21H illustrate quantification of DNA, in 
one embodiment of the invention; 
0051 FIGS. 22A-22E illustrate random barcoding and 
unique molecular identifier (UMIs) filtering, in another 
embodiment of the invention; 
0052 FIGS. 23A-23D illustrate single cell gene expres 
sion of mES cells, in one embodiment of the invention; 
0053 FIGS. 24A-24G illustrate the structure of the mES 
cell population, in another embodiment of the invention; 
0054 FIG. 25 illustrates, in still another embodiment of 
the invention, a tSNE map of principal genes; 
0055 FIG. 26 shows Table 2; and 
0056 FIG. 27 illustrates a microfluidic device in another 
embodiment of the invention. 

DETAILED DESCRIPTION 

0057 The present invention generally relates to microflu 
idics and labeled nucleic acids. For example, certain aspects 
are generally directed to systems and methods for labeling 
nucleic acids within microfluidic droplets. In one set of 
embodiments, the nucleic acids may include “barcodes' or 
unique sequences that can be used to distinguish nucleic acids 
in a droplet from those in another droplet, for instance, even 
after the nucleic acids are pooled together. In some cases, the 
unique sequences may be incorporated into individual drop 
lets using particles and attached to nucleic acids contained 
within the droplets (for example, released from lysed cells). 
In some cases, the barcodes may be used to distinguish tens, 
hundreds, or even thousands of nucleic acids, e.g., arising 
from different cells or other sources. 
0.058 Certain aspects of the present invention are gener 
ally directed to systems and methods for containing or encap 
Sulating nucleic acids with oligonucleotide tags within 
microfluidic droplets or other Suitable compartments, and 
covalently bonding them together. In some cases, the nucleic 
acids may arise from lysed cells or other material within the 
droplets. The oligonucleotide tags within a droplet may be 
distinguishable from oligonucleotide tags in other droplets, 
e.g., within a plurality or population of droplets. For instance, 
the oligonucleotide tags may contain one or more unique 
sequences or “barcodes' that are different between the vari 
ous droplets; thus, the nucleic acid within each droplet can be 
uniquely identified by determining the barcodes associated 
with the nucleic acid. This may be important, for example, if 
the droplets are “broken' and the nucleic acids from different 
droplets are Subsequently combined or merged together, e.g., 
for sequencing or other analysis. 
0059. In some embodiments, the oligonucleotide tags are 
introduced into the droplets by initially attaching the oligo 
nucleotide tags to a particle (e.g., a hydrogel or a polymeric 
particle), then Subsequently releasing them from the particle 
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after the particle has been incorporated into a droplet. The 
particles may be prepared in some cases such that most or all 
of the particles have only one uniquely distinguishable oligo 
nucleotide tag, relative to other particles having other distin 
guishable oligonucleotide tags). If the particles are present 
within the droplets at a density of 1 particle/droplet (or less), 
then once the oligonucleotide tags are released from the par 
ticle, then most or all of the droplets will contain one unique 
oligonucleotide tag (or no unique oligonucleotide), thus 
allowing each droplet (and the nucleic acids contained 
therein) to be uniquely identified. 
0060 Turning now to FIG. 1, an example of one aspect of 
the invention is now provided. However, it should be under 
stood that this is by way of example only; other examples and 
embodiments of the invention are discussed in further detail 
below. In the non-limiting example of FIG. 1, a population of 
cells 10 is desired to be analyzed, e.g., by sequencing their 
DNA, by identifying certain proteins or genes that may be 
Suspected of being present in at least some of the cells, by 
determining their mRNA or transcriptome, or the like. 
Although cells are used in this example as a source of nucleic 
acid material, this is by way of example, and in other embodi 
ments, the nucleic acid may be introduced into the droplets 
from other sources, or using other techniques. 
0061 The cells may first be encapsulated in a series of 
microfluidic droplets 40. Those of ordinary skill in the art will 
be aware of techniques for encapsulating cells within microf 
luidic droplets; see, for example, U.S. Pat. Nos. 7,708,949, 
8,337,778, 8,765,485, or Int, Pat. Apl. Pub. Nos. WO 2004/ 
091763 and WO 2006/096571, each incorporated herein by 
reference. In some cases, the cells may be encapsulated at a 
density of less than 1 cell/droplet (and in some cases, much 
less than 1 cell/droplet) to ensure that most or all of the 
droplets have only Zero or one cell present in them. Thus, as 
is shown in FIG. 1, each of droplets 41, 42, 43... have either 
Zero or one cell present in them. 
0062 Also encapsulated in the droplets are oligonucle 
otide tags 20, present on particles 30. Particles 30 may be, for 
example, microparticles, and may be a hydrogel or a poly 
meric particle, or other types of particles such as those 
described herein. The particles and the cells may be encap 
Sulated within the droplets simultaneously or sequentially, in 
any Suitable order. In one set of embodiments, each particle 
contains a unique oligonucleotide tag, although there may be 
multiple copies of the tag present on a particle. For instance, 
each of the oligonucleotide tags may have one or more unique 
sequences or “barcodes' that are present. Thus, for example, 
particle 31 contains only copies of oligonucleotide tag 21, 
particle 32 contains only copies of oligonucleotide tag 22. 
particle 33 contains only copies of oligonucleotide tag 33, etc. 
In some cases, the particles may be present in the droplets at 
a density of less than 1 particle/droplet (and in Some cases, 
much less than 1 particle/droplet) to ensure that most or all of 
the droplets have only Zero or one particle present in them. In 
addition, in certain embodiments, the oligonucleotide tags 
may be cleavable or otherwise releasable from the particles. 
0063. It should be noted that according to certain embodi 
ments of the invention, the oligonucleotide tags are initially 
attached to particles to facilitate the introduction of only one 
unique oligonucleotide tag to each droplet, as is shown in 
FIG. 1. (In other embodiments, however, a plurality of oligo 
nucleotide tags may be present, e.g., containing the same 
unique barcode.) For example, if the particles are present in 
the droplets at a density of less than 1 particle/droplet, then 
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most orall of the droplets will each have only a single particle, 
and thus only a single type of oligonucleotide tag, that is 
present. Accordingly, as is shown in FIG. 1, the oligonucle 
otide tags may be cleaved or otherwise released from the 
particles, e.g., Such that each droplet 41, 42, 43, ... contains 
a unique oligonucleotide tag 21, 22, 23, ... that is different 
than the other oligonucleotide tags that may be present in the 
other droplets. Thus, each oligonucleotide tag present within 
a droplet will be distinguishable from the oligonucleotide 
tags that are present in the other droplets. Although light (hv) 
is used in FIG. 1 to cleave the oligonucleotides from the 
particles, it should be understood that this is by way of 
example only, and that other methods of cleavage or release 
can also be used, e.g., as discussed herein. For example, in one 
set of embodiments, agarose particles containing oligonucle 
otides (e.g., physically) may be used, and the oligonucle 
otides may be released by heating the agarose, e.g., until the 
agarose at least partially liquefies or softens. 
0064. In some cases, the cells are lysed to release nucleic 
acid or other materials 51, 52, 53, . . . from the cells. For 
example, the cells may be lysed using chemicals or ultra 
sound. The cells may release, for instance, DNA, RNA, 
mRNA, proteins, enzymes or the like. In some cases, the 
nucleic acids that are released may optionally undergo ampli 
fication, for example, by including Suitable reagents specific 
to the amplification method. Examples of amplification meth 
ods known to those of ordinary skill in the art include, but are 
not limited to, polymerase chain reaction (PCR), reverse tran 
scriptase (RT) PCR amplification, in vitro transcription 
amplification (IVT), multiple displacement amplification 
(MDA), or quantitative real-time PCR (qPCR). 
0065. Some or all of the nucleic acid or other material 51, 
52, 53. . . . may be associated with the oligonucleotide tags 
present in the droplets, e.g., by covalently bonding. For 
example, the nucleic acid or other material 51, 52.53 may be 
ligated or enzymatically attached to the oligonucleotide tags 
present in the droplets. Thus, as is shown in FIG.1, droplet 41 
exhibits nucleic acids 51 attached to oligonucleotide tags 21, 
droplet 42 exhibits nucleic acids 52 attached to oligonucle 
otide tags 22, droplet 43 exhibits nucleic acids 53 attached to 
oligonucleotide tags 23, etc. Thus, the nucleic acids within 
each droplet are distinguishable from the nucleic acids within 
the other droplets of the plurality of droplets 50 by way of the 
oligonucleotide tags, which are unique to each droplet in this 
example. 
0066. It should also be understood that although FIG. 1 
depicts cleavage of the oligonucleotide tags from the particles 
followed by lysis of the cells, in other embodiments, these 
need not necessarily occur in this order. For example, cell 
lysis may occur after cleavage, or both may occur simulta 
neously. 
0067. Droplet 41, 42, 43, . . . may then be “burst' or 
“broken to release their contents, and in some cases, the 
nucleic acids present in each droplet may be combined or 
pooled together, as is shown in FIG. 1. However, since the 
nucleic acids are labeled by the different oligonucleotide tags, 
the nucleic acids from one droplet (i.e., from one cell) can still 
be distinguished from those from other droplets (or other 
cells) using the oligonucleotide tags. Accordingly, Subse 
quent analysis (e.g., sequencing) of the combined pool of 
nucleic acids may be performed, and the source of each 
nucleic acid (e.g., individual cells) may be determined be 
determining the different oligonucleotide tags. 
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0068 Thus, for example, a population of normal cells and 
cancer cells (e.g., arising from a tissue sample or biopsy) may 
be analyzed in Such a fashion, and the cancer cells may be 
identified as having abnormal DNA, even if present in a large 
pool of normal cells. For example, due to the ability to track 
DNA on a cellular level using the oligonucleotide tags, the 
abnormal DNA can still be identified even if outnumbered by 
a large Volume of normal DNA. As other non-limiting 
examples, stem cells may be isolated from normal cells, or the 
isolation of rare cell types in a population of interest may be 
performed. 
0069. In another aspect, the present invention provides 
systems and methods for the parallel capture and barcoding of 
DNA or RNA from large numbers of cells, e.g., for the pur 
pose of profiling cell populations, or other purposes such as 
those described herein. In some embodiments, this relies on 
the encapsulation of barcoded nucleic acids or other suitable 
oligonucleotide tags, e.g., attached to particles or micro 
spheres (for example, hydrogel or polymer microspheres) 
together with cells and/or other reagents that may be used for 
RNA and/or DNA capture and/or amplification. 
0070. In one set of embodiments, the contents arising from 
substantially each individual cell may be labeled, e.g., with a 
unique barcode (which may be randomly determined, or 
determined as discussed herein), which may allow in some 
cases for hundreds, thousands, tens of thousands, or even 
hundreds of thousands or more of different cells to be bar 
coded or otherwise labeled in a single experiment, e.g., to 
determine or define the heterogeneity between cells in a 
population or for Screening cell populations, etc. Other pur 
poses have been described herein. 
0071. In one set of embodiments, a microfluidic system is 
used to capture single cells into individual droplets (e.g., 50 
pL to 10 nL Volume), e.g., in a single reaction vessel. Each 
cell may be lysed and its RNA and/or DNA uniquely bar 
coded or labeled with a droplet-specific barcode, e.g., through 
an enzymatic reaction, through ligation, etc. Examples of 
microfluidic systems, including those with dimensions other 
than these, are also provided herein. Some embodiments 
might also be used, in some embodiments, to quantify protein 
abundance in single cells in parallel to RNA or DNA, e.g., by 
first treating cells with DNA-tagged antibodies, in which case 
the DNA tags can be similarly barcoded with a droplet-spe 
cific barcode. Once the cell components in droplets have been 
barcoded, the droplets may be broken or burst and the sample 
can be processed, e.g., in bulk, for high-throughput sequenc 
ing or other applications. After sequencing, the data can be 
split or otherwise analyzed according to the DNA barcodes. 
0072 To perform parallel barcoding of DNA, RNA and/or 
DNA-antibody tags in single cells, a single hydrogel or poly 
mer particle or microsphere may be encapsulated into each 
droplet together with biological or chemical reagents and a 
cell, in accordance with one set of embodiments. Particles or 
microspheres carrying a high concentration (e.g. 1 to 100 
micromolar) of DNA fragments (hereafter “primers') may 
encode (a) a barcode sequence selected at random from a pool 
of, e.g., at least 10,000 barcodes (or at least 30,000 barcodes, 
at least 100,000 barcodes, at least 300,000 barcodes, or at 
least 1,000,000 barcodes, etc.), with the same barcode found 
onall nucleic acid fragments on the particles or microspheres; 
and/or encode (b) one or more a primer sequences used for 
hybridization and capture of DNA or RNA. The number of 
distinct barcodes may be at least 10-fold, and in some cases at 
least 100-fold, larger than the number of cells to be captured, 
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in order to reduce the possibility of two or more cells occu 
pying different droplets with particles or microspheres that 
carry the same barcode. For example, with 150,000 barcodes 
and 1,000 cells, on average just 3 cells will acquire a duplicate 
barcode (resulting in 997 detected barcodes). 
0073. In some embodiments, the encapsulation conditions 
are chosen such droplets contain one particle (or micro 
sphere) and one cell. The presence of empty droplets and/or 
droplets with single particles but without cells, and/or drop 
lets with cells but without particles, may not substantially 
affect performance. However, the presence of two or more 
particles or two or more cells in one droplet may lead to errors 
that can be difficult to control for, so the incidence of such 
events is kept to minimum in Some instances, for example, 
less than about 10% or less than about 5%. Excepting the cells 
and particles, other biological and chemical reagents may be 
distributed equally among the droplets. The co-encapsulated 
cells and particles may be collected and processed according 
to the aim of the particular application. For example, in one 
particular embodiment, the DNA or RNA of single cells is 
captured by the primers introduced with particle, and may 
then be converted into barcoded complimentary DNA upon 
reverse transcription or other DNA polymerization reaction. 
0074. After purification and optional DNA amplification, 
the base composition and barcode identity of cellular nucleic 
acids may be determined, for instance, by sequencing or other 
techniques. Alternatively, in some embodiments, primers 
introduced with particles or microspheres can be used for 
amplification of specific nucleic acid sequences from a 
genome. 
0075. In some embodiments, the barcoded primers intro 
duced using particles or microspheres can be cleaved there 
from by, e.g., light, chemical, enyzmatic or other techniques, 
e.g., to improve the efficiency of priming enzymatic reactions 
in droplets. However, the cleavage of the primers can be 
performed at any step or point, and can be defined by the user 
in Some cases. Such cleavage may be particularly important in 
certain circumstances and/or conditions; for example, some 
fraction of RNA and DNA molecules in single cells might be 
very large, or might be associated in complexes and therefore 
will not diffuse efficiently to the surface or interior of the 
particle or microsphere. However, in other embodiments, 
cleavage is not essential. 
0076 Techniques such as these can be used to analyze, for 
example, genomes, single nucleotide polymorphisms, spe 
cific gene expression levels, non-coding RNA, the whole 
transcriptome (or a portion thereof), entire genes or their 
sections, etc. However, the invention should not be limited to 
only these applications. 
0077. In one non-limiting embodiment, the 3' end of a 
barcoded primer is terminated with a poly-T sequences that 
may be used to capture cellular mRNA for whole-transcrip 
tome profiling. The resulting library combining all cells can 
optionally be enriched using PCR-based methods or using 
hybridization capture-based methods (such as Agilent Sure 
Select), e.g., to allow sequencing of only a Sub-set of genes of 
interest. In another embodiment, the 3' end of the barcoded 
primers may terminate with a random DNA sequence that can 
be used to capture the RNA in the cell. In another embodi 
ment, the 3' end of the barcoded primers may terminate with 
a specific DNA sequence, e.g., that can be used to capture 
DNA or RNA species (“genes”) of interest, or to hybridize to 
a DNA probe that is delivered into the droplets in addition to 
the particles or microspheres, for example, together with the 
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enzyme reagents. In another embodiment, a particle or micro 
sphere may carry a number of different primers to target 
several genes of interest. Yet another embodiment is directed 
to optimization of the size of droplets and the concentration of 
reaction components required for droplet barcoding. 
0078 Still another aspect of the present invention is gen 
erally directed to creating barcoded nucleic acids attached to 
the particles or microspheres. The nucleic acids may be 
attached to the Surface of the particles or microspheres, or in 
Some cases, attached or incorporated within the particle. For 
instance, the nucleic acids may be incorporated into the par 
ticle during formation of the particle, e.g., physically and/or 
chemically. 
007.9 For example, one set of embodiments is generally 
directed to creating particles or microspheres carrying 
nucleic acid fragments (each encoding a barcode, a primer, 
and/or other sequences possibly used for capture, amplifica 
tion and/or sequencing of nucleic acids). Microspheres may 
refer to a hydrogel particle (polyacrylamide, agarose, etc.), or 
a colloidal particle (polystyrene, magnetic or polymer par 
ticle, etc.) of 1 to 500 micrometer in size, or other dimensions 
such as those described herein. The microspheres may be 
porous in some embodiments. Other suitable particles or 
microspheres that can be used are discussed in more detail 
herein. 

0080. The preparation of DNA-carrying particles or 
microspheres, in some cases, may rely on the covalent attach 
ment or other techniques of incorporation of an initial DNA 
oligonucleotide to the particles or microspheres, followed by 
enzymatic extension of each oligonucleotide by one or more 
barcodes selected, e.g., at random, from a pre-defined pool. 
The final number of possible unique barcodes may depend in 
Some cases on the size of the pre-defined barcode pool and/or 
on the number of extension steps. For example, using a pool 
of 384 pre-defined barcodes and 2 extension steps, each par 
ticle or microsphere carries one of 384–147,456 possible 
barcodes; using 3 extension steps, each particle or micro 
sphere carries one of 384–56,623,104 possible barcodes; 
and so on. Other numbers of steps may also be used in some 
cases; in addition, each pool may have various numbers of 
pre-defined barcodes (not just 384), and the pools may have 
the same or different numbers of pre-defined barcodes. The 
pools may include the same and/or different sequences. 
0081. Accordingly, in some embodiments, the possible 
barcodes that are used are formed from one or more separate 
“pools' of barcode elements that are then joined together to 
produce the final barcode, e.g., using a split-and-pool 
approach. A pool may contain, for example, at least about 
300, at least about 500, at least about 1,000, at least about 
3,000, at least about 5,000, or at least about 10,000 distin 
guishable barcodes. For example, a first pool may contain X 
elements and a second pool may containx elements; forming 
a barcode containing an element from the first pool and an 
element from the second pool may yield, e.g., XX possible 
barcodes that could be used. It should be noted that x and X 
may or may not be equal. This process can be repeated any 
number of times; for example, the barcode may include ele 
ments from a first pool, a second pool, and a third pool (e.g., 
producing XXX possible barcodes), or from a first pool, a 
second pool, a third pool, and a fourth pool (e.g., producing 
XXXX possible barcodes), etc. There may also be 5, 6, 7, 8, 
or any other Suitable number of pools. Accordingly, due to the 
potential number of combinations, even a relatively small 
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number of barcode elements can be used to produce a much 
larger number of distinguishable barcodes. 
I0082 In some cases, such use of multiple pools, in com 
bination, may be used to create Substantially large numbers of 
useable barcodes, without having to separately prepare and 
synthesize large numbers of barcodes individually. For 
example, in many prior art systems, requiring 100 or 1,000 
barcodes would require the individual synthesis of 100 or 
1,000 barcodes. However, if larger numbers of barcodes are 
needed, e.g., for larger numbers of cells to be studied, then 
correspondingly larger numbers of barcodes would need to be 
synthesized. Such systems become impractical and unwork 
able at larger numbers, such as 10,000, 100,000, or 1,000,000 
barcodes. However, by using separate “pools” of barcodes, 
larger numbers of barcodes can be achieved without neces 
sarily requiring each barcode to be individually synthesized. 
As a non-limiting example, a first pool of 1,000 distinguish 
able barcodes (or any other suitable number) and a second 
pool of 1,000 distinguishable barcodes can be synthesized, 
requiring the synthesis of 2,000 barcodes (or only 1,000 if the 
barcodes are re-used in each pool), yet they may be combined 
to produce 1,000x1,000–1,000,000 distinguishable bar 
codes, e.g., where each distinguishable barcode comprises a 
first barcode taken from the first pool and a second barcode 
taken from the second pool. Using 3, 4, or more pools to 
assemble the barcode may result in even larger numbers of 
barcodes that may be prepared, without Substantially increas 
ing the total number of distinguishable barcodes that would 
need to be synthesized. 
I0083. In some aspects, the DNA fragments or oligonucle 
otides can be released from the particles or microspheres 
using a variety of techniques including light, temperature, 
chemical, and/or enzymatic treatment. For example, with 
light, nucleic acid fragments may be released at a selected 
time and/or under desirable conditions, thus providing flex 
ibility for their use. 
I0084. In some embodiments, the particles or microspheres 
can be stored for long periods of time and used as a reagent for 
Subsequent applications. 
I0085. In yet another aspect, the present invention provides 
systems and methods for the parallel capture, barcoding and 
quantification of a panel of tens to hundreds, or more, of 
specific DNA and/or RNA sequences from large numbers of 
single cells, e.g., for the purpose of profiling cell populations 
or other purposes. Certain embodiments rely on encapsula 
tion of barcoded nucleic acids, e.g., attached to particles Such 
as hydrogel or polymer microspheres, together with cells 
and/or other reagents for, for example, RNA and/or DNA 
capture and amplification. 
I0086. In some cases, systems and methods for labeling 
specific sets of genes (e.g., tens, or hundreds of genes, or more 
in some cases) arising from individual cells with a unique, 
random barcode, allowing hundreds, thousands, or even hun 
dreds of thousands or more of different cells to be labeled or 
barcoded, e.g., in a single experiment, for the purpose of 
defining the heterogeneity between cells in a population or for 
screening cell populations, or for other purposes. 
I0087. For example, in situations where a large number of 
cells are to be analyzed through multiplexed high-throughput 
sequencing, it may be desirable in Some embodiments to 
focus on a Sub-set of genes of interest, for example between 
tens to hundreds of genes, rather than whole-transcriptome or 
whole-genome capture and sequencing. 
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0088. Some embodiments are directed to the parallel bar 
coding of the contents of cells focusing on specific sequences 
of cellular DNA or RNA. These may include, for example, the 
synthesis of DNA-barcoded microspheres (or other par 
ticles), and/or the use of Such microspheres for the capture 
and barcoding of single cells in individual droplets (for 
example, 50 pl. to 10 nL in volume, or other volumes 
described herein), e.g., in a single reaction vessel. In some 
cases, substantially each cell may be lysed and its RNA and/or 
DNA uniquely barcoded (tagged) with a droplet-specific 
nucleic acid barcode, e.g., through an enzymatic reaction. In 
some embodiments, modifying the DNA-barcoded micro 
spheres may be performed in Such away that they target only 
a specific panel of DNA sequences, rather than either using 
one sequence of interest or using random sequences. This 
may allow a high concentration of sequence-specific bar 
coded primers to be delivered into each droplet, which may, in 
Some instances, allow that the enzymatic barcoding and Syn 
thesis of complementary DNA occurs primarily for the 
sequences of interest. This may be used, for example, with 
any enzymatic approach in which a panel of sequence-spe 
cific primers can be used to capture genes of interest. 
0089. Some embodiments of the invention may be used to 
quantify protein abundance in single cells in parallel to RNA 
or DNA, for example, by first treating cells with DNA-tagged 
antibodies, in which case one or more of the sequences or 
oligonucleotides on the particle or microsphere can be made 
complementary to the DNA tags delivered by the antibodies. 
In some cases, once the cell components in droplets have been 
barcoded, the droplets can be broken or burst and the sample 
can be processed, e.g., in bulk, for applications such as high 
throughput sequencing. After sequencing, the data may be 
split, in certain embodiments, according to the DNA barcodes 
thus providing information about the type, sequence, mol 
ecule count, origin of nucleic acids and/or proteins of interest, 
or the like. 

0090. In accordance with still another aspect, the present 
invention provides for optimizing reaction conditions for the 
enzymatic processing of cells within Small Volumes, for 
example, for cases where direct testing of the reactions would 
be extremely slow as it would require creating multiple 
microfluidic devices, or running microfluidic devices with 
large numbers of test samples. In some cases, this may also 
report specifically on the ideal Volume required for enzymatic 
reverse transcription of mRNA into complementary DNA 
from single cells lysed in Small Volumes. 
0091 Certain embodiments of the invention provide for 
optimizing microfluidic reactions on single cells using reac 
tions with a volume greater than 5 microliters, that can be 
performed using normal molecular biology reagents, e.g., 
without a microfluidic apparatus. This may be useful in cer 
tain applications, e.g., for testing parameters such as reaction 
volume over multiple orders of magnitude, which would oth 
erwise require the design and synthesis of multiple test 
microfluidic devices, and the side-by-side comparison of the 
performance of such devices. It may also be useful for rapidly 
optimizing the conditions of microfluidic reactions, such as 
the optimal concentration of different reaction components. 
0092. In one set of embodiments, a bulk reaction is used to 
simulate the precise conditions present in a microfluidic Vol 
ume. This is general and can be applied to optimize other 
aspects of microfluidic reactions, or other reactions. For 
example, this may be applied to test the ability of different 
additives to relieve inhibition of a reverse transcription (RT) 
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reaction, and DNA primer concentrations necessary for per 
forming RT reactions from lysed single cells in Small Volumes 
may be defined in certain embodiments. 
0093. The above discussions are non-limiting examples of 
various embodiments of the present invention. However, 
other embodiments are also possible. Accordingly, more gen 
erally, various aspects of the invention are directed to various 
systems and methods for systems and methods for labeling 
nucleic acids within microfluidic droplets, as discussed 
below. 
0094. In one aspect, the present invention is generally 
directed to systems and methods for labeling nucleic acids 
within a population of droplets, e.g., microfluidic droplets. In 
Some cases, the microfluidic droplets may have an average 
diameter of the droplets of less than about 1 mm and/or the 
microfluidic droplets may be substantially monodisperse, 
e.g., as discussed herein. 
0095. In some cases, an oligonucleotide tag comprising 
DNA and/or other nucleic acids may be attached to particles 
and delivered to the droplets. In some cases, the oligonucle 
otide tags are attached to particles to control their delivery 
into droplets, e.g., Such that a droplet will typically have at 
most one particle in it. In some cases, upon delivery into a 
droplet, the oligonucleotide tags may be removed from the 
particle, e.g., by cleavage, by degrading the particle, etc. 
However, it should be understood that in other embodiments, 
a droplet may contain 2, 3, or any other number of particles, 
which may have oligonucleotide tags that are the same or 
different. 
0096. The oligonucleotide tags may be of any suitable 
length or comprise any suitable number of nucleotides. The 
oligonucleotide tags may comprise DNA, RNA, and/or other 
nucleic acids such as PNA, and/or combinations of these 
and/or other nucleic acids. In some cases, the oligonucleotide 
tag is single stranded, although it may be double stranded in 
other cases. For example, the oligonucleotide tag may have a 
length of at least about 10 nt, at least about 30 nt, at least about 
50 nt, at least about 100 nt, at least about 300 nt, at least about 
500 nt, at least about 1000 nt, at least about 3000 nt, at least 
about 5000 nt, at least about 10,000 nt, etc. In some cases, the 
oligonucleotide tag may have a length of no more than about 
10,000 nt, no more than about 5000 nt, no more than about 
3000 nt, no more than about 1000 nt, no more than about 500 
nt, no more than about 300 nt, no more than about 100 nt, no 
more than about 50 nt, etc. Combinations of any of these are 
also possible, e.g., the oligonucleotide tag may be between 
about 10 nt and about 100 nt. The length of the oligonucle 
otide tag is not critical, and a variety of lengths may be used 
in various embodiments. 
0097. The oligonucleotide tag may contain a variety of 
sequences. For example, the oligonucleotide tag may contain 
one or more primer sequences, one or more unique or "bar 
code” sequences, one or more promoter sequences, one or 
more spacer sequences, or the like. The oligonucleotide tag 
may also contain, in some embodiments one or more cleav 
able spacers, e.g., photocleavable linker. The oligonucleotide 
tag may be attached to a particle chemically (e.g., via a linker) 
or physically (e.g., without necessarily requiring a linker), 
e.g., Such that the oligonucleotide tags can be removed from 
the particle via cleavage. Other examples include portions 
that may be used to increase the bulk of the oligonucleotide 
tag (e.g., using specific sequences or nonsense sequences), to 
facilitate handling (for example, a tag may include a poly-A 
tail), to increase selectivity of binding (e.g., as discussed 
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below), to facilitate recognition by an enzyme (e.g., a Suitable 
ligase), to facilitate identification, or the like. Examples of 
these and/or other sequences are described in further detail 
herein. 

0098. As an example, in some embodiments, the oligo 
nucleotide tags may comprise a “barcode' or a unique 
sequence. The sequence may be selected Such that some or 
most of the oligonucleotide tags (e.g., present on a particle 
and/or in a droplet) have the unique sequence (or combination 
of sequences that is unique), but other oligonucleotide tags 
(e.g., on other particles or droplets) do not have the unique 
sequence or combination of sequences. Thus, for example, 
the sequences may be used to uniquely identify or distinguish 
a droplet, or nucleic acid contained arising from the droplet 
(e.g., from a lysed cell) from other droplets, or other nucleic 
acids (e.g., released from other cells) arising from other drop 
lets. 

0099. The sequences may be of any suitable length. The 
length of the barcode sequence is not critical, and may be of 
any length sufficient to distinguish the barcode sequence from 
other barcode sequences. One, two, or more “barcode' 
sequence may be present in an oligonucleotide tag. A barcode 
sequence may have a length of 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 nt. More than 25 
nucleotides may also be present in Some cases. 
0100. In some cases, the unique or barcode sequences may 
be taken from a “pool of potential barcode sequences. If 
more than one barcode sequence is present in an oligonucle 
otide tag, the barcode sequences may be taken from the same, 
or different pools of potential barcode sequences. The pool of 
sequences may be selected using any suitable technique, e.g., 
randomly, or Such that the sequences allow for error detection 
and/or correction, for example, by being separated by a cer 
tain distance (e.g., Hamming distance) Such that errors in 
reading of the barcode sequence can be detected, and in some 
cases, corrected. The pool may have any number of potential 
barcode sequences, e.g., at least 100, at least 300, at least 500, 
at least 1,000, at least 3,000, at least 5,000, at least 10,000, at 
least 30,000, at least 50,000, at least 100,000, at least 300,000, 
at least 500,000, or at least 1,000,000 barcode sequences. 
0101. In some cases, the oligonucleotide tag may contain 
one or more promoter sequences, e.g., to allow for production 
of the tags, to allow for enzymatic amplification, or the like. 
Those of ordinary skill in the art will be aware of primer 
sequences, e.g., P5 or P7. Many such primer sequences are 
available commercially. Examples of promoters include, but 
are not limited to, T7 promoters, T3 promoters, or SP6 pro 
moters. 

0102. In some cases, the oligonucleotide tag may contain 
one or more primer sequences. 
0103 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 polymerase 
enzymes Such as nucleic acid polymerase to extend the primer 
and replicate the complementary strand. A primer may be 
complementary to and to hybridize to a target nucleic acid. In 
Some embodiments, a primer is a synthetic primer. In some 
embodiments, a primer is a non-naturally-occurring primer. A 
primer typically has a length of 10 to 50 nucleotides. For 
example, a primer may have a length of 10 to 40, 10 to 30, 10 
to 20, 25 to 50, 15 to 40, 15 to 30, 20 to 50, 20 to 40, or 20 to 
30 nucleotides. In some embodiments, a primer has a length 
of 18 to 24 nucleotides. Examples of primers include, but are 
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not limited to, P5 primer, P7 primer, PE1 primer, PE2 primer, 
A19 primer, or other primers discussed herein. 
0104. In some cases, the oligonucleotide tag may contain 
nonsense or random sequences, e.g., to increase the mass or 
size of the oligonucleotide tag. The random sequence can be 
of any Suitable length, and there may be one or more than one 
present. As non-limiting examples, the random sequence may 
have a length of 10 to 40, 10 to 30, 10 to 20, 25 to 50, 15 to 40, 
15 to 30, 20 to 50, 20 to 40, or 20 to 30 nucleotides. 
0105. In some cases, the oligonucleotide tag may com 
prise one or more sequences able to specifically binda gene or 
other entity. For example, in one set of embodiments, the 
oligonucleotide tag may comprise a sequence able to recog 
nize mRNA, e.g., one containing a poly-T sequence (e.g., 
having several Ts in a row, e.g., 4, 5, 6, 7, 8, or more T’s). 
0106. In one set of embodiments, the oligonucleotide tag 
may contain one or more cleavable linkers, e.g., that can be 
cleaved upon application of a suitable stimulus. For example, 
the cleavable sequence may be a photocleavable linker that 
can be cleaved by applying light or a suitable chemical or 
enzyme. A non-limiting example of a photocleavable linker 
can be seen in FIG. 20A. In some cases, for example, a 
plurality of particles (for instance, containing oligonucleotide 
tags on their Surfaces) may be prepared and added to droplets, 
e.g., Such that, on average, each droplet contains one particle, 
or less (or more) in Some cases. After being added to the 
droplet, the oligonucleotide tags may be cleaved from the 
particles, e.g., using light or other Suitable cleavage tech 
niques, to allow the oligonucleotide tags to become present in 
solution, i.e., within the interior of the droplet. In such fash 
ion, oligonucleotide tags can be easily loaded into droplets by 
loading of the particles into the droplets in Some embodi 
ments, then cleaved off to allow the oligonucleotide tags to be 
in solution, e.g., to interact with nucleotides or other species, 
Such as is discussed herein. 

0107. In addition, in one set of embodiments, the oligo 
nucleotide tag may comprise an antibody, e.g., that can spe 
cifically bind to a protein suspected of being present in the cell 
(or droplet). For example, the droplet may contain one or 
more antibodies tagged with an oligonucleotide tag as 
described herein. 

0108. The oligonucleotide tag may be attached to a par 
ticle, e.g., as discussed herein. In some embodiments, a par 
ticle may comprise only one oligonucleotide tag, although 
multiple copies of the oligonucleotide tag may be present on 
the particle; other particles may comprise different oligo 
nucleotide tags that are distinguishable, e.g., using the bar 
code sequences described herein. 
0109) Any suitable method may be used to attach the oli 
gonucleotide tag to the particle. The exact method of attach 
ment is not critical, and may be, for instance, chemical or 
physical. For example, the oligonucleotide tag may be 
covalently bonded to the particle via a biotin-steptavidin link 
age, an amino linkage, oran acrylic phosphoramidite linkage. 
See, e.g., FIG. 20A for an example of an acrylic phosphora 
midite linkage. In another set of embodiments, the oligo 
nucleotide may be incorporated into the particle, e.g., physi 
cally, where the oligonucleotide may be released by altering 
the particle. Thus, in Some cases, the oligonucleotide need not 
have a cleavable linkage. For instance, in one set of embodi 
ments, an oligonucleotide may be incorporated into particle, 
Such as an agarose particle, upon formation of the particle. 
Upon degradation of the particle (for example, by heating the 
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particle until it begins to soften, degrade, or liquefy), the 
oligonucleotide may be released from the particle. 
0110. The particle is a microparticle in certain aspects of 
the invention. The particle may be of any of a wide variety of 
types; as discussed, the particle may be used to introduce a 
particular oligonucleotide tag into a droplet, and any suitable 
particle to which oligonucleotide tags can associate with 
(e.g., physically or chemically) may be used. The exact form 
of the particle is not critical. The particle may be spherical or 
non-spherical, and may beformed of any suitable material. In 
Some cases, a plurality of particles is used, which have sub 
stantially the same composition and/or substantially the same 
average diameter. The "average diameter' of a plurality or 
Series of particles is the arithmetic average of the average 
diameters of each of the particles. Those of ordinary skill in 
the art will be able to determine the average diameter (or other 
characteristic dimension) of a plurality or series of particles, 
for example, using laser light scattering, microscopic exami 
nation, or other known techniques. The average diameter of a 
single particle, in a non-spherical particle, is the diameter of 
a perfect sphere having the same Volume as the non-spherical 
particle. The average diameter of a particle (and/or of a plu 
rality or series of particles) may be, for example, less than 
about 1 mm, less than about 500 micrometers, less than about 
200 micrometers, less than about 100 micrometers, less than 
about 75 micrometers, less than about 50 micrometers, less 
than about 25 micrometers, less than about 10 micrometers, 
or less than about 5 micrometers in some cases. The average 
diameter may also be at least about 1 micrometer, at least 
about 2 micrometers, at least about 3 micrometers, at least 
about 5 micrometers, at least about 10 micrometers, at least 
about 15 micrometers, or at least about 20 micrometers in 
certain cases. 

0111. The particle may be, in one set of embodiments, a 
hydrogel particle. See, e.g., Int. Pat. Apl. Pub. No. WO 2008/ 
109176, entitled "Assay and other reactions involving drop 
lets” (incorporated herein by reference) for examples of 
hydrogel particles, including hydrogel particles containing 
DNA. Examples of hydrogels include, but are not limited to 
agarose or acrylamide-based gels, such as polyacrylamide, 
poly-N-isopropylacrylamide, or poly N-isopropylpolyacry 
lamide. For example, an aqueous solution of a monomer may 
be dispersed in a droplet, and then polymerized, e.g., to form 
a gel. Another example is a hydrogel, such as alginic acid that 
can be gelled by the addition of calcium ions. In some cases, 
gelation initiators (ammonium persulfate and TEMED for 
acrylamide, or Ca" for alginate) can be added to a droplet, for 
example, by co-flow with the aqueous phase, by co-flow 
through the oil phase, or by coalescence of two different 
drops, e.g., as discussed in U.S. patent application Ser. No. 
1 1/360,845, filed Feb. 23, 2006, entitled “Electronic Control 
of Fluidic Species.” by Link, et al., published as U.S. Patent 
Application Publication No. 2007/000342 on Jan. 4, 2007; or 
in U.S. patent application Ser. No. 1 1/698.298, filed Jan. 24. 
2007, entitled “Fluidic Droplet Coalescence.” by Ahn, et al.: 
each incorporated herein by reference in their entireties. 
0112. In another set of embodiments, the particles may 
comprise one or more polymers. Exemplary polymers 
include, but are not limited to, polystyrene (PS), polycapro 
lactone (PCL), polyisoprene (PIP), poly(lactic acid), polyeth 
ylene, polypropylene, polyacrylonitrile, polyimide, polya 
mide, and/or mixtures and/or co-polymers of these and/or 
other polymers. In addition, in some cases, the particles may 
be magnetic, which could allow for the magnetic manipula 
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tion of the particles. For example, the particles may comprise 
iron or other magnetic materials. The particles could also be 
functionalized so that they could have other molecules 
attached, such as proteins, nucleic acids or small molecules. 
Thus, some embodiments of the present invention are 
directed to a set of particles defining a library of, for example, 
nucleic acids, proteins, Small molecules, or other species such 
as those described herein. In some embodiments, the particle 
may be fluorescent. 
0113. In one set of embodiments, droplets are formed con 
taining a cell or other source of nucleic acid, and a particle, 
e.g., comprising an oligonucleotide tag as described above. 
Any suitable method may be chosen to create droplets, and a 
wide variety of different techniques for forming droplets will 
be known to those of ordinary skill in the art. For example, a 
junction of channels may be used to create the droplets. The 
junction may be, for instance, a T-junction, a Y-junction, a 
channel-within-a-channeljunction (e.g., in a coaxial arrange 
ment, or comprising an inner channel and an outer channel 
Surrounding at least a portion of the inner channel), a cross (or 
“X”) junction, a flow-focusingjunction, or any other suitable 
junction for creating droplets. See, for example, International 
Patent Application No. PCT/US2004/010903, filed Apr. 9, 
2004, entitled "Formation and Control of Fluidic Species.” by 
Link, et al., published as WO 2004/091763 on Oct. 28, 2004, 
or International Patent Application No. PCT/US2003/ 
020542, filed Jun. 30, 2003, entitled “Method and Apparatus 
for Fluid Dispersion.” by Stone, et al., published as WO 
2004/002627 on Jan. 8, 2004, each of which is incorporated 
herein by reference in its entirety. In some embodiments, the 
junction may be configured and arranged to produce substan 
tially monodisperse droplets. The droplets may also be cre 
ated on the fluidic device, and/or the droplets may be created 
separately then brought to the device. 
I0114. If cells are used, the cells may arise from any suit 
able source. For instance, the cells may be any cells for which 
nucleic acid from the cells is desired to be studied or 
sequenced, etc., and may include one, or more than one, cell 
type. The cells may be for example, from a specific popula 
tion of cells, such as from a certain organ or tissue (e.g., 
cardiac cells, immune cells, muscle cells, cancer cells, etc.), 
cells from a specific individual or species (e.g., human cells, 
mouse cells, bacteria, etc.), cells from different organisms, 
cells from a naturally-occurring sample (e.g., pond water, 
soil, etc.), or the like. In some cases, the cells may be disso 
ciated from tissue. 
0115. In addition, certain embodiments of the invention 
involve the use of other discrete compartments, for example, 
microwells of a microwell plate, individual spots on a slide or 
other surface, or the like. In some cases, each of the compart 
ments may be in a specific location that will not be acciden 
tally mixed with other compartments. The compartments may 
be relatively small in some cases, for example, each compart 
ment may have a volume of less than about 1 ml, less than 
about 300 microliters, less than about 100 microliters, less 
than about 30 microliters, less than about 10 microliters, less 
than about 3 microliters, less than about 1 microliter, less than 
about 500 ml, less than about 300 nil, less than about 100 ml, 
less than about 50 nil, less than about 30 ml, or less than about 
10 ml. 

10116. In one set of embodiments, the droplets (or other 
compartments) are loaded such that, on the average, each 
droplet has less than 1 particle in it. For example, the average 
loading rate may be less than about 1 particle/droplet, less 
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than about 0.9 particles/droplet, less than about 0.8 particles/ 
droplet, less than about 0.7 particles/droplet, less than about 
0.6 particles/droplet, less than about 0.5 particles/droplet, less 
than about 0.4 particles/droplet, less than about 0.3 particles/ 
droplet, less than about 0.2 particles/droplet, less than about 
0.1 particles/droplet, less than about 0.05 particles/droplet, 
less than about 0.03 particles/droplet, less than about 0.02 
particles/droplet, or less than about 0.01 particles/droplet. In 
Some cases, lower particle loading rates may be chosen to 
minimize the probability that a droplet will be produced hav 
ing two or more particles in it. Thus, for example, at least 
about 50%, at least about 60%, at least about 70%, at least 
about 80%, at least about 90%, at least about 95%, at least 
about 97%, at least about 98%, or at least about 99% of the 
droplets may contain either no particle or only one particle. 
0117 Similarly, in some embodiments, the droplets (or 
other compartments) are loaded Such that, on the average, 
each droplet has less than 1 cell in it. For example, the average 
loading rate may be less than about 1 cell/droplet, less than 
about 0.9 cells/droplet, less than about 0.8 cells/droplet, less 
than about 0.7 cells/droplet, less than about 0.6 cells/droplet, 
less than about 0.5 cells/droplet, less than about 0.4 cells/ 
droplet, less than about 0.3 cells/droplet, less than about 0.2 
cells/droplet, less than about 0.1 cells/droplet, less than about 
0.05 cells/droplet, less than about 0.03 cells/droplet, less than 
about 0.02 cells/droplet, or less than about 0.01 cells/droplet. 
In some cases, lower cell loading rates may be chosen to 
minimize the probability that a droplet will be produced hav 
ing two or more cells in it. Thus, for example, at least about 
50%, at least about 60%, at least about 70%, at least about 
80%, at least about 90%, at least about 95%, at least about 
97%, at least about 98%, or at least about 99% of the droplets 
may contain either no cell or only one cell. In addition, it 
should be noted that the average rate of particle loading and 
the average rate of cell loading within the droplets may the 
same or different. 

0118. In some cases, a relatively large number of droplets 
may be created, e.g., at least about 10, at least about 30, at 
least about 50, at least about 100, at least about 300, at least 
about 500, at least about 1,000, at least about 3,000, at least 
about 5,000, at least about 10,000, at least about 30,000, at 
least about 50,000, at least about 100,000 droplets, etc. In 
Some cases, as previously discussed, some or all of the drop 
lets may be distinguishable, e.g., on the basis of the oligo 
nucleotide tags present in at least some of the droplets (e.g., 
which may comprise one or more unique sequences or bar 
codes). In some cases, at least about 50%, at least about 60%, 
at least about 70%, at least about 80%, at least about 90%, at 
least about 95%, at least about 97%, at least about 98%, or at 
least about 99% of the droplets may be distinguishable. 
0119. After loading of the particles and cells into droplets, 
the oligonucleotide tags may be released or cleaved from the 
particles, in accordance with certain aspects of the invention. 
As noted above, any Suitable technique may be used to release 
the oligonucleotide tags from the droplets, such as light (e.g., 
if the oligonucleotide tag includes a photocleavable linker), a 
chemical, or an enzyme, etc. If a chemical or an enzyme is 
used, the chemical or enzyme may be introduced into the 
droplet after formation of the droplet, e.g., through picoinjec 
tion or other methods such as those discussed in Int. Pat. Apl. 
Pub. No. WO 2010/151776, entitled “Fluid Injection” (incor 
porated herein by reference), through fusion of the droplets 
with droplets containing the chemical or enzyme, or through 
other techniques known to those of ordinary skill in the art. 
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0120 AS discussed, in certain aspects, the droplets may 
contain nucleic acid. The nucleic acid may arise from a cell, 
or from other suitable sources. In one set of embodiments, if 
cells are present, the cells may be lysed within the droplets, 
e.g., to release DNA and/or RNA from the cell, and/or to 
produce a cell lysate within the droplet. For instance, the cells 
may be lysed via exposure to a lysing chemical or a cell lysis 
reagent (e.g., a Surfactant such as Triton-X or SDS, an enzyme 
Such as lysozyme, lysostaphin, Zymolase, cellulase, mutanol 
ysin, glycanases, proteases, mannase, proteinase K, etc.), or a 
physical condition (e.g., ultrasound, ultraviolet light, 
mechanical agitation, etc.). If a lysing chemical is used, the 
lysing chemical may be introduced into the droplet after 
formation of the droplet, e.g., through picoinjection or other 
methods such as those discussed in U.S. patent application 
Ser. No. 13/379,782, filed Dec. 21, 2011, entitled “Fluid 
Injection.” published as U.S. Pat. Apl. Pub. No. 2012/ 
0132288 on May 31, 2012, incorporated herein by reference 
in its entirety, through fusion of the droplets with droplets 
containing the chemical or enzyme, or through other tech 
niques known to those of ordinary skill in the art. Lysing of 
the cells may occur before, during, or after release of the 
oligonucleotide tags from the particles. In some cases, lysing 
a cell will cause the cell to release its contents, e.g., cellular 
nucleic acids, proteins, enzymes, Sugars, etc. In some 
embodiments, some of the cellular nucleic acids may also be 
joined to one or more oligonucleotide tags contained within 
the droplet, e.g., as discussed herein. For example, in one set 
of embodiments, RNA transcripts typically produced within 
the cells may be released and then joined to the nucleic acid 
tags. 
0.121. In some embodiments, once released, the released 
nucleic acids from the cell (e.g., DNA and/or RNA) may be 
bonded to the oligonucleotide tags, e.g., covalently, through 
primer extension, through ligation, or the like. Any of a wide 
variety of different techniques may be used, and those of 
ordinary skill in the art will be aware of many such tech 
niques. The exact joining technique used is not necessarily 
critical, and can vary between embodiments. 
0.122 For instance, in certain embodiments, the nucleic 
acids may be joined with the oligonucleotide tags using 
ligases. Non-limiting examples of ligases include DNA 
ligases such as DNA Ligase I, DNA Ligase II, DNA Ligase 
III, DNA Ligase IV, T4DNA ligase, T7 DNA ligase, T3 DNA 
Ligase, E. coli DNA Ligase, Taq DNA Ligase, or the like. 
Many such ligases may be purchased commercially. As addi 
tional examples, in some embodiments, two or more nucleic 
acids may be ligated together using annealing or a primer 
extension method. 

I0123. In yet another set of embodiments, the nucleic acids 
may be joined with the oligonucleotide tags and/or amplified 
using PCR (polymerase chain reaction) or other suitable 
amplification techniques, including any of those recited 
herein. Typically, in PCR reactions, the nucleic acids are 
heated to cause dissociation of the nucleic acids into single 
Strands, and a heat-stable DNA polymerase (such as Taq 
polymerase) is used to amplify the nucleic acid. This process 
is often repeated multiple times to amplify the nucleic acids. 
0.124. In one set of embodiments, PCR or nucleic acid 
amplification may be performed within the droplets. For 
example, the droplets may contain a polymerase (such as Taq 
polymerase), and DNA nucleotides, and the droplets may be 
processed (e.g., via repeated heated and cooling) to amplify 
the nucleic acid within the droplets. The polymerase and 
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nucleotides may be added at any suitable point, e.g., before, 
during, or after various nucleic acids encoding various con 
ditions are added to the droplets. For instance, a droplet may 
contain polymerase and DNA nucleotides, which is fused to 
the droplet to allow amplification to occur. Those of ordinary 
skill in the art will be aware of suitable PCR techniques and 
variations, such as assembly PCR or polymerase cycling 
assembly, which may be used in Some embodiments to pro 
duce an amplified nucleic acid. Non-limiting examples of 
Such procedures are also discussed below. In addition, in 
Some cases, Suitable primers may be used to initiate polymer 
ization, e.g., P5 and P7, or other primers known to those of 
ordinary skill in the art. In some embodiments, primers may 
be added to the droplets, or the primers may be present on one 
or more of the nucleic acids within the droplets. Those of 
ordinary skill in the art will be aware of suitable primers, 
many of which can be readily obtained commercially. 
0.125. In some cases, the droplets may be burst, broken, or 
otherwise disrupted. A wide variety of methods for “break 
ing or “bursting droplets are available to those of ordinary 
skill in the art, and the exact method chosen is not critical. For 
example, droplets contained in a carrying fluid may be dis 
rupted using techniques such as mechanical disruption or 
ultrasound. Droplets may also be disrupted using chemical 
agents or surfactants, for example, 1H, 1H,2H.2H-perfluo 
rooctanol. 
0126 Nucleic acids (labeled with oligonucleotide tags) 
from different droplets may then be pooled or combined 
together or analyzed, e.g., sequenced, amplified, etc. The 
nucleic acids from different droplets, may however, remain 
distinguishable due to the presence of different oligonucle 
otide tags (e.g., containing different barcodes) that were 
present in each droplet prior to disruption. 
0127. For example, the nucleic acids may be amplified 
using PCR (polymerase chain reaction) or other amplification 
techniques. Typically, in PCR reactions, the nucleic acids are 
heated to cause dissociation of the nucleic acids into single 
Strands, and a heat-stable DNA polymerase (such as Taq 
polymerase) is used to amplify the nucleic acid. This process 
is often repeated multiple times to amplify the nucleic acids. 
0128. In one set of embodiments, the PCR may be used to 
amplify the nucleic acids. Those of ordinary skill in the art 
will be aware of suitable PCR techniques and variations, such 
as assembly PCR or polymerase cycling assembly, which 
may be used in some embodiments to produce an amplified 
nucleic acid. Non-limiting examples of Such procedures are 
also discussed below. In addition, in some cases, Suitable 
primers may be used to initiate polymerization, e.g., P5 and 
P7, or other primers known to those of ordinary skill in the art. 
Those of ordinary skill in the art will be aware of suitable 
primers, many of which can be readily obtained commer 
cially. 
0129. Other non-limiting examples of amplification meth 
ods known to those of ordinary skill in the art that may be used 
include, but are not limited to, reverse transcriptase (RT) PCR 
amplification, in vitro transcription amplification (IVT), mul 
tiple displacement amplification (MDA), or quantitative real 
time PCR (qPCR). 
0130. In some embodiments, the nucleic acids may be 
sequenced using a variety of techniques and instruments, 
many of which are readily available commercially. Examples 
of Such techniques include, but are not limited to, chain 
termination sequencing, sequencing-by-hybridization, 
Maxam-Gilbert sequencing, dye-terminator sequencing, 
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chain-termination methods, Massively Parallel Signature 
Sequencing (Lynx Therapeutics), polony sequencing, 
pyrosequencing, sequencing by ligation, ion semiconductor 
sequencing, DNA nanoball sequencing, single-molecule 
real-time sequencing, nanopore sequencing, microfluidic 
Sanger sequencing, digital RNA sequencing (“digital RNA 
seq.), etc. The exact sequencing method chosen is not critical. 
I0131. In addition, in some cases, the droplets may also 
contain one or more DNA-tagged antibodies, e.g., to deter 
mine proteins in the cell, e.g., by Suitable tagging with DNA. 
Thus, for example, a protein may be detected in a plurality of 
cells as discussed herein, using DNA-tagged antibodies spe 
cific for the protein. 
0.132. Additional details regarding systems and methods 
for manipulating droplets in a microfluidic system follow, 
e.g., for determining droplets (or species within droplets), 
sorting droplets, etc. For example, various systems and meth 
ods for screening and/or sorting droplets are described in U.S. 
patent application Ser. No. 1 1/360,845, filed Feb. 23, 2006, 
entitled “Electronic Control of Fluidic Species.” by Link, et 
al., published as U.S. Patent Application Publication No. 
2007/000342 on Jan. 4, 2007, incorporated herein by refer 
ence. As a non-limiting example, by applying (or removing) 
a first electric field (or a portion thereof), a droplet may be 
directed to a first region or channel; by applying (or remov 
ing) a second electric field to the device (or a portion thereof), 
the droplet may be directed to a second region or channel; by 
applying a third electric field to the device (or a portion 
thereof), the droplet may be directed to a third region or 
channel; etc., where the electric fields may differin some way, 
for example, in intensity, direction, frequency, duration, etc. 
0133. In certain embodiments of the invention, sensors are 
provided that can sense and/or determine one or more char 
acteristics of the fluidic droplets, and/or a characteristic of a 
portion of the fluidic system containing the fluidic droplet 
(e.g., the liquid Surrounding the fluidic droplet) in Such a 
manner as to allow the determination of one or more charac 
teristics of the fluidic droplets. Characteristics determinable 
with respect to the droplet and usable in the invention can be 
identified by those of ordinary skill in the art. Non-limiting 
examples of Such characteristics include fluorescence, spec 
troscopy (e.g., optical, infrared, ultraviolet, etc.), radioactiv 
ity, mass, Volume, density, temperature, Viscosity, pH, con 
centration of a Substance, such as a biological Substance (e.g., 
a protein, a nucleic acid, etc.), or the like. 
0.134. In some cases, the sensor may be connected to a 
processor, which in turn, cause an operation to be performed 
on the fluidic droplet, for example, by sorting the droplet, 
adding or removing electric charge from the droplet, fusing 
the droplet with another droplet, splitting the droplet, causing 
mixing to occur within the droplet, etc., for example, as 
previously described. For instance, in response to a sensor 
measurement of a fluidic droplet, a processor may cause the 
fluidic droplet to be split, merged with a second fluidic drop 
let, etc. 
I0135. One or more sensors and/or processors may be posi 
tioned to be in sensing communication with the fluidic drop 
let. “Sensing communication, as used herein, means that the 
sensor may be positioned anywhere such that the fluidic drop 
let within the fluidic system (e.g., within a channel), and/or a 
portion of the fluidic system containing the fluidic droplet 
may be sensed and/or determined in Some fashion. For 
example, the sensor may be in sensing communication with 
the fluidic droplet and/or the portion of the fluidic system 
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containing the fluidic droplet fluidly, optically or visually, 
thermally, pneumatically, electronically, or the like. The sen 
Sor can be positioned proximate the fluidic system, for 
example, embedded within or integrally connected to a wall 
of a channel, or positioned separately from the fluidic system 
but with physical, electrical, and/or optical communication 
with the fluidic system so as to be able to sense and/or deter 
mine the fluidic droplet and/or a portion of the fluidic system 
containing the fluidic droplet (e.g., a channel or a microchan 
nel, a liquid containing the fluidic droplet, etc.). For example, 
a sensor may be free of any physical connection with a chan 
nel containing a droplet, but may be positioned so as to detect 
electromagnetic radiation arising from the droplet or the flu 
idic system, such as infrared, ultraviolet, or visible light. The 
electromagnetic radiation may be produced by the droplet, 
and/or may arise from other portions of the fluidic system (or 
externally of the fluidic system) and interact with the fluidic 
droplet and/or the portion of the fluidic system containing the 
fluidic droplet in Such as a manner as to indicate one or more 
characteristics of the fluidic droplet, for example, through 
absorption, reflection, diffraction, refraction, fluorescence, 
phosphorescence, changes in polarity, phase changes, 
changes with respect to time, etc. As an example, a laser may 
be directed towards the fluidic droplet and/or the liquid sur 
rounding the fluidic droplet, and the fluorescence of the flu 
idic droplet and/or the Surrounding liquid may be determined. 
“Sensing communication, as used herein may also be direct 
or indirect. As an example, light from the fluidic droplet may 
be directed to a sensor, or directed first through a fiber optic 
system, a waveguide, etc., before being directed to a sensor. 
0136. Non-limiting examples of sensors useful in the 
invention include optical or electromagnetically-based sys 
tems. For example, the sensor may be a fluorescence sensor 
(e.g., stimulated by a laser), a microscopy system (which may 
include a camera or other recording device), or the like. As 
another example, the sensor may be an electronic sensor, e.g., 
a sensor able to determine an electric field or other electrical 
characteristic. For example, the sensor may detect capaci 
tance, inductance, etc., of a fluidic droplet and/or the portion 
of the fluidic system containing the fluidic droplet. 
0.137 As used herein, a “processor or a “microprocessor 

is any component or device able to receive a signal from one 
or more sensors, store the signal, and/or direct one or more 
responses (e.g., as described above), for example, by using a 
mathematical formula or an electronic or computational cir 
cuit. The signal may be any suitable signal indicative of the 
environmental factor determined by the sensor, for example a 
pneumatic signal, an electronic signal, an optical signal, a 
mechanical signal, etc. 
0.138. In one set of embodiments, a fluidic droplet may be 
directed by creating an electric charge and/or an electric 
dipole on the droplet, and steering the droplet using an 
applied electric field, which may be an AC field, a DC field, 
etc. As an example, an electric field may be selectively 
applied and removed (or a different electric field may be 
applied, e.g., a reversed electric field) as needed to direct the 
fluidic droplet to a particular region. The electric field may be 
selectively applied and removed as needed, in some embodi 
ments, without substantially altering the flow of the liquid 
containing the fluidic droplet. For example, a liquid may flow 
on a Substantially steady-state basis (i.e., the average flowrate 
of the liquid containing the fluidic droplet deviates by less 
than 20% or less than 15% of the steady-state flow or the 
expected value of the flow of liquid with respect to time, and 
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in Some cases, the average flowrate may deviate less than 10% 
or less than 5%) or other predetermined basis through a fluidic 
system of the invention (e.g., through a channel or a micro 
channel), and fluidic droplets contained within the liquid may 
be directed to various regions, e.g., using an electric field, 
without substantially altering the flow of the liquid through 
the fluidic system. 
0.139. In some embodiments, the fluidic droplets may be 
screened or sorted within a fluidic system of the invention by 
altering the flow of the liquid containing the droplets. For 
instance, in one set of embodiments, a fluidic droplet may be 
steered or sorted by directing the liquid Surrounding the flu 
idic droplet into a first channel, a second channel, etc. 
0140. In another set of embodiments, pressure within a 
fluidic system, for example, within different channels or 
within different portions of a channel, can be controlled to 
direct the flow of fluidic droplets. For example, a droplet can 
be directed toward a channel junction including multiple 
options for further direction of flow (e.g., directed toward a 
branch, or fork, in a channel defining optional downstream 
flow channels). Pressure within one or more of the optional 
downstream flow channels can be controlled to direct the 
droplet selectively into one of the channels, and changes in 
pressure can be effected on the order of the time required for 
Successive droplets to reach the junction, such that the down 
stream flow path of each Successive droplet can be indepen 
dently controlled. In one arrangement, the expansion and/or 
contraction of liquid reservoirs may be used to steer or sort a 
fluidic droplet into a channel, e.g., by causing directed move 
ment of the liquid containing the fluidic droplet. The liquid 
reservoirs may be positioned Such that, when activated, the 
movement of liquid caused by the activated reservoirs causes 
the liquid to flow in a preferred direction, carrying the fluidic 
droplet in that preferred direction. For instance, the expansion 
of a liquid reservoir may cause a flow of liquid towards the 
reservoir, while the contraction of a liquid reservoir may 
cause a flow of liquid away from the reservoir. In some cases, 
the expansion and/or contraction of the liquid reservoir may 
be combined with other flow-controlling devices and meth 
ods, e.g., as described herein. Non-limiting examples of 
devices able to cause the expansion and/or contraction of a 
liquid reservoir include pistons and piezoelectric compo 
nents. In some cases, piezoelectric components may be par 
ticularly useful due to their relatively rapid response times, 
e.g., in response to an electrical signal. In some embodiments, 
the fluidic droplets may be sorted into more than two chan 
nels. 

0141 AS mentioned, certain embodiments are generally 
directed to systems and methods for sorting fluidic droplets in 
a liquid, and in Some cases, at relatively high rates. For 
example, a property of a droplet may be sensed and/or deter 
mined in Some fashion (e.g., as further described herein), then 
the droplet may be directed towards a particular region of the 
device. Such as a microfluidic channel, for example, for sort 
ing purposes. In some cases, high sorting speeds may be 
achievable using certain systems and methods of the inven 
tion. For instance, at least about 10 droplets per second may 
be determined and/or sorted in some cases, and in other cases, 
at least about 20 droplets per second, at least about 30 droplets 
per second, at least about 100 droplets per second, at least 
about 200 droplets per second, at least about 300 droplets per 
second, at least about 500 droplets per second, at least about 
750 droplets per second, at least about 1,000 droplets per 
second, at least about 1,500 droplets per second, at least about 
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2,000 droplets per second, at least about 3,000 droplets per 
second, at least about 5,000 droplets per second, at least about 
7,500 droplets per second, at least about 10,000 droplets per 
second, at least about 15,000 droplets per second, at least 
about 20,000 droplets per second, at least about 30,000 drop 
lets per second, at least about 50,000 droplets per second, at 
least about 75,000 droplets per second, at least about 100,000 
droplets per second, at least about 150,000 droplets per sec 
ond, at least about 200,000 droplets per second, at least about 
300,000 droplets per second, at least about 500,000 droplets 
per second, at least about 750,000 droplets per second, at least 
about 1,000,000 droplets per second, at least about 1,500,000 
droplets per second, at least about 2,000,000 or more droplets 
per second, or at least about 3,000,000 or more droplets per 
second may be determined and/or sorted. 
0142. In some aspects, a population of relatively small 
droplets may be used. In certain embodiments, as non-limit 
ing examples, the average diameter of the droplets may be 
less than about 1 mm, less than about 500 micrometers, less 
than about 300 micrometers, less than about 200 microme 
ters, less than about 100 micrometers, less than about 75 
micrometers, less than about 50 micrometers, less than about 
30 micrometers, less than about 25 micrometers, less than 
about 20 micrometers, less than about 15 micrometers, less 
than about 10 micrometers, less than about 5 micrometers, 
less than about 3 micrometers, less than about 2 micrometers, 
less than about 1 micrometer, less than about 500 nm, less 
than about 300 nm, less than about 100 nm, or less than about 
50 nm. The average diameter of the droplets may also be at 
least about 30 nm, at least about 50 nm, at least about 100 nm, 
at least about 300 nm, at least about 500 nm, at least about 1 
micrometer, at least about 2 micrometers, at least about 3 
micrometers, at least about 5 micrometers, at least about 10 
micrometers, at least about 15 micrometers, or at least about 
20 micrometers in certain cases. The “average diameter of a 
population of droplets is the arithmetic average of the diam 
eters of the droplets. 
0143. In some embodiments, the droplets may be of sub 
stantially the same shape and/or size (i.e., "monodisperse'), 
or of different shapes and/or sizes, depending on the particu 
lar application. In some cases, the droplets may have a 
homogenous distribution of cross-sectional diameters, i.e., 
the droplets may have a distribution of diameters such that no 
more than about 5%, no more than about 2%, or no more than 
about 1% of the droplets have a diameter less than about 90% 
(or less than about 95%, or less than about 99%) and/or 
greater than about 110% (or greater than about 105%, or 
greater than about 101%) of the overall average diameter of 
the plurality of droplets. Some techniques for producing 
homogenous distributions of cross-sectional diameters of 
droplets are disclosed in International Patent Application No. 
PCT/US2004/010903, filed Apr. 9, 2004, entitled “Formation 
and Control of Fluidic Species.” by Link et al., published as 
WO 2004/091763 on Oct. 28, 2004, incorporated herein by 
reference. 

0144. Those of ordinary skill in the art will be able to 
determine the average diameter of a population of droplets, 
for example, using laser light scattering or other known tech 
niques. The droplets so formed can be spherical, or non 
spherical in certain cases. The diameter of a droplet, in a 
non-spherical droplet, may be taken as the diameter of a 
perfect mathematical sphere having the same Volume as the 
non-spherical droplet. 
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0145. In some embodiments, one or more droplets may be 
created within a channel by creating an electric charge on a 
fluid surrounded by a liquid, which may cause the fluid to 
separate into individual droplets within the liquid. In some 
embodiments, an electric field may be applied to the fluid to 
cause droplet formation to occur. The fluid can be present as 
a series of individual charged and/or electrically inducible 
droplets within the liquid. Electric charge may be created in 
the fluid within the liquid using any Suitable technique, for 
example, by placing the fluid within an electric field (which 
may be AC, DC, etc.), and/or causing a reaction to occur that 
causes the fluid to have an electric charge. 
0146 The electric field, in some embodiments, is gener 
ated from an electric field generator, i.e., a device or system 
able to create an electric field that can be applied to the fluid. 
The electric field generator may produce an AC field (i.e., one 
that varies periodically with respect to time, for example, 
sinusoidally, Sawtooth, square, etc.), a DC field (i.e., one that 
is constant with respect to time), a pulsed field, etc. Tech 
niques for producing a suitable electric field (which may be 
AC, DC, etc.) are known to those of ordinary skill in the art. 
For example, in one embodiment, an electric field is produced 
by applying Voltage across a pair of electrodes, which may be 
positioned proximate a channel Such that at least a portion of 
the electric field interacts with the channel. The electrodes 
can be fashioned from any suitable electrode material or 
materials known to those of ordinary skill in the art, includ 
ing, but not limited to, silver, gold, copper, carbon, platinum, 
copper, tungsten, tin, cadmium, nickel, indium tin oxide 
(“ITO”), etc., as well as combinations thereof. 
0.147. In another set of embodiments, droplets of fluid can 
be created from a fluid surrounded by a liquid within a chan 
nel by altering the channel dimensions in a manner that is able 
to induce the fluid to form individual droplets. The channel 
may, for example, be a channel that expands relative to the 
direction offlow, e.g., such that the fluid does not adhere to the 
channel walls and forms individual droplets instead, or a 
channel that narrows relative to the direction of flow, e.g., 
such that the fluid is forced to coalesce into individual drop 
lets. In some cases, the channel dimensions may be altered 
with respect to time (for example, mechanically or electro 
mechanically, pneumatically, etc.) in Such a manner as to 
cause the formation of individual droplets to occur. For 
example, the channel may be mechanically contracted 
(“squeezed') to cause droplet formation, or a fluid stream 
may be mechanically disrupted to cause droplet formation, 
for example, through the use of moving baffles, rotating 
blades, or the like. Other techniques of creating droplets 
include, for example mixing or Vortexing of a fluid. 
0148 Certain embodiments are generally directed to sys 
tems and methods for splitting a droplet into two or more 
droplets. For example, a droplet can be split using an applied 
electric field. The droplet may have a greater electrical con 
ductivity than the Surrounding liquid, and, in Some cases, the 
droplet may be neutrally charged. In certain embodiments, in 
an applied electric field, electric charge may be urged to 
migrate from the interior of the droplet to the surface to be 
distributed thereon, which may thereby cancel the electric 
field experienced in the interior of the droplet. In some 
embodiments, the electric charge on the surface of the droplet 
may also experience a force due to the applied electric field, 
which causes charges having opposite polarities to migrate in 
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opposite directions. The charge migration may, in some 
cases, cause the drop to be pulled apart into two separate 
droplets. 
0149 Some embodiments of the invention generally relate 
to systems and methods for fusing or coalescing two or more 
droplets into one droplet, e.g., where the two or more droplets 
ordinarily are unable to fuse or coalesce, for example, due to 
composition, Surface tension, droplet size, the presence or 
absence of Surfactants, etc. In certain cases, the Surface ten 
sion of the droplets, relative to the size of the droplets, may 
also prevent fusion or coalescence of the droplets from occur 
r1ng. 

0150. As a non-limiting example, two droplets can be 
given opposite electric charges (i.e., positive and negative 
charges, not necessarily of the same magnitude), which can 
increase the electrical interaction of the two droplets such that 
fusion or coalescence of the droplets can occur due to their 
opposite electric charges. For instance, an electric field may 
be applied to the droplets, the droplets may be passed through 
a capacitor, a chemical reaction may cause the droplets to 
become charged, etc. The droplets, in some cases, may not be 
able to fuse even if a surfactant is applied to lower the surface 
tension of the droplets. However, if the droplets are electri 
cally charged with opposite charges (which can be, but are not 
necessarily of the same magnitude), the droplets may be able 
to fuse or coalesce. As another example, the droplets may not 
necessarily be given opposite electric charges (and, in some 
cases, may not be given any electric charge), and are fused 
through the use of dipoles induced in the droplets that causes 
the droplets to coalesce. Also, the two or more droplets 
allowed to coalesce are not necessarily required to meet 
"head-on.” Any angle of contact, so long as at least some 
fusion of the droplets initially occurs, is sufficient. See also, 
e.g., U.S. patent application Ser. No. 1 1/698.298, filed Jan. 
24, 2007, entitled “Fluidic Droplet Coalescence.” by Ahn, et 
al., published as U.S. Patent Application Publication No. 
2007/0195127 on Aug. 23, 2007, incorporated herein by ref 
erence in its entirety. 
0151. In one set of embodiments, a fluid may be injected 
into a droplet. The fluid may be microinjected into the droplet 
in Some cases, e.g., using a microneedle or other such device. 
In other cases, the fluid may be injected directly into a droplet 
using a fluidic channel as the droplet comes into contact with 
the fluidic channel. Other techniques of fluid injection are 
disclosed in, e.g., International Patent Application No. PCT/ 
US2010/040006, filed Jun. 25, 2010, entitled “Fluid Injec 
tion.” by Weitz, et al., published as WO 2010/151776 on Dec. 
29, 2010; or International Patent Application No. PCT/ 
US2009/006649, filed Dec. 18, 2009, entitled “Particle-As 
sisted Nucleic Acid Sequencing.” by Weitz, et al., published 
as WO 2010/080134 on Jul. 15, 2010, each incorporated 
herein by reference in its entirety. 
0152. A variety of materials and methods, according to 
certain aspects of the invention, can be used to form articles or 
components such as those described herein, e.g., channels 
Such as microfluidic channels, chambers, etc. For example, 
various articles or components can be formed from Solid 
materials, in which the channels can be formed via microma 
chining, film deposition processes such as spin coating and 
chemical vapor deposition, laser fabrication, photolitho 
graphic techniques, etching methods including wet chemical 
or plasma processes, and the like. See, for example, Scientific 
American, 248:44-55, 1983 (Angell, et al). 
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0153. In one set of embodiments, various structures or 
components of the articles described herein can be formed of 
a polymer, for example, an elastomeric polymer Such as poly 
dimethylsiloxane (“PDMS), polytetrafluoroethylene 
(“PTFE” or Teflon R.), or the like. For instance, according to 
one embodiment, a microfluidic channel may be imple 
mented by fabricating the fluidic system separately using 
PDMS or other soft lithography techniques (details of soft 
lithography techniques suitable for this embodiment are dis 
cussed in the references entitled “Soft Lithography.” by 
Younan Xia and George M. Whitesides, published in the 
Annual Review of Material Science, 1998, Vol. 28, pages 
153-184, and “Soft Lithography in Biology and Biochemis 
try.” by George M. Whitesides, Emanuele Ostuni, Shuichi 
Takayama, Xingyu Jiang and Donald E. Ingber, published in 
the Annual Review of Biomedical Engineering, 2001, Vol. 3, 
pages 335-373; each of these references is incorporated 
herein by reference). 
0154) Other examples of potentially suitable polymers 
include, but are not limited to, polyethylene terephthalate 
(PET), polyacrylate, polymethacrylate, polycarbonate, poly 
styrene, polyethylene, polypropylene, polyvinylchloride, 
cyclic olefin copolymer (COC), polytetrafluoroethylene, a 
fluorinated polymer, a silicone Such as polydimethylsiloxane, 
polyvinylidene chloride, bis-benzocyclobutene (“BCB), a 
polyimide, a fluorinated derivative of a polyimide, or the like. 
Combinations, copolymers, or blends involving polymers 
including those described above are also envisioned. The 
device may also be formed from composite materials, for 
example, a composite of a polymer and a semiconductor 
material. 

0.155. In some embodiments, various structures or compo 
nents of the article are fabricated from polymeric and/or 
flexible and/or elastomeric materials, and can be conveniently 
formed of a hardenable fluid, facilitating fabrication via 
molding (e.g. replica molding, injection molding, cast mold 
ing, etc.). The hardenable fluid can be essentially any fluid 
that can be induced to solidify, or that spontaneously solidi 
fies, into a solid capable of containing and/or transporting 
fluids contemplated for use in and with the fluidic network. In 
one embodiment, the hardenable fluid comprises a polymeric 
liquid or a liquid polymeric precursor (i.e. a "prepolymer). 
Suitable polymeric liquids can include, for example, thermo 
plastic polymers, thermoset polymers, waxes, metals, or mix 
tures or composites thereofheated above their melting point. 
As another example, a suitable polymeric liquid may include 
a solution of one or more polymers in a Suitable solvent, 
which solution forms a Solid polymeric material upon 
removal of the solvent, for example, by evaporation. Such 
polymeric materials, which can be solidified from, for 
example, a melt state or by Solvent evaporation, are well 
known to those of ordinary skill in the art. A variety of 
polymeric materials, many of which are elastomeric, are Suit 
able, and are also Suitable for forming molds or mold masters, 
for embodiments where one or both of the mold masters is 
composed of an elastomeric material. A non-limiting list of 
examples of Such polymers includes polymers of the general 
classes of silicone polymers, epoxy polymers, and acrylate 
polymers. Epoxy polymers are characterized by the presence 
ofa three-membered cyclic ether group commonly referred to 
as an epoxy group, 1.2-epoxide, or oxirane. For example, 
diglycidyl ethers of bisphenol A can be used, in addition to 
compounds based on aromatic amine, triazine, and 
cycloaliphatic backbones. Another example includes the 
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well-known Novolac polymers. Non-limiting examples of 
silicone elastomers suitable for use according to the invention 
include those formed from precursors including the chlorosi 
lanes such as methylchlorosilanes, ethylchlorosilanes, phe 
nylchlorosilanes, dodecyltrichlorosilanes, etc. 
0156 Silicone polymers are used in certain embodiments, 
for example, the silicone elastomer polydimethylsiloxane. 
Non-limiting examples of PDMS polymers include those 
sold under the trademark Sylgard by Dow Chemical Co., 
Midland, Mich., and particularly Sylgard 182, Sylgard 184, 
and Sylgard 186. Silicone polymers including PDMS have 
several beneficial properties simplifying fabrication of vari 
ous structures 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 prepolymeric 
liquid to temperatures of about, for example, about 65° C. to 
about 75° C. for exposure times of, for example, about an 
hour. Also, silicone polymers, such as PDMS, can be elasto 
meric and thus may be useful for forming very Small features 
with relatively high aspect ratios, necessary in certain 
embodiments of the invention. Flexible (e.g., elastomeric) 
molds or masters can be advantageous in this regard. 
0157. One advantage of forming structures such as 
microfluidic structures or channels from silicone polymers, 
such as PDMS, is the ability of such polymers to be oxidized, 
for example by exposure to an oxygen-containing plasma 
Such as an airplasma, so that the oxidized structures contain, 
at their surface, chemical groups capable of cross-linking to 
other oxidized silicone polymer surfaces or to the oxidized 
Surfaces of a variety of other polymeric and non-polymeric 
materials. Thus, structures can be fabricated and then oxi 
dized and essentially irreversibly sealed to other silicone 
polymer Surfaces, or to the Surfaces of other Substrates reac 
tive with the oxidized silicone polymer surfaces, without the 
need for separate adhesives or other sealing means. In most 
cases, sealing can be completed simply by contacting an 
oxidized silicone surface to another surface without the need 
to apply auxiliary pressure to form the seal. That 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 exposure to an oxygen-containing 
plasma). Oxidation and sealing methods useful in the context 
of the present invention, as well as overall molding tech 
niques, are described in the art, for example, in an article 
entitled “Rapid Prototyping of Microfluidic Systems and 
Polydimethylsiloxane.” Anal. Chem., 70:474-480, 1998 
(Duffy et al.), incorporated herein by reference. 
0158 Thus, in certain embodiments, the design and/or 
fabrication of the article may be relatively simple, e.g., by 
using relatively well-known Soft lithography and other tech 
niques such as those described herein. In addition, in some 
embodiments, rapid and/or customized design of the article is 
possible, for example, in terms of geometry. In one set of 
embodiments, the article may be produced to be disposable, 
for example, in embodiments where the article is used with 
Substances that are radioactive, toxic, poisonous, reactive, 
biohazardous, etc., and/or where the profile of the substance 
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(e.g., the toxicology profile, the radioactivity profile, etc.) is 
unknown. Another advantage to forming channels or other 
structures (or interior, fluid-contacting Surfaces) from oxi 
dized silicone polymers is that these Surfaces can be much 
more hydrophilic than the Surfaces of typical elastomeric 
polymers (where a hydrophilic interior surface is desired). 
Such hydrophilic channel surfaces can thus be more easily 
filled and wetted with aqueous Solutions than can structures 
comprised of typical, unoxidized elastomeric polymers or 
other hydrophobic materials. 
0159. The following documents are incorporated herein 
by reference in their entirety for all purposes: U.S. Pat. Apl. 
Ser. No. 61/980,541, entitled “Methods and Systems for 
Droplet Tagging and Amplification.” by Weitz, et al.; U.S. Pat. 
Apl. Ser. No. 61/981,123, entitled “Systems and Methods for 
Droplet Tagging.” by Bernstein, et al.; Int. Pat. Apl. Pub. No. 
WO 2004/091763, entitled “Formation and Control of Fluidic 
Species.” by Link et al.: Int. Pat. Apl. Pub. No. WO 2004/ 
002.627, entitled “Method and Apparatus for Fluid Disper 
sion.” by Stone et al.: Int. Pat. Apl. Pub. No. WO 2006/ 
096571, entitled “Method and Apparatus for Forming 
Multiple Emulsions.” by Weitz et al.: Int. Pat. Apl. Pub. No. 
WO 2005/021151, entitled “Electronic Control of Fluidic 
Species.” by Link et al.: Int. Pat. Apl. Pub. No. WO 2011/ 
056546, entitled “Droplet Creation Techniques.” by Weitz, et 
al.; Int. Pat. Apl. Pub. No. WO 2010/033200, entitled “Cre 
ation of Libraries of Droplets and Related Species.” by Weitz, 
et al.; U.S. Pat. Apl. Pub. No. 2012-0132288, entitled “Fluid 
Injection.” by Weitz, et al.: Int. Pat. Apl. Pub. No. WO 2008/ 
109176, entitled “Assay And Other Reactions Involving 
Droplets.” by Agresti, et al.; and Int. Pat. Apl. Pub. No. WO 
2010/151776, entitled “Fluid Injection.” by Weitz, et al. 
0160 Also incorporated herein by reference are U.S. Prov. 
Pat. Apl. Ser. No. 61/982,001, filed Apr. 21, 2014: U.S. Prov. 
Pat. Apl. Ser. No. 62/065.348, filed Oct. 17, 2014: U.S. Prov. 
Pat. Apl. Ser. No. 62/066,188, filed Oct. 20, 2014; and U.S. 
Prov. Pat. Apl. Ser. No. 62/072,944, filed Oct. 30, 2014. 
0.161. In addition, the following are incorporated herein by 
reference in their entireties: U.S. Pat. Apl. Ser. No. 61/981, 
123 filed Apr. 17, 2014; a PCT application filed Apr. 17, 2015, 
entitled “Systems and Methods for Droplet Tagging”; U.S. 
Pat. Apl. Ser. No. 61/981,108 filed Apr. 17, 2014; a PCT 
application filed on Apr. 17, 2015, entitled “Methods and 
Systems for Droplet Tagging and Amplification’: a U.S. 
patent application filed on Apr. 17, 2015, entitled “Immobi 
lization-Based Systems and Methods for Genetic Analysis 
and Other Applications'; a U.S. patent application filed on 
Apr. 17, 2015, entitled “Barcoding Systems and Methods for 
Gene Sequencing and Other Applications’; and U.S. Pat. Apl. 
Ser. No. 62/072,944, filed Oct. 30, 2014. 
0162 The following examples are intended to illustrate 
certain embodiments of the present invention, but do not 
exemplify the full scope of the invention. 

Example 1 
0163 This example makes use of hydrogel or polymer 
microspheres, each carrying DNA fragments (primers) at a 
concentration of 1-100 micromolar. These primers can be 
cleaved from the microspheres by chemicals or by light, with 
each DNA fragment encoding (a) a barcode sequence 
selected at random from a pool of at least 10,000 barcodes 
(but more from typically over 100,000 barcodes), with the 
same barcode found on all nucleic acid fragments on each 
microsphere; and (b) one or more a primer sequences used for 
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hybridization and capture of DNA or RNA; (c) optionally, 
additional DNA sequences, for example a random nucleotide 
sequence for barcoding each molecule, or sequences used for 
amplification or capture of the barcoded products. Synthesis 
of these microspheres is described in more detail below. 
0164. In this example for droplet production, a microflu 
idic device prepared by Soft-lithography is used. Its schemat 
ics are indicated in FIG. 2 but emulsification can be also 
performed using other tools such as capillaries or tubing, for 
example. Other microfluidic configurations can also be used. 
Using this microfluidic device, droplets of ~4 nL volume 
were produced (FIGS. 3 and 4), but the size of the droplets 
could be readily adjusted based on the requirements of the 
enzymatic barcoding reaction. 
0.165. The microfluidic device used in this example has 
one inlet for droplet carrier oil, and additional inlets for com 
ponents of the droplet aqueous phase (FIG. 14). For the car 
rier oil, fluorinated oil (e.g. HFE-7500) containing -0.75% 
(v/v) surfactant (PFPE-PEG-PFPE tri-block copolymer con 
taining two perfluoropolyether blocks (PFPE) and one poly 
(ethylene)glycol (PEG) block) was used. The surfactant was 
used to prevent droplets from coalescing, and the amount may 
be adjusted, for instance, based on its physicochemical prop 
erties. The carrier oil used for emulsification is not limited to 
fluorinated liquids and alternative fluids such as based on 
hydrocarbons (e.g. mineral oil, hexane, etc.), silicon oil and 
other type of oils can be employed successfully. The three 
inlets used in this example delivered the following compo 
nents: (1) a suspension of dissociated cells; (2) a cell lysis 
reagent; (3) a suspension of barcoded primer-carrying hydro 
gel or polymer microspheres; and (4) a reaction mixture used 
to enzymatically generate barcoded DNA complementary to 
the captured DNA or RNA. It is possible to pre-combine some 
of these components in Some cases, e.g. (2) and (4). 
0166 The cell suspension was prepared in this example 
with the following considerations. If cells were adherent or 
from tissue, the cells could be first dissociated and optionally 
filtered or centrifuged to remove clumps of two or more cells. 
The mass density of the cell suspension buffer (typically 
PBS) was adjusted to minimize precipitation of cells during 
injection, for example by adding Optiprep at ~16% (v/v). The 
cell number density (cells per unit volume) may be adjusted to 
minimize incidences of two or more cells becoming captured 
in the same droplet. The precise calculation of the correct 
number density depends, for example, on factors such as the 
amount of multi-cell events that can be tolerated, and on the 
droplet volume, and on the relative droplet volume contrib 
uted by the cell suspension. For example, for 4 nL droplets 
with 50% of the droplet volume contributed by the cell sus 
pension, a number density of 50 cells/microliter could be used 
to lead to an average occupancy of 0.1 cells/droplet, leading to 
approximately 5% of cell-containing droplets having more 
than one cell. If necessary, a small magnetic stirrer bar could 
be introduced into the cell Syringe to allow continuous or 
occasional mixing of the cell Suspension. During injection 
into the microfluidic device, the cells can be kept cold using 
an ice pack or other Suitable techniques of cooling. 
0167. The enzyme reaction mix and/or lysis reagent(s) 
were prepared in this example Such that their final concentra 
tions after mixing with the cell Suspension and with the 
microspheres were suitable for cell lysis and performance of 
the enzymatic reaction (e.g. reverse transcription reaction). 
0168 If using hydrogel microspheres, these spheres can 
be packed (concentrated) such that their delivery into droplets 
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becomes ordered and synchronized, ensuring that the major 
ity of droplets host exactly one microsphere. When using 
rigid polymer microspheres, these may be ordered, for 
example, using flow. In some cases, the aim is to ensure that 
the number of droplets having a single microsphere is rela 
tively high, and the number of droplets of having 0 or 2 
microspheres is rare or even negligible. 
0169. To further increase the co-encapsulation events of 
cells and microspheres, for example, one cell and one DNA 
barcoded microsphere per droplet, the cells could be ordered 
prior encapsulation. 
0170 AS one non-limiting example, the aqueous phase is 
delivered into the device with flow rates of 100 microliters/ 
hour, 100 microliters/hour and 10-15 microliters/hour respec 
tively for the cell Suspension, the lysis/reaction mix, and the 
concentrated hydrogel microsphere suspension. For example, 
the number density of the cell Suspension may be adjusted to 
50,000/mL such that 5,000 cells are captured for barcoding 
within one hour of emulsification. However, the flow rates of 
all phases can be adjusted independently between 1 and 
10,000 microliters/hr, depending on the particular applica 
tion. 
0171 After (or during) the encapsulation step, cells may 
be lysed and DNA fragments attached to the microsphere 
Surface may be released inside the droplets using, e.g., light, 
chemical, enzymatic or other techniques. 
0172. The released DNA fragments may be used as prim 
ers for cell-encoded nucleic acid amplification. For example, 
mRNA from the cells can be converted to cDNA using reverse 
transcription, or in another example, genes encoding cellular 
proteins can be synthesized using DNA polymerase. 
0173 To release the synthesized nucleic acid (DNA or 
RNA) into a mixture, the droplets may be broken in some 
cases, e.g., by chemical or physical techniques. The released 
DNA may be collected and if necessary, can be amplified or 
further processed. The number of cells to be analyzed can be 
adjusted, for example, by first transferring a fraction of the 
droplet emulsion into a new reaction tube before droplet 
breaking (FIG.5). For example, after collection of 200 micro 
liters of dropletemulsion containing 5,000 cells, the emulsion 
can be first split into five tubes of 40 microliters, each con 
taining approximately 1,000 cells. If desirable these samples 
can be processed separately. In addition, other adjustments 
can be performed in other embodiments. 
0.174. The base composition of nucleic acids, including 
the barcode and the captured sequence, can be determined by 
DNA sequencing or other techniques (FIG. 6). 
0.175 Diagnostic tests can be carried out, for example, 
using quantitative real-time PCR (qPCR) to compare the 
abundance of captured DNA or RNA barcoded in droplets, to 
the abundance achieved when the enzymatic reactions are 
performed under controlled conditions, such as outside of 
droplets in a pooled bulk reaction, or using purified DNA or 
RNA from an equivalent number of cells. qPCR makes use of 
two primers, one hybridizing to the end of the barcoded DNA 
fragments delivered by the microspheres; the other hybridiz 
ing to a target DNA or RNA sequence to be captured. 
0176 The above can be used to analyze, as non-limiting 
examples, genomes, single nucleotide polymorphisms, spe 
cific gene expression levels, non-coding RNA, the whole 
transcriptome, entire genes or their sections, etc. 
0177 FIG. 2 shows schematics and operation of a microf 
luidic device, in accordance with one example of an embodi 
ment of the invention. Other microfluidic device designs are 
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also possible, e.g., as discussed herein. FIG. 2A shows sche 
matics indicating the operation of a system. Cells, barcoded 
microspheres (barcoded beads) and reagents are encapsulated 
into droplets using a microfluidic device. FIG. 2B shows a 
device having three inlets and one outlet. The inlets are used 
to introduce i) cells, ii) DNA-barcoded microspheres, iii) 
biological and/or chemical reagents and iv) carrier oil. Gels, 
cells and reagents can be introduced into device through any 
of the three inlets I, II, III. Encapsulation occurs at the flow 
focusing junction and encapsulated samples are then col 
lected at the outlet. The flow rate of each inlet can be adjusted 
in order to obtain optimal conditions for cell and DNA-bar 
coded microsphere co-encapsulation. FIG. 3 shows digital 
images of cells and DNA-barcoded microspheres co-encap 
sulated together. Upper arrows show cells, lower arrows show 
microspheres. Time from the first frame is indicated. FIG. 4 
shows an example of a device outlet showing microsphere 
and cell co-encapsulation. FIG. 5 shows the number of bar 
coded samples VS emulsion Volume and encapsulation (col 
lection) time, produced in accordance with one embodiment 
of the invention. FIG. 6 shows a distribution of sequencing 
reads per abundant barcode showing largely uniform barcod 
ing, in one embodiment of the invention. 

Example 2 

0178. This example illustrates certain techniques for cre 
ating barcoded nucleic acids attached to the microspheres. 
First, the microspheres are synthesized incorporating a DNA 
primer (P1) into the hydrogel (FIG. 7). Several techniques of 
producing microspheres or various types hydrogel particles 
may be used. The microspheres described in this example 
makes use of polyacrylamide (pAc) hydrogel but alternative 
hydrogel materials can also be used (e.g. agarose, poly-N- 
isopropylacrylamide (pNIPAM) and others). 
0179. In one embodiment, an aqueous solution containing 
acrylamide (Ac), N,N'-methylenebisacrylamide (bis-Ac) and 
acrylic phosphoramidite modified DNA (Ac-DNA) and/or 
ammonium persulfate (APS) is prepared mixing individual 
components together. 
0180 Based on the pore size of the hydrogel mesh and the 
concentration of primer needed for the Subsequent applica 
tions the amount of Ac and bis-Ac components as well as 
Ac-DNA concentration can be adjusted accordingly. For 
example, in one case, a mixture of -0.0258% acrylamide, 
~0.036% (v/v) N,N'-methylenebisacrylamide, 1-50 micro 
molar Ac-DNA, and -0.2% APS is emulsified by a carrier oil 
containing 0.1-0.6% (v/v) polymerization inducer (N.N.N', 
N'-tetramethylethylenediamine referred as TEMED) for the 
production of hydrogel microspheres. As a carrier oil, fluori 
nated oil (e.g. HFE-7500) may be used, containing ~1.5% 
(v/v) surfactant (PFPE-PEG-PFPE tri-block copolymer con 
taining two perfluoropolyether blocks (PFPE) and one poly 
(ethylene)glycol (PEG) block). The surfactant may be used, 
for example, to prevent droplets against coalescence. In some 
embodiments, its amount should be adjusted based on its 
physicochemical properties. The carrier oil used for emulsi 
fication is not limited to fluorinated liquids, and alternative 
fluids based on hydrocarbons (e.g. mineral oil, silicone oil, 
hexane, etc.) can be employed in other embodiments. 
0181. In this example for droplet production, a microflu 
idic device prepared by soft-lithography was used. Its sche 
matics are indicated in FIG. 8, but emulsification can be also 
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performed using other tools such as capillaries or tubing, for 
example. In addition, microfluidic devices having different 
schematics may also be used. 
0182. Using this microfluidic device, droplets of approxi 
mately 62 micrometers in diameter were produced (FIG. 9), 
but the size of droplets can be adjusted based on the require 
ments of other applications. 
0183 In this example, the droplets were collected into a 
tube and then incubated at ~65° C. for >2 hour to induce the 
polymerization of polyacrylamide. The incubation period 
and temperature needed for polymerization could be varied 
accordingly. Polymerization of droplets can also be induced 
by light or various chemical means. 
0184. After polymerization, the emulsion may be broken 
by techniques such as chemical (e.g. perfluoroctanol) or 
physical techniques (e.g. electric field), which may cause the 
contents of the emulsion (e.g., the microspheres) to be 
released into the bulk solution. The released microspheres 
were then washed in hexane and aqueous buffers. In a typical 
example procedure, the microspheres were treated with hex 
ane containing 1% (v/v) Span 80 and then three times with 
aqueous buffer (e.g. 10 mM Tris-HCl (pH 7.0), 10 mM EDTA 
and 0.1% (v/v) Tween-20), and were then suspended in a 
buffer of desirable composition (e.g. 10 mM Tris-HCl (pH 
7.0), 0.1 mM EDTA and 0.1% (v/v) Tween-20). The final 
volume of the microspheres could differ from that seen during 
synthesis, and varies with conditions of the hydrogel Suspen 
sion buffer. 
0185. The microspheres could be stored for extended peri 
ods of time, for example at 4°C. in a solution containing 10 
mM EDTA, or in a solution containing 5 mM EDTA and 50% 
glycerol at -20°C. 
0186 The incorporation of nucleic acid or primer into the 
microspheres or on its Surface depends, for example, on func 
tional groups present on the primers and/or the material from 
which the microspheres are composed of. As a non-limiting 
example, a nucleic acid containing acrylic phosphoramidite 
at its 5' end can be incorporated into a polyacrylamide mesh 
of certain microspheres during polymerization process. As 
another example, acrydite-modified oligonucleotides can 
react covalently with thiol groups and thus, microspheres 
having thiol groups would bind acrydite-modified oligo 
nucleotides. In another example, oligonucleotides having 
amino groups can be covalently bound to the carboxy group 
of certain microspheres. In yet another example, oligonucle 
otides with a biotin group can be attached to Streptavidin 
coated microspheres. In yet another example, the particle 
may include antibodies or antibody fragments able to recog 
nize certain oligonucleotide sequences present on the tags. 
MOVE TO MAIN BODY OF TEXT Therefore, different 
types of incorporation of nucleic acids into/onto the micro 
spheres are possible. 
0187. In one embodiment, primers P1 containing 
sequence for capture of a target nucleic acid (e.g. RNA or 
DNA), amplification (such as carrying a T7 promoter 
sequences or hybridization site for PCR primer), and/or 
sequencing may be used. In another embodiment, the P1 
primer has a photocleavable site. 
0188 In one embodiment, the structure of P1 primer (di 
rection from 5' to 3') is the following: acrylic phosphoramid 
ite-photo-cleavable spacer-nucleotide sequence of T7 pro 
moter-nucleotide sequence for sequencing (PE1). 
(0189 In another embodiment, the structure of the DNA 
primer N from the first pool of DNA primers (direction from 
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5' to 3') is the following: adapter sequence (P2)-barcode 
sequence-nucleotide sequence complimentary to PE1. 
0190. In another embodiment, the structure of the DNA 
primer N. from the second pool of DNA primers (direction 
from 5' to 3') is the following: Sequence of interest (P3)- 
barcode sequence-nucleotide sequence complimentary to P2. 
0191 In some cases, the micro spheres carrying P1 prim 
ers may be split equally into N pools, and each pool may be 
hybridized to one of N distinct DNA templates, which have 
(sequentially from the 3' end to the 5' end): a DNA sequence 
complimentary to part or all of the P1 primer allowing to form 
duplex with DNA P1 primer; one of N unique nucleic acid 
barcodes composed of more than 6 defined nucleotides that 
are identical for all molecules within the same pool; option 
ally, a random nucleic acid sequence composed of more than 
5 random nucleotides that differ between molecules with the 
same pool; and a DNA sequence (P2) that can be used as a 
hybridization site for subsequent barcoding. The P2 sequence 
may contain sequence used for priming a sequencing reaction 
in later steps. 
0.192 An enzymatic reaction may be performed on each of 
the N pools leading to the extension of the P1 nucleic acid 
fragment by a copy of the template DNA fragments in each 
pool. In some cases, a ligation reaction can be used, e.g., 
instead of a polymerization reaction. 
0193 The enzymatic reaction may behalted by addition of 
inhibitors such as EDTA, Vanadium, or by other means. 
0194 The microspheres may be pooled together and 
optionally washed to remove the enzymes, or any excess 
template molecules. 
0.195 The DNA fragments on the microspheres may be 
converted into single stranded DNA, for example, by remov 
ing the template molecules through denaturation, for example 
by washing the microspheres repeatedly in 0.1 M sodium 
hydroxide, or by other techniques. 
0196. The microspheres now ending with the P2 sequence 
may be split equally into N pools (typically NN, although 
this is not required), and each pool may be hybridized to one 
of N distinct DNA templates (as in step (2)), which have 
(sequentially from the 3' end to the 5' end): a DNA sequence 
complimentary to part or all of the P2 primer allowing to form 
duplex with DNA P2 primer; one of N unique nucleic acid 
barcodes composed of more than 6 defined nucleotides that 
are identical for all molecules within the same pool; a random 
nucleic acid sequence composed of more than 5 random 
nucleotides that differ between molecules within the same 
pool; and a DNA sequence site (P3) that may be used, for 
example, as a hybridization site for Subsequent elongation, or 
as a primer sequence used for single cell analysis operations 
(such as capture of DNA or RNA molecules). 
0197) In some embodiments, some of these steps may be 
repeated. 
0198 In some cases, microspheres may be produced, car 
rying single-stranded DNA fragments encoding primer P1, 
followed by a first barcode, followed by a sequence P2, fol 
lowed by a second barcode, followed by sequence P3. The 
number of unique microsphere pools is NXN (see also 
FIGS. 10 and 11). 
0199. In some cases, the prepared microspheres can be 
stored for extended periods of time and used as a reagent in 
Subsequent application. 
0200. If required, additional repeats can be carried out 
with additional pools of N. . . . barcode templates, each 
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adding a barcode and sequence P4, P5, etc. The number of 
unique microsphere pools may grow with each step to 
NxNxNx . . . . 
0201 Optionally, all of the microspheres can be hybrid 
ized together to a mixture of MDNA templates which have 
(sequentially from the 3' end to the 5' end): a DNA sequence 
complimentary to part or all of the final P3 (or P4, P5 etc) 
primer allowing to form duplex with DNA P3 (or P4, P5 etc.) 
primer, and one of M sequences S. ..., S. that will be used 
as specific primer sequences for single cell analysis opera 
tions (such as capture of specific DNA or RNA molecules). 
These steps may be repeated. This may yield the same number 
of NXNXNx . . . pools of microspheres each carrying the 
above sequences but now the DNA fragments belong to M 
species of molecules that are identical excepting a final M 
possible sequences S. . . . . S. 
0202 In some cases, this may produce result in micro 
spheres coated with ssDNA fragments, each of which 
encodes in the following order (from 5' to 3'): the P1 primer, 
for example containing a T7 promoter site and primer site 
PE1 that could be used as a site for but not limited to for 
nucleic acid amplification and sequencing; two or more DNA 
barcodes (each composed of 6 or more nucleotides), which 
are identical for all primers coating a single bead, but differs 
between beads: optionally, a molecule-specific DNA barcode 
(composed of 5 or more random nucleotides); the P2 “primer 
site 2 that could be used as a primer for sequencing or/and for 
hybridization to DNA or RNA in single cells for reverse 
transcription or PCR amplification; the P3“primer site 3' that 
could be used as a primer for sequencing or/and for hybrid 
ization to DNA or RNA in single cells for reverse transcrip 
tion or PCR amplification. One P3 fragment can also encode 
one out of multiple gene specific primers (GSP), thus each 
bead coated with multiple ssDNA fragments will contain all 
of the GSPs. 

0203 The microspheres carrying barcoded-DNA primers 
can be used, for example, as reagents for sequencing or/and 
for hybridization to DNA or RNA in single cells, for reverse 
transcription or PCR amplification and other applications that 
involve DNA capture, amplification and sequencing. 
0204 FIG. 7 illustrates microspheres carrying PE1 prim 
ers hybridized to a pool of single stranded DNA (ssDNA) 
primers carrying barcode sequence and primer sites PE1* and 
P2*. In this example, the primer is then extended using DNA 
polymerase. The extended primer is then converted to ssDNA 
(e.g. using increased temperature or alkaline Solution). The 
obtained ssDNA primer may then be hybridized to a second 
pool of primers carrying a second barcode sequence and 
primer sites P2* and P3*. After primer extension and conver 
sion to ssDNA the microspheres can be used for different 
applications, for example, applications aimed at capturing 
and sequencing nucleic acids in a sample. 
0205 FIG. 8 illustrates schematics and design of microf 
luidic device used to produce DNA-carrying microspheres, in 
accordance with one embodiment of the invention. The 
device in this example includes one inlet for carrier oil and 
one inlet for reagents. The droplets are generated at the flow 
focusing junction where two phases meet. The droplets are 
collected at the collection outlet. 

(0206 FIGS. 9A and 9B are bright field images of DNA 
carrying microspheres, produced in accordance with one 
embodiment of the invention. In this example, the micro 
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spheres composed of polyacrylamide hydrogel and DNA 
primer attached to the polymer mesh. Scale bar is 50 
micrometers. 
0207 FIG. 10 illustrates the evaluation of DNA extension 
efficiency of microspheres carrying barcoded-DNA primers, 
in another embodiment. FIG. 10A shows microspheres with 
DNA hybridized to a PE1 site with a FAM fluorescent probe, 
FIG. 10B shows microspheres with DNA hybridized to a P2 
site with a FAM fluorescent probe. FIG. 10C shows micro 
spheres with DNA hybridized to a P3 site with a fluorescent 
probe. These results show that DNA extension can be per 
formed in hydrogel microspheres. 
0208 FIG. 11 illustrates high-throughput sequencing of 
DNA fragments from 11 individual microspheres, in yet 
another embodiment. An average of 140,000 molecules were 
sequenced from each microsphere. The plot shows the frac 
tion of these (primers') carrying the same barcodes on each 
microsphere, out of 384 possible barcodes. The identity of 
the barcodes is different for each of the microspheres. Each 
line corresponds to one microsphere. Under ideal conditions, 
100% of DNA fragments on each microsphere would carry 
the same barcode, and 0% would carry the 2", 3", or other 
barcodes. The average achieved in this sample is 92% of the 
DNA fragments carrying the same barcode. 

Example 3 

0209. This example uses DNA barcoded microspheres are 
synthesized as described above, resulting in microspheres 
carrying the following single stranded DNA fragments with 
the following sequence elements (5' to 3'): the P1 primer, for 
example containing a T7 promoter site and primer site PE1 
that could be used as a site for but not limited to for nucleic 
acid amplification and sequencing; two or more DNA bar 
codes (each composed of 6 or more nucleotides), which are 
identical for all primers coating a single bead, but differs 
between beads: optionally, a molecule-specific DNA barcode 
(composed of 5 or more random nucleotides); the P2 “primer 
site 2' that could be used as a primer for sequencing or/and for 
hybridization to DNA or RNA in single cells for reverse 
transcription or PCR amplification; and the P3 “primer site 3 
that could be used as a primer for sequencing or/and for 
hybridization to DNA or RNA in single cells for reverse 
transcription or PCR amplification. 
0210. In this example, after synthesis of the DNA bar 
coded microspheres, the microspheres are pooled and then 
hybridized to a single mixture of M DNA templates which 
have (sequentially from the 3' end to the 5' end): a DNA 
sequence complimentary to part or all of the final P3 primer 
allowing to form duplex with the DNA P3 primer, and one of 
M sequences S. . . . . S that will be used as specific primer 
sequences for single cell analysis operations such as capture 
of specific DNA or RNA molecules. These steps may be 
repeated, yielding the same number of NXN pools of micro 
spheres each carrying the sequences specified in 1, but now 
the DNA fragments belong to M species of molecules that are 
identical excepting a final M possible sequences S. ..., S. 
0211. In some cases, the DNA microspheres may be syn 
thesized according to other methods to produce resulting 
microspheres have the same sequences described above. 

Example 4 

0212. This example shows that the reverse transcription 
(RT) of mRNA into complementary DNA from lysed cells 
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becomes strongly inhibited for reaction volumes smaller than 
3 nL per cell, specifically with the reaction yield Y follows a 
first-order inhibition with the droplet volume V, i.e. Y=1/(1+ 
Ks/V, where Kso-1-3.3 nL is the volume at which 50% 
inhibition occurs for at least three different cell culture lines 
tested (MCF7, K562 and THP-1 cells). By contrast, much of 
the current work with droplet microfluidics has focused on 
encapsulating cells in droplets with a volume of 10-100 p. 
Volume. At Such volumes reverse transcription reactions 
would be heavily inhabited. 
0213 FIG. 6 illustrates bulk tests for optimal droplet vol 
ume, in accordance with one embodiment of the invention. 
0214. In this example, tests of reaction efficacy on single 
cells in microfluidic Volumes can be carried out by simulating 
droplet conditions in reaction wells containing 5 microliters 
or more of reaction mix, which may be adjusted to simulate 
the conditions within a single droplet. 
0215. To mimic a microfluidic volume of size V, intact 
cells were added to the bulk reaction at a final concentration 
of 1 cell per volume V. Thus, a single cell within a 4 nL droplet 
corresponds to running a reaction with a cell lysate of a 
concentration of 250 cells/microliters. 
0216. In addition, to mimic a microfluidic volume of size 
V, any reagents that are administered discreetly into droplets, 
Such as by the use of microspheres that each carry m moles of 
reagent, the reagents are added to the bulk reaction at a final 
concentration of m moles per volume V. For example, if 1 
femtomole of DNA fragments are delivered on microspheres 
into 4 nL droplets, the same DNA fragments would be added 
at a concentration of 0.42 micromolar to the bulk reactions. 
0217 Bulk reactions can be carried out in parallel in a 
12-well, 96-well, or 384-well format to identify optimal reac 
tion conditions. 
0218. Such diagnostic tests may provide a rapid method 
for optimizing the droplet size and composition for barcod 
ing. For example, with three cell lines tested, a strong inhibi 
tion of the barcoding reaction when the droplets were made 
smaller than 3 mL volume was observed. See FIG. 12. 

Example 5 
0219. To interpret the gene expression of healthy and dis 
eased tissues, it has been a dream of biologists to map gene 
expression changes in every cell. With Such data one might 
hope to identify and track heterogeneous cell Sub-popula 
tions, and infer regulatory relationships between genes and 
pathways. “Omics' methods such as RNA sequencing have 
been harnessed to analyze single cells, but what is limiting are 
effective ways to routinely isolate and process large numbers 
of individual cells for in-depth sequencing, and to do so 
quantitatively. This example illustrates a droplet-microfluidic 
approach for parallel barcoding thousands of individual cells 
for Subsequent profiling by next-generation sequencing. This 
shows a low noise profile and is readily adaptable to other 
sequencing-based assays. These examples apply the tech 
nique to mouse embryonic stem (ES) cells to define the ES 
cell population structure and the heterogeneous onset of ES 
cell differentiation by LIF withdrawal. These results demon 
strate the applications of dropletbarcoding for deconstructing 
cell populations and inferring gene expression relationships 
with high-throughput single cell data. 
0220. These examples took advantage of droplet microf 
luidics to develop a novel technique for parallel barcoding of 
thousands of individual cells for Subsequent profiling by next 
generation sequencing (drop-Seq). The implementation used 
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in these examples has a theoretical capacity to barcode tens of 
thousands of cells in a single run, although in practice some of 
the experiments focused on hundreds to thousands of cells per 
run, since sequencing depth becomes limiting at very high 
cell counts. These examples evaluated drop-SEQ by profiling 
mouse embryonic stem (ES) cells before and after LIF with 
drawal. A total of over 10,000 barcoded cells and control 
droplets were profiled, with ~3,000 ES and differentiating 
cells sequenced at greater depth for Subsequent analysis. The 
following analysis identified the presence of rare Sub-popu 
lations expressing markers of distinct lineages that would be 
difficult to classify from profiling a few hundred cells. It was 
also found that key pluripotency factors fluctuated in a cor 
related manner across the entire ES cell population, and the 
possibility that such fluctuations might be used to associate 
novel factors with the pluripotent state was explored. Upon 
differentiation, dramatic changes were observed in the corre 
lation structure of gene expression fluctuations, resulting 
from asynchronous inactivation of pluripotency factors, and 
the emergence of novel cell states. Altogether, these results 
show the potential of drop-SEQ to deconstruct cell popula 
tions and to infer gene expression relationships within a 
single experiment. 
0221) Design and implementation of a microfluidic plat 
form for droplet barcoding and analysis of single cells. A 
protocol for RNA sequencing (RNA-Seq) was used, where 
mRNA is barcoded during a reverse transcription reaction, 
and cells are Subsequently pooled and processed further for 
sequencing (FIG. 13A). For this, the drop-SEQ platform 
(FIGS. 13 A-13E and FIG. 18) encapsulated cells into drop 
lets with lysis buffer, reverse transcription (RT) reagents, and 
barcoded oligonucleotideprimers. mRNA released from each 
lysed cell remained trapped in the same droplet and was 
barcoded during synthesis of complementary DNA (cDNA). 
After barcoding, the material from all cells was combined by 
breaking the droplets, and the cDNA library was processed 
for sequencing (FIG. 13A). 
0222 One challenge in implementing this strategy was to 
ensure that each droplet carried primers encoding the same 
unique barcode, which should be different from barcodes in 
other droplets. This challenge was overcome by Synthesizing 
a library of barcoded hydrogel microspheres (BHMs) that 
were co-encapsulated with cells (FIG. 13B). Each hydrogel 
carried covalently coupled, photo-releasable primers encod 
ing one of 384 (i.e. 147456) pre-defined barcodes. This pool 
size allowed randomly labeling 3,000 cells with 99% unique 
labeling, and 10,000 cells with 97% unique labeling (see 
below). FIGS. 19-21 describe a method used to synthesize 
BHMs using a split-pool approach; see below. This can be 
extended in a straightforward manner to yield larger numbers 
of barcodes for larger-scale cell capture, for example for 
targeted sequencing applications. 
0223) To co-encapsulate the BHMs and cells, a microflu 
idic device with four inlets for i) the BHMs, ii) cells, iii) 
RT/lysis reagents and iv) carrier oil; and one outlet port for 
droplet collection was used (FIGS. 13C-13D). The device 
generated monodisperse droplets which varied in the range of 
1-5 mL at a rate of ~10-50 drops per second, simultaneously 
mixing aliquots from the inlets (FIG. 13E). The flow of close 
packed deformable hydrogels inside the chip could be effi 
ciently synchronized, allowing nearly 100% hydrogel droplet 
occupancy. This feature ensured that randomly distributed 
cells arriving into droplets would be nearly always exposed to 
a BHM. In typical conditions, the cell concentration was set to 
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occupy only 10% of droplets to ensure a low probability of 
two-cell events (FIG. 13E). In these experiments, droplets 
contained at least one cell and one gel to produce a barcoded 
library for sequencing. Typically, over 90% of productive 
droplets contained exactly one cell and one gel (FIG. 13F). 
The efficiency of the RT reaction was also tested with primers 
in solution or still bound to BHMs, and it was found that 
primer release was important for an efficient RT reaction from 
lysed cells in droplets (FIG. 13G). Therefore, prior to the RT 
reaction, the BHM-bound primers were photo-released into 
the droplets by exposure to UV light (FIG. 13A). 
0224. In these examples, the samples of a few hundred to 
a few thousand cells were sequenced to avoid extremely 
shallow sequencing depth, but this could also be used to 
readily capture and barcode higher cell numbers, e.g., with a 
throughput of 4,000-6,000 cells per hour. Indeed, after 
sequencing, it was found that the number of barcoded 
samples Scaled generally linearly with emulsion Volume col 
lected (FIG. 13H), with approximately 2,000-3,000 cells or 
control droplets barcoded for every 100 microliters of emul 
sion (~30 minutes collection time). 
0225 FIG. 13 shows an example of a droplet microfluidic 
platform for DNA barcoding thousands of cells. FIG. 13A 
shows an overview of drop-SEQ workflow; on-chip opera 
tions occur in the first three boxes, off-chip operations occur 
in the next three boxes, and sequencing/data analysis occur in 
the last two boxes. FIG.13B is a schematic of the microfluidic 
device for combining DNA-barcoded hydrogel microspheres 
(BHMs) (big circles) with cells (small circles) and RT/lysis 
mix. BHMs primer legend: PC-photocleavable linker; 
T7=T7 RNA polymerase promoter; PE1 =sequencing primer; 
BC=BHM-specific barcode; UMI-unique molecular identi 
fier. FIG. 13C shows a microfluidic device design. FIG.13D 
shows Snapshots of microfluidic modules for encapsulation 
(right) and collection (left). Cells and BHMs are annotated 
with lower and upper arrows, respectively. Other arrows indi 
cate direction of the flow. Scale bars, 100 micrometers. FIG. 
13E shows statistics of droplet occupancy overtime. FIG.13F 
shows statistics of cell and DNA-barcoding bead co-encap 
sulation events. Over 90% of cells are encapsulated with a 
single DNA-barcoding bead. FIG. 13G shows BioAnalyzer 
traces of the prepared library with primers photo-released 
from the beads before (upper curve) or after (lower curve) 
reverse transcription. FIG. 13H shows the number of bar 
codes detected for pure RNA and mES cells, with 2,159 cells 
collected per 100 microliter emulsion (30 minutes collection 
time). 
0226 FIG. 18 shows the design of droplet microfluidics 
device used in this example. The device included three inlets 
for RT and lysis reagent mix (1), cell suspension (2), DNA 
barcoding beads (3) and one inlet for the continuous phase 
(4). The fluid resistors incorporated into device damping fluc 
tuations arising due to mechanical instabilities of Syringe 
pumps. The aliquot samples were brought together via 60 
micrometer wide channels into the main 70 micrometer wide 
channel where they flowed laminarly before being encapsu 
lated into droplets at the flow-focusingjunction (dashed box). 
Droplets are collected at the outlet (5) in form of an emulsion. 
0227 FIG. 19 shows the design of droplet microfluidics 
device for production of DNA-barcoding hydrogel beads. 
FIG. 19A shows an example design of the device. The device 
comprises one inlet for aqueous phase (reagents) and one 
inlet for continuous phase (carrier oil). Monodisperse hydro 
gel droplets were generated at the flow-focusing nozzle those 
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dimensions are indicated in the dashed box on the right. 
Droplets were stabilized by surfactant in the 2000 micrometer 
long channel and collected inform of an emulsion at the outlet 
port. FIG. 19B shows digital images of hydrogel droplet 
production, stabilization and collection. Microfluidic chan 
nels are 50 micrometers deep. Scale bars denote 100 
micrometers. 

0228 FIG. 20 shows synthesis of DNA-barcoding beads. 
FIG. 20A shows the structure DNA oligonucleotide contain 
ing acrylic phosphoroamidite moiety (left) and photo-cleav 
able spacer (right) attached to the 5' end of DNA primer 
carrying T7 RNA polymerase promoter (left on sequence) 
and PE1 primer site (right on sequence). FIG. 20B shows 
schematics of synthesis of barcoded hydrogel microspheres. 
In the first step the ssDNA primers, attached to polyacryla 
mide hydrogel, were hybridized to complimentary DNA oli 
gonucleotides carrying PE1* and W1* primer sites and the 
first half of DNA barcode. The resulting DNA heteroduplex 
was converted to dsDNA by Bst 2.0DNA polymerase (where 
the dashed lines indicate newly synthesized DNA strand) and 
denaturated back to ssDNA form by alkaline treatment. In the 
second step, the process was repeated with a second DNA 
oligonucleotide carrying W1* sequence, the second-half of 
DNA barcode, unique molecular identifier (UMI) and polyA 
sequence. After primer extension and denaturation the DNA 
barcoding beads contain T7 promoter, PE1 primer site, DNA 
barcode, W1 site, UMI and polyT sequence. FIG.20C shows 
the DNA sequence of a fully assembled primer. The high 
lighted text indicates different parts of oligonucleotide with 
T7 promoter (TAAIAEA CECAE AT AGSC), PE1 primer site ( 

E. : A CTCTIE), two DNA barcodes (bar 
code1 and barcode2), W1 adaptor site(AGGGST ACASEAA 
ECIE), UMI (NNNNNN) and poly-T tail EEEEEE 
3. ). The chemical moieties for acrylic phos 
poramidite and photo-cleavable spacer are denoted as 
/5Acryd/ and fiSpPC/ respectively. The DNA sequences of 
barcode 1 and barcode2 is 8 nucleotides long each. 
0229 FIG.21 shows quantification of DNA primers incor 
porated into barcoded hydrogel microspheres (BHMs). FIGS. 
21A-21D show ilmaging of BHMs post-synthesis, showing a 
bright field image of BHMs 63 micrometers in size (FIG. 
21A), and fluorescent confocal imaging after hybridization 
with complimentary DNA probes targeting PE1 sequence 
(FIG. 21B), W1 sequence (FIG. 21C) and polyT sequence 
(FIG. 21D). Scale bars, 100 micrometers. FIG. 21E shows a 
BioAnalyzer electropherogram of DNA primers after photo 
cleavage from BHMs, showing the presence of full-length 
barcodes (largest peaks), as well as Synthesis intermediates 
(two smaller peaks). Peaks at 35 and 10380 base pairs are gel 
migration markers. Numbers above the peaks indicate theo 
retical fragment size in base pairs, but these are not accurate 
for the single stranded DNA products. FIGS. 21 F-21H show 
results from deep sequencing the barcoded product of 11 
individual BHMs. FIG. 21F shows a rank plot of barcode 
abundances on each gel: FIGS. 21G and 21H show histo 
grams of the fraction occupied on each BHM by the most 
abundant and second-most abundant barcodes detailed in 
FIG. 21G and FIG. 21H. Perfect synthesis would result in 
100% occupied by the top barcode, and 0% by all other 
barcodes. It was observed that an average of ~92% of all 
primers attached to each BHM carried the same dominant 
barcode. 
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Example 6 

0230 Validation of random barcoding and droplet integ 
rity. The ability of the drop-Seq platform to effectively com 
partmentalize and barcode cells was tested in this example by 
applying this to a mixture of cells from mouse and human 
origin (mouse ES cells and K562 erythroleukemia cells) at 
approximately equal proportions (FIG. 14A). In this test each 
barcode should associate entirely with either mouse or human 
mapped transcripts, with only a small fraction of 2-cell events 
leading to the appearance of barcodes associating with both 
mouse and human. After sequencing, FIG. 14A shows that 
drop-SEQ provided unambiguous identification of cells in the 
composite cell mixture: 96% of barcodes tagged reads 
mapped to either the mouse or human transcriptome with 
more than 99% purity, and only 4% of barcodes showed a 
mixture of both organisms. This already low error rate could 
be reduced even further by diluting cell suspensions to reduce 
co-encapsulation events, or by sorting droplets on-chip prior 
to collection to eliminate multi-cell events. 

0231. Also explicitly tested was that cell barcodes were 
randomly sampled from the intended pool of 384 possible 
barcodes to ensure a very low probability of repeated bar 
codes. A comparison of barcode identities across eight inde 
pendent runs covering a total of 11,085 control droplets and 
cells consistently showed excellent agreement with random 
sampling from the pool of 384 barcodes (FIG.22A). 
0232 FIG. 14 shows tests of droplet integrity and random 
barcoding. FIG. 14A shows schematic and results of droplet 
integrity control experiment: mouse and human cells are co 
encapsulated to allow unambiguous identification of bar 
codes shared across multiple cells; 4% of barcodes share 
mixed mouse/human reads. 

0233 FIG. 22 shows random barcoding and unique 
molecular identifier (UMIs) filtering. FIG. 21A shows pair 
wise tests of random barcoding for eight drop-Seq runs cov 
ering between 140-2,930 cells or pure RNA control droplets. 
Upper triangle shows the observed (left) and expected (right) 
number of shared barcodes for each pair of runs with 3842 
random barcoding. Lower triangle shows p-values assuming 
uniform random barcoding from a pool of 3842 barcodes, 
which predicts that the observed number of shared barcodes 
should be hypergeometrically distributed about the expected 
value. The p values have not been corrected for multiple 
hypothesis testing. FIGS. 22B-22D show UMI filtering. FIG. 
21B shows the expected number of observed UMIs as a 
function of the number of detected mRNA molecules (black 
curve) can be shown to have the form n(m)-N-(1-e" 
N') where m is the number of detected mRNA molecules, 
and N, 4,096 is the total size of the available UMI pool. 
This function is contrasted with the ideal linear relationship 
(approximately straightline), showing the point of saturation. 
FIG. 22C is an example of the number of mapped reads vs. 
number of distinct UMIS per gene in the data from a single 
mES cell; data points correspond to unique gene symbols. 
The curve indicates no amplification bias, i.e. where each 
mapped read corresponds to a distinct UMI. Most genes show 
some amplification bias. FIGS. 22D and 22E show log-log 
plots of the inter-cell CV (standard deviation/mean) as a 
function of the mean transcript abundance for genes detected 
in the mES cell population, without UMI filtering (FIG.22D), 
and following UMI filtering (FIG. 22E). Each data point 
corresponds to a single gene symbol. 
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Example 7 
0234 Baseline technical noise for the drop-SEQ platform. 
Two sources of technical noise in single cell RNA-Seq are (a) 
variability between cells in mRNA capture efficiency, (b) the 
intrinsic sampling noise resulting from capturing finite num 
bers of mRNA transcripts in each cell. The CEL-Seq protocol 
has been reported to suffer from a low capture efficiency of 
~4% or less, and from a variability in capture efficiency of 
~25% for pure RNA controls and ~50% for cells (coefficients 
of variation between samples) when performed in microtitre 
plates. Less is known about the impact of bioinformatic 
analysis on single cell sequencing data, but a potential prob 
lem may arise from attributing ambiguous reads to multiple 
genes leading to spurious gene pair correlations. Technical 
noise can also arise during library amplification, but this noise 
Source is mostly eliminated through the use of random unique 
molecular identifier (UMI) sequences, which allow bioinfor 
matic removal of duplicated reads. This example illustrates 
implementation of a UMI-based filtering using random hex 
amers in all experiments leading to a significant reduction in 
method noise (FIG. 22). 
0235. To test how technical noise in this system compares 
to previous applications of CEL-Seq, a technical control 
sample was analyzed that included total RNA diluted to 
single cell concentration (10 pg per droplet), mixed with 
ERCC RNA spike-in controls of known concentration (FIG. 
14B). 953 barcoded control droplets were sequenced in a 
single run with an average of 30x10 (+/-21%) UMI-filtered 
mapped (UMIFM) reads per droplet (FIG. 14B). Between 
five to fifteen thousand unique gene symbols were identified 
in each droplet (25.209 detected in total), with the number 
correlating strongly with UMIFM counts (FIG. 14C). This 
showed an excellent linear readout of UMIFM counts com 
pared to ERCC spike-in input concentration (FIG.14D) down 
to concentrations of 0.5 molecules/dropleton average; below 
that limit, there was a slight tendency to over-count the num 
ber of observed transcripts. 
0236 Another important measure of method performance 

is its sensitivity, i.e. the likelihood of detecting an expressed 
gene. The sensitivity was almost entirely a function of the 
transcript abundance (FIG. 14E), and was predicted 
extremely well for all genes based on the global capture 
efficiency of mRNA molecules (see below), measured from 
the ERCC spike-ins to be 7.1% (FIG. 14D). With this capture 
efficiency, genes were detected in 50% of droplets when 10 
transcripts were present, and in >95% of droplets when >45 
transcripts were present (FIG. 14E). This sensitivity and cap 
ture efficiency were higher than previously measured for 
CEL-Seq (3.4%). 
0237. In accuracy, this showed very low levels oftechnical 
noise, which can be assessed by comparing the coefficient of 
variation (CV-standard deviation/mean) of each gene across 
the cell population to its mean expression level (FIG. 14F). In 
a system limited only by Sampling noise, all genes should be 
narrowly distributed about the power law curve CV=(mean) 
1/2 (FIG. 14F). This was indeed observed. More formally, 
after normalization, 99.5% of detected genes (N=25.209) had 
a distribution consistent with a Poisson distribution with a 
baseline technical noise 5-10% (FIG. 14F, dashed curve). 
0238 FIG. 14B shows an experimental schematic and his 
togram of UMI-filtered mapped (UMIFM) reads for RNA 
Seq technical control experiment. FIG. 14C shows the num 
ber unique gene symbols detected as a function of UMIFM 
reads per droplet. FIG. 14D shows the mean UMIFM reads 
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for spike-in molecules linearly related to their input concen 
tration, with a capture efficiency B (beta)=7.1%. FIG. 14E 
shows method sensitivity as a function of input RNA abun 
dance; curve shows theory prediction, 1-e (-e), derived 
assuming only intrinsic sampling noise. FIG. 14F shows the 
coefficient of variation (CV) of spike-in and pure RNA tran 
scripts plotted against the mean UMIFM counts after normal 
ization. Solid curve shows the sampling noise limit, dashed 
curve shows the sampling noise limit with residual droplet 
to-droplet variability in capture efficiency of 5%. 

Example 8 

0239 Noise modeling of single cell data. In anticipation of 
the single ES cell data, this example shows a technical noise 
model to better understand the effects of the low sampling 
efficiency of transcripts when measured on a per cell basis as 
compared to bulk measurements. The low efficiency had 
effects both on the observed variability of gene expression 
between cells, and on the covariation of gene expression 
among the cells. Three characteristics contribute to the 
effects: the capture efficiency of transcripts averaged across 
all cells; the cell-to-cell variation in capture efficiency; and 
the choice of a normalization scheme. By refining previous 
noise models a relationship between biological and observed 
quantities was derived for the CVs of gene abundances across 
cells, the gene Fano Factors (variance/mean), and for pair 
wise correlations between genes (FIG. 14G; see below). The 
Fano Factor is a metric commonly used to measure noisy gene 
expression, and yet it is very sensitive to capture efficiency. 
This analysis revealed that technical noise introduces not just 
baseline noise as widely appreciated, but it also spuriously 
amplifies existing biological variation (FIG. 14G, Eq. 1). 
FIG. 14G shows a summary of relationships between 
observed and underlying biological quantities for the CV. 
Fano Factor and gene pairwise correlations. 
0240 Also showed is that low sampling efficiencies sig 
nificantly dampen correlations between gene pairs in a pre 
dictable manner, setting an expectation to find relatively weak 
but significant correlations in the data (FIG. 14G, Eqs. 2-3). 
Knowing that relatively weak correlations are real and are an 
expected consequence of the statistics of single cell measure 
ments helps derive useful information from the data including 
tests for highly variable genes (see below). These results also 
provide a basis for developing a process for formally de 
convolving noise from biological measurements based on 
fundamental counting statistics. 
0241. In addition, unexpectedly encountered and elimi 
nated was an important source of anomalous gene expression 
correlation arising from reads mapping to two or more gene 
transcripts. Sequence analysis pipelines intended for bulk 
(non-single cell) applications map ambiguous read probabi 
listically in a manner that can spuriously couple otherwise 
independently expressed genes. This problem may be par 
ticularly acute for 3'-sequencing of single cells since UTR 
regions can be similar across multiple genes; and in relatively 
uniform cell populations such as ES cells, which are charac 
terized by a wide network of weak gene expression couplings 
that become comparable to those generated spuriously. The 
problem is, however, more general when sampling efficien 
cies are low, since these serve to weaken even strong biologi 
cal correlations (FIG. 14G, Eq. 3). These examples show that 
the read-mapping problem was overcome using a novel bio 
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informatic pipeline (see below) that makes use of repeated 
UMI tags across different reads to minimize ambiguities in 
mapping. 

Example 9 
0242 Single cell profiling of mouse ES cells. Single cell 
profiling is capable of identifying differentiated cell types 
from distinct lineages even with very low sequencing depths. 
What is less clear is the type of information that can begained 
from studying a relatively uniform population that is subject 
to stochastic fluctuations or to a dynamic environment. To 
explore the kind of information obtainable from our new 
method, this example studies mouse ES cells maintained in 
serum, as these cells are well studied and exhibit well-char 
acterized fluctuations, but they are still uniform compared to 
differentiated cell types and could pose a challenge for high 
throughput single cell sequencing. 
0243 To explore the behavior of drop-SEQ, different 
numbers of cells were harvested at different sequencing 
depths for each of the ES cell runs by collecting different 
emulsion volumes. 935 ES cells were collected for deep 
sequencing: 145, 302 and 2,160 cells after 2 days after LIF 
withdrawal; 683 cells after 4 days; and 169 and 799 cells after 
7 days. The average number of reads obtained per cell in these 
runs ranged up to 208x10, and the average UMIFM counts 
ranged up to 29x10. Run statistics are detailed in Table 1. 
0244. The structure of the ES cell population. For the 935 
ES cells, 1,507 genes were identified that were significantly 
more variable than expected from Poisson statistics (10% 
FDR, see below and Table 2), and that were also expressed at 
a level of at least 10 UMIFM counts in at least one cell (FIGS. 
15A, 15B). Of the 1,507 abundant and variable genes, pluri 
potency factors previously reported to fluctuate in ES cells 
were found (Nanog, Rex 1/Zfp42. Dppa5a, Sox2, Esrrb). 
Notably, the most highly variable genes included known 
markers of Primitive Endoderm fate (Col4a1, Col4a2. 
Lamb1, Lamal, Sox 17, Sparc), markers of Epiblast fate 
(Krt8, Krt18, S100a6), and epigenetic regulators of the ES 
cell State (Dnmt3b), but also genes with unknown association 
to ES cell regulation Such as the stem cellantigen Sca-1/Ly6a, 
which may plays a role in regulating adult stem cell fate. 
Other genes showed very low noise profiles, consistent with 
Poisson statistics (e.g. Ttn, FIG. 15B). The above-Poisson 
noise, defined as m (eta)-CV-1/u (LL or mu being the mean 
UMIFM count), was evaluated for a select panel of genes 
(FIG. 15C) and found to be in qualitative agreement with 
previous reports. Unlike the CV or the Fano Factor, m (eta) 
scales linearly with its true biological value even for low 
sampling efficiencies (FIG. 14G, Eq. (1)). 
0245 FIG. 15 shows that drop-SEQ profiling reveals the 
heterogeneous structure of ES cell populations. FIG. 15A 
shows CV plotted against mean UMIFM counts for the mES 
cell transcriptome (middle and upper points) and the pure 
RNA technical controls (lower points). Genes marked in 
black are identified as significantly more variable than the 
technical control. Solid and dashed curves areas in FIG. 14F, 
but with residual method noise of 20% in the cell experiment. 
A subset of variable genes are annotated. FIG. 15B shows 
illustrative gene expression distributions showing low (Ttn), 
moderate (Trim28, Ly6a, Dppa5a) and high (Sparc, S100a0) 
expression variability, with fits to Poisson and Negative Bino 
mial distributions. FIG. 15C shows the above-Poisson (a.p.) 
noise, CV-1/mean, plotted for pluripotency factors and com 
pared with other factors. 
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Example 10 
0246 To test the idea that ES cells exhibit heterogeneity 
between a pluripotent ICM-like state and a more differenti 
ated epiblast-like state, this example studied contrasting the 
expression of candidate pluripotency and differentiation 
markers in single ES cells. Gene pair correlations (FIG. 15D) 
at first appear consistent with a discrete two-state view, since 
both the epiblast marker Krt8 and the primitive Endoderm 
marker Col4al were expressed only in cells low for Pou5fl 
(shown) and the other pluripotency markers (not shown). The 
differentiation-prone state was rare compared to the pluripo 
tent state. The correlations also showed other known regula 
tory interactions in ES cells, for example Sox2, a known 
negative target of BMP signaling, was anti-correlated with 
the BMP target Id1. What was more surprising, however, was 
the finding that multiple pluripotency factors (Nanog, 
Trim28, Esrrb, Sox2, Klf4, Z?p42) fluctuated in tandem 
across the bulk of the cell population (FIG. 15D, 23, 24). 
These observations together were not explained by a simple 
two-state model, since they indicate that pluripotency factors 
remain correlated independently of epiblast gene expression; 
instead they suggest a continuum of States characterized by 
varying pluripotency. Not all pluripotency factors showed 
significant correlations, however: Oct4/Pou5f1 was much 
more weakly correlated to other core pluripotency factors and 
other factors and instead correlated strongly with cyclin D3 
(FIGS. 15D and 24), but not other cyclins, suggesting fluc 
tuations that belie a specific regulatory origin. 
0247 What then is the structure of the ES cell population 
inferred from the data? A principal component analysis 
(PCA) was conducted of the ES cell population for the highly 
variable genes, and it was found that multiple non-trivial 
dimensions of heterogeneity (12 dimensions with 95% con 
fidence), corresponding to the number of principal compo 
nents (PCs) in the data that cannot be explained by intrinsic 
noise in expression (see FIG. 15E). This observation con 
firmed the presence of additional Sources of heterogeneity 
beyond the ICM-epiblast axis. Inspection of the first four 
principal components, and their loadings (FIG. 15F). 
revealed the presence of at least three small but distinct cell 
sub-populations: one rare population (6/935 cells) expressed 
very low levels of pluripotency markers and high levels of 
Col4a1/2, Lama 1/b1/c.1, Sparc, and Cd63, which unambigu 
ously identify primitive endoderm (PrEn)-like cells; a second 
cell population (15/935 cells) expressed high levels of Krt8, 
Krt18, S100a6, Sfin and other markers of the epiblast lineage. 
The third population presented a seemingly uncharacterized 
state, marked by expression of heat shock proteins Hsp90, 
Hspa5 and other ER components such as the disulphide 
isomerase Pdia6. This population may represent ES cells 
under stress from dissociation. 
0248 PCA analysis is a powerful tool for visualizing cell 
populations that can be fractionated with just two or three 
principal axes of gene expression. However, when more than 
three non-trivial principal components exist there are more 
appropriate techniques for dimensionality reduction that rep 
resent the local structure of high-dimensional data. This 
example applied a method for dimensionality reduction 
known as t-distributed Stochastic Neighbor Embedding 
(t-SNE) (FIG. 15G). The map revealed no large sub-popula 
tions of ES cells, as expected, but revealed a continuum from 
high pluripotency to low pluripotency, with outlier popula 
tions identified by PCA lying at the population fringes. The 
map also revealed three additional fringe sub-populations 
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characterized respectively by high expression of Prdm1/ 
Blimp 1, Lin41/Trim71 and SSEA-1/FutA. As with the 
Hsp90-hi population, it remains to be seen whether these 
populations represent distinct cell states endowed with dis 
tinct functional behaviors, or whether these are merely cells 
accessing outlier, but normal, states of ES cell gene expres 
sion. Thus, while the well-studied epiblast-like state in the ES 
cell population was identified, and evidence for collective 
fluctuations between ICM to epiblast-like state was found, 
these fluctuations are not the only axes of transcriptional 
heterogeneity in the ES cell population. 
0249 FIG. 15D shows heatmaps illustrating pairwise 
gene correlations. FIG. 15E shows an eigenvalue distribution 
obtained from principal component analysis of the mES cell 
population, revealing non-trivial modes of cellular heteroge 
neity detectable in the data (arrows). The smooth curve shows 
a typical eigenvalue distribution of a random permutation of 
the gene expression profile; the jagged curve shows the pre 
dicted Marcenko-Pastur eigenvalue distribution for a random 
matrix. Only eigenvalues lying beyond the curves were sig 
nificant. FIG. 15F shows mES cell principal components and 
their loadings, showing the dominant uncorrelated modes of 
heterogeneity and revealing three rare ES cell Sub-popula 
tions. FIG. 15G is a tSNE map of the mES cell population 
revealing additional fringe Sub-populations and a pluripo 
tency-to-epiblast axis. 
0250 FIG. 23 shows single cell gene expression of mES 

cells. Gene expression for principally variable genes at 0, 2, 4 
and 7 days (FIGS. 23 A-23D, respectively). Expression of 
each gene is Z-score standardized. 
0251 FIG. 24 shows the structure of the mES cell popu 
lation. FIG. 24A shows pairwise correlations of selected 
genes across 935 mES cells. As discussed herein, Oct4/ 
Pou5fl correlated more strongly with Cyclin D3 and more 
weakly with Sox2, Klf4 and other pluripotency factors. The 
correlations reported here areas observed with no correction 
for subsampling (cf. FIG. 14G, Eq. (3)). FIGS. 24B-24G 
show different projections of 3-dimensional tSNE map of the 
mES cell population reveal distinct cell sub-populations; the 
cells in each panel are colored according to the aggregate 
expression of the specified markers. 

Example 11 
0252) Putative pluripotency factors from gene expression 
covariation. The observation that genes co-vary in a popula 
tion raises the question of whether correlations might disclose 
commonalities in gene regulation or function. In complex 
mixtures of cells, attempts at Such inference may be con 
founded because gene-gene correlations could primarily arise 
from trivial differences between cell types, which reflect 
large-scale epigenetic changes rather than a particular regu 
latory program. The situation is different in a population 
consisting of just a single cell type: here, one might be more 
optimistic that fluctuations in cell state could reveal func 
tional dependencies. The mES cell population satisfies this 
requirement as it shows relatively little discrete structure, 
beyond the presence of the small sub-populations described 
above. 
0253) To test whether gene expression covariation might 
contain regulatory information, this example explored the 
covariation partners of known pluripotency factors using a 
custom network neighborhood analysis (NNA) scheme (FIG. 
16, see below). This scheme defines the set of genes most 
closely correlated with a given gene (or genes) of interest, and 
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which also most closely correlate with each other. Given the 
sensitivity of correlations to sampling efficiency (FIG. 14G, 
Eq. (3)), the NNA analysis—which is only sensitive to cor 
relation network topology—would be more robust than sim 
ply associating highly correlated genes. Remarkably, applied 
to the pluripotency factors Nanog and Sox2, the NNA scheme 
strongly enriched for other pluripotency factors: of the 20 
nearest neighbors of Nanog, eleven are documented as pluri 
potency factors, three more are associated with pluripotency, 
and one (S1 c2a3) is syntenic with Nanog. Only one gene 
(Rbp) has been shown to be dispensable for pluripotency, 
leaving four genes with no previous documented connection 
to ES cells. It is tempting to predict that these genes also play 
a functional role in maintaining the pluripotent state. Simi 
larly, the entire neighborhood of Sox2 included factors 
directly or indirectly associated with pluripotency—includ 
ing core pluripotency factors (6/9 genes); the threonine cata 
bolic enzyme Tdh, which was recently shown to be expressed 
at high levels in the ICM and is required for maintaining the 
pluripotent state; Pcbp1 shown to be a binding partner of the 
pluripotency factor Ronin/Thap11, and the translation initia 
tion factor subunit Eif2s2 shown to be upregulated in 
response to Stat3 overexpression. Interestingly the same 
analysis may provide insight into other biological pathways. 
The neighborhood of Cyclin B (Cenb1), for example, was 
small but contained other core cell cycle genes Cdk1, Ube2c 
and Plk1. 
0254 The scheme is not generally applicable however to 

all regulatory functions: it was found that many other path 
ways seemingly independent of mES cell biology appear to 
have no meaningful NNA associations. This suggests that 
single cell covariation may capture fluctuations most specific 
to the biology of the cells being studied, and could be har 
nessed more generally to identify other biological pathway 
components by artificially generating fluctuations through 
weak pathway-specific perturbations. 

Example 12 
0255 Population dynamics of differentiating ES cells. 
Upon LIF withdrawal, mES cells differentiate by a heteroge 
neous but poorly characterized process, leading eventually to 
the formation of predominantly somatic (epiblast) lineages. 
The fate of pre-existing PrEncells is unclear, as is the ques 
tion of whether other cell lineages might transiently emerge 
and then Vanish. In the single cell analysis, following LIF 
withdrawal the differentiating ES cell population underwent 
significant changes in population structure, which can be 
qualitatively appreciated from hierarchically clustering cells 
according to the expression of highly variable genes (FIG. 
17A). These changes and the following analysis reflect an 
unguided differentiation protocol; it would be instructive to 
apply the same methods to guided differentiation protocols in 
the future to identify how the inherent heterogeneity and 
variation in intermediate cell types depends on signaling. 
0256 To dissect the changes occurring in the cell popula 
tion and to validate the quality of the data, this example first 
inspected the gene expression dynamics of pluripotency fac 
tors and differentiation markers (FIGS. 17B. 17C). The aver 
age expression of pluripotency factors Rex 1/Zfp42 and Esrrb 
levels dropped rapidly; Pou5f1 and Sox2 dropped more 
gradually; the epiblast marker Krt8 increased steadily; and 
Otx2, a transcription factor required for transiting from the 
ICM to the epiblast state, transiently increased by day 2 and 
then decreased. It was however evident that the average 
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expression was not representative of the dynamics in each 
cell: Some cells failed to express epiblast markers and a frac 
tion of cells continued to express pluripotency factors even 
seven days after LIF withdrawal, (FIG. 17C), indicating that 
the timing of ES cell differentiation is itself heterogeneous. 
0257 APCA analysis was performed of cells aggregated 
from all time points to identify whether this heterogeneity 
reflects global trends (FIG. 17D), and it was found that even 
after 7 days post-LIF withdrawala fraction (5%, N=799) of 
cells overlapped with the mES cell population. The greatest 
temporal heterogeneity was evident at four days post-LIF, 
with cells spread broadly along the first principal component 
between the mES cell and differentiating state. The PCA 
analysis also revealed enrichment at days 2 and 4 for a strong 
metabolic signature (top GO annotation: Cellular Metobolic 
Process, p=1.4x10) consistent with the metabolic changes 
occurring upon emergence from the pluripotent state. 
0258. In addition to heterogeneity arising from asyn 
chrony in differentiation, after four and seven days there was 
evidence of emerging Sub-populations with distinct patterns 
of gene expression, not all of which could be immediately 
attributed to known cell types. The population structure was 
visualized at these time points by t-SNE (FIG. 17G and FIG. 
25), and tabulated the distinct sub-population markers in 
Table 3. At two days and four days post-LIF withdrawal, a 
rare population of Zscan4+ cells was identified, previously 
identified as rare Trophectoderm-forming cells (REF); this 
population was no longer detected by day 7. At four and seven 
days, another, less rare population emerged expressing nor 
mally maternally imprinted genes H19, Rhox6/9, Peg10, 
Cdkn1 and others, suggesting widespread demethylation pos 
sibly associated with early primordial germ cell differentia 
tion. 
0259. In addition to these populations, the resident PrEn 
cells could be detected at all time points (FIGS. 17F, 17G), 
with PrEn population appearing to expand at two and four 
days after LIF withdrawal, but then stagnating by seven days 
post-LIF. Overall, the analysis exposes the temporal hetero 
geneity ofES cell differentiation and the dynamics of distinct 
and novel ES cell sub-populations. 
0260 FIG. 17 shows temporal heterogeneity and popula 
tion structure in differentiating ES cells. FIG. 17A shows 
changes in global population structure after LIF withdrawal 
are seen qualitatively by hierarchically clustering heatmaps 
of cell-cell correlations over the highly variable genes at each 
time point. FIG.17B shows average dynamics of gene expres 
sion after LIF withdrawal are consistent with known patterns 
of differentiation. FIG.17C shows the dynamics for the genes 
in FIG. 17B shown through probability density (violin) plots 
for the fraction of cells expressing a given number of counts. 
Data points show the top 5% of cells. FIGS. 17D and 17E 
show the first two principal components (PCs) (FIG. 17D), 
and PC loadings (FIG. 17E), of 3,034 cells from multiple time 
points showing rapid transient changes (PC 2) and asyn 
chrony in differentiation (PC 1). FIG. 17F shows the dynam 
ics of the fraction of epiblast and PrEncells as a function of 
time post-LIF. FIG. 17G shows tSNE maps of the differenti 
ating ES cells after 4, 7 days post-LIF reveal transient and 
emerging population Sub-structure, and a tSNE map of genes 
after 4 days post-LIF (right panel) reveal putative population 
markers. 

0261 FIG. 25 shows a tSNE map of principal genes at 4 
days post-LIF withdrawal. This figure reproduces FIG. 17G 
with full gene annotation. 
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Example 13 

0262 A reduction in promiscuous gene expression fluc 
tuations during mES cell differentiation. This example 
addresses the hypothesis that mES cells are characterized by 
promiscuous gene expression, involving weakly-coupled 
expression of a wide number of genes, which becomes refined 
during the process of differentiation. In a case where gene 
expression is more promiscuous, one might expect cells to 
occupy a larger Sub-space of gene expression, as measured by 
the number of independent dimensions in which cells are 
distributed. By contrast, a more controlled pattern gene 
expression—even of a mixture of multiple cell types—would 
confine cells to a lower-dimensional manifold reflecting one 
or more coherent states of gene expression. This example 
evaluated the intrinsic dimensionality of the ES cells and 
differentiating cells. It was found that the intrinsic dimension 
ality of gene expression decreased after differentiation (FIG. 
17H), while the dimensionality for pure RNA and random 
ized data was significantly higher than that of ES cells. This 
analysis Supports the hypothesis that ES cell heterogeneity is 
associated with promiscuous weakly-coupled gene expres 
sion, which contrasts with heterogeneity after Lif withdrawal 
that arises from asynchrony in differentiation and a diver 
gence of cell types. 
0263 FIG. 17H shows an estimation of the intrinsic 
dimensionality of gene expression variability of mES cells 
and following 7 days post-LIF, showing a shrinking Sub 
space of fluctuations during differentiation. Results are con 
trasted with pure RNA, which should lack correlations and 
thus display a maximal fluctuation Sub-space. 

Example 14 

0264. These examples show the establishment of a plat 
form for single cell capture, barcoding and transcriptome 
profiling, without physical limitations on the number of cells 
that can be processed. These examples showed high capture 
efficiencies, rapid collection times, very low inter-droplet 
CVs and a technical noise approaching the limits imposed by 
sampling statistics. These were reproducible across different 
experiments, devices, BHM batches and emulsion volumes 
(Table 1). These can be readily applied to single cell tran 
Scriptomics of Small clinical samples including tumor 
samples and tissue micro-biopsies, giving a quantitative pic 
ture of tissue heterogeneity. Depending on the desired appli 
cation, this allows trading off sequencing depth with the size 
of the cell population, by collecting different emulsion vol 
umes. These examples allow for routinely identifying cell 
types, even rare sub-populations, based on gene expression. 
Owing to the low measurement noise, these allow one to 
distinguish discrete cell types from continuous fluctuations in 
gene expression, as was the case in ES cells. In addition to 
categorizing the cells, this type of data is valuable for identi 
fying putative regulatory links between genes based on cova 
riance, e.g., by exploiting natural and possibly Subtle varia 
tion between individual cells in a population. These examples 
only highlighted a few simple examples of Such inference 
(FIG. 16), but this type single cell data lends itself to more 
formal approaches of reverse engineering. 
0265. These examples can provide accurate information 
for many biological problems. This is illustrated by the com 
plex and challenging problem of ES cell heterogeneity and its 
dynamics during early differentiation. The ES cells do not 
host large Sub-populations of distinct cell types, and there 
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fore, analysis of their heterogeneity requires a sensitive 
method. To interpret the data from these cells, a statistical 
model was developed of single cell noise that addresses the 
question of how biological gene-gene correlations are 
affected by low capture efficiencies and by technical variabil 
ity between droplets, and we drew upon tools from machine 
learning to visualize the higher-dimensional organization of 
cells in gene expression space, and the dynamics of this 
organization. This analysis provided evidence in Support of 
the hypothesis that ES cells fluctuate between a more pluri 
potent state and a more differentiated State when maintained 
in serum and LIF. However, in addition to an ICM-like popu 
lation expressing the differentiation markers such as Krt8/18, 
S100a6 and Fgf3, other ES cell sub-populations were also 
identified associated with Primitive Endoderm fate, another 
Sub-population expressing the primordial germ cell marker 
Blimp1/Prodm1, and sub-populations with less obvious fate 
associations marked by high levels of ER-related proteins or 
the E3 ligase Lin-41/Trim71. The unbiased identification of 
these Small cell Sub-populations requires the scale enabled by 
drop-Seq. This is illustrated by the Primitive Endoderm-like 
cells, which represented less than ~1% of the cell population 
at all time points, and were too rare to be confidently detected 
by us in smaller samples of just 100-200 cells. 
0266 On the technical front, the drop-SEQ platform was 
developed for whole-transcriptome RNA sequencing, but the 
technology is highly flexible and should be readily adaptable 
to other applications requiring barcoding of RNA/DNA mol 
ecules, such as other RNA-Seq protocols, targeted sequenc 
ing approaches focusing on Small panels of genes, ChIP-Seq, 
genomic sequencing, or chromatin proximity analysis (Hi 
C). One implementation made use of a very simple droplet 
microfluidic chip, having just a single flow-focusingjunction 
(FIG. 13C) to combine cells, barcodes and RT reagents. Other 
versions of the platform might take further advantage of drop 
let microfluidic functionalities to allow multi-step enzymatic 
reactions through reagent pico-injection into existing drop 
lets, or to perform target cell enrichment prior to sequencing 
by sorting droplets on-chip. Moreover, drop-SEQ should be 
able to readily incorporate biochemical innovations targeting 
the relatively low capture efficiencies. 
0267 FIG.16 shows a gene correlation network neighbor 
hoods reveal pluripotency-associated factors. Connected cor 
relation network neighborhoods of Nanog (FIG. 16A), Sox2 
(FIG.16B), and Cyclin B (FIG.16C), generated by selecting 
network neighbors that have at least three mutual neighbors 
(see below). In FIGS. 16A and 16B, grey boxes indicate 
previously validated pluripotency factors; boxes Calcoco2. 
Eif2s2, and Igfbp2 indicate factors previously reported to be 
associated with a pluripotent state. 

Example 15 

0268. This example illustrates various methods and sys 
tems used in the above examples. 
0269 Microfluidic device design and operation. The 
design of the microfluidics device used in some of these 
examples is indicated in FIG. 18 and integrates several fea 
tures. As described above, it contains four inlets for, i) bar 
coded hydrogel microspheres (BHMs), ii) cell suspension, 
iii) reverse transcription (RT) and lysis reagent mix and iv) 
carrier oil, and one outlet port for droplet collection. To 
reduce flow fluctuations potentially arising due to mechanics 
of Syringe pumps, fluid resistors were incorporated in the 
form of serpentine channels, while passive filters at each inlet 
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prevent channels from clogging. The device included two 
junctions, one for bringing the three aqueous inputs together, 
and a secondjunction for sample encapsulation, where aque 
ous and oil phases meet and droplet generation occurs. To 
stabilize drops against coalescence, 0.75% (w/w) EA-surfac 
tant (RAN Biotechnologies Inc.) dissolved in HFE-7500 
(3M) fluorinated fluid, was used. The dimensions of the 
microfluidic channels were carefully chosen to maximize the 
number of BHM and cell co-encapsulation events. The width 
(60 micrometers) of the BHM reinjection channel was 
designed such as that the BHMs (63 micrometers in diameter) 
passing through this channel become slightly squeezed thus 
facilitating their close packing and arrangement into a single 
file. The BHMs entering into the main channel (70 microme 
ters wide) could then move freely downstream the flow before 
being encapsulated into individual droplets. Because of their 
close packing, the arrival of BHMs became highly regular, 
allowing nearly 100% loading of single-bead per droplet. 
This ensured that i) almost each cell encapsulated into a 
droplet was exposed to one barcoded primer, and ii) there was 
a minimal loss of non-barcoded-cells. 

0270 Soft lithography. The microfluidic device with rect 
angular microfluidic channels 80 micrometers deep was 
manufactured following established protocols. Briefly, a 3 
inch size silicon wafer was coated with SU-83050 photoresist 
(MicroChem) at uniform 80 micrometer film thickness, 
baked at 65° C. for 20 min, and exposed to 365 nm UV light 
for 40s (at ~8 mW cm) through the mask having a corre 
sponding design indicated in FIG. 18 and baked for 5 min at 
95°C. The un-polymerized photoresist was dissolved with 
propylene glycol monomethyl ether acetate, silicon wafer 
rinsed with isopropanol and dried on a 95°C. hot plate for 1 
min. The PDMS base and cross-linker (Dow Corning) was 
mixed at a 10:1 ratio and ~30 mL poured into the Petri dish 
containing a developed silicon wafer, degassed and incubated 
overnight at 65° C. The PDMS layer was then peeled-off and 
inlet-outlet ports were punched with a 1.2 mm biopsy punch 
(Harris Uni Core). The patterned side of PDMS was then 
treated with oxygen plasma and bounded to the clean glass 
slide. The micro-channels were treated with water repellent 
Aquapel (PPG Industries) and the device was then used in the 
above-described experiments. 
0271 Microfluidic device operation. During device opera 
tion, cell suspension and RT/lysis mix were cooled with ice 
cold jackets, and droplets were collected into a single 1.5 mL 
tube (DNA LoBind, Eppendorf) placed on an ice-cold rack 
(IsoTherm System, Eppendorf). To prevent water loss from 
the droplets due to evaporation during RT incubation, 200 
microliters of mineral oil layer (Sigma) was placed on top of 
the emulsion. Throughout the experiments, flow rates at 100 
microliters/hr for cell suspension, 100 microliters/hr for 
RT/lysis mix, 10-20 microliters/hr for BHMs and 80 micro 
liters/hr for carrier oil were used to produce 4 nL drops at a 
frequency of 15 droplets per second. Each aqueous phase was 
injected into the microfluidic device via polyethylene tubing 
(ID 0.38xOD 1.09 mm, BB31695-PE/2) connected to a 
needle of a sterile 1 mL syringe (Braun) placed on a syringe 
pump (Harvard Apparatus, PC270-2226). Loading barcoded 
hydrogel microspheres (BHMs) into the microfluidic device. 
After synthesis, BHMs were stored in TET buffer con 
taining 10 mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.1% (v/v) 
Tween-20. Before loading onto the microfluidic chip, BHMs 
were washed in ToE. To buffer containing 10 mM Tris 
HCl (pH 8.0), 0.1 mM EDTA and 0.1% (v/v) Tween-20, and 
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then resuspended in 1xRT buffer (Invitrogen Superscript III 
buffer) supplemented with 0.5% (v/v) IGEPAL CA-630 and 
concentrated by centrifugation at 5000 rpm for 2 min. After 
removal of the supernatant BHMs were concentrated for a 
second time to achieve a close packing and eventually loaded 
directly into tubing connected to an oil-filled syringe for 
injection into the microfluidic device. The composition of 
BHMs sample was 100 microliters concentrated BHMs. 20 
microliters 10% (v/v) IGEPAL CA-630, 40 microliters 5x 
First-Strand buffer and 40 microliters nuclease-free water 
(total aliquot volume 200 microliters). 
0272 Cell preparation and injection. The cell encapsula 
tion process relies on random arrival of cells into the device. 
To minimize two or more cells from entering the same drop, 
diluted cell suspensions were used (~50-100,000 cells/mL) to 
obtain an average occupancy of 1 cell in 5-10 droplets. To 
prevent cell sedimentation in the Syringe or other parts of the 
system, the cells were suspended in 1xpBS buffer with 16% 
(v/v) density gradient solution Optiprep (Sigma). 20,000 cells 
were typically used, suspended in 160 microliters 5xPBS 
(Lonza 17-516F), 32 microliters Optiprep (Axis-Shield 
1114542) and 8 microliters 1% (v/v) BSA (Thermo Scientific 
B14), in a total volume 200 microliters. 
0273 Reverse transcription/lysis mix. The RT/lysis mix 
included 25 microliters 5x First-Strand buffer (18080-044 
Life Technologies), 9 microliters 10% (v/v) IGEPALCA-630 
(#18896 Sigma), 6 microliters 25 mM dNTPs (Enzymatics 
N2050L), 10 microliters 0.1 M DTT (#18080-044, Life Tech 
nologies), 15 microliters 1 M Tris-HCl (pH 8.0) (51238 
Lonza), 10 microliters Murine RNase inhibitor (MO314, 
NEB), 15 microliters SuperScript III RT enzyme (200U/mi 
croliters, #18080-044, Life Technologies) and 60 microliters 
nuclease-free water (AM9937 Ambion), having a total vol 
ume 150 microliters. 
0274 Surfactant and carrier oil used for production of 
droplets. The carrier oil was HFE-7500 fluorinated fluid (3M) 
with 1% (w/w) EA surfactant (RAN Biotechnologies). EA 
Surfactant is a tri-block copolymer having an average molecu 
lar weight of ~13,000 g mol'. It has two perfluoropolyether 
tails (M-6.000 g mol') connected via poly(ethylene)glycol 
(M-600 g mol") head group. The surfactant was highly 
soluble in fluorinated fluids and nearly insoluble in the aque 
ous phase providing equilibrium interfacial tension of ~2 
mN/m. 
0275 Barcoding inside droplets. After cell encapsulation 
primers were released from the BHMs by exposing the tube 
containing the emulsion droplets to UV light (365 nm at ~10 
mW/cm, BlackRay Xenon Lamp) while on ice. Next, the 
tube was heated to 50° C. and incubated for 2 hours to allow 
cDNA synthesis to occur and then terminated by heating for 
15 min at 70° C. The emulsion was then cooled on ice for 1 
min and demulsified by adding 1 volume of PFO solution 
(20% (v/v) perfluorooctanol and 80% (v/v) HFE-7500). The 
aqueous phase from the broken droplets was transferred into 
a separate DNA Lo-Bind tube (Eppendorf) and processed as 
per the CEL-SEQ protocol with modifications described in 
the library preparation section. 
0276 Synthesis and quality control of Barcoded Hydrogel 
Microspheres. BHM synthesis relies on microfluidic emulsi 
fication of acrylamide:bis-acrylamide solution Supplemented 
with acrydate-modified DNA primer, which is incorporated 
into the hydrogel mesh upon acrylamide polymerization. 
After polymerization, the BHMs are released from droplets, 
washed several times and processed by split-pool synthesis 
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for combinatorial barcoding. Below is outlined a detailed 
protocol of performing Such hydrogel bead synthesis fol 
lowed by combinatorial barcoding. 
0277 BHM synthesis begins by emulsifying gel precursor 
Solution into 62 micrometer size droplets using the microflu 
dic chip indicated in FIG. 19. The composition of the dis 
persed phase was 10 mM Tris-HCl (pH 7.6), 1 mM EDTA, 15 
mM NaCl containing 6.2% (v/v) acrylamide, 0.18% (v/v) 
bis-acrylamide, 0.3% (w/v) ammonium persulfate and 50 
micromolar acrydate-modified DNA primer (IDT, see FIG. 
20A for sequence). As a continuous phase, fluorinated fluid 
HFE-7500 was used, carrying 0.4% (v/v) TEMED and 1.5% 
(w/w) EA-surfactant. The flow rates were 400 microliters/hr 
for the aqueous phase and 900 microliters/hr for the oil phase. 
Droplets were collected into a 1.5 mL tube under 200 micro 
liters mineral oil and incubated at 65° C. for 12 hours to allow 
polymerization of beads to occur. The resulting solidified 
beads were washed twice with 1 mL of 20% (v/v) 1H, 1H,2H, 
2H-perfluorooctanol (B20156, Alfa Aesar) in HFE-7500 oil 
and twice with 1 mL of 1% (v/v) Span 80 (S6760, Sigma) in 
hexane (BDH1 129-4LP, VWR) with 0.5-1 min incubation 
between each step and finally centrifuged at 5000 rcf for 30s. 
After final centrifugation, the hexane phase was aspirated and 
the resulting BHM pellet was dissolved in 1 mL of TEBST 
buffer (10 mM Tris-HCl (pH 8.0), 137 mM NaCl, 2.7 mM 
KC1, 10 mM EDTA and 0.1%(v/v) TritonX-100). To remove 
traces of hexane, the beads were washed three times with 1 
mL TEBST buffer at 5000 rcf for 30s and finally resuspended 
in 1 mL TEBST buffer and Stored at 4° C. These BHMS 
contained pores ~100 nm in size. In addition, the beads hav 
ing elastic modulus of ~1 kPa were “squishy,” which allows 
them to be packed into a concentrated gel mass without losing 
their integrity. 
0278 BHM split-pool combinatorial barcoding. To pre 
pare barcoded primers on the hydrogel microspheres, the 
two-step enzymatic extension reaction Summarized in FIG. 
20B was used. To begin, a pre-loaded a 384-well plate was 
used with 9 microliters of 15 micromolar primer 5'-W1*-bc1 
PE1* encoding the first-half of a barcode (where bc1 indi 
cates a unique sequence for each well, see also Table 1 for 
nucleotide sequence information). 6 microliters of reaction 
mix was added, containing ~40,000 hydrogelbeads (carrying 
5'-Ac-PC-T7p-PE1 primer), 2.5x isothermal amplification 
buffer (NEB) and 0.85 mM dNTP (Enzymatics) into each 
well (accounting ~107 beads in total). After denaturation at 
85° C. for 2 min and hybridization at 60° C. for 20 min, 5 
microliters of Bst enzyme mix was added (1.8 U of Bst 2.0 
and 0.3 mM dNTP in 1x isothermal amplification buffer) 
giving a final volume in each well of 20 microliters. After 
incubation at 60° C. for 60 min, the reaction was stopped by 
adding 20 microliters of stop buffer into each well (100 mM 
KC1, 10 mM Tris-HCl (pH 8.0), 50 mM EDTA, 0.1% (v/v) 
Tween-20) and incubated on ice for 30 min to ensure that 
EDTA chelates magnesium ions and inactivates Bst enzyme. 
Next, the beads were collected into a 50 mL Falcon tube, 
centrifuged at 1000 rcf for 2 min and washed three times with 
50 mL of STOP buffer containing 10 mM EDTA. To remove 
the second strand the gels were suspended in 20 mL of 150 
mM NaOH, 0.5% (v/v) Brij 35P and washed twice with 10 
mL of 100 mM NaOH, 0.5% (v/v) Brij 35P. The alkaline 
solution was then neutralized with buffer 100 mM NaCl, 100 
mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.1% (v/v) Tween-20 
and washed once in 10 mL TETo buffer (10 mM Tris 
HCl (pH 8.0), 10 mM EDTA, 0.1%(v/v) Tween-20) and twice 
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in 10 mL TE To buffer (10 mM Tris-HCl (pH 8.0), 0.1 
mM EDTA, 0.1% (v/v) Tween-20) and finally beads were 
suspended in 1.3 mL of DST buffer. 
0279 For the second barcoding step, a second 384-micro 

titer plate was prepared, pre-loaded with 9 microliters of 15 
micromolar primer 5'-T19V*-UMI-bc2-W1* (where “bc2 
indicates a unique sequence for each well and UMI is a 
random hexanucleotide, see also Table 1 for sequence infor 
mation), and repeated the procedure as for the first 384-well 
plate. 
0280 Quantification of ssDNA primers on the beads. To 
quantify the amount of the ssDNA primers per BHM, fluo 
rescence in situ hybridization (FISH) was performed with 
complimentary DNA probes targeting the un-extended DNA 
“stub” (PE1), the barcoded primer after one extension step 
(W1) and the primer after two extension steps (TV) (see 
Table 1 for sequence information). Hybridization was per 
formed in a 40 microliters volume at room temperature for 20 
min by suspending ~4000 DNA-barcoding beads in hybrid 
ization buffer (1 M KC1, 5 mM Tris-HCl (pH 8.0), 5 mM 
EDTA, 0.05% (v/v) Tween-20) together with 10 micromolar 
FAM-labeled probe. The high salt concentration was used to 
avoid melting of the probe targeting TV (dA-FAM), 
which has weak binding even at room temperature. The 
absence of background fluorescence was validated in micro 
spheres lacking DNA primers. After incubation, beads were 
washed three times with 1.4 mL hybridization buffer, re 
Suspended in 40 microliters and fluorescence intensity 
recorded under confocal microscope (Leica). The average 
fluorescence intensity of beads with PE1*-FAM, W1*-FAM 
and dA20-FAM was 2286+/-271, 1165+/- 160 and 718+/- 
145, respectively (FIGS. 21A-21D). This corresponds to 
incorporation efficiencies of -50% for W1/PE1 and 60% for 
polyT/W1, which gives the final efficiency of 31% or ~15 
micromolar of fully barcoded ssDNA primers per bead. 
Accounting of the BHM volume, this equals ~10 copies of 
fully extended ssDNA primers per single bead. 
0281 To validate the release of primers from the hydrogel 
mesh, ~4000 beads was suspended in 20 microliters DST 
buffer and exposed to UV light (365 nm at ~10 mW/cm) for 
8 min. A gel electropherogram of 1 microliters of Supernatant 
using a BioAnalyzer High Sensitivity DNA Analysis Kit 
(Agilent Technologies) confirmed the presence of three DNA 
bands (FIG. 21E), which is in agreement with FISH results 
from above. 
0282. Single-molecule sequencing of primers from single 
BHMs. To test the composition of BHMs after synthesis, 10 
BHMs were randomly picked and sequenced using the Illu 
mina MiSeq sequencing platform. For this purpose, the 
BHMs were first hybridized to a fluorescent FISH probe 
(PE1-FAM) as described above, and were manually picked 
using a dissection microscope (Nikon) under fluorescent illu 
mination and transferred into 0.2 mL PCR tubes pre-filled 
with 5 microliters DNA Suspension (DS) buffer (10 mM 
Tris-HCl pH 8.0, 0.1 mM EDTA). The tubes were then 
exposed to UV light (-10 mW/cm) for 15 min while keeping 
them on ice. After UV exposure, 0.5 microliters of 5 micro 
molar PE2-(barcode)-A19 primer (herein, in represents 10 
different barcodes) was added to the tube and mixed with 4.5 
microliters of Bst 2.0 ready-to-use reaction solution. The 
samples having 10 microliters final Volume were then incu 
bated at room temperature for 10 min, inactivated for 3 minat 
95°C. and cooled down on ice. Next, 20 microliters of master 
mix containing 50% (v/v) Kapa HiFi HotStart ready mix (2x. 
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KK2601), 15% (v/v) PE1/PE2 primers, and 35% (v/v) 
nuclease-free water were added into each tube, and DNA was 
amplified with PCR (95° C. for 5 min, 30 cycles at 98°C. for 
20s, 60° C. for 15s, 72° C. for 30s and final step at 72° C. for 
5 min). The size of the PCR products was assessed by gel 
electrophoresis, purified with GenElute PCR Clean Up Kit 
(Na1020-1KT, Sigma) and all samples diluted down to 10 
ng/microliters. In the final step all samples were pooled 
together and sequenced using MiSeq Illumina platform by 
following manufacturer recommendations. Sequencing 
results of primers from 10 individual beads is presented in 
FIG 21F-21H. 

0283 Limits on the number of cells per single sequencing 
run. For a large pool of barcoded hydrogel microspheres 
(BHMs), each carrying one of N barcodes, what is the maxi 
mum number of cells that can be captured before two or cells 
will carry the same barcode? This question is akin to the 
so-called birthday problem, with barcodes analogous to days 
of the year, and BHMs analogous to the people in a room. The 
expected number of observed barcodes from sampling in 
BHMs is n=N(1-e'). Thus, the expected multi-barcod 
ing error, defined as the fraction of cells carrying the same 
barcode, is approximately fl-n/n. The error becomes 
large when n-N, so in practice the number of sampled cells 
must be much smaller than the number of barcodes, i.e. 
n-N, and therefore the limit of obtaining barcoded single 
cells is fis/2N. The number of barcoded single-cells in 
depends on the tolerated error, for example, allowing for an 
error of less than f1% requires an upper limit n=N/50. 
Thus, for the value of N=384 which corresponds to two 
384-well plates in our experiment, a 1% multiple-barcoding 
error arises at the limit n=2,949 cells. In practice, fewer cells 
can be used to produce negligible multi-barcoding errors. 
0284 Cell culture preparation. The mouse embryonic 
stem (mES) cells were maintained in ESC base media inside 
culture flasks pre-coated with gelatin at 37°C. in 5% CO, and 
60-80% humidity at density -3x10 cells ml. The ESC 
media contained phenol red free DMEM (Gibco), supple 
mented with 15% (v/v) fetal bovine serum (Gibco), 2 mM 
L-glutamine, 1xMEM non-essential amino acids (Gibco), 
1% (v/v) penicillin-streptomycin antibiotics, 110 micromolar 
beta-mercaptoethanol, 100 micromolar sodium pyruvate. For 
guided differentiation ESC base media was supplemented 
with Leukemia Inhibitory Factor (LIF) at final concentration 
1000 U/mL and for unguided mES differentiation the media 
was without LIF. Within 2 days of LIF withdrawal the culture 
experienced significant morphological changes indicating 
the differentiation of mES cells. 

0285 Prior encapsulation the flask was washed with 
1xRBS (without Mg" and Cat ions) and treated with 1x 
trypsin/EDTA solution for 3 min at 37°C. The trypsin was 
quenched by adding equal Volume of ESC base media. 
Detached cells were centrifuged at 260 g for 3 min and re 
suspended in -3 mL fresh ESC base media. After passing 
through the 40 micrometer size strainer, cells were counted 
with hemocytometer and diluted in 0.5xPBS supplemented 
with 0.04% (v/v) BSA and 16% (v/v) OptiPrep solution to 
obtain desirable amount of cells (typically 20,000 cells in 200 
microliters). The Suspension was transferred into 1 mL 
syringe connected to microfluidics device and injected at 100 
microliter/hr flow rate. Following this procedure mES cells 
were prepared with LIF at Day 1 and without LIF at early Day 
2, late Day 2, Day 4 and Day 7. 
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0286. The K-562 cell line (ATCC, CCL-243) was main 
tained in DMEM supplemented with 10% (v/v) fetal bovine 
serum and 1% (v/v) penicillin-streptomycin at 37°C. in 5% 
CO and 60-80% humidity atmosphere, at density ~3x10 
cells ml. For encapsulation experiments K-562 cells were 
prepared as outlined above but using DMEM media and 
mixed with mES cells at ratio 1:1. 
0287 DNA-library preparation. Library preparation was 
based on a modified CEL-Seq protocol. The workflow of 
DNA library preparation can summarized as follows: RT 
>ExoI-->SPRI purification (SPRIP)-->SSS-->SPRIP-->T7 
in vitro transcription linear amplification-->SPRIP-->RNA 
Fragmentation-->SPRIP-->primer ligation-->RT-->library 
enrichment PCR. 

0288 Referring to the detailed protocol in Jaitin DA, et al. 
(2014) Massively parallel single-cell RNA-seq for marker 
free decomposition of tissues into cell types. Science 343 
(6172):776-779, the following modifications were made to 
the protocol: the RT primer included the P5/PE1 adaptor 
while the ligation primer includes the P7/PE2 adaptor, a 
flipped orientation to that in the protocol; prior to ExoI treat 
ment, the aqueous phase from broken droplets was centri 
fuged at 4°C. for 15 minutes at 14krcftopellet cell debris and 
gels; during ExoI treatment, 10 UHinFI were added to digest 
primer dimers that may have formed during the RT reaction; 
the original DNAse digestion step was omitted after linear 
amplification; after linear amplification the resulting ampli 
fied RNA libraries were analyzed on an Agilent BioAnalyzer 
before proceeding; before primer ligation, the samples were 
treated with Shrimp Alkaline Phosphatase for 30 minutes. 
The number of final PCR cycles required for final library 
enrichment PCR ranged from 10-13 cycles. The remaining 
steps are otherwise unchanged. 
0289 Bioinformatic analysis. Paired-end sequencing was 
performed on Illumina MiSeq HiSeq 2500 and NextSeq 
machines as detailed in Table 1. Read 1 was used to obtain the 
sample barcode and UMI sequences; read 2 was then mapped 
to a reference transcriptome as described below. The reads 
were first filtered based on presence in read 1 of two sample 
barcode components separated by the W1 adaptor sequence 
(see FIG. 20 and Table 4). Read 2 was then trimmed using 
Trimomatic (5) (version 0.30; parameters: LEADING:28 
SLIDING WINDOW:4:20 MINLEN:19). Barcodes for each 
read were matched against a list of the 384 pre-determined 
barcodes, and errors of up to two nucleotides mismatch were 
corrected. Reads with a barcode separated by more than two 
nucleotides from the reference list were discarded. The reads 
were then split into barcode-specific files for mapping and 
UMI filtering. 
0290 The trimmed reads were aligned using Bowtie (ver 
sion 0.12.0, parameters: -n 1-1 15-e 300-m 200-best-strata 
-a) to the mouse transcriptome. The data sets were also repro 
cessed with different bowtie parameter sets without changing 
the qualitative results of the analysis. The reference transcrip 
tome was built using all annotated transcripts (extended with 
a 125bp poly-A tail) from the UCSC mm 10 genome assem 
bly. A custom Python and PySAM script was used to process 
mapped reads into counts of UMI-filtered transcripts per 
gene. Alignments from bowtie were filtered in the following 
way: (1) for each read, we retained at most one alignment per 
gene, across all isoforms, by choosing the alignment closest 
to the end of the transcript. (2) If a read aligned to multiple 
genes, we excluded any alignments more than 400 bp away 
from the end of the transcript; this is motivated by the strong 
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3' bias of the CEL-SEQ method. (3) Reads mapping to more 
than 10 genes were excluded, and (4) a UMI filtering step 
described in the following paragraph was performed. Finally, 
(5) if a read still aligned to more than 2 genes after UMI 
filtering, the read was excluded altogether. In reporting the 
counts, for each gene, any other genes from which it could not 
be distinguished in at least one read was also reported; this 
allowed the exclusion of spurious correlations in our down 
stream analysis resulting from mapping ambiguities. The 
robustness of the pipeline to this final step was confirmed by 
re-processing the data with a maximum of 1-4 alignments per 
read. After steps (1-5) were carried out separately for each 
sample, the resulting gene expression tables were concat 
enated and loaded into MATLAB for analysis. 
0291 UMI filtering (step 4 above) was carried out as fol 
lows. Each distinct UMI was associated with a set of genes 
through the set of reads carrying the UMI. For each UMI, the 
minimal set of genes that can account for the full set of reads 
with this UMI was identified. This problem is known as the 
Hitting Set Problem (or Set Cover Problem). A greedy 
algorithm was applied to obtain the most parsimonious gene 
set for each UMI. Only one read per gene per UMI was kept. 
With this approach, some Subsets of genes may still be undis 
tinguishable from each other because they are Supported by 
the same set of ambiguously aligned reads. Step (5) in the 
previous paragraph was thus used to eliminate ambiguous 
reads beyond a predetermined threshold. To illustrate the 
UMI filtering step, consider a UMI with two reads, the first 
aligning to genes A and B and the second aligning to genes B 
and C. Although neither read is aligns unambiguously, gene B 
can explain the presence of both reads and thus the alignments 
to genes A and C are discarded, and just one of the two reads 
is kept for gene B. 
0292 UMI-filtered count normalization. Prior to normal 
ization, the variation in the total UMI-filtered mapped 
(UMIFM) counts per sample barcode was 21% to 55% (coef 
ficient of variation), see Table 1. The CV appeared to grow 
during differentiation, Suggesting that some of the variation 
in total UMIFM counts arose from differences in cell size 
rather than in variation in RT efficiency. All counts were 
normalized by total-count normalization, i.e. the normalized 
counts for genej in celli is given in terms of the un-normal 
ized counts, m, as m, m, M/M, where M. X.,m, and M is 
the average of M, over all cells. Similar results are also 
obtained using Sub-sample normalization. 
0293 Predicting method sensitivity. This section derives 
the form of the sensitivity curve (solid curve) in FIG. 14E, 
predicted for a case where the only limitation to detection is 
the capture efficiency, B or beta, which is assumed to be 
unbiased and uniform across all gene transcripts. All other 
biases, such as sequence-specific or length-specific bias, are 
assumed negligible. The excellent fit reinforces these 
assumptions. Let n be the number of transcripts for a given 
gene in a given droplet. The probability of detecting Zero 
transcripts for the gene in this droplet is po(n)-e”. The 
sensitivity S is then obtained by marginalizing po(n) over the 
distribution of n, which, in the case of the pure RNA sample, 
is Poisson-distributed about a mean value n. One obtains S( 
n)-1-X, opo(n)Poissnn, giving S(n)-ele"), which is 
the curve plotted in FIG. 14E, with the value of B (beta) 
measured from FIG. 14D. This curve can also be identified as 
the moment generating function (MGF) of the Poisson distri 
bution evaluated at 13 (beta). The quality of the fit demands 
that variations in B (beta) between droplets be small, which is 
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consistent with the low CV in the total counts between control 
droplets. For non-control samples, the input distribution for 
each gene is no longer a Poisson distribution, and the detec 
tion frequency S(n) is instead different for each gene and, 
under the assumptions given here, is equal to the MGF of the 
underlying gene expression distribution evaluated at B (beta). 
0294. Selection and filtering of principal gene sets for 
PCA and tSNE analysis. Since each gene carries intrinsic 
sampling noise that is uncorrelated to other genes, it is 
expected that for whole-transcriptome data, a large fraction of 
the variability observed across all genes will not be explained 
by the top principal components. For the same reasons, dif 
ferences between cell Sub-populations may appear weak if a 
large number of “bystander genes (which vary little between 
populations) are included in evaluating cell-cell correlations. 
To overcome these sampling limitations, the ES cell popula 
tion structure was analyzed using only a Sub-set of genes 
chosen to reflect known ES cell biology while also reporting 
on the most variable genes at each time point. The general 
strategy for selecting an appropriate gene set was as follows: 
(1) for each time point, the top 200 most variable genes were 
included, as determined by the V-score (Table 2), which is 
closely related to the gene Fano Factors; these genes were 
complemented with a curated list of genes implicated in ES 
cell biology. (2) To reduce the gene set, a preliminary princi 
pal component analysis (PCA) was performed on the cell 
population, using the initial gene set, and used the results to 
select only "principal genes', i.e. genes contributing to non 
random principal components (PCs) as determined by matrix 
randomization in FIG. 150E. The principal genes are those 
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with the highest loading coefficients for each non-random 
PC, with the selection threshold set dynamically for each PC 
to reflect the structure of the loading coefficient distribution. 
(3) For each geneg in the set, the set was then re-expanded to 
include up to two additional genes that correlated most 
strongly with g. This final step allows inclusion of genes not 
present in the initial set, but which correlated strongly with 
the highly variable gene set. The final gene set derived at the 
end of step (3) was used for subsequent PCA and tSNE 
analysis at each time point. 
0295 Network neighborhood analysis. The distance met 
ric d=(1-(Pearson correlation)) was used to define the dis 
tance between two genes, where the correlation is taken over 
all cells. An unweighted, directed network was constructed as 
follows: for a given gene Go of interest, a directed edge to its 
N nearest neighbor genes G was defined (i.e. genes with the 
highest correlation to Go). N additional directed edges were 
added from each member of the set G to its N nearest neigh 
bors, together forming a set G. The resulting preliminary 
network has (N+1)*N directed edges in total, and up to 1+(N+ 
1)*N vertices representing Go, G and G. The network was 
then trimmed iteratively by removing any vertex that has 
fewer than X incoming edges. The final network is the 
“X-connected neighborhood of gene Go.” If it is not an empty 
set, it has: the gene Go. Some members of G that are also 
nearest neighbors of at least X-1 other members of G.; and 
some members of G that are the nearest neighbors of at least 
X members of G. For the networks plotted in FIG. 16, the 
parameters N=50, X=3 were used. 

TABLE 1. 

Sequencing run statistics 

Sample Emulsion 
(days post- volume 
LIF) (uL) 

Pure RNA 16 
control 
mESLIF- 40 
mES day 2, 6 
(early) 
mES day 2, 26 
(late) 
mES day 4 40 
mES day 7 8 
mES day 7 40 
mES day 2, 95 
early 

UMI Filtered Mapped 
UMIFM) counts, cell 

Total library Number Average Coeff. 
reads cells filtered of variation 

Platform (unfiltered) barcodes reads cell Average (CV) 

HiSeq 2500 166,031,332 953 89,116 24,191 21% 

NextSeq, 413,138,104 935 199,193 29,239 36% 
HiSeq 2500 119,859,024 145 119,386 20,524 35% 

MiSeq 17,660,550 303 38,788 8,441 36% 

MiSeq 11,557,428 683 10,237 4,661 43% 
HiSeq 2500 92,805,168 169 153,035 27,065 38% 
NextSeq, 250,187,951 799 208,231 26,216 55% 
HiSeq 2500 33,751,186 2,168 4,987 2,608 42% 

TABLE 3 

nES cell sub-population markers across time points 

Cell group 
Data set description 

mES day 0 Primitive 
endoderm 

like 

Epiblast-like 

Cell group size 
(numbertotal) (-1 < x < 1) High-expressed genes 

6,935 O.76 GSn, Col4a1/2, Serpinh1, 
Lamalfb1 c1, Sparc, Srgn, P4ha2, Lirpap1, 
Podxl, Ctsl, S100a10, Pgk1, Slc2a3, Tfpi, 
Amin, Fbp2, Gpx3, Man2c1os, Lipar3, Cd63 

40/935 (all) 0.20 (all) Actg1, Anxa2, Krt8/18/19, Plaur, Cnn1, 
6/935 (Krt8- 0.55 (Krt8- Taglin, Plin2, FInc, Tinagl1, Slc2a1, 

high) high) Fam16Ob2, Mmab, Sfn, Plec, S100a0, 

Clustering 
index 

Flub, Ngfrap1 
















