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Finding a helix in a haystack: nucleic acid cytometry with droplet
microfluidics

lain C. Clark and Adam R. Abate”
Department of Bioengineering and Therapeutic Sciences, University of California, San Francisco,
San Francisco, CA, USA

Abstract

Nucleic acids encode the information of life, programming cellular functions and dictating many
biological outcomes. Differentiating between cells based on their nucleic acid programs is, thus, a
powerful way to unravel the genetic bases of many phenotypes. This is especially important
considering that most cells exist in heterogeneous populations, requiring them to be isolated before
they can be studied. Existing flow cytometry techniques, however, are unable to reliably recover
specific cells based on nucleic acid content. Nucleic acid cytometry is a new field built on droplet
microfluidics that allows robust identification, sorting, and sequencing of cells based on specific
nucleic acid biomarkers. This review highlights applications that immediately benefit from the
approach, biological questions that can be addressed for the first time with it, and considerations
for building successful workflows.

Introduction

Across all of biology cells are categorized by their phenotypes. These characterizations are
useful because phenotypes determine the roles of different cells in phenomena like nitrogen
cycling (microbes), immune defense (T cells), or sensory stimulation (neurons). Often cells
with interesting and complex phenotypes exist within heterogeneous populations where
identifying and studying them can be challenging. Separating cells with particular
phenotypes, therefore, is essential for developing a mechanistic understanding of their
underlying biology. Fluorescence-activated cell sorting (FACS) was developed to
accomplish this feat, characterizing large numbers of cells and isolating subpopulations
based on specific protein biomarkers. However, it is only possible when the biomarkers
exist, are known, and can be identified by fluorescence, which is often not the case.

Phenotypes are ultimately a manifestation of a genetic program expressed under specific
environmental conditions. As a result, the clearest biomarker of a phenotype is often the
presence of specific sequences encoded in the genome or transcriptome of the cell. Cancer
cells with unique transcriptional regimes,=3 cells that harbor integrated provirus,* and
uncultivable microbes, can be uniquely identified by their RNA or DNA content, but often
nothing else. Given the centrality of nucleic acids to all living things, and the unique ability
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of specific sequences to distinguish important phenotypes, a tool for isolating cells based
only on nucleic acids is essential.

Nucleic acid cytometry is an approach for identifying and sorting nucleic acid sequences
free in solution or packaged in cells or viruses. This is analogous to an experimental BLAST
sequence search and represents a new and powerful technique for studying subpopulations
of biological importance. The technology uses droplet microfluidics to encapsulate cellular
material in water droplets suspended in oil, creating discrete reactors. Within each reactor, a
soluble detection assay produces a signal that identifies the presence of a specific sequence
in a cell, virus, or molecule. Positive droplets, identified by their fluorescence, are sorted and
their contents released for further analysis. This technology is a valuable alternative to cell
sorting based on surface markers, expanding sorting capabilities from proteins to nucleic
acids. Different technical approaches to nucleic acid cytometry are possible using droplet
microfluidics; the devices, detection assay, and sorting method may vary depending on the
application. Indeed, many different methods for full and partial nucleic acid cytometry have
been reported in the literature (Table 1). We do not attempt to review techniques for
microfluidic device construction or design, as these topics have been covered extensively.>—9
The goal of this review is to highlight applications in biology that benefit from this
approach, not to review the different workflows and devices possible. We provide examples
of how nucleic acid cytometry can be used in targeted comparative genomics, viral genome
sequencing, non-coding RNA biology, and rare species enrichment. In addition, we discuss
practical considerations for implementation, which draws on our experience developing
workflows.

2 The workflow: digital, high-throughput, and flexible

The first step of nucleic acid cytometry is to partition a sample containing a mixture of
nucleic acids into aqueous droplets, such that the droplets encapsulate one or no target
molecules. A soluble assay is performed in all droplets, interrogating for specific sequences
of interest. The simplest embodiment of this operation is digital droplet PCR (ddPCR).
Droplets with a target have a higher effective concentration than the bulk sample, enabling
reliable single copy detection. Upon amplification, positive droplets become fluorescent,
allowing them to be counted, and providing an absolute measure of the starting target
concentration.28:2% The number of partitions that can be generated determines the sensitivity
of ddPCR for quantifying rare sequences. With ultrahigh-throughput microfluidic
techniques, millions of picoliter droplets can be generated in under an hour, providing over
five decades of DNA quantitation and, thus, significantly higher sensitivity than common
gPCR. Consequently, ddPCR is displacing gPCR in many instances, particularly in the clinic
where absolute quantitation without a standard curve is valuable.

Droplet technologies are not limited to purified DNA: any nucleic acid can serve as a target,
provided it can be detected via a fluorescence assay. For example, cells, viruses, mMRNA,
non-coding RNA, or spliced transcripts can all serve as templates for ddPCR, making the
approach general. Sample preparation depends on the starting material, but the concept is the
same: a heterogeneous sample of nucleic acid entities is partitioned into droplets and target
molecules are detected with an assay. Any assay that produces a sequence specific
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fluorescent signal can be used. Polymerase chain reaction or isothermal amplification
techniques (loop mediated, recombinase polymerase, rolling circle, etc.) are usually required
to yield sufficient DNA for detection. Amplification is coupled to a fluorescent signal using
hydrolysis probes (TagMan), molecular beacons, or intercalating dyes (SYBR). Designing
the detection assay requires only knowledge of short segments of target sequence, and the
DNA oligomer probes are constructed in a robust and inexpensive chemical synthesis
process. This makes detection of specific cell types and viruses far simpler than with
antibody labeling, which depends on the availability of specific and sensitive antibodies.

But microfluidic technologies have developed far beyond the capability of just partitioning
samples into droplets — they can also reliably sort at kilohertz rates. This adds a new and
valuable layer of capability to digital nucleic acid detection: the ability to isolate positive
droplets and analyze their contents, thereby allowing correlation of a detected nucleic acid
with whatever material is co-encapsulated in the droplet. This opens new avenues in biology,
such as isolating genomic mutations that correlate with expression of a cancer gene,
determining the host of an uncultivable virus, or measuring correlations between nucleic
acids sequences existing within the same cell, even if they are on different chromosomes.
Nucleic acid cytometry thus consists of two components: digital droplet detection of target
nucleic acids and fluorescence activated droplet sorting (Fig. 1).

3 Cell-free nucleic acid cytometry

While current sequencing technologies have incredible capacity that grows each year, they
are nevertheless unable to characterize all relevant nucleic acids in most biological samples.
For example, modern high-throughput sequencers provide hundreds of billions of base pairs
of sequence information, but a gram of soil can contain over a thousand times this amount.30
Given the staggering diversity of most samples, the only reasonable approach to answering
most questions is to focus sequencing on the relevant nucleic acids. Nucleic acid cytometry
affords a powerful solution to this problem, allowing specific molecules to be isolated based
on the presence of “keyword” subsequences. Molecules containing this keyword are
enriched by sorting, discarding unwanted reads from abundant and uninteresting molecules,
and providing far deeper coverage of new and interesting ones. Eastburnet al. (2015)6 used
this approach to enhance coverage of five target regions in the human genome, which
improved variant calling with low input DNA. Additional applications of this approach
include sequencing integrated provirus, studying genetic variation of specific chromosomal
regions, targeted comparative genomics of bacteria, and enrichment of specific sequences
from cell-free DNA in blood.

3.1 Targeted comparative genomics

Microbes catalyze a staggering array of chemical transformations in the environment
including mercury methylation, degradation of xenobiotic compounds, and carbon, nitrogen,
and sulfur cycling.31-33 |dentifying the genetic bases for these phenotypes is a first step
towards developing a mechanistic understanding of them. Microbial transformations
generally rely on multiple proteins that work together, and are often encoded in close
proximity on the genome. Looking for conserved regions in bacteria with the same
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phenotype is therefore useful. Often a single enzyme in the pathway has been purified and
sequenced, providing a starting point. Sequences surrounding this are compared to find
accessory genes that may also be important; when large numbers of genomes are available, a
greater picture of the genetic diversity and ecological role can be inferred. For example,
denitrification is encoded by, at a minimum, a series of catalytic enzymes for the sequential
reduction of nitrate to nitrogen gas.3! Surrounding these genes are detoxification systems for
removing reactive nitrogen species, and sensors and transcription factors for regulating
expression in the absence of oxygen. Finding these systems together in multiple organisms,
especially distantly related ones, supports the hypothesis that they are functionally involved
in nitrate respiration.

A common challenge, however, is that this type of comparative genomics requires genome
sequences from organisms with the phenotype of interest. Bulk sequencing of an
environmental sample may completely miss sequences from rare, but important organisms.
While abundant sequences can provide much insight into an environment, they do not allow
targeted sequencing of cells with a particular phenotype. For this reason, in microbiology
labs the primary strategy is to isolate, culture, and sequence the microbes with the phenotype
of interest. Enrichment by culturing, however, is inherently low throughput, and also suffers
from cultivation bias, since the vast majority of microbes cannot be cultured. Phenotypes of
microbes that cannot be cultured, cannot be studied. A cultivation-independent approach to
finding and sequencing regions of interest would enable far more effective comparative
genomics studies.

Nucleic acid cytometry provides an elegant solution, allowing any gene cluster in an
environment to be recovered without the need to culture the host microbes. Using a specific
conserved gene as a keyword search, intact molecules in which the target sequence is
embedded can be recovered and sequenced. The resultant data is a metagenome focused
around that keyword, in which thousands of variants can be characterized and compared
(Fig. 2). When applied to environmental DNA, nucleic acid cytometry is a transformative
tool for targeted comparative genomics without the need to isolate, culture, and sequence
entire genomes. Longer read sequencing, or single drop sorting can be used to preserve
single molecule resolution and facilitate the assembly of regions contiguous to detected
sequence.

A valuable application of targeted comparative genomics is mining environmental
biochemical libraries for novel gene or pathway variants. This is an especially interesting
approach for tailoring microbial synthesis of natural products, including antibiotics.34:35
Chemical synthesis relies on petroleum feedstocks, heavy metal catalysts, high temperatures,
strong acids and bases, and harsh solvents. Many chemicals with complex structures have no
established synthesis pathway or suffer from low yield. In these circumstances, microbial
synthesis has the potential to greatly improve the economics of product formation. Enzymes
have tailored substrate specificity, are amazingly efficient catalysts at room temperature, and
can produce high purity products. Genome sequences available in databases can be mined to
identify enzymes in useful pathways. However, the pathways in these databases are skewed
towards abundant species. Nucleic acid cytometry addresses this limitation, allowing
environmental sequences to be search experimentally using a keyword that targets a
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conserved gene. The resulting data is likely to contain a more diverse set of sequences,
increasing the chances of finding novel enzymes with the desired substrate, activity, or
product.

3.2 Viral genome sequencing

Sequencing viruses is difficult due to their rarity and the need to sequence single genomes
separately. Current methods to obtain single genomes rely on serial dilution in well plates,
which is severely limited in throughput, providing just tens of genomes per plate. To obtain a
comprehensive picture of viral diversity and evolution, orders-of-magnitude more viral
genomes must be sequenced. Nucleic acid cytometry provides a powerful solution to this
challenge. Tao et al. (2015)17 used this approach to identify, sort, and sequence
recombination sites after con-infection with murine norovirus strains MNV-1 and WU20. A
recent demonstration of cell-free DNA sorting enriched for Lambda virus genomes in a
background of ®X174, and used double emulsions to sort using FACS.36 A similar
workflow can be applied to virus that establish latent reservoirs.

Many human viral infections — HIV, herpesviruses, Epstein—Barr, human cytomegalovirus,
hepatitis B virus, and human papillomavirus — establish a silent reservoir that prevents
eradication.3’ This reservoir can be a barrier to disease treatment and is the major reason an
HIV cure does not exist.38 Cells harboring latent virus can only be identified by the presence
of the proviral sequence, and therefore elude both the immune system and our ability to
characterize them at the molecular level. However, sequencing proviral genomes in patients
with latent infection is an important part of understanding disease progression and
prognosis.3® For example, understanding sequence variation in patients can identify
mutations that enable evasion of host immunity and help tailor treatments. Using viral
sequences as the keywords by which to recover all DNA molecules with integrated provirus,
regardless of where in the genome they reside or in which cell type, yields molecules that
contain both full viral genomes and the junctions between virus and host. This allows
insertion sites to be mapped and related questions to be addressed.*% As such, nucleic acid
cytometry on cell-free DNA is a powerful tool for characterizing latent viral reservoirs.

4 Whole cell nucleic acid cytometry

DNA or RNA markers are often the best indicators of important phenotypes like cancer*!
and pluripotency.#243 Genome-wide analysis of cells with these nucleic acid markers can
provide critical insights into their underlying biology. However, this requires that a cell's
DNA and RNA be co-encapsulated and preserved during the workflow. Experiments that use
purified nucleic acids are not amenable to full genome or transcriptome sequencing of single
cells because nucleic acids are fragmented and mixed during bulk purification. Whole cell
analysis solves this issue by compartmentalizing all cell contents in the droplets. After
encapsulation, single-cell resolution can be maintained by barcoding or sorting.

Barcoding of genomes** or transcriptomes#>-48 using droplet microfluidics uniquely tags
cellular DNA or RNA with a nucleotide sequence. After sequencing, this tag is used to
group reads originating from single cells. In silico clustering of cells based on expression
allows subpopulations to be studied individually and in the context of the larger population.

Lab Chip. Author manuscript; available in PMC 2018 June 18.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Clark and Abate

Page 6

This approach, although high throughput (>10,000 cells), is poorly suited to studying rare
cells. Sequencing large numbers of cells reduces sequencing depth per cell, and means that
the majority of reads do not contain relevant information. Barcoding also relies on the in
silico identification of a cell through sequencing. This makes correlating RNA and DNA
sequences within the same single cells difficult, unless the genome and transcriptome are
barcoded together, which has never before been described in a high-throughput format.

Nucleic acid cytometry allows the study of cell populations too rare to detect with barcoding
workflows. Sequencing of sorted cells yields reads that pertain only to cells of interest,
greatly improving coverage of rare molecules. In addition, RNA or DNA can serve as the
detection target, and the genome or transcriptome can be sequenced, providing flexibility in
how cells are identified and studied. The development of this technology began with high-
throughput sequence-based detection and counting.20:21.23.24.27 zhang et al. (2012)23 and
Zhu et al. (2012)24 used agarose to encapsulate cells and capture PCR amplicons that were
detectable with flow cytometry. Eastburn et al. (2013)2! developed a workflow for detecting
RNA from whole cells in droplets using RT-PCR. Analysis of drops has expanded from
counting of positives to the sorting and analysis of their contents. Novak (2011)2° developed
a method for the PCR-based detection of mammalian cells. Positive sorting and Sanger
sequencing of targets confirmed known genomic mutations. Detection of RNA using RT-
PCR, followed by sorting from a background of leukocytes, enabled targeted sequencing.18
Subsequent work showed that sorted cells could be pooled and RNA-sequenced to elucidate
genome-wide transcriptional changes associated with cancer.13 Given the flexibility of
TagMan assays, this approach can also be adapted to detect and sort based on alternatively
spliced transcripts or the presence of non-coding RNA.

4.1 Finding cells with alternatively spliced transcripts

Alternative splicing of RNA generates a large number of protein isoforms that modify
localization, activity, and protein—protein interactions.*? As such, splicing greatly impacts
the functional biology of a cell, and is associated with both normal cell lineage
differentiation and disease.>%-52 For example, splice variants of the neuron-restrictive
silencer factor (NRSF) are overexpressed in small cell lung cancer, leading to a stop codon
and truncated isoform that has been proposed as a clinical biomarker.>3Nucleic acid
cytometry can find and study cells expressing this NRSF variant. TagMan assays can
distinguish alternatively splice variants using either exon junction spanning primers or
probes.>* Sorting cells with these exon junctions can elucidate the underlying genetic basis
and functional consequences of splicing on a genome-wide scale. This is useful for studying
splice variants associated with an important phenotype, but for which no mechanistic
understanding has been established.

4.2 Finding cells expressing specific non-coding RNA

There is increasing evidence of the importance of non-coding RNA (ncRNA) in normal cell
function and disease.>®56 MicroRNAs (miRNA) post-transcriptionally silence protein-
coding genes by promoting mRNA degradation and inhibiting the initiation of translation.>’
miRNA can target multiple mMRNAs, making it difficult to understand the effect on cellular
pathways on a genome-wide scale. The ability to perform transcriptomics on cells enriched
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for a specific miRNA would facilitate an understanding of normal miRNA function, and
cases where miRNA dysregulation causes disease. Nucleic acid cytometry enables this by
sorting cells based on expression of target miRNASs. It is also applicable to long noncoding
RNAs (IncRNA) that have been ubiquitously detected in sequencing data, but for which
defining functional roles is often challenging. For example, although functional roles have
been established for some ICRNA, including in X chromosome inactivation, allelic-specific
expression, and regulation of pluripotency, the majority have no known function.5®
Comparing the transcriptomes of cells enriched for specific IcRNA to those without could
significantly advance discovery of ICRNA function (Fig. 3).

4.3 Finding extracellular vesicles with specific cargo

Another area where nucleic acid cytometry benefits biology is in the study of extracellular
vesicles (EV), which are classified based on their biogenesis and size as exosomes,
microvesicles or apoptotic bodies. Exosomes can transmit proteins, DNA and RNA between
cells; miRNA cargo has been shown to influence host transcription upon fusion, providing a
mechanism of long-range cell-to-cell communication.>8 Exosome subpopulations have
distinct cargo depending on their source and are therefore likely to impact recipients
differently.%® For example, exosomes from cancer may promote cell survival, proliferation,
and tumorigenesis®0.:61 while ones from B-cells and dendritic cells can promote T cell
immune response.62-64

A current challenge is to unravel the heterogeneity of EVs; bulk purification and sequencing
approaches lose the link between EV cargo and their originating cells. Sorting approaches
for understanding this diversity, including the functional significance of minor
subpopulations, rely on FACS of submicron particles. This approach has several limitations,
including the technical challenges of detecting submicron particles using FACS,%° and the
inability to sort EVs based on miRNA content. miRNA is a major constituent of exosomes,
and can play an important role in their mechanistic action after cargo delivery.66:67 An
interesting application of nucleic acid cytometry would be to separate exosomes based on
the presence of cancer-specific miRNA biomarkers.®8 This has the significant advantage of
single molecule detection and is not subject to sorting challenges based on exosome size; the
drop maker used for exosome encapsulation uniquely determines the sorted drop size,
resulting in easily detectable (>20 um) fluorescent drops. Bulk exosome sequencing could
first be used to find markers,5% with subsequent droplet sorting allowing for marker-specific
subpopulations to be sequenced separately, preserving the correlation between DNA and
RNA cargo. In this manner, tumor specific mutations can be related to exosome RNA,
allowing the molecular dissection of tumor heterogeneity without the need for biopsy (Fig.
4).

4.4 Targeted genome sequencing of environmental microbes

Sequencing of environmental samples has revealed massive phylogenetic diversity.”% Many
of the microbes identified using these techniques cannot be grown in the lab, and shotgun
metagenomics fails to adequately reconstruct their genomes, either because they are
exceedingly rare, or because assembly is difficult in complex samples. Although
metagenomics can provide insight into the cultivation conditions required for different
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phylogenetic subsets, the majority of microbes identified by sequencing remain uncultivable.
Without cultivation, genomes from many taxonomic subsets cannot be purified, preventing
deep sequencing and assembly.

As a proof of concept, Lim et al. (2015)1° sorted E. coli based on the presence of tolA from
population of E. coli AtolA. The sorted cells contained two point mutations in the outer
membrane lipoprotein LpoA (K16A), which was confirmed by sequencing. This approach
lays the groundwork for isolating unique subpopulations from environmental samples,
providing a means of enriching genomes from taxonomic groups without the need to culture.
For example, 16S sequencing of an environmental sample might reveal a novel bacterial
clade. Using primers that target this group, cells are sorted, massively enriching their
genomes for sequencing (Fig. 5). This approach greatly facilitates the genomics of novel
uncultivable clades. Since this can be applied to enrich for organisms based on any sequence
keyword, any gene can be used as a biomarker for sorting. For instance, a functional gene
involved in antibiotic resistance could be used to sequence and understand the genomes of
drug-resistant bacteria. Similarly, the presence of a viral sequence can be used to understand
the host-range of phage or to genome sequence specific subsets of the viral community.10

5 Environmental virus sequencing

Viruses are the most abundant biotic unit on earth,”:72 yet their genomic diversity is mostly
unexplored due to technical limitations in cultivation, isolation, sequencing, and
classification. Moreover, compared to bacterial sequences generated via metagenomics, of
which 10% may be novel, over 60% of viral metagenomes have no sequence equivalents in
current databases.”® No single sequence, like ribosomal DNA in bacteria, is conserved in all
viral genomes, which makes diversity estimates difficult and necessitates full genome
sequencing. Viral metagenomics has greatly expanded the genomes in sequence databases
and therefore diversity estimates,’* but challenges remain in de novo assembly of genomes
from samples with incredible sequence variability and uneven coverage.’® Often it is
desirable to complement metagenomics approaches with single virus sequencing, in which
all reads originate from a single genome. This increases coverage, improves assembly, and
facilitates the prediction of open reading frames. Isolation of single viral particles with
FACS allows for full genome sequencing,’577 but is biased to abundant species or those that
can be labeled with antibodies. This is inadequate given that most viruses are known only by
the presence of contigs generated during environmental sequencing. Isolating viruses based
on sequence keywords can drastically increase the number of genomes that can be studied.
This approach has recently been demonstrated by enriching SV40 genomes from a
heterogeneous samplel and T4 genomes from a background of ®X174.78

Viruses represent a vast genetic reservoir of virulence factors with human health
implications, and metabolic genes that can influence the biogeochemical cycling of nutrients
by bacterial hosts.”9:89 A better understanding of the viral sequence space is needed to
predict the origin of environmental pathogens and to understand the role of phage in the
evolution and function of their microbial hosts. Using nucleic acid cytometry, it is possible
to detect pathogenic factors or bacterial metabolic genes in virus, which would allow for a
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greater understanding of how viral gene reservoirs transfer pathogenic islands and
manipulate bacterial sulfur and nitrogen cycling.’#

6 Building successful workflows

Applications of nucleic acid cytometry are numerous because any nucleic acid can be used
to detect a subpopulation and any co-encapsulated nucleic acid can be analyzed. However,
the design and execution of experiments is nontrivial, and a balance between the
experimental goals and technical hurdles must be reached. Key decisions when planning an
experiment include: the choice of starting material, sample preparation and handling, the
detection method, sorting resolution and throughput, and downstream analysis. Each of these
considerations is highly coupled, necessitating the development of an integrated biological
and microfluidic workflow.

6.1 Sample selection: purified nucleic acids or whole cells?

The choice of starting material is largely governed by the nucleic acid detection target and
the analysis goals. In many cases, a simplified workflow that encapsulates purified nucleic
acids can be used. Using cell-free nucleic acids simplifies the workflow by avoiding cell
handling and obviating the need for in-drop cell lysis. This approach is sufficient when small
fragments (<1 Mbase) and their surrounding context are being studied.1® When using
purified nucleic acids as the starting material, careful quantification of concentration is
required to achieve appropriate loading of targets per drop. As in digital droplet PCR,
controlled fragmentation is used to evenly load droplets with nucleic acids and overcome
sample viscosity effects. Using purified DNA or RNA is appealing for biological
applications where the detected sequence is contiguous to the analyzed sequence, for
example when a gene is detected and its adjoining operon is sequenced.

Whole cells are used when the detected sequence is distant from the analyzed sequence or
when the detected sequence is a physically distinct molecule from the analyzed sequence.
For example, when the detected sequence is on one chromosome and the analyzed sequence
is on another, or when the detected sequence is DNA and the analyzed sequence is RNA. In
such cases, encapsulating whole cells preserves the cellular link between these two
molecules. In theory, whole cell experiments can be used to detect any nucleic acid, and
determine any other measurable property of the detected cell. For example, cells can be
sorted based on a genomic mutation and transcriptome sequenced or cells can be sorted
based on a transcript and genome sequenced.

6.2 A cultured approach: tips for cell handling

Careful cell handling is an important part of successful experiments. Cells damaged by
aggressive centrifugation and re-suspension, or by prolonged incubation at room temperature
lyse and release nucleic acids into solution. This results in droplets that contain a detection
target but no cell. This is more pronounced when the target is RNA, because RNA copy
number can be high and is more readily released when membrane integrity is compromised.
In more extreme cases, strands of precipitated DNA can clog the microfluidic device inlet.
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To minimize lysis before encapsulation, it is best to reduce residence time in the syringe and
keep cells cold during injection.

Cell staining is used to identify cell-containing drops during sorting. Eukaryotic cells are
stained using cell permeant calcein dye that is hydrolyzed by intracellular esterases. After
staining, cells are re-suspended in a density matching solution (OptiPrep) to prevent settling
and maintain the desired encapsulation frequency. The concentration of OptiPrep is adjusted
based on the cell's density.

In whole cell experiments, cells are lysed to release nucleic acids for detection. Lysis
methods depend on cell type and detection target. While many virus and extracellular
vesicles may not require lysis, 14 larger mammalian cells do.2! Detergents, salts and
proteases are commonly employed. There are two major considerations: both the lysis agent
used and the released cellular material can inhibit detection or post-sort molecular biology.
Cell lysis with Proteinase K followed by heat inactivation, dilution of cell lysate and drop
splitting, has been used to lyse and mitigate inhibition.21 Dilution followed by drop splitting
limits the material available for later sequencing, which is especially important in single cell
applications. Reverse transcription, even in the presence of inactivated cell lysate, is sub-
optimal and may limit coverage in transcriptomic applications.*

An alternative to diluting cellular material is to use beads or hydrogels to capture nucleic
acids, allowing for the removal of lysis buffers and inhibitors.2546 Hydrogels provide
flexibility in cases where particularly harsh lysis is required, for example when using
enzymes to break down peptidoglycan or release DNA from chromatin. Hydrogels are
porous, allowing bulk biological reactions if nucleic acids remain captured. However,
hydrogels also permit leakage of cellular material and the potential for cross-contamination.

In any droplet workflow, cross contamination can occur at several stages. Cell lysis in the
syringe, co-encapsulation due to cell—-cell adhesion or improper re-suspension, droplet
merger during thermocycling or re-injection, and false positive sorts can all contribute to
cross contamination. Cross contamination can be measured with two-population
experiments, where the two cell types can be uniquely differentiated, such as mouse and
human cells. Two cell experiments provide an estimate of the workflow's ability to isolate
target nucleic acids. When RNA is detected using reverse transcription PCR, the presence of
RNA positive drops that do not contain a calcein stained cell is an indicator of cross-
contamination during cell handling or drop making.

6.3 Detectomics: assay selection for downstream omics

Sequence specific single molecule nucleic acid detection is difficult, and amplification of a
target sequence using polymerase chain reaction or isothermal techniques is generally used
to yield a detectable signal. If RNA is the target, a reverse transcription step is added prior to
amplification. Detection of amplified material relies on probes that bind the amplicon, or
dyes that intercalate DNA or detect a byproduct of amplification. TagMan hydrolysis assays
have been widely adopted because they add an additional layer of specificity; primer dimers
and non-specific amplification are much less likely to produce a false positive signal than
intercalating dyes. Validated TagMan gPCR assays are widely reported in the literature and
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are available from several manufacturers. In general, TagMan assays are straightforward to
design and use, but our experience has been that robust assays in bulk do not always
translate to droplet format. Often several assays must be screened for adequate signal to
noise separation. Multiplexing of TagMan assays is common in droplets, and allows for
detection of multiple targets.8! Other detection strategies, including FRET and molecular
beacons have also been successfully implemented,82-85 but may require more careful design
and experimentation to achieve a specific and sensitive signal.

It is important to consider downstream analysis during the selection of a detection method.

In particular, thermocycling at high temperature in the presence of divalent cations damages
RNA, which may disrupt RNA sequencing applications. For single-cell work, preserving
RNA quality during detection is important. RNAses can significantly degrade RNA,; it is best
to lyse and inactivate cellular material quickly after encapsulation. DNA is also fragmented
during thermocycling; in single cell sorting applications this decreases the length of material
that can be amplified after sorting. For example, if a 10 kilobase provirus is the target, DNA
fragmentation could necessitate stitching smaller amplicons to cover the full region.
Isothermal methods including loop-mediated isothermal amplification,8¢ and recombinase
polymerase amplification8 are better suited in such cases, especially when processing single
cells. A minor issue is drop coalescence during thermocycling, which can make sorting
unreliable. Several tactics can reduce coalescence. Avoid handling tubes with gloves, which
tend to carry and transfer charge. Reduce temperature and cycles as much as possible and
use FC-40 oil instead of HFE-7500 during thermocycling. PCR additives like PEG 6k and
Tween-20 improve droplet stability, but should be evaluated with respect to detection
performance. Droplet filters that selectively retain large drops can also be beneficial when
drops are re-injected for sorting.

6.4 Droplet sorting: the good and the bad

Some of the first applications of droplet sorting were in enzyme evolution, which used bulk
homoginization to form double-emulsions that could be FACS sorted.88:89 However,
emulsions generated by bulk techniques are polydisperse, which translates to increased assay
variability and bias in sequencing results. Because of this, microfluidics is now often used to
generate extremely uniform oil-in-water emulsions.?%-92 Microfluidic sorting can isolate
droplets based on fluorescence, absorbance, or electrochemical properties. Solenoid valves,
93 acoustic waves,*9° piezoelectric actuation,? thermocapillary valves,®’ and
dielectrophoresis (DEP) have all been used to actively sort droplets, but DEP is the most
common due to its speed and the simplicity of the requisite devices, particularly when using
conductive liquid electrodes.?®

A system for DEP sorting of fluorescent droplets is depicted in (Fig. 6). Lasers are aligned
onto the microfluidic channel where they excite fluorophores in droplets. Fluorescence is
collected using photomultiplier tubes, which convert photons into electrical signals that are
processed with a computer. When the fluorescence reaches a threshold value, a high voltage
AC signal is applied to an on-chip electrode, creating a DEP force that pulls the droplet into
a collection channel.
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Dielectrophoretic droplet sorters generally run at less than 1 kHz, although careful design
has pushed this limit to 30 kHz.190 Sort speeds are constrained by the ability to accurately
detect positive droplets, to apply a force strong enough to deflect a droplet's path without
splitting it, and to selectively apply a sort force without influencing neighbors. The ability to
detect positive droplets depends on their signal to noise ratio, which requires careful assay
optimization. At fast speeds, the droplets spend significantly less time in the excitation
window, making accurate fluorescence measurements challenging. In addition, the decision
to sort relies on real-time analysis of photomultiplier tube signals, which can produce
millions of digital data points per second. Analyzing this data in real time and basing sorting
decisions on it requires intricately programmed high speed electronics, usually field-
programmable gate arrays.100

The number of negative droplets that are incorrectly sorted (false positives) and the number
of positive droplets that fail to sort (false negatives) are highly dependent on the emulsion
quality and sorter design. Several common factors can greatly influence sorting error. False
positives increase with aperiodic droplet spacing, which leads to drops entering the sort
junction in close succession and interfering with each other's sorting. Controlled spacing of
emulsions is generally the best approach to prevent aperiodicity and improve sorting
efficiency.190 Faster spacer oil can increase the distance between drops and assuage
aperiodic effects, but also makes the duration of dielectrophoretic pulsing shorter. Voltage
can be increased to a point, but eventually the high fields tear droplets apart, electrocoalesce
droplets upstream, and even cause a device to fail due to arcing between positive and
negative electrodes.

Droplet monodispersity is paramount for accurate sorting with current devices. A
polydisperse emulsion results in false positive and false negative sorts. Gating on signal
width can reject moderately sized coalesced droplets. Typically, a histogram of droplet
durations shows multiple peaks for single, double, and triple-coalesced droplets. However
droplets above a certain size will split at the sort junction, with half entering the positive
channel. Another common failure with polydisperse emulsions occurs when small droplets
catch up to larger ones in the reinjection channel. When the larger droplet enters the waste
channel, it causes a local increase in pressure that forces the smaller trailing drop to take the
alternative flow path into the sort channel. Adding links between the waste and sort outlets
equalizes pressure fluctuations,9%:190 byt cannot entirely prevent this effect. False negatives
are mostly a result of applying an inadequate dielectrophoretic force by using the wrong
frequency, amplitude, or pulse width. At faster speeds, it is beneficial to detect upstream of
the electrode to allow longer sorting pulses.

Droplet sorters are customizable, making them ideal for advanced applications. However,
they are also difficult and expensive to build, and require experience to operate well. This
represents a barrier to broad adoption of nucleic acid cytometry. It is possible to couple the
advantages of droplets with the ease of use and availability of fluorescence-activated cell
sorting (FACS) instruments using double emulsions.36:78.101 These water-in-oil-in-water
(W/O/W) emulsions can be loaded onto FACS instruments directly. FACS is a mature
technology and instruments are often located in core facilities where they are calibrated
daily and well maintained. However FACS sorting of double emulsions also has challenges.
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Shearing and drop destruction at larger sizes can occur; generally <30 um double-emulsions
are used to avoid this problem.102 FACS is also susceptible to sorting errors, although built-
in systems reject doublets. In contrast, microfluidic sorters don't exclude droplets that enter
the sort junction in tandem. However, microfluidic sorters have several unique advantages
over FACS. The sorting junction is directly visible under the microscope at all times, and
sorting events can be confirmed by triggering a high-speed camera. Whereas shearing and
clogging are hidden during FACS, the operator can observe and correct such anomalies
during microfluidic sorting.

6.5 Pooled versus single-droplet experiments

Sorted droplets can be recovered individually or pooled together. Which mode to use
depends on the experimental goals and has implications for handling and downstream
processing. Pooling discards single-droplet resolution, but has several clear advantages. It
eliminates the need for excessive post-sort amplification of material, is more tolerant of
degradation, and is generally more compatible with standard downstream molecular biology
techniques. This was demonstrated in a recent example, where standard RNA-sequencing
was applied to a sorted pooled subpopulation.13 Single drop sorting, while providing single-
cell resolution, has several challenges. Positive drops must be reliably sorted, and their
contents released and amplified. Unlike bulk collection strategies that can tolerate false
negatives or incomplete breaking of drops, these problems compound quickly in single drop
sorting. In addition, single drops containing single cells have only picograms of DNA and
RNA that must be amplified. The human genome, with roughly 3.2 x 109 base pairs, has
only 6.6 picograms of DNA per diploid cell. Concentrations this low cannot be visualized on
gels or made into libraries for sequencing, necessitating amplification. While this challenge
is not unique to droplets, it does mean that single droplet workflows are much more sensitive
to loss of material and contamination. Automation of droplet collection into plates using a
mechanical stage is an additional engineering problem that is necessary for reproducible
single drop collection.

6.6 Downstream analysis: to the biology

After sorting, droplets must be broken to release their contents. If many droplets are sorted
into one collection chamber, 1H,1H,2H,2H-perfluoro-1-octanol (PFO) is widely used to
release their contents. This is followed by efficient aqueous extraction, but often requires
cleanup to remove PFO, which is inhibitory to molecular biology. Methods such as
electrocoalescence or gently heating in presence of an aqueous overlay are more compatible
with preservation of limited nucleic acids from single cells. If the detection step amplifies
nucleic acids, the amplicon represents a potentially large fraction of the recovered nucleic
acids and can interfere with downstream reactions. Amplicons can be removed using
biotinylated primers and streptavidin beads or by using dUTP in place of dTTP during
amplification with subsequent uracil-DNA-glycosylase digestion.1416 Apart from issues of
nucleic acid preservation and release of droplet contents, sorted material is amenable to
virtually any type of molecular analysis, including epigenetic. For the human transcriptome,
which is small compared to the genome, it is possible to sequence the entire transcriptome at
a reasonable cost. For human genome sequencing, either targeted amplification of multiple
genomic locations or whole genome amplification can generate enough material for
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sequencing from single cells. However, the choice between these two methods is generally
driven by cost and the objectives of the study, with researchers sequencing large numbers of
small regions or small numbers of whole genomes.103

7 Conclusions

Cellular phenotypes are diverse and do not exist in isolation; in most cases cells are part of a
heterogeneous population. Therefore, to understand unique subpopulations — cancer cells in
the blood, immune cells that harbor latent provirus, antibiotic resistant bacteria in the
environment — requires a robust isolation technique. Detection and sorting based on surface
markers using FACS does not reliably isolate cells based on nucleic acid markers, especially
single copy genomic targets, micro RNA, or alternatively spliced transcripts. Because
important cells are often only identifiable based on their genomes or transcriptomes, a
technology is needed that uniquely identifies and sorts based on specific DNA or RNA
sequences. Droplet microfluidics provides a tool for detecting nucleic acids, whether they be
in cells, virus, or free in solution, and for sorting this material for downstream analysis. We
have presented examples of how this approach can be applied in biology, including in the
discovery of ncRNA function, extracellular vesicle sequencing, targeted bacterial
metagenomics and environmental viral sequencing. These are just a few of the many areas
that can benefit from sorting based on nucleic acid sequence keywords.
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Figurel.

Nucleic acid cytometry is a general method for isolating nucleic acids based on the presence
of a keyword sequence. The workflow encapsulates material, detects specific DNA or RNA
sequences, and sorts droplets containing those sequences. Sorted droplets are amenable to
numerous downstream analysis techniques.
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Figure 2.
Targeted comparative genomics. An example workflow: cell-free nucleic acid cytometry

isolates bacterial operons based on a conserved gene sequence. The enriched material is
sequenced, generating reads targeted to a specific region of interest. Bacterial operons are
denoted as colored arrows, with regions of synteny highlighted in grey.
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Sorting and sequencing cells based on specific RNA expression. Whole cell nucleic acid
cytometry encapsulates single cells in droplets and detects RNA using reverse transcription
PCR. Sorting and RNA-seq on positive drops is used to understand the transcriptional
landscape of cells with disease-specific transcription, alternative splicing, or non-coding
RNA.
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Figure 4.

Sorting and sequencing of extracellular vesicles. EVs are sorted based on the presence of
miRNA and genome sequenced, revealing the genotype of their cellular origin.
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Targeted sequencing of microbial genomes. Novel microbial clades are chosen for
enrichment based on phylogenetic affiliation. Sorting and sequencing is used to understand
the genomics of these uncultivable clades.
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Microfluidic droplet sorting allows for the isolation drops. A) Droplet sorters use an inverted
microscope to align lasers onto a microfluidic channel. B) Drops containing fluorophores are
excited as they pass through the laser line. Fluorescent signals are collected in real time
using photomultiplier tubes. C) Gating of positive drops is based on the intensity, shape, and
width of the detected signal. Large coalesced drops produce wide signals and can be
discarded. D) Sorting is achieved using a high voltage AC signal that generates a

dialectrophoretic force on water droplets.
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