Lawrence Berkeley National Laboratory

LBL Publications

Title

Droplet microfluidics for synthetic biology

Permalink

Ihttps://escholarship.org/uc/item/60r3k0vd

Journal

Lab on a Chip, 17(20)

ISSN
1473-0197

Authors
Gach, Philip C

Iwai, Kosuke

Kim, Peter W

Publication Date
2017-10-11

DOI
10.1039/¢71c00576h

Peer reviewed

eScholarship.org

Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/6cr3k0v5
https://escholarship.org/uc/item/6cr3k0v5#author
https://escholarship.org
http://www.cdlib.org/

ROYAL SOCIETY

OF CHEMISTRY

Lab on a Chip

View Article Online
View Journal | View Issue

CRITICAL REVIEW

W) Check for updates Droplet microfluidics for synthetic biology
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Synthetic biology is an interdisciplinary field that aims to engineer biological systems for useful purposes.
Organism engineering often requires the optimization of individual genes and/or entire biological pathways
(consisting of multiple genes). Advances in DNA sequencing and synthesis have recently begun to enable
the possibility of evaluating thousands of gene variants and hundreds of thousands of gene combinations.
However, such large-scale optimization experiments remain cost-prohibitive to researchers following tradi-
tional molecular biology practices, which are frequently labor-intensive and suffer from poor reproducibil-
ity. Liquid handling robotics may reduce labor and improve reproducibility, but are themselves expensive
and thus inaccessible to most researchers. Microfluidic platforms offer a lower entry price point alternative
to robotics, and maintain high throughput and reproducibility while further reducing operating costs
through diminished reagent volume requirements. Droplet microfluidics have shown exceptional promise
for synthetic biology experiments, including DNA assembly, transformation/transfection, culturing, cell
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Introduction

Synthetic biology exploits engineering principles and innova-
tions in molecular biology, cell biology, and bioinformatics to
design and construct modified organisms with desired prop-
erties. Synthetic biology has demonstrated significant poten-
tial, for example, in the biomanufacturing of a wide variety of
commercially-viable products including pharmaceuticals, bio-
fuels, chemicals, and biomaterials." Primary techniques to ge-
netically modify organisms can be grouped into two distinct
categories: directed evolution and rational design. Directed
evolution uses randomized mutagenesis to generate diverse
DNA libraries through a variety of approaches such as gene
shuffling, error-prone PCR, and the use of chemical mutagens
or irradiation. Conversely, rational design (potentially leverag-
ing biological part characterization data and modeling/com-
puter-aided design tools) implements a set of specific genetic
variants through targeted DNA synthesis/assembly/editing ap-
proaches. With either technique, exogenous constructs (if
any) are introduced into host organisms by transformation/
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sorting, phenotypic assays, artificial cells and genetic circuits.

transfection. The resulting derivative organisms are then ana-
lyzed for the detection and quantification of desired products
(and/or other relevant proteins/RNAs/metabolites/etc.). Fig. 1
shows the key steps involved in the synthetic biology process
for the selection of highest-performing pathway amongst
many possible configurations, the successful implementation
of which demands significant expertise and high-throughput
instrumentation for biological design, manufacture, and per-
formance screening. Most experiments are performed manu-
ally and are very labor-intensive, consume large amounts of
expensive reagents such as enzymes and synthetic DNA, are
limited in throughput, and have poor reproducibility. Robotic
liquid-handling stations can overcome the throughput and re-
producibility limitations, however they are very expensive,
hard to maintain, and consume the same amount of reagents
as manual experiments (Table 1).

Microfluidic systems overcome many of the drawbacks of
both manual and robotic systems, as they are capable of high
throughput, low reagent consumption, and automation.
Droplet-based microfluidics, in which sub-microliters to
picoliters of aqueous phase are encapsulated into monodis-
perse droplets, are especially useful for applications requiring
parallel experiments at minimal reagent costs. In addition,
droplet-based microfluidic technologies enable high-
throughput and controlled processes for cell-free, artificial
cells, and genetic circuits applications. Previous review arti-
cles have covered the fundamentals of droplet-based micro-
fluidics, droplets-in-flow technologies for biological assays,
and flow-based microfluidic methodologies for synthetic
biology.”™* This review focuses on recent advances in droplet-

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Molecular biology and analytical steps involved in synthetic biology using droplet microfluidic systems. Biological design/build/test
engineering cycles include key steps such as DNA synthesis, DNA assembly, DNA transformation, cell culture, and phenotypic analysis, which often
require costly and labor-intensive manual processes. Microfluidic systems have the potential to overcome such drawbacks, through enabling high-
throughput automated processing with low reagent consumption requirements.

Table 1 Comparison of conventional and microfluidic approaches to synthetic biology

Synthetic biology steps

Conventional high throughput method

Droplet microfluidics approach

Metabolic pathway design

de novo oligonucleotide
synthesis

Gene assembly

Transformation

Outgrowth/culture

Colony picking

Phenotypic assay

Cell-free and artificial
cell systems and genetic
circuits

- Biological computer-aided design
and manufacture tools (bioCAD/CAM)**!
- Sequence and design repositories

- Controlled pore glass (CPG) column
- Microarray with printing technology'*

- Sequential assembly protocol in an automated
robotic system'*?

- Microarray with micro-wells®>'>*'>®

- Microtiter plate heat shock and electroporation
- Automated transformation plating

- Microtiter plate incubation in robotic systems

-Colony picking robots

- Microtiter plate reader
- Mass spectrometry (MALDI-MS, LC-MS, etc.)
- Fluorescence-activated cell sorting (FACS)

- Vesicle bioreactors'*®

- Manual formation of bilayer

- Observation of genetic circuits as

a cell population in solution or on plates

This journal is © The Royal Society of Chemistry 2017

- N/A

- Not available

- Digital microfluidics (MDF)-based multi-step droplet
mel'germ’ll‘ss
- Droplet-in-flow merger

- DMF-based electroporation and heat shock*’
- Droplet-in-flow-based electroporation and heat shock

- Off-device surfactant-stabilized droplet incubation
- On-device incubation

- Streaking droplets on an agar plate®

- Fluorescence-activated droplet sorter (FADS)>*°
- DMF-based sorter

- Passive droplet traps

- FADS>®°
- Droplet-in-flow to mass spectrometry
- DMF to mass spectrometry*®

18,80,81

- Flow focusing and microfluidic jetting for formation
of vesicles'®*?

- Droplet interface bilayers®

- Droplets on microarray surface'”

- Encapsulation of genetic circuits in droplets'*>'"?
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based microfluidic systems directed explicitly towards syn-
thetic biology applications, which may become the fastest
growing segment of the worldwide synthetic biology market.”
Fundamental microfluidics advances, and applications to sys-
tems biology, sequencing, single-cell analysis, and drug
screening, (that merely have the potential for future applica-
tion to synthetic biology) have been purposefully excluded.

Droplet microfluidic formats

A variety of microfluidic systems, each having inherent advan-
tages and disadvantages, support synthetic biology applica-
tions spanning DNA assembly to single-cell phenotyping.
Droplet-based microfluidics predominantly fall into two broad
droplet formation categories: continuous and digital. Contin-
uous methods employ flow-focusing, in which an outer flow
stream, often an oil phase with a droplet-stabilizing surfac-
tant, encapsulates an inner aqueous phase to generate drop-
lets.*” Continuous methods can rapidly generate monodis-
perse droplets (up to 1-10 kHz), and are especially useful for
high-throughput screening applications.®® However, they al-
low limited control over addition or subtraction of reagents
once droplets are formed. In contrast, digital droplet forma-
tion methods, while offering lower-throughput, provide on-
demand droplet manipulation and control."”*" Digital micro-
fluidics frequently use electrowetting-on-dielectric (EWOD) in
which a voltage applied to an electrode pad (lowering the con-
tact angle of the droplet on the hydrophobic surface and
macroscopically converting the surface to hydrophilic) pro-
vides a droplet-driving force.">"* Droplets can also be manipu-
lated using dielectrophoretic (DEP) forces using an array of
electrodes.”* EWOD or DEP systems, often referred to as digital
microfluidics (DMF), can dispense, transport, merge, and split
each discrete droplet in an on-demand and programmable
manner. Droplets may also be formed on a patterned substrate
surface, providing easy compartmentalization of biological
molecules and reagents without complex instrumentation."®
An additional technique, microfluidic jetting, provides the
compartmentalization of biomolecules in a phospholipid
membrane, and is used in artificial cell applications.*®

Selection of surfactants

Surfactants are an essential component of droplet micro-
fluidics, as they stabilize the droplet interface. The choice of
surfactant also impacts many other aspects including molecu-
lar biology reactions, cell culture, and functional assays (e.g.,
mass spectrometry).”” A good surfactant should also mini-
mize leakage or non-specific adsorption of analytes in a drop-
let including nucleotides, enzymes, metabolites, and cells.
Baret provides an excellent review of this topic.'” The choice of
surfactant is guided mainly by the interfacial chemistry be-
tween the hydrophobic (oil, air) and hydrophilic (water) phases.
For mineral oil, silicone oil, or air based droplet systems, non-
ionic detergents such as polyethylene glycol ester (e.g:, Triton X-
100) and sorbitol ester (e.g., SPAN 80) are widely used. The draw-
back of the hydrocarbon-based oil systems is that small organic

3390 | Lab Chip, 2017, 17, 3388-3400
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molecules are soluble in them, and hence, can be lost from the
droplet interior. Most droplet microfluidics rely on fluorocar-
bon oils and fluorocarbon surfactants, as these are biocompati-
ble and have low solubility for hydrophobic molecules. Fluoro-
carbon oils also have a high gas solubility, required to support
cell culture. While fluorocarbon surfactants have proven effec-
tive for molecular biology steps and cell culture, they are not
compatible with mass spectrometry (for example, the otherwise
preferred surfactant PicoSurfi is incompatible with mass
spectrometry)."®®  For mass spectrometry applications,
nanoparticle-based surfactants could be a potential option.> For
artificial cell applications, phospholipid is typically used instead,
in an organic phase such as chloroform, hexane, and octanol.>!

DNA construction in droplets
DNA synthesis (de novo as well as oligo assembly)

For complex pathway engineering efforts, multiple iterations
of the biological design/build/test (DBT) engineering cycle are
typically required (Fig. 1). The past decade has seen incredible
advances in the synthesis of DNA. Companies have used micro-
array technologies to bring down the cost of DNA synthesis,
through paralyzing reaction chambers and reducing reagent
volumes.”” Microfluidics offers an alternative to microarray
DNA synthesis, and has advantages in that each reaction cham-
ber can be individually controlled and potentially integrated
with other capabilities.>® Much of the effort towards DNA syn-
thesis miniaturization have employed channel-based devices,
because these technologies allow several rounds of reagent
changes and rinses.”*® Droplet microfluidic systems have not
been used for de novo synthesis of oligonucleotides to date.

The use of droplets could significantly lower the reagent
use for DNA synthesis. The DMF platform used by Yehezkel
et al. was successfully applied to the assembly of double-
stranded DNA, starting with 160 bp single-stranded oligos
that are taken through a series of additions in 300 nL drop-
lets."® Beyond oligo assembly, such a system, if scaled using
a solid-phase substrate, could potentially implement the con-
secutive rounds of reaction and washing steps required for
standard phosphoramidite-based DNA synthesis.”” Ongoing
efforts are needed to further increase the number of sample
preparation steps that can be performed on-chip to translate
these technologies into fully integrated systems.

DNA assembly (double-stranded)

The first step in engineering a multi-gene pathway is assem-
bling of genes and other genetic elements such as promoters.
Limited sizes of DNA fragments practically achievable with
current DNA synthesis techniques necessitates additional
steps to further assemble these fragments into larger con-
structs. Modern DNA assembly methods (e.g., Gibson,*®
Golden-Gate®®), which do not require sequential reagent addi-
tions or washing steps, have greatly enabled on-chip DNA
construction. The high cost of DNA sample preparation via
benchtop methods, using large reagent volumes and several
pipette tips, can make rational generation of large

This journal is © The Royal Society of Chemistry 2017
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combinatorial libraries cost prohibitive.*® Microfluidics offers
a method for systematically selecting the gene fragments and
assembly reagents to mix for quickly producing these combina-
torial libraries in discrete droplets.*" A single-layer pincher
valving system was developed by Ochs and coworkers to pre-
cisely regulate fluid flow in microchannels (Fig. 2a).**> These
valves were used to control the mixing of four different DNA
fragments prior to droplet formation. The DNA fragments were
encapsulated along with Golden Gate assembly reagents and
collected into separate PCR tubes for assembly. Another system
utilized on-demand droplet dispensing valves to generate 1 nL
droplets containing one of eight different DNA fragments.** At
this point, droplet pairs were dispensed into separate wells of a
microtiter plate where droplets were merged by centrifugation
and assembled via Gibson assembly. This system was able to
successfully produce a 16-plex combinatorial library verified by
PCR. The pico-injection technique, which uses electrical fields
to temporarily de-stabilize droplets to allow injection of re-
agents, can be also used to generate combinatorial library, or
multi-step reactions on a chip.***> These systems using PDMS
valves can quickly create combinatorial libraries in <1 nL drop-
lets and offer great potential for scalability. However, these
microfluidic systems were primarily used for reagent segmen-
tation necessitating droplet collection into PCR tubes or micro-
titer wells for downstream sample processing, such as
thermocycling to complete gene assembly. The closest current
commercial products come to these results come from acoustic
dispensing technologies.

Acoustic printers employ sound waves to eject droplets
from a source microplate and dispense onto a collection sub-
strate. A Labcyte Echo 550 acoustic dispenser was recently uti-
lized to mix reagents for performing Gibson and Golden-Gate
assembly reactions in 50 nL reaction volumes.*® This technol-
ogy has several benefits over traditional robotic liquid han-
dlers including excellent throughputs, versatility, small reac-
tion volumes and non-contact transfer. However, this open-air
system can be plagued by evaporation at small volumes and
does not offer integration afforded by microfluidic technolo-
gies. The use of acoustic dispensing for reagent addition or re-
moval from these microfluidic devices could be an exciting ad-
vance for improving both throughput and versatility.

Several systems include additional functionality beyond
DNA assembly, using DMF to integrate all of the fluidic steps
necessary to generate, mix, and transport droplets in one de-
vice. A complete DMF system was capable of de-novo assem-
bly of 160 bp parts in droplets to construct a YFP reporter li-
brary (Fig. 2b)."® The oligonucleotides were assembled using
a programmable order polymerization (POP) assembly pro-
cess in which DNA fragments are iteratively added to elon-
gate an initial DNA template. This group adapted the PCB-
based DMF platform developed by Advanced Liquid Logic
(later acquired by Illumina, Inc.) to perform these operations.
This technology still necessitated DNA removal from the de-
vice for sequencing, plasmid construction, and analysis. The
chip was also applied to the combinatorial assembly of a vari-
ant library of the Azurine gene.' This system successfully

This journal is © The Royal Society of Chemistry 2017
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completed 24 assembly reactions requiring 50-fold less re-
agents and 10 times less time than conventional manual li-
brary preparation. The same device could also be used for
performing single-molecule PCR to allow for cell-free DNA
cloning. The Illumina device incorporated heater bars below
the chip to provide the different thermal zones necessary for
de novo DNA construction and PCR. Another system was de-
scribed that combined continuous and digital microfluidics
to implement DNA assembly and subsequent step of transfor-
mation. The hybrid DMF/droplet system allowed generation
of 16 plasmid combinatorial libraries."* This platform
employed DMF to dispense and mix discrete 200 nL droplets
containing different DNA fragments and ligase reagents.
Droplets were then transferred to a PDMS valve controlled re-
gion for assembly and electroporation. The device was com-
patible with a variety of commonly used assembly methods
including Golden Gate, Gibson, and yeast assembly.

The successful construction and delivery of DNA is reliant
on the quality of input DNA fragments, typically necessitating
purification prior to assembly. DNA cleanup is a tedious op-
eration currently performed off droplet microfluidic chips.
Integration of these procedures on-chip would improve the
utility of these bioprocessing devices. Along with in-line strat-
egies for validating successful DNA sequences, microfluidics
could become a valuable research tool for rationally design-
ing and screening gene variants.

Transformation/transfection of cells

The transformation of exogenous DNA into cells is a critical
step in synthetic biology experiments. After construction of
DNA libraries, screening these libraries for finding constructs
with the desired activities remains a major scale-limiting bot-
tleneck, both in terms of cost and time. Several strategies are
available for delivering genes into cells including electropora-
tion,>’?®  heat-shock,>*'  microinjection,”>  cellular
constraining,*® sonoporation,** nanoparticles,*> and viral
transduction.*®*” All of these have been adapted to a micro-
fluidic format,”® and a smaller subset to droplet
microfluidics.®”° The key parameters to determine success
of this step in a microfluidic format are: yield, ease of imple-
mentation, ease of integration, and reproducibility. Heat
shock is the easiest to implement in any microfluidic format,
because the heating/cooling elements can be off-chip.
Electroporation and heat-shock are the most common strate-
gies for gene delivery into bacteria, and work by increasing
the permeability of a cells membrane to allow DNA uptake.
Implementing these transformation methods in microfluidic
devices result in transformation efficiencies equal to or better
than their bulk counterparts at much lower reagent vol-
umes.*"***° Kwon et al. used a microarray spotter for dis-
pensing 60 nL droplets containing THLE-2 human liver cells
encapsulated in a hydrogel array onto a 532 element micro-
pillar array. The micropillars were then mated with a comple-
mentary microwell array where various metabolizing-enzyme
genes where delivered via recombinant adenoviruses.”® This
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Fig. 2 Examples of microfluidic devices for synthetic biology applications. (a) Microfluidic valving system for combinatorial DNA mixing. A pincer
valve allows modulation of the flow rates of 5 aqueous solutions (containing various DNA fragments). This allows different concentrations of DNA
fragments to be encapsulated in discrete droplets. Adapted from ref. 32 with permission from the royal society of chemistry. (b) Schematic
representation of a single lane (out of eight total) for a digital microfluidic chip that performs DNA assembly and single-molecule amplification
(top). Process flow diagram for construction of a yfp reporter gene (bottom). The device iteratively adds two DNA pairs and assembly reagents in-
cluded in assembly droplets 1 through 4 (adl-ad4) to a template DNA (gray). Following addition of each assembly droplet the reaction droplet is
thermo-cycled to produce assembly products 1 through 4 (apl-ap4) adapted from ref. 10. (c) A digital microfluidic system that optimizes
chemical-heat shock conditions for gene delivery (left). A schematic of the device (bottom-right) shows system mixing of droplets containing DNA
(yellow), cells (blue) and media (red) and transportation across different temperature zones (colored squares). Device performs the steps of bench-
top heat-shock (top-right) as represented by each circle labeled 1 through 7. Reprinted with permission from P. C. Gach, S. C. C. Shih, J. Sustarich,
J. D. Keasling, N. J. Hillson, P. D. Adams and A. K. Singh, ACS Synth. Biol., 2016, 5, 426-433. Copyright 2016 American Chemical Society.
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system was used to screen 84 combinations of these CYP450
enzymes for their effects on drug metabolism. Alternatively, a
droplet-arraying  chip ~was created by selectively
functionalizing a glass slide with a super-hydrophobic poly-
mer layer to create 500 um microwells.>® Depositing cell sus-
pensions or buffer onto the chip following liquid aspiration
results in discrete 24 nL droplets in the microwells which can
then be covered by an electrode array to perform electropora-
tion. This platform was used to successfully transfect HeLa
cells with plasmids containing genes for green or red fluores-
cent proteins and 293T cells with sfRNAs by the CRISPR/Cas9
system. Along with allowing for the generation of 16 plas-
mids, the hybrid DMF/PDMS valve system developed by Shih
et al. afforded in-line electroporation following DNA assem-
bly."* This technology utilized the electrodes used for DMF
for providing the DC pulses for electroporation in the
channel-based region of the device. At this point, droplets
were manually removed from the device and cultured off-
chip. The DMF electrodes utilized for moving droplets cannot
also be employed for electroporation, due to the presence of
the dielectric layer. Madison et al. showed that while an
electroporation electrode partially covering DMF electrodes
slightly reduces transport velocities, droplet movement can
still be repeatedly obtained.”® Further studies with this device
demonstrated the successful delivery of pGERC plasmid DNA
into E. coli at efficiencies up to 8.6 + 1.0 x 10® cfu ug™.>* Al-
ternatively, Moore and colleagues modified the Illumina digi-
tal microfluidic system with similar electroporation
electrodes to enable multiple multiplex automation genetic
engineering (MAGE) cycles to deliver DNA into E. coli cells.>
In addition to droplet transport and mixing by DMF, mag-
netic beads were bound to the E. coli cells to allow the several
washing steps and media transfers required for MAGE. An-
other technique directly interfaced pin headers with a micro-
fluidic chamber to improve the controllability of and ease of
electroporation.®® A standard micropipette was used to de-
liver 1 to 2 pL mixtures of DNA and cells. This system suc-
cessfully delivered genes to microalgae® and Jurkat T cells®
with efficiencies of ~6x and ~10x, respectively, higher than
their conventional counterparts. The authors credited these
improvements due to the decreased electric current afforded
by the smaller reaction volume.

Other digital microfluidic systems have implemented
heat-shock to enable DNA delivery.*>*>*” Heat-shock was
performed on a device that enabled the transformation of up
to 100 droplets coupled with on-chip culture and
fluorescence-based droplet screening (Fig. 2c).*” On-chip
heat-shock was implemented with this system by integrating
micro-Peltier thermal modules with the device to provide dif-
ferent hot/cold temperature zones. This system highlights the
usefulness of digital microfluidic format for accurately con-
trolling the duration of each heat-shock step to produce opti-
mal transformation efficiency. The combination of DNA as-
sembly, transformation, and screening technologies could
allow for the rapid production and characterization of
engineered biological libraries of recombinant DNA, proteins,

This journal is © The Royal Society of Chemistry 2017
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or whole cells. However, droplet microfluidic technology has
yet to integrate single-cell encapsulation, culture, and sorting
following transformation. The technologies described in the
section “phenotypic analysis in droplets” currently perform
transformation and library construction off-chip prior to
droplet generation and screening. Conversely, a technology
like the single-cell printer, which accurately dispenses single
cells onto a microtiter or agar plate, would pair well with cur-
rent microfluidic genetic engineering platforms.”®

Droplet screening
High throughput colony screening in droplets

In traditional benchtop methods, after transforming exoge-
nous DNA into cells, the cells are incubated and plated on an
agar plate supplemented with antibiotics to provide the de-
sired selection pressure. Colorimetric methods such as
B-galatosidase-driven blue/white colony screening may be
used to screen for desired colonies for further culturing and
phenotypic analysis. This process can be highly laborious
and time-consuming. Colony picking robots are available
with a throughput typically of more than 1000 colonies per
hour, but are not cost-accessible for many academic labs.
Droplet microfluidics’ ability to encapsulate a single cell (ef-
fectively a clonal unit) at high frequency (>kHz) and ability
to screen and sort in high throughput manner (up to millions
of droplets per day), can greatly expedite progress.>**°

Single cell encapsulation in passive droplet microfluidics
(Fig. 3a (ii)) follows a Poisson distribution. To make it suffi-
ciently unlikely to capture two or more cells in the same
droplet, the concentration of the cell suspension going into
the droplet generating inlet has to be so low that it typically
results in two third of droplets being empty (without a cell).
To improve these statistics, various active and more con-
trolled encapsulation methods are being developed.’’ An
interesting approach is to use droplet microfluidics and a
simple motorized system to streak droplets with a single cell
on agar plates (Fig. 3b).>®®> After incubating the droplets on
an agar plate for cell growth, active colonies were effectively
screened and recovered by aligning the mask, which was
printed based on fluorescence image of the agar plate. This
method allowed for better coverage of rare species from soil
microbial samples compared to conventional methods.

Fluorescent phenotypic analysis in droplets

An important step in any synthetic biology or genetic engi-
neering cycle is to culture and screen cells for expression of
proteins, peptides, or chemicals of interest. It is desirable to
measure both the amount and activity of the expressed chem-
ical or protein. Fluorescence is a widely used method, as it is
readily integrated with microfluidic platforms. Examples in-
clude the measurement of protein amount by expressing a
protein with a fluorescent tag (e.g., GFP) and the measure-
ment of enzyme activity by using fluorogenic substrates.”**%
Fluorescent-activated droplet sorting (FADS, Fig. 3a), analo-
gous to fluorescence-activated cell sorting (FACS), has

Lab Chip, 2017, 17, 3388-3400 | 3393
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(@) An example of a droplet fluorescence sorter and its application to directed evolution. A single yeast cell is emulsified following uv-

mediated random mutagenesis. Its desired activity is interrogated via a fluorescence-based sorting system at very high frequency. Cells with de-
sired activities are further cultured and cycled into another iteration of directed evolution. Reprinted with permission from ref. 6. Copyright 2015
national academy of sciences. (b) Schematic of an automated system for streaking droplets onto an agar plate. Droplets are deposited on a rotat-
ing agar plate while the droplet outlet slides on a linear translator to generate spiral droplet arrays. From ref. 62 copyright 2016 american society
for microbiology, license number: 4156701161332. (c) An example integration of droplet microfluidics with electrospray ionization mass spectrom-
etry (esi-ms) for high-throughput screening. Droplets are directed to a capillary gold-coated emitter for electrospray ionization for mass spectrom-
etry. Reprinted with permission from C. A. Smith, X. Li, T. H. Mize, T. D. Sharpe, E. |. Graziani, C. Abell and W. T. S. Huck, Anal. Chem., 2013, 85,
3812-3816. Copyright 2013 American Chemical Society. (d) An example of DMF connecting with mass spectrometry (unims). Reproduced from ref.

19 with permission from the royal society of chemistry.

recently been used for high-throughput screening.®> Consis-
tently sized surfactant-stabilized nano-liter droplets (that can
trap a single cell) can be incubated for days, with reagents/
chemicals added as desired to the droplets at selected time
intervals.®* This allows for accurate microbial performance
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assessments and subsequent droplet sorting to collect
microbes with desirable phenotypes typically at ~1 kHz, and
potentially up to 30 kHz.®® These characteristics give FADS an
access to various phenotypic screenings such as screening for
cell culture®® and single cell secretion level of proteins and

This journal is © The Royal Society of Chemistry 2017
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metabolites,®®”® that are not accessible to FACS as FACS as-
say is inherently limited to fluorescence within the cell or on
the cell membrane.®® Huang et al. used droplet microfluidics
to screen 10° to 10° of UV-irradiated S. cerevisiae variants
with desired a-amylase secretion rates (Fig. 3a).° The S.
cerevisiae cell culture was plated on an agar plate and irradi-
ated with 254 nm UV light to increase random mutations.
These cells were re-suspended and mixed with a-amylase
fluorogenic substrate in a droplet generator, encapsulating a
single yeast cell in a droplet. After off-chip incubation, the
droplets were screened and sorted using FADS, resulting in
8 clones with high o-amylase secretion rates. These variants
were subjected to whole-genome sequencing, and identified
total 330 mutations of interest. FADS has been used in simi-
lar workflow to optimize enzyme activities,”®*”*”" protein
secretion,®®® metabolite production,®” as well as to profile
single-cell gene expression.®*”>73

An alternative to water-in-oil (w/o) droplets, double emul-
sions of water-in-oil-in-water (w/o/w) droplets can be gener-
ated using droplet microfluidics by subjecting the surfactant
stabilized w/o droplets into the second droplet generator with
aqueous liquid (typically water with detergent such as
TWEEN 20 or SDS) as continuous phase.”* The w/o/w droplets
allow high throughput sorting using commercially available
FACS machines, and thus increasing its accessibility to non-
experts in microfluidics as well as assessing higher through-
put sorting capability of FACS machine typically at 10 kHz or
above.®*”® With continual throughput improvement®® and
the ability to barcode droplets,”>”* FADS, and related fluoro-
genic strategies (such as oxidase activity assays and Watson-
Crick base pairing systems®”’°), have great potential for ap-
plication to synthetic biology challenges.

Mass spectrometry phenotypic analysis in droplets

Beyond fluorescence-based methods, label-free (e.g., mass
spectrometry) screening is desirable for broader applicability.
Integration using automated liquid-handling system or
acoustic printing system has increased the throughput signif-
icantly.”>’® However, the sample volume required for each
well in a microtiter plate for an acoustic printer is about 10
pL or more. Droplet microfluidics can bypass the microtiter
plate sample preparation workflow by encapsulating the
analytes in droplets in sub-nanoliter sample volume. There
have been many efforts to integrate microfluidics with mass
spectrometry.”” 7 A specific example to highlight includes
the integration of droplet-based microfluidics with electro-
spray ionization mass spectrometry (ESI-MS) (Fig. 3b)'® for
functional assessment of enzymatic cocktails (cytochrome C,
a-chymotrypsinogen A, carbonic anhydrase, and lysozyme).
The surfactant-stabilized droplets including the enzyme of
interest and substrates are re-injected into a PDMS-based
microfluidic device and spacer oil is used to create additional
gap between droplets. Droplets are directed to a capillary
gold-coated emitter for electrospray ionization mass spectro-
metry. Gasilova et al. integrated droplet microfluidics with

This journal is © The Royal Society of Chemistry 2017
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ESI-MS by drilling a spyhole on the top of the device and ap-
plying high voltage pulses on the other side of the spyhole to
generate eletrospray.®” This method demonstrated screening
of biochemical reactions such as tryptic digestions with high
sensitivity at 10 Hz sampling rate without a dilution or oil re-
moval step. Another approach is to integrate droplet micro-
fluidics to matrix-assisted laser desorption/ionization mass
spectrometry (MALDI-MS) by interfacing droplet outlet to a
microarray MALDI plate on a motorized xy-stage.®' The opti-
cal sensor at the droplet outlet synchronized the xy-stage
movement to pattern droplet samples onto 26 000 hydrophilic
spots on the MALDI plate without cross contamination. This
was applied to study enzymatic digests of angiotensin.
Heinemann et al. recently demonstrated the integration of
DMF with nanostructure-initiator mass spectrometry (NIMS)
(Fig. 3¢)." In a hybrid flow-in/DMF device, droplets
containing glycoside hydrolase and a tetra-saccharide probe
were screened for glycosidic bond hydration kinetics. EWOD
was used to direct each droplet to an on-chip incubation po-
sition for specified amount of time (Fig. 3b, iii) before subse-
quent routing to a designated spot on the NIMS pad for ana-
lyte deposition. The throughput of the DMF portion of the
platform could be increased by scaling up the device (e.g., in-
creased numbers of electrode pads).

Cell-free, artificial cell systems and
synthetic genetic circuits

Additional examples using droplet microfluidics for synthetic
biology applications include cell-free and artificial cell sys-
tems. Beyond bacterial, fungal, and mammalian cell systems,
researchers have used in vitro cell-free systems in controlled
microfluidic environments to investigate biochemical reac-
tions, gene expression, and protein synthesis.** *® For exam-
ple, Kapsner et al. recently demonstrated that transcriptional
noise level is strongly dependent on the ratio of templates to
polymerases, through the investigation of transcriptional cir-
cuits compartmentalized in oil-encapsulated microdroplets
(Fig. 4A).* In addition, Ho et al studied the effect of a
poly(vinyl) alcohol surfactant for encapsulating mammalian
cell-free expression (CFE) systems in double emulsion
templated  vesicles, using glass capillary droplet
microfluidics.®”

Fully synthesized artificial cells to mimic/model natural
systems would be useful not only for engineering of biologi-
cal organisms and products but also for reproducible recon-
stitution studies of biomolecular processes and functional or-
ganization in biology without the complicated cellular
environment,*® although the controlled formation of func-
tional artificial cell membranes and encapsulation of biologi-
cally active components has proven challenging. While
droplet-based microfluidic systems have demonstrated robust
and repetitive generation and characterization of artificial
lipid bilayer membranes (e.g., vesicles),** ' other technical
challenges remain, such as stability of the bilayer or the ex-
change of the materials.>" Stachowiak et al. has developed a
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Fig. 4 Droplet-based microfluidics for synthetic biology in cell-free systems and artificial cells. (a) RNA transcriptional reaction circuits in micro-
droplets. Circuit reactions are measured as a fluorescence increase in droplets (indicated in the graph as green and blue points). Reprinted with
permission from K. Kapsner and F. C. Simmel, ACS Synth. Biol., 2015, 4, 1136-1143. Copyright 2015 American Chemical Society. (b) Droplet-based
measurements of artificial cell membrane functionality. Lipid bilayers are formed between two trapped water-in-oil droplets. Incorporation of a
single pore of a.-hemolysin into a lipid bilayer results in a step increase of 50 pa in current, and the presence of an inhibitor, y-cyclodextrin, results
in the decrease of the current by approximately 60%. Microdroplets are exchanged as shown in the series of micrographs (scale bar = 200 um).

Adapted from ref. 95 with permission from the Royal Society of Chemistry.

method to form giant unilamellar vesicles by microfluidic jet-
ting.'® Do Nascimento et al. have fabricated Pluronic vesicles
with controlled permeability utilizing multi-layered micro-
fluidic flow-focusing devices.”> Ho et al. have used a deform-
able membrane to compress microfluidic double emulsion
droplets to alter oil thickness towards mechanosensitive arti-
ficial cells.”® For more robust control and study of membrane
transport than multi-phase emulsions®® can provide, micro-
fluidic platforms have been developed to form lipid bilayers
repeatedly between two lipid monolayer coated droplets,”*®
membrane proteins have been characterized through the use
of a droplet microarray on a static surface,'” and fast and
sensitive measurements (monitoring fluorescence® or electri-
cal current®®) (Fig. 4B) of membrane transport have been en-
abled by microscale compartmentalized lipid bilayers.”” To
fully utilize the artificial cell technology, it would also be im-
portant to develop robust and high-throughput methodolo-
gies for manipulate and assemble a population of artificial
cells in a controlled manner.”®"*

3396 | Lab Chip, 2017, 17, 3388-3400

The ultimate goal of synthetic biology is to have the capac-
ity and capability to easily design and build any desired bio-
logical system.'®*'°* Microfluidic methodologies have been
often adapted to test and characterize genetic circuits such as
oscillators with controlled environments.'**™'> Encapsula-
tion of biochemical circuitry for characterization of synthetic
circuits is important for the development of sophisticated
and programmable artificial biomimetic systems,"**''* and
droplet microfluidic technology enables uniform and high-
throughput production of micro compartments.'*>*"”
Sugiura et al. have produced microfluidic open-reactor sys-
tem towards dynamic control over artificial biomimetic sys-
tems far from equilibrium in chemical and biomedical stud-
ies."'® Towards artificial multi-cellular hybrid systems,
Schwarz-Schilling et al. have demonstrated gene expression
of genetic circuits (AND gate and sender circuits) in linear
chains of microdroplets containing either bacteria or cell-free
gene expression systems, and studied communication be-
tween bacteria and artificial cellular compartments.'*® With

This journal is © The Royal Society of Chemistry 2017
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these recent development and adaptation of microfluidic
techniques shown above, rapid growth of the fields of artifi-
cial cells and genetic circuits is expected for synthetic biology
applications such as therapeutic detections and bacterial
drug delivery.'**'2¢

Future outlook

As the field of synthetic biology grows, so does the need for
high throughput experiment and screening platforms. Meta-
bolic pathway optimization is typically performed with a trial
and error approach. Maximizing titer, rate, and yield can re-
quire the evaluation of thousands of gene combinations.
Consequently, faster and more integrated microfluidic sys-
tems will be required to enable the targeted fabrication and
screening of hundreds of thousands of specific DNA con-
structs, which at present remains inaccessible with current
low-throughput on-demand fluidic manipulation technolo-
gies (required for combinatorial parts mixing) and the cur-
rent maximum numbers of valves or electrodes per device
(constraining the total number of steps that a single device
can perform). As another example, while microfluidic devices
can precisely control individual cells, affording real-time
analysis of cell-cell interactions and cellular function and
heterogeneity (difficult or impossible to obtain with bulk/
population studies in culture tubes or microtiter plates), fur-
ther work (e.g., altered material biocompatibilities and gas-
eous exchange rates) towards accurately scaling-down cell cul-
ture to microfluidic devices will be required to better mimic/
model/predict cellular behavior (e.g., growth rates, nutrient
consumption, target molecule production) at relevant biore-
actor volume/scales.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was part of the DOE Joint BioEnergy Institute
(http://www.jbei.org) supported by the U. S. Department of
Energy, Office of Science, Office of Biological and Environ-
mental Research, through contract DE-AC02-05CH11231 be-
tween Lawrence Berkeley National Laboratory and the U. S.
Department of Energy. Sandia National Laboratories is a
multi-mission laboratory managed and operated by National
Technology and Engineering Solutions of Sandia, LLC., a
wholly owned subsidiary of Honeywell International, Inc., for
the U.S. Department of Energy's National Nuclear Security Ad-
ministration under contract DE-NA-0003525. NJH was also
supported by the DOE Joint Genome Institute (https://jgi.doe.
gov) by the U.S. Department of Energy, Office of Science, Of-
fice of Biological and Environmental Research, through con-
tract DE-AC02-05CH11231 between Lawrence Berkeley Na-
tional Laboratory and the U.S. Department of Energy. The
United States Government retains and the publisher, by
accepting the article for publication, acknowledges that the

This journal is © The Royal Society of Chemistry 2017

View Article Online

Critical review

United States Government retains a non-exclusive, paid-up, ir-
revocable, world-wide license to publish or reproduce the
published form of this manuscript, or allow others to do so,
for United States Government purposes.

References

1 A. S. Khalil and ]. J. Collins, Nat. Rev. Genet., 2010, 11,
367-379.

2 S.-Y. Teh, R. Lin, L-H. Hung and A. P. Lee, Lab Chip,
2008, 8, 198-220.

3 M. T. Guo, A. Rotem, J. A. Heyman and D. A. Weitz, Lab
Chip, 2012, 12, 2146-2155.

4 H. Y. Huang and D. Densmore, Lab Chip, 2014, 14,
3459-3474.

5 O. Sumant, Synthetic Biology Market By Products(Synthetic
DNA, Synthetic genes, Software tools, Synthetic cells,
Chassis organisms), and Technology (Genetic Engineering,
Bioinformatics, Microfluidics) - Global Opportunity Analysis
and Industry Forecast, 2014-2020.

6 M. T. Huang, Y. P. Bai, S. L. Sjostrom, B. M. Hallstrom,
Z. H. Liu, D. Petranovic, M. Uhlen, H. N. Joensson, H.
Andersson-Svahn and ]. Nielsen, Proc. Natl. Acad. Sci. U. S.
A., 2015, 112, E4689-E4696.

7 P. A. Romero, T. M. Tran and A. R. Abate, Proc. Natl. Acad.
Sci. U. S. A., 2015, 112, 7159-7164.

8 D. J. Sukovich, S. T. Lance and A. R. Abate, Sci. Rep.,
2017, 7, 39385.

9 F. Lan, B. Demaree, N. Ahmed and A. R. Abate, Nat.
Biotechnol., 2017, 35, 640-646.

10 T. Ben Yehezkel, A. Rival, O. Raz, R. Cohen, Z. Marx, M.
Camara, J. F. Dubern, B. Koch, S. Heeb, N. Krasnogor, C.
Delattre and E. Shapiro, Nucleic Acids Res., 2016, 44(4), e35.

11 S. C. Shih, G. Goyal, P. W. Kim, N. Koutsoubelis, J. D.
Keasling, P. D. Adams, N. ]J. Hillson and A. K. Singh, ACS
Synth. Biol., 2015, 4, 1151-1164.

12 M. ]. Jebrail, M. S. Bartsch and K. D. Patel, Lab Chip,
2012, 12, 2452-2463.

13 A. H. Ng, B. B. Li, M. D. Chamberlain and A. R. Wheeler,
Annu. Rev. Biomed. Eng., 2015, 17, 91-112.

14 H. Geng, J. Feng, L. M. Stabryla and S. K. Cho, Lab Chip,
2017, 17, 1060-1068.

15 T. Tonooka, K. Sato, T. Osaki, R. Kawano and S. Takeuchi,
Small, 2014, 10, 3275-3282.

16 J. C. Stachowiak, D. L. Richmond, T. H. Li, A. P. Liu, S. H.
Parekh and D. A. Fletcher, Proc. Natl. Acad. Sci. U. S. A.,
2008, 105, 4697-4702.

17 J. C. Baret, Lab Chip, 2012, 12, 422-433.

18 C. A. Smith, X. Li, T. H. Mize, T. D. Sharpe, E. I. Graziani,
C. Abell and W. T. S. Huck, Anal. Chem., 2013, 85,
3812-3816.

19 J. Heinemann, K. Deng, S. C. Shih, J. Gao, P. D. Adams,
A. K. Singh and T. R. Northen, Lab Chip, 2017, 17, 323-331.

20 M. Pan, L. Rosenfeld, M. Kim, M. Xu, E. Lin, R. Derda and
S. K. Tang, ACS Appl. Mater. Interfaces, 2014, 6, 21446-21453.

Lab Chip, 2017, 17, 3388-3400 | 3397


http://www.jbei.org
https://jgi.doe.gov
https://jgi.doe.gov
http://dx.doi.org/10.1039/c7lc00576h

Published on 10 August 2017. Downloaded by Lawrence Berkeley National Laboratory on 23/10/2017 18:29:10.

Critical review

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42
43

44

45

46

47

48

C. Martino and A. J. deMello, Interface Focus, 2016, 6,
20160011.

S. Kosuri and G. M. Church, Nat. Methods, 2014, 11,
499-507.

C. C. Lee, T. M. Snyder and S. R. Quake, Nucleic Acids Res.,
2010, 38, 2514-2521.

M. Xu, S. Y. Hu, B. Ding, C. Y. Fei, W. Wan, D. M. Huy, R. K.
Du, X. C. Zhou, ]J. Hong, H. Y. Liu, X. L. Gao and ]J. Liu,
J. Biotechnol., 2015, 194, 27-36.

D. Hu, S. Hu, W. Wan, M. Xu, R. Du, W. Zhao, X. Gao, J.
Liu, H. Liu and J. Hong, PLoS One, 2015, 10, €0129125.

D. S. Kong, P. A. Carr, L. Chen, S. G. Zhang and ]J. M.
Jacobson, Nucleic Acids Res., 2007, 35(8), e61.

S. L. Beaucage and M. H. Caruthers, Tetrahedron Lett.,
1981, 22, 1859-1862.

D. G. Gibson, L. Young, R. Y. Chuang, J. C. Venter, C. A.
Hutchison and H. O. Smith, Nat. Methods, 2009, 6(5),
343-345.

C. Engler, R. Kandzia and S. Marillonnet, PLoS One,
2008, 3(11), 3647.

N. J. Hillson, R. D. Rosengarten and J. D. Keasling, ACS
Synth. Biol., 2012, 1, 14-21.

H. C. Lin, Y. J. Liu and D. J. Yao, JALA, 2010, 15, 210-215.
C.J. Ochs and A. R. Abate, Lab Chip, 2015, 15, 52-56.

U. Tangen, G. A. Minero, A. Sharma, P. F. Wagler, R.
Cohen, O. Raz, T. Marx, T. Ben-Yehezkel and ]. S.
McCaskill, Biomicrofluidics, 2015, 9, 044103.

A. R. Abate, T. Hung, P. Mary, J. J. Agresti and D. A. Weitz,
Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 19163-19166.

B. O'Donovan, D. J. Eastburn and A. R. Abate, Lab Chip,
2012, 12, 4029-4032.

P. Kanigowska, Y. Shen, Y. J. Zheng, S. Rosser and Y. Z. Cai,
JALA, 2016, 21, 49-56.

Y. H. Zhan, ]J. Wang, N. Bao and C. Lu, Anal. Chem.,
2009, 81, 2027-2031.

K. Xiao, M. Y. Zhang, S. Y. Chen, L. M. Wang, D. C. Chang
and W. J. Wen, Electrophoresis, 2010, 31, 3175-3180.

J. Sha, Y. L. Wang, J. C. Wang, W. M. Liu, Q. Tu, A. J. Liu,
L. Wang and J. Y. Wang, Anal. Methods, 2011, 3, 1988-1994.
J. Sha, Y. Wang, J. Wang, L. Ren, Q. Tu, W. Liu, X. Wang, A.
Liu and L. Wang, J. Biosci. Bioeng., 2011, 112, 373-378.

F. Chen, Y. Zhan, T. Geng, H. Lian, P. Xu and C. Lu, Anal.
Chem., 2011, 83, 8816-8820.

A. Adamo and K. F. Jensen, Lab Chip, 2008, 8, 1258-1261.
X. Han, Z. Liu, M. C. Jo, K. Zhang, Y. Li, Z. Zeng, N. Li, Y.
Zu and L. Qin, Sci. Adv., 2015, 1, €1500454.

W. Longsine-Parker, H. Wang, C. Koo, J. Kim, B. Kim, A.
Jayaraman and A. Han, Lab Chip, 2013, 13, 2144-2152.

C. L. Grigsby, Y. P. Ho, C. Lin, J. F. J. Engbersen and K. W.
Leong, Sci. Rep., 2013, 3, 3155.

Y. Zhu, J. W. Warrick, K. Haubert, D. J. Beebe and J. Yin,
Biomed. Microdevices, 2009, 11, 565-570.

H. L. N. Vu, Y. W. Li, M. Casali, D. Irimia, Z. Megeed and
M. L. Yarmush, Lab Chip, 2008, 8, 75-80.

J. Kim, I. Hwang, D. Britain, T. D. Chung, Y. Sun and D. H.
Kim, Lab Chip, 2011, 11, 3941-3948.

3398 | Lab Chip, 2017, 17, 3388-3400

49

50

51

52

53

54

55

56
57

58

59

60

61

62

63

64

65
66
67

68

69

View Article Online

Lab on a Chip

P. C. Gach, S. C. C. Shih, J. Sustarich, J. D. Keasling, N. J.
Hillson, P. D. Adams and A. K. Singh, ACS Synth. Biol.,
2016, 5, 426-433.

D. J. Im, S. N. Jeong, B. S. Yoo, B. Kim, D. P. Kim, W. ]J.
Jeong and I. S. Kang, Anal. Chem., 2015, 87, 6592-6599.

S. J. Kwon, D. W. Lee, D. A. Shah, B. Ku, S. Y. Jeon, K.
Solanki, J. D. Ryan, D. S. Clark, J. S. Dordick and M. Y. Lee,
Nat. Commun., 2014, 5, 3739.

S. T. Bian, Y. C. Zhou, Y. W. Hu, J. Cheng, X. F. Chen, Y. C.
Xu and P. Liu, Sci. Rep., 2017, 7, 42512.

A. C. Madison, M. W. Royal and R. B.
J. Microelectromech. Syst., 2016, 25, 593-605.

A. C. Madison, M. W. Royal, F. Vigneault, L. Chen, P. B.
Griffin, M. Horowitz, G. M. Church and R. B. Fair, ACS
Synth. Biol., 2017, DOI: 10.1021/acssynbio.7b00007.

J. A. Moore, M. Nemat-Gorgani, A. C. Madison, M. A.
Sandahl, S. Punnamaraju, A. E. Eckhardt, M. G. Pollack, F.
Vigneault, G. M. Church, R. B. Fair, M. A. Horowitz and
P. B. Griffin, Biomicrofluidics, 2017, 11, 014110.

D.]J.Im and S. N. Jeong, Biochem. Eng. J., 2017, 122, 133-140.
S. H. Au, S. C. Shih and A. R. Wheeler, Biomed.
Microdevices, 2011, 13, 41-50.

J. Riba, T. Gleichmann, S. Zimmermann, R. Zengerle and P.
Koltay, Sci. Rep., 2016, 6(6), 32837.

M. Y. He, J. S. Edgar, G. D. M. Jeffries, R. M. Lorenz, ]J. P.
Shelby and D. T. Chiu, Anal. Chem., 2005, 77, 1539-1544.

L. Mazutis, J. Gilbert, W. L. Ung, D. A. Weitz, A. D. Griffiths
and J. A. Heyman, Nat. Protoc., 2013, 8, 870-891.

D. J. Collins, A. Neild, A. deMello, A. Q. Liu and Y. Ai, Lab
Chip, 2015, 15, 3439-3459.

C. Y. Jiang, L. B. Dong, J. K. Zhao, X. F. Hu, C. H. Shen,
Y. X. Qiao, X. Y. Zhang, Y. P. Wang, R. F. Ismagilov, S. J.
Liu and W. B. Du, Appl. Environ. Microbiol., 2016, 82,
2210-2218.

S. S. Terekhov, 1. V. Smirnov, A. V. Stepanova, T. V. Bobik,
Y. A. Mokrushina, N. A. Ponomarenko, A. A. Belogurov,
M. P. Rubtsova, O. V. Kartseva, M. O. Gomzikova, A. A.
Moskovtsev, A. S. Bukatin, M. V. Dubina, E. S. Kostryukova,
V. V. Babenko, M. T. Vakhitova, A. I. Manolov, M. V.
Malakhova, M. A. Kornienko, A. V. Tyakht, A. A
Vanyushkina, E. N. Ilina, P. Masson, A. G. Gabibov and S.
Altman, Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 2550-2555.
X. Z. Niu and A. J. deMello, Biochem. Soc. Trans., 2012, 40,
615-623.

A. Sciambi and A. R. Abate, Lab Chip, 2015, 15, 47-51.

M. Jang, S. Yang and P. Kim, BioChip J., 2016, 10, 310-317.

B. L. Wang, A. Ghaderi, H. Zhou, J. Agresti, D. A. Weitz,
G. R. Fink and G. Stephanopoulos, Nat. Biotechnol.,
2014, 32, 473-478.

T. Beneyton, I. P. M. Wijaya, P. Postros, M. Najah, P.
Leblond, A. Couvent, E. Mayot, A. D. Griffiths and A.
Drevelle, Sci. Rep., 2016, 6, 10.

J. C. Baret, O. J. Miller, V. Taly, M. Ryckelynck, A. El-Harrak,
L. Frenz, C. Rick, M. L. Samuels, J. B. Hutchison, J. J.
Agresti, D. R. Link, D. A. Weitz and A. D. Griffiths, Lab
Chip, 2009, 9, 1850-1858.

Fair,

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7lc00576h

Published on 10 August 2017. Downloaded by Lawrence Berkeley National Laboratory on 23/10/2017 18:29:10.

Lab on a Chip

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84
85

86

87

88

89

90

91

92

93
94

A. C. Larsen, M. R. Dunn, A. Hatch, S. P. Sau, C. Youngbull
and J. C. Chaput, Nat. Commun., 2016, 7, 9.

J.J. Agresti, E. Antipov, A. R. Abate, K. Ahn, A. C. Rowat, J. C.
Baret, M. Marquez, A. M. Klibanov, A. D. Griffiths and D. A.
Weitz, Proc. Natl. Acad. Sci. U. S. A., 2010, 107, 4004-4009.

A. M. Klein, L. Mazutis, I. Akartuna, N. Tallapragada, A.
Veres, V. Li, L. Peshkin, D. A. Weitz and M. W. Kirschner,
Cell, 2015, 161, 1187-1201.

E. Z. Macosko, A. Basu, R. Satija, J. Nemesh, K. Shekhar, M.
Goldman, I. Tirosh, A. R. Bialas, N. Kamitaki, E. M.
Martersteck, J. J. Trombetta, D. A. Weitz, J. R. Sanes, A. K.
Shalek, A. Regev and S. A. McCarroll, Cell, 2015, 161,
1202-1214.

G. T. Vladisavljevic, R. Al Nuumani and S. A. Nabavi,
Micromachines, 2017, 8, 34.

H. R. Aerni, D. S. Cornett and R. M. Caprioli, Anal. Chem.,
2006, 78, 827-834.

M. Jemal, D. Teitz, Z. Ouyang and S. Khan, J. Chromatogr.,
B, 1999, 732, 501-508.

X. Wang, L. Yi, N. Mukhitov, A. M. Schrell, R. Dhumpa and
M. G. Roper, J. Chromatogr. A, 2015, 1382, 98-116.

X. W. He, Q. S. Chen, Y. D. Zhang and J. M. Lin, TrAC,
Trends Anal. Chem., 2014, 53, 84-97.

J. Wu, Z. Y. He, Q. S. Chen and J. M. Lin, TrAC, Trends
Anal. Chem., 2016, 80, 213-231.

N. Gasilova, Q. L. Yu, L. Qiao and H. H. Girault, Angew.
Chem., Int. Ed., 2014, 53, 4408-4412.

S. K. Kuster, S. R. Fagerer, P. E. Verboket, K. Eyer, K.
Jefimovs, R. Zenobi and P. S. Dittrich, Anal. Chem.,
2013, 85, 1285-1289.

Y. Elani, R. V. Law and O. Ces, Nat. Commun., 2014, 5,
5305.

K. Kapsner and F. C. Simmel, ACS Synth. Biol., 2015, 4,
1136-1143.

Y. Elani, Biochem. Soc. Trans., 2016, 44, 723-730.

Y. Elani, R. V. Law and O. Ces, Phys. Chem. Chem. Phys.,
2015, 17, 15534-15537.

P. M. Caveney, S. E. Norred, C. W. Chin, J. B. Boreyko, B. S.
Razooky, S. T. Retterer, C. P. Collier and M. L. Simpson,
ACS Synth. Biol., 2016, 6, 334-343.

K. K. Ho, J. W. Lee, G. Durand, S. Majumder and A. P. Liu,
PLoS One, 2017, 12, e0174689.

A. Salehi-Reyhani, O. Ces and Y. Elani, Exp. Biol. Med.,
2017, 242, 1309-1317.

L. Lu, J. W. Schertzer and P. R. Chiarot, Lab Chip, 2015, 15,
3591-3599.

D. van Swaay, T. Y. Tang, S. Mann and A. de Mello, Angew.
Chem., Int. Ed., 2015, 54, 8398-8401.

J. Petit, I. Polenz, J. C. Baret, S. Herminghaus and O.
Baumchen, Eur. Phys. J. E: Soft Matter Biol. Phys., 2016, 39, 59.
D. F. do Nascimento, L. R. Arriaga, M. Eggersdorfer, R.
Ziblat, F. Marques Mde, F. Reynaud, S. A. Koehler and D. A.
Weitz, Langmuir, 2016, 32, 5350-5355.

K. K. Ho, L. M. Lee and A. P. Liu, Sci. Rep., 2016, 6, 32912.
T. Osaki, K. Kamiya and S. Takeuchi, in Synthetic Biology,
2014, vol. 1, pp. 275-291.

This journal is © The Royal Society of Chemistry 2017

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

View Article Online

Critical review

M. A. Czekalska, T. S. Kaminski, S. Jakiela, K. Tanuj Sapra,
H. Bayley and P. Garstecki, Lab Chip, 2015, 15, 541-548.

B. Schlicht and M. Zagnoni, Sci. Rep., 2015, 5, 9951.

N. Soga, R. Watanabe and H. Noji, Sci. Rep., 2015, 5, 11025.
M. Hadorn, E. Boenzli and M. M. Hanczyc, Langmuir,
2016, 32, 3561-3566.

A. Yamada, S. Lee, P. Bassereau and C. N. Baroud, Soft
Matter, 2014, 10, 5878-5885.

Y. Kazayama, T. Teshima, T. Osaki, S. Takeuchi and T.
Toyota, Anal. Chem., 2016, 88, 1111-1116.

J. A. Brophy and C. A. Voigt, Nat. Methods, 2014, 11,
508-520.

V. Noireaux, R. Bar-Ziv and A. Libchaber, Proc. Natl. Acad.
Sci. U. S. A., 2003, 100, 12672-12677.

J. Garamella, R. Marshall, M. Rustad and V. Noireaux, ACS
Synth. Biol., 2016, 5, 344-355.

F. Hussain, C. Gupta, A. J. Hirning, W. Ott, K. S. Matthews,
K. Josic and M. R. Bennett, Proc. Natl. Acad. Sci. U. S. A.,
2014, 111, 972-977.

Y. Chen, J. K. Kim, A. J. Hirning, K. Josic and M. R.
Bennett, Science, 2015, 349, 986-989.

F. Wu, D. J. Menn and X. Wang, Chem. Biol., 2014, 21,
1629-1638.

A. Prindle, J. Selimkhanov, H. Li, I. Razinkov, L. S.
Tsimring and J. Hasty, Nature, 2014, 508, 387-391.

N. C. Butzin, P. Hochendoner, C. T. Ogle, P. Hill and W. H.
Mather, ACS Synth. Biol., 2016, 5, 146-153.

P. Mina, K. Tsaneva-Atanasova and M. D. Bernardo, ACS
Synth. Biol., 2016, 15, 639-653.

M. O. Din, T. Danino, A. Prindle, M. Skalak, ]J.
Selimkhanov, K. Allen, E. Julio, E. Atolia, L. S. Tsimring,
S. N. Bhatia and ]. Hasty, Nature, 2016, 536, 81-85.

L. Potvin-Trottier, N. D. Lord, G. Vinnicombe and ]J.
Paulsson, Nature, 2016, 538, 514-517.

T. Danino, O. Mondragon-Palomino, L. Tsimring and ]J.
Hasty, Nature, 2010, 463, 326-330.

M. Weitz, J. Kim, K. Kapsner, E. Winfree, E. Franco and
F. C. Simmel, Nat. Chem., 2014, 6, 295-302.

S. Majumder, J. Garamella, Y. L. Wang, M. DeNies, V.
Noireaux and A. P. Liu, Chem. Commun., 2017, 53,
7349-7352.

M. Weitz, A. Muckl, K. Kapsner, R. Berg, A. Meyer and F. C.
Simmel, J. Am. Chem. Soc., 2014, 136, 72-75.

A. ]J. Genot, A. Baccouche, R. Sieskind, N. Aubert-Kato, N.
Bredeche, J. F. Bartolo, V. Taly, T. Fujii and Y. Rondelez,
Nat. Chem., 2016, 8, 760-767.

F. Caschera, J. W. Lee, K. K. Ho, A. P. Liu and M. C. Jewett,
Chem. Commun., 2016, 52, 5467-5469.

H. Sugiura, M. Ito, T. Okuaki, Y. Mori, H. Kitahata and M.
Takinoue, Nat. Commun., 2016, 7, 10212.

M. Schwarz-Schilling, L. Aufinger, A. Muckl and F. C.
Simmel, Integr. Biol., 2016, 8, 564-570.

K. Eyer, K. Root, P. E. Verboket and P. S. Dittrich, Sci. Rep.,
2015, 5, 16551.

E. Oberortner, J. F. Cheng, N. J. Hillson and S. Deutsch,
ACS Synth. Biol., 2017, 6, 485-496.

Lab Chip, 2017, 17, 3388-3400 | 3399


http://dx.doi.org/10.1039/c7lc00576h

Published on 10 August 2017. Downloaded by Lawrence Berkeley National Laboratory on 23/10/2017 18:29:10.

Critical review

122 E. M. LeProust, B. J. Peck, K. Spirin, H. B. McCuen, B.
Moore, E. Namsaraev and M. H. Caruthers, Nucleic Acids
Res., 2010, 38, 2522-2540.

123 K. S. Boles, K. Kannan, J. Gill, M. Felderman, H. Gouvis, B.
Hubby, K. I. Kamrud, J. C. Venter and D. G. Gibson, Nat.
Biotechnol., 2017, 35, 672-675.

3400 | Lab Chip, 2017, 17, 3388-3400

View Article Online

Lab on a Chip

124 ]. D. Tian, H. Gong, N. ]J. Sheng, X. C. Zhou, E. Gulari, X. L.
Gao and G. Church, Nature, 2004, 432, 1050-1054.

125 S. Kosuri, N. Eroshenko, E. M. LeProust, M. Super, J. Way, J. B.
Li and G. M. Church, Nat. Biotechnol., 2010, 28, 1295-1299.

126 V. Noireaux and A. Libchaber, Proc. Natl. Acad. Sci. U. S. A.,
2004, 101, 17669-17674.

This journal is © The Royal Society of Chemistry 2017


http://dx.doi.org/10.1039/c7lc00576h

	crossmark: 


