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The Bigger Picture

The inherent complexity of living

cells often renders the direct study

of complex biological phenomena

very difficult, limiting the

exploitation of such processes for

engineering purposes, as is the

goal in synthetic biology. Creating

artificial, cell-like structures from a

small number of molecular

components represent an

interesting alternative to

engineering living cells because

systems of desired complexity can

be built with excellent control over

all components. With the help of

microfluidic platforms, the

concept of building cells from

scratch can be improved even

further, engendering the

production of millions of artificial

cells in short periods of time and

with excellent control over cell

size and cell cargo. Such

technological advances provide

access to a variety of applications

beyond the study of biological

processes, such as targeted drug

delivery, or the production of

biological agents, such as drugs,

proteins, and DNA.
Microfluidic tools and technologies offer an engineering methodology for the

bottom-up synthesis of artificial cells. Herein, we discuss how droplet-based mi-

crofluidic systems may be used for artificial cell and tissue synthesis. In addition,

we point out some of the latest developments in the field of microfluidics that

have potential use in bottom-up synthetic biology.

INTRODUCTION

The emerging field of bottom-up synthetic biology aims to construct ‘‘living’’ artifi-

cial cells through the combination and piecing together of basic functional compo-

nents.1 While the definition of ‘‘living’’ is a subject of much debate,2 there are singu-

lar properties observed in living systems that are intriguing to capture within artificial

cell-like compartments en route to living artificial cells. Such properties include, but

are not limited to, replication, metabolism, motility, sensing, signaling, fusion, and

growth.3 A basic and primary feature of an artificial cell is compartmentalization.

In living systems, cells are not only bound by a protein-rich lipid membrane but

also contain membrane-bound and membrane-free sub-compartments. While the

precise mechanism of how biological, multimolecular compartments form in vivo

is still not entirely understood, appreciation of how one or two molecules might

self-assemble to imitate biological compartments in vitro is well established. For

example, amphiphilic molecules such as phospholipids, representing the basic

building block of the cell membrane, will self-assemble in water to form a vesicle

or liposome with an aqueous inner compartment delineated by a lipid bilayer. Simi-

larly, intrinsically disordered proteins have been observed to phase separate in vitro

via liquid-liquid phase-separation processes in the presence of polyethylene glycol

and/or salt to form minimal membrane-free compartments. Here, phase separation

is driven by a range of phenomena, including electrostatic interactions4,5 and non-

covalent cation-pi interactions.6 The resulting dispersion comprises two coexisting

liquid phases: a protein-rich phase in dynamic equilibrium with a protein-deprived

phase.7 Compartmentalization via the self-assembly of synthetic molecules into

membrane-delineated water-oil emulsions or water-water droplets is also well

established (Figure 1). Indeed, membranes comprising silica nanoparticles, micro-

gel particles, amphiphilic block copolymers, or amphiphilic protein-polymer nano-

conjugates have all been realized.8–10 Moreover, synthetic mimics of membrane-

free compartments can be formed from synthetic polymers or biologically relevant

molecules via associative and dissociative liquid-liquid phase-separation processes,

i.e., coacervates or aqueous two-phase systems, respectively. Such biological and

synthetic compartments both act to spatially localize and isolate molecules and their

reactions. Accordingly, an additional but important feature of an artificial cell is the

ability to contain and support a biochemical or chemical reaction pathway, thus

imparting specific functionalities to the compartment. Enclosing specific reactions

increases the efficiency and controllability of the system by avoiding the potential

side reactions that commonly occur in natural cells. While such a methodology could
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be exploited toward the aim of building ‘‘living’’ artificial cells, artificial cells with

controllable properties can also be of utility in a broad range of applications, such

as bioreactors for chemical synthesis, as platforms for in vitro reconstitution or as

minimal physical models to probe complex biological processes where controlled

functionality is desired.

Micron-sized compartments, the basic structural feature of an artificial cell, can be

generated via bulk methodologies, where macroscale volumes, ranging from micro-

liters to liters, of fluids are mixed in a test tube to form large numbers of microcom-

partments.10–14 However, compartments generated in this way are almost always

characterized by wide population size distributions, which are undesirable for quan-

titative experimentation or in studies where droplet reproducibility is key to the clas-

sification of specific behaviors. Droplet-based microfluidic methods, developed

over the last 15 years, offer an alluring alternative to these bulk methodologies.15

In simple terms, droplet-based microfluidic systems generate, manipulate, and pro-

cess discrete droplets contained within an immiscible carrier fluid. They leverage

immiscibility to create distinct and sequestered volumes that reside and advance

within a continuous flow. Notably, these experimental platforms allow for the pro-

duction of monodisperse droplets at kilohertz rates and provide independent con-

trol over each droplet in terms of its size, location, and chemical composition. The

ability to handle fluids in such a manner enables ultra-high analytical throughput

and generates data of exceptional precision while using a fraction of the reagents

consumed in non-microfluidic systems. Importantly, droplet size can be readily

tuned through variations in channel geometry and applied flow rates. (Although

not the focus of the current discussion, droplets are recognized to be ideal vehicles

for performing experiments on single cells. Individual cells can be encapsulated

and manipulated within pL-volume droplets via passive techniques, such as co-

flow, T-junction, step, and flow-focusing geometries. These platforms offer high-

throughput routes to sequencing16,17 and high-throughput antibody screening at

the single-cell level.18 The general approach can also be used in a range of applica-

tions in microbiology. For example, it is possible to manipulate and screen microbial

populations at the single bacterium level, allowing the quantitation of variables,

such as growth rate19 and cell-to-cell variability.20 Moreover, encapsulation of bac-

teria within droplets allows the dynamic monitoring of quorum-sensing processes

between bacterial populations and the study of cellular communications across bio-

films.21) The ultra-fast generation of droplets within such a well-controlled environ-

ment offers huge advantages when generating artificial cells. We now describe

how microfluidic technologies have already been exploited for generating a variety

of scaffolds that are used as basic building blocks in the synthesis of artificial cells

and discuss advances and challenges associated with building more complex artifi-

cial cellular systems.
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MICROFLUIDICS MEETS ARTIFICIAL CELLS

The most common material used in the fabrication of microfluidic devices is

poly(dimethylsiloxane) or PDMS. PDMS is a silicone-based elastomer with excellent

optical properties, a high tolerance to pressure and temperature, as well as high

permeability to gas. All these features make it perfectly suited for cell culture and

other biological assays. PDMS-based microfluidic devices are typically produced

via a combination of conventional and soft lithographic methods, where the desired

structural features are initially generated in an epoxy-based negative photoresist

(the master) and then transferred into the PDMS via replica molding.22 Compared

to the fabrication of glass or silicon devices, only the initial photolithography step
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Figure 1. Schematic Representation of Artificial Cells

Membrane-bound systems can be stabilized by lipids, amphiphilic protein-polymer nanoconjugates, silica and microgel nanoparticles, and amphiphilic

block copolymers, creating artificial cells called liposomes, proteinosomes, colloidosomes, and polymerosomes, respectively. Membrane-free systems

are formed via associative or dissociative liquid-liquid phase-separation processes creating droplets held together by hydrophobic forces. These types

of artificial cells are called coacervates. Adapted with permission from Huang et al.10 (copyright 2013 Springer Nature) and reprinted with permission

from Thompson et al.,8 LoPresti et al.57 (copyright 2009 Royal Society of Chemistry), Vieregg and Tang,109 and Banani et al.110 (copyright 2017 Springer

Nature).
needs to be carried out in a cleanroom environment, with many copies of the original

master being produced quickly and at low cost. PDMS-based microfluidic devices

can be fabricated with excellent resolution and can incorporate complex fluidic net-

works. Both features permit the undertaking of complicated biological assays, such

as deep sequencing23 or stem cell reprogramming24 within a single device. The use-

fulness of PDMS is really only limited by its low tolerance to organic solvents and
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Figure 2. Structures of the Most Common Types of Microfluidic Droplet Generators

(A) T-junction and flow-focusing geometries are commonly used for the formation of water-in-oil

droplets and coacervate droplets. For water-in-oil emulsions, droplets are formed at the

intersection of channels carrying the immiscible carrier fluid and one or more channels carrying the

disperse phase.

(B) A glass-capillary-based device used to generate single and multicompartmentalized double

emulsions.
harsh chemicals,25 although this issue may be ameliorated to a large extent through

the use of a range of surface modifications based on parylene,26 sol-gels,27 or fluo-

ropolymers,28 for example.

When using microfluidic systems, droplets are typically generated at either ‘‘flow-

focusing’’ geometries29 or ‘‘T’’ junctions30 (Figure 2A). These structures function to

bring together streams of immiscible carrier fluid (usually a mineral or fluorinated

oil) and one or more streams carrying the dispersed phase (usually an aqueous fluid).

At the intersection of these flows, droplets are formed because of the differences in

surface tension and sheer force of the flowing liquids.31 The size of the formed drop-

lets is largely determined by the channel dimensions, as well as liquid flow rates and

their viscosities, and can be tuned in a precise manner.32 Water-in-oil droplets can

be stabilized by the addition of surfactants to the carrier fluid. Surfactants typically

consist of at least one hydrophobic and one hydrophilic section, ensuring that it is

energetically favorable for the surfactant to span the water-oil interface, with the hy-

drophilic region resting in the aqueous phase and the hydrophobic region in the oil

phase. For effective stabilization, surfactants are chosen on the basis of the carrier

oil, which often comprises hydrocarbon or (per)fluorinated carbon chains.33 Com-

mon surfactants used for water-in-oil emulsions include Span 80,34 Tween 20,35

and non-ionic fluorosurfactants.36,37 Surfactants can also be readily exchanged dur-

ing experimentation, enabling stabilization while altering the physical and chemical

properties of the droplet interface. For example, Dinsmore et al. reported the

fabrication of solid capsules (colloidosomes) with controlled size, permeability,

and mechanical strength via the self-assembly of colloidal particles at the interface

of water-in-oil emulsion droplets.38,39 Colloidosomes are typically generated in

capillary reactors,40 consisting of a tapered glass capillary placed inside another

capillary (Figure 2B). Such a device is composed of two coaxially assembled glass

capillaries, one with a square cross section and other with a round cross section.
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The continuous phase fluid and the aqueous phase fluid enter from opposite ends of

the square capillary. The oil phase focuses the aqueous phase into the tapered end

of the round inner capillary, resulting in the formation of water-in-oil droplets.41

Using such a configuration, the materials used to generate droplets can be readily

interchanged; for example, silica nanoparticles can be exchanged for poly(N-isopro-

pylacrylamide) (PNIPAAm) microgel particles, where the resulting water-in-oil drop-

lets can be harvested, chemically crosslinked, and transferred into water. The sensi-

tivity of such PNIPAAm microgel particles to temperature, pH, ionic strength, and

electromagnetic fields41 can be tuned, thus allowing the triggered release of species

within the droplet.42 Furthermore, capillary reactors can be easily scaled up to

generate complex multiemulsions by the addition of more capillaries and alternating

the supply of oil and water. Such systems are ideal for supporting hierarchical struc-

tures, which include reaction schemes as described later in this review.43,44

Surfactants and nanoparticles can be readily exchanged for lipids, which will stabi-

lize water-in-oil emulsions via the same hydrophobic-hydrophilic principle as

described previously, using either flow-focusing junctions or capillary-based micro-

fluidic devices. Lipid vesicles are considered a minimal model for natural cells as

they are made from the same elementary building block (lipids), which also

make up biological cells.45 Using the ‘‘emulsion’’ technique, lipid-stabilized wa-

ter-in-oil droplets can be driven through a large interface between oil containing

lipids and water. This results in the formation of a bilayer and thus lipid vesicle for-

mation.46,47 Off chip, this is achieved by centrifugation of water-in-oil emulsions

generated microfluidically48 or on-chip where droplets are driven through a lipid

stabilized oil-water-interface.45 Alternatively, liposomes can be formed by gener-

ating a water-in-oil-in-water double emulsion,49,50 where oil leaves the double

emulsion while droplets are under flow. However, lipid vesicles formed in this

manner may have residual oil between the lipid layers, which will interfere with

the integration of proteins and other more complex structures. In addition, lipid

vesicles can be formed by microfluidic technologies via electroformation and hy-

dration,51 extrusion,52 ice droplet hydration,53 transient membrane ejection,54

and droplet emulsion transfer.46 A detailed discussion of these methods can be

found elsewhere.55 Because of the inherent biocompatibility of lipid vesicles,

they make interesting carriers for therapeutic agents56 and as artificial cellular

chassis. Accordingly, microfluidic technologies are likely to have significant appli-

cations in the high-throughput generation of lipid-based compartments for appli-

cations in synthetic biology, including therapeutics.

Despite their biological significance, lipid vesicles or liposomes are not especially

robust with vesicular stabilities on the order of days. In addition, the properties of

the membrane will be limited by the chemistry and availability of lipid. Lipids are

often difficult and expensive to synthesize from scratch, and direct extraction from

cells may only produce small quantities of variable purity. More robust mem-

brane-delineated water-in-water compartments can be readily produced by utilizing

existing microfluidic technologies and by replacing the basic building block with

other amphiphilic moieties. Diblock co-polymers are excellent candidates for the

generation of highly stable and robust polymerosomes.57 Indeed, synthetic meth-

odologies have been developed to allow for the efficient synthesis of a diverse range

of diblock co-polymers of varying length and composition. The diversity in available

diblock co-polymer chemistry permits direct engineering of both physical and chem-

ical membrane properties.58 For example, tuning the ratio of polyethylene glycol-

polylactic acid (PEG-PLA) diblock copolymers allows precise control of membrane

thickness, mechanical response, and permeability.59
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In addition to generating membrane-bound compartments, droplet-based micro-

fluidic methods can be employed for the formation of membrane-free droplets.

For example, coacervate droplets can be formed in a flow-focusing geometry

from a polymer-rich bulk coacervate phase.60 Contrary to normal droplet generation

based on surface tension and shear force, coacervate droplets are generated

through laminar flow breakup under low Reynolds number conditions. The resulting

coacervate droplets exhibit significantly higher monodispersity compared to those

formed using bulk methods and also display higher stability to coalescence. Mem-

brane-free compartments are already utilized in a number of applications such as

food processing and separation technologies,61 and microfluidic generation of

coacervate droplets could be further exploited in such applications. Coacervates

as artificial cell-like structures are especially interesting because of their

ability to selectively partition a large number of organic molecules,62 as well as

offer an alternative reaction spaces for biochemical reactions in comparison with

membrane-bound compartments. Moreover, microfluidic technologies could be

further exploited for the high-throughput generation and characterization of mem-

brane-free droplets with controllable properties for studies in cell biology and

origin-of-life studies.
INCORPORATING REACTIONS INTO DROPLETS

Another key criterion for building ‘‘living’’ artificial cells is the incorporation of guest

molecules, such as enzymes and their substrates within a water-in-oil or water-in-

water droplet. This permits the spatial localization of single or multistep enzyme cas-

cades as observed in biology, where the membrane and the inner lumen of a

compartment can be exploited to house different parts of a reaction cascade. The

inclusion of guest molecules into micron-sized droplets is easily accomplished using

microfluidic methods.63 The molecular payloads of droplets can be controlled by

mixing different aqueous streams on-chip prior to encapsulation. Moreover,

different chemical conditions can be screened at high throughput within a single de-

vice. In this way, physicochemical effects such as surfactant concentration, droplet-

to-droplet contact, and/or variation in salt concentration on compartmentalized

enzyme reactions can be readily investigated.64 For example, Nuti et al. successfully

incorporated a two-step enzyme cascade based on glucose oxidase and horseradish

peroxidase within lipid vesicles. Within the vesicle, glucose is converted to glucolac-

tone and hydrogen peroxide by glucose oxidase, which is then reduced by peroxi-

dase, simultaneously oxidizing Amplex Red to fluorescent Resorufin.65 Compart-

mentalized multistep enzyme cascades can also be generated by using enzymes

as the functional and structural element of themembrane. Here, chemically modified

enzymes are used to stabilize water-in-oil emulsions. The membrane, which com-

prises PNIPAAM conjugated to an enzyme, is chemically crosslinked and then

transferred into water. Production of water-in-oil emulsions, stabilized by enzyme

conjugates, can be readily transferred to a microfluidic platform, allowing for high-

throughput processing. Additionally, the generation of proteinosomes exhibiting

a two-enzyme cascade has also been demonstrated with membrane-bound

PNIPAAM-GOx encapsulating horseradish peroxidase. Importantly, the resulting

proteinosomes have superior monodispersity and higher enzymatic activity when

compared to droplets produced using bulk methodologies.66

The ability to produce proteins in situ via transcription and translation is a central

challenge when generating biomimetic cells. To this end, micron-sized compart-

ments can be activated by cell-free expression systems that permit the production

of specific proteins in vitro.67–70 Indeed, improved protein production has been
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observed in dehydrated cell-free expression condensates71 and in plasmid DNA

condensates72 within water-in-oil emulsions and within membrane-free coacervate

droplets.73 The observed increases in protein yield are almost certainly a result of

higher achievable reagent concentrations within micron-sized droplets, as well as

crowding effects from condensed DNA nanoparticles or dehydrated cell-free

expression systems. Similar increases in protein yield have also been observed in

gene expression of DNA hydrogels, where DNA hydrogels ligated with specific

gene sequences could be read by cell-free gene expression.74

In all of the above examples, reagents are incorporated into the droplets during the

generation process. However, additional reagents may also be incorporated into

water-in-oil droplets at specific times after generation using a picoinjector.75

Here, an electric field is applied to a moving droplet, destabilizing the membrane

and allowing injection of soluble reagents in a serial or combinatorial manner. This

capability allows the investigation of specific properties, such as the swelling of

encapsulated hydrogels (within colloidosomes) by hydration.76 In addition, picoin-

jector technology can be used to generate barcoded libraries of droplets. In such

a process, pre-formed droplets are dosed with optical labels that impart a unique

optical identity to each droplet. Barcoding is especially useful when processing large

droplet populations, significantly increasing the multiplicity of an assay77,78 and

allowing high-throughput drug screens.77
HIGHER-ORDER STRUCTURES

The ability to produce multilayer compartments, inspired by the intracellular

compartmentalization within natural cells, is critical for imparting spatial localization

of biochemical reactions and building communication networks.79 This is a basic en-

gineering challenge that can be addressed through the use of microfluidic tools. For

example, vesosomes (multivesicular vesicles) are either composed of multiple

concentric lipid layers or multiple small lipid vesicles contained within a larger lipo-

some.80 Vesosomes can be activated by the incorporation of in vitro transcription

and translation machinery within individual internal compartments, allowing real-

time monitoring of RNA synthesis within the artificial cell (Figure 3A). Significantly,

the ability to measure RNA synthesis as a function of time opens up possibilities of

modeling transcriptional processes.81 Recently, Deng et al. demonstrated a varia-

tion on this theme by encapsulating coacervates within lipid vesicles.82 As coacer-

vates contain no membrane, they mimic the membraneless compartments observed

in natural cells and thus offer a physical model for investigating biological processes

(Figure 3B), such as thermally responsive reversible compartmentalization,

controlled storage, release of genetic molecules, and spatial organization of

bioreactions.82

Microfluidic techniques can be used to generate systems with hierarchical structures

from a broad range of starting molecules. For instance, Douliez et al. employed a

flow-focusing device comprising three inlets to produce hydrogel droplets sur-

rounded by a latex particle membrane (colloidosome) contained within individual

water-in-oil droplets.76 Such a colloidosome encapsulates modified latex particles,

polyacrylic acid (PAA), polyethylene glycol (PEG), dextran, and a cross linking agent

(carbodiimide). Upon mixing of the solutes within the emulsion, aqueous two-phase

separation drives the formation of dextran-rich droplets, which can be chemically

crosslinked by PAA and carbodiimide to form hydrogels coated with latex particles

(Figure 4A). Here, the formation of hybrid cells composed of different classes of ma-

terials is driven by the self-assembly of the starting material. In addition, the
Chem 5, 1727–1742, July 11, 2019 1733



Figure 3. Cell-free Expression System Encapsulation within Artificial Cells

(A) Top: cartoons showing in situ detection of in vitro transcription (IVTx) inside liposomes and the

working principle of the RNA aptamer Spinach2. These are short aptamer tags that exhibit

fluorescence upon binding otherwise non-fluorescent fluorophores, with fluorescence intensity

increasing with increasing RNA production. Bottom: (1 and 2) sequence of images showing the

synthesis of RNA in liposomes. Reprinted with permission from Deng et al.80 Copyright 2017

American Chemical Society.

(B) Top: illustrations of IVTx in coacervate droplets in liposomes and the working principle of the

detection of generated RNA using the Spinach2 aptamer and 3,5-difluoro-4-hydroxybenzylidene

imidazolinone (DFHBI). Bottom: (1) optical image of liposomes containing a coacervate droplet

(polycation, spermidine; polyanion, polyU RNA) and IVTxmix; (2–4) confocal images showing RNA

generation in coacervates over time. Reprinted with permission from Deng and Huck.82 Copyright

2017 Wiley-VCH Verlag GmbH & Co. KGaA.
generation of hybrid cells based on different building blocks can lead to different

physical properties, such as an increase in themechanical strength of themembrane.

For example, a droplet-based microfluidic system has been used to generate

droplet-stabilized giant unilamellar vesicles, where a lipid membrane is stabilized

by a polymer shell on its exterior.83 Significantly, studies demonstrated that these

multilayered compartments could be loaded with a variety of biomolecules via

picoinjection, thus enabling increased molecular complexity in both a rational and

hierarchical manner (Figure 4B).
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Figure 4. Picoinjection Can Be Used to Create Higher-Order Artificial Cells in Microfluidic Devices

(A) Microfluidic fabrication of monodisperse hybrid PAA/dextran hydrogel colloidosomes. Top:

white-light and epifluorescence images of 40 pL water-in-oil (w/o) droplets containing single

hydrogelled colloidosomes. Bottom left: epifluorescence image after picoinjection of water (3-fold

dilution) with size distributions of both pristine (white) and swollen (black) colloidosomes. Bottom

right: an epifluorescence image of colloidosomes extracted from the w/o emulsion, centrifuged

and resuspended in PEG (7%). Scale bars, 50 mm (10 mm in all insets). Reprinted with permission

from Douliez et al.76 Copyright 2018 Wiley-VCH Verlag GmbH & Co. KGaA.

(B) Top: image of a picoinjection device. Bottom: schematic representation of the process for

incorporating transmembrane and cytoskeletal proteins into droplet-stabilized giant unilamellar

vesicles (dsGUVs) by means of high-throughput droplet-based picoinjection technology. Scale bar,

50 mm. Reprinted with permission from Weiss et al.83 Copyright 2018 Springer Nature.
As noted, micron-sized compartments are basic building blocks needed for the syn-

thesis of artificial cells and may also be integrated to construct communication net-

works, where one compartment, for instance, might trigger a response in another
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compartment via chemical cues. An elegant strategy to achieve such communication

involves the encapsulation of biological cells within an artificial compartment and

utilization of the cells’ machinery as part of the biochemical cascade. To this end,

Elani et al. encapsulated BE colon carcinoma cells within lipid vesicles and showed

that the carcinoma cells were able to communicate with the external environment.84

In brief, carcinoma cells were engineered to express the enzyme b-galactosidase,

which in turn hydrolyzed lactose into galactose and glucose. Once produced,

glucose was observed to permeate out of the cells into the aqueous phase contained

within the vesicle where glucose oxidase and horseradish peroxidase reagents were

confined. Glucose oxidation by glucose oxidase and horseradish peroxidase pro-

duces a fluorescence signal, which can be measured and quantified. Significantly,

carcinoma cells were protected by the vesicle from external assault, with the encap-

sulated cells remaining viable for several days. This elegant study showcases the po-

tential of interfacing living and artificial cells to create new functional devices and

materials. It is likely that similar systems could find utility in applications such as

cell therapy,85 chemo-enzymatic hybrids cascades,86 or cell-based sensors. Villar

et al. showed that a more complex compartmentalized enzymatic network could

also be built with water-in-oil emulsions stabilized by lipids, which are tightly con-

nected in an array to generate multisomes (i.e., a network of small water droplets

contained within a larger drop of oil that is itself suspended in an external aqueous

environment).87 Such a multisomal network was assembled by bringing monolay-

ered water-in-oil droplets into close contact, generating droplet interface bilayers

and effectively binding the emulsion droplets to one another (Figure 5A). This struc-

ture allowed the exchange of small molecules between different compartments,

connecting different enzymatic reactions between droplets such that one droplet

produces the substrate for a reaction occurring in the adjacent droplet.45 Complex

multicompartment systems of this ilk may provide a new way of building soft-tissue-

like materials with advanced functionalities. Indeed, more recently additive printing

techniques have been used to produce 3D-patterned, interconnected networks

of lipid-bounded structures functionalized with transmembrane proteins, with

compartment communication being driven by solute exchange, osmotic pressure,

or membrane proteins (Figure 5B).88 3D patterning is also an emerging technique

used to print aqueous droplets containing mammalian cells. Such droplets can be

used to produce robust, patterned constructs in oil, which can then be transferred

to culture medium without any loss in (high) viability. This type of printed tissue

has been used to generate cartilage-like structures containing type 2 collagen.89

Furthermore, 3D culture formats can mimic the native cellular microenvironment in

the form of hydrogel matrices90 or through the generation of functional aggregates

such as spheroids91,92 or organoids.93 This type of 3D cell culture has been discussed

in detail elsewhere.94
DROPLET CHARACTERIZATION FACILITATED BY MICROFLUIDICS

As described, microfluidic tools allow for the controlled generation and activation of

individual droplets and hierarchical structures. In addition, the same tools can be

tuned and engineered to handle and characterize artificial cells in a high-content

and high-throughput manner. Indeed, a diversity of functional droplet operations

is possible within microfluidic formats. For example, large numbers of droplets

may be stored and incubated on- or off-chip for analysis over extended periods of

time95 (Figure 6A). Additionally, and as previously noted, droplets can be formed

and their internal contents mixed at high throughput.96 This may then be followed

by processes such as droplet merging, sorting, splitting, and dilution, all performed

in a bespokemanner.97–100 Finally, analytes can be added to droplets post formation
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Figure 5. Printed Droplet Networks

(A) Top: illustration of a printed droplet network and schematic of the printing process.

(B) Self-folding droplet networks. Two droplets of different osmolarities are joined by a lipid

bilayer. The flow of water through the bilayer causes the droplets to swell or shrink, and a droplet

network comprises two strips of droplets of different osmolarities. Reprinted with permission from

Villar et al.88 Copyright 2013 AAAS.
using picoinjectors75 (Figure 6B). All of the above operations ensure that droplet-

based platforms are proficient at executing a range of biological and chemical ex-

periments in an efficient, integrated, and rapid manner. It should also be remem-

bered that valves101 can be incorporated into elastomeric devices to allow the

immobilization and isolation of individual lipid vesicles. For example, by combining

a trapping system102 and valve that switches between ‘‘flow’’ and ‘‘stationary’’ states,

single liposomes can be isolated from other parts of a system,103 providing an

elegant and quick solution to buffer exchange and the incorporation of

reactants within liposomes. Moreover, analytical techniques such as fluorescence-

activated cell sorting (FACS) can be transferred to chip-based formats to allow for

fluorescence-activated droplet sorting (FADS).104 Indeed, droplets produced by
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Figure 6. Droplet Unit Operations

(A) On-chip droplet incubation using arrays. Reprinted from Golberg et al.95

(B) Electric field triggered picoinjection. Reprinted with permission from Abate et al.75 Copyright

2010 National Academy of Sciences.

(C) Fluorescence-activated droplet sorting. Reprinted with permission from Agresti et al.111

Copyright 2010 National Academy of Sciences.
microfluidic methods can be sorted on-chip at extremely high rates (up to 30 kHz).105

Droplet sorting, as with picoinjection, is accomplished by applying an external elec-

tromagnetic field to passing droplets, resulting in a dielectrophoretic force, which

maneuvers selected droplets away from the main population. Combining microflui-

dic sorting with activated artificial cells, such as those described using cell-free

expression systems, allows the efficient and high-throughput selection of droplets

with specific properties. Although the most common readout methods are based

on fluorescence, Gielen et al. have recently shown that sorting can also be achieved

using absorbance signals (Figure 6C).98 This significantly extends the capabilities of
1738 Chem 5, 1727–1742, July 11, 2019



microfluidic sorting platforms, although it should be noted that absorbance-based

sorting schemes typically operate at rates below 300 Hz.

Finally, compartment studies are not only restricted to droplet-based systems;

compartment simulation is achievable through the fabrication of micron-sized

wells.106 For example, Tayar et al. fabricated arrays of patterned gene circuits within

6 pL compartments. These were connected through a capillary channel to each other

and to a perpendicular flow channel, allowing spatially localized protein synthesis to

be initiated by diffusion of cell extract into given compartments. This is a beautiful

example of activated compartments devoid of droplets and offers a lateral route

to probe reaction-diffusion effects on compartmentalized cell-free expression.

CONCLUSIONS

Droplet-based microfluidic tools permit the controllable generation of micron-sized

compartments from a range of different molecules, characterization and analysis of

large numbers of such compartments, alteration of chemical and biological param-

eters, and the generation of network-based systems where cellular entities can

interact with each other. The modular aspect of microfluidic components allows

the performance of complex operations that would be difficult or impossible to

achieve using conventional tools. For example, droplet generation, picoinjection,

and sorting can be easily combined within a monolithic substrate. While these engi-

neering methodologies are clearly advantageous for bottom-up synthetic biology,

the artificial cells generated with these techniques are not only restricted to

mimicking natural cells but also can be utilized for other purposes in modern

biology, pharmaceutical science, biotechnology, and origin-of-life studies. Further-

more, microfluidic tools have enabled strategies toward whole organ-on-the-chip

systems,107,108 which in the future may transform the process of drug screening.

This will not only help in preclinical testing of drug substances and toxicological

studies but also help in producing more reliable preclinical pharmacokinetic and

pharmacodynamic data. It is therefore important that engineers and natural scien-

tists work together in an interdisciplinary way to realize the full potential of microflui-

dics for artificial cell synthesis and beyond.
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