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In this article, we argue that on-chip microfluidic systems provide an attractive technology
when it comes to designing synthetic cells. We emphasize the importance of the sur-
rounding environment for both living systems in nature and for developing artificial self-
sustaining entities. On-chip microfluidic devices provide a high degree of control over the
production of cell-like synthetic entities as well as over the local microenvironment that
these soft-matter-based synthetic cells experience. Rapid progress in microfluidic fabri-
cation technology has led to a variety of production and manipulation tools that establish
on-chip environments as a versatile platform and arguably the best route forward for real-
izing synthetic life.

The curious thing called life
Some of the most intriguing questions that scientists — and laymen for that matter — ask, revolve
around the theme of ‘What is life?’. For example, ‘What distinguishes living systems from lifeless
matter’, ‘By what criteria can an entity be called alive?’, ‘Can we build life from scratch?’, ‘What
minimal elements are needed to constitute a living cell?’. Scientists have been attempting to tackle
these questions from experimental and theoretical points of view, while also ruminating over the use-
fulness of questions related to defining life [1–3]. While satisfactory answers have remained lacking
for over at least a century, the emerging field of synthetic biology may now provide new avenues to
shed some light on this. Indeed, efforts are springing up to attempt to assemble a cell-like object from
lifeless molecular components in such a way that it will exhibit many of the attributes of living cells
— in other words, to manufacture a synthetic cell that is alive [4,5]. This is expected to lead to vast
new insights into cell biology and create new opportunities in biotechnology, while such research may
also be highly relevant for astrobiology and how life began in the first place on our primitive Earth.
The field aimed at resolving the origin of life is facing enigmatic problems as it is very hard to get a
hang of how millions of biomolecules self-organize to form autonomous self-sustaining systems.
Systematically working on simplified minimal systems may help to disentangle some of the enormous
complexity.
In this perspective, we reflect on a possible route towards making synthetic cells, which we provi-

sionally define as functional, autonomous, and self-propagating entities that thrive within a specific
environment. While embarking on the monumental task of revealing the basic principles of life with a
synthetic-cell approach, it is useful to ask whether there are general lessons to consider from observing
the current life forms in nature, and what specific technologies are available that might facilitate the
way towards building synthetic cells in a bottom-up fashion.

The role of the external environment
Upon looking at the remarkable variety of life forms that exist on Earth, one thing is immediately
noticeable: the local environment plays a critical role for the survival of a particular life form. To
survive and proliferate, we humans, for example, require quite specific conditions, such as a certain
range of external temperature, oxygen content of the air, water and food supplies, a symbiosis with
our microbiota. Changes in these conditions can be tolerated to some extent, but drastic changes, say
a temperature shift to ±100°C, would make human life unsustainable. The defined nature of the
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environment is thus crucial to our existence. This general point becomes even clearer when you consider the
life of an obligatory parasite, an organism that cannot sustain itself without another host organism that pro-
vides it with indispensable nutrients. For example, Nerocila ectoparasites attach themselves to a host fish and
entirely depends on the host for survival [6]. While without doubt Nerocila is alive, it would not be able to
survive without the extremely specific environment of its host which provides it with essential components. An
example at the unicellular level is Mycoplasma genitalium, a pathogenic bacterium that lives within the urinary
tracts of humans (Figure 1a). The environment of the post-kidney urinary tracts is well defined, and rich in
essential metabolites that have allowed M. genitalium to evolve to a rather minimal cellular organism with one
of the smallest known genomes, where many of the cellular networks are missing that other bacterial systems
possess to robustly survive in more demanding conditions [7,8]. Indeed, it is no surprise that the Mycoplasma
species were selected by Venter and co-workers as the organisms of choice in The Minimal Genome Project, a
study to find the smallest set of genetic material necessary to sustain life [9]. Notably, mycoplasmas are just
one of the many obligatory host-associated bacteria with reduced genomes [8], emphasizing the crucial role the
external environment plays in the life of an organism.
Life, thus, benefits from a specific external environment, a fact that generally is taken rather for granted. If

the environment is stable, i.e. well defined over a long time, and rich in essential metabolites and other
bio-organic residues that derive from other life forms (as opposed to mere inorganic components in the
environment), the living form can be simplified in terms of the functions that it needs to perform. If, on the
other hand, the environment is poor and strongly fluctuating, organisms need a robust array of functional-
ities to survive. Defining life for an object thus involves a subtle balance between the control and complexity
that is provided by the environment against the built-in functions of the organism itself (Figure 1b). It is
interesting to consider whether we can extend this concept and take advantage of it in our pursuit of creat-
ing synthetic cells where we aim to mimic basic life-like characteristics, say a growth-replication-division
cycle, in a population of microcontainers. For example, we may try to provide a stable, very specific, and
rich environment in an attempt to make a synthetic cell that is as minimal possible with regard to its
internal complexity and functionality. But how can one spatiotemporally regulate and control the external
environment while observing the microscopic synthetic cells? On-chip microfluidic technology provides an
exquisite solution for this.

Figure 1. The importance of a suitable environment to sustain life.

(a) Artist impression of the pathogenic bacterium Mycoplasma genitalium that inhabits the urinary tract of humans, which

provides it with a nourishing environment. (b) The complexity of a living form, or of a synthetic cell for that matter, depends on

the surrounding environment. If the environment is stable and provides the cell with a large variety of nutrients and other

essential molecules, the synthetic cell may be relatively minimalistic (left). Making the environment more fluctuating and less

specific does necessitate the increase in the complexity of the internal machineries of the synthetic cell (right).
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Microfluidics: an optimal way to control the environment
Microfluidic systems constitute a technology developed to handling small fluid volumes (in the ml range or
less) flowing at the micrometer scale (typically with velocities of ml/min or less). A microfluidic architecture
typically comprises of a network of microchannels, ranging from sub-100 nm to hundreds of mm in diameter,
that are mutually connected in a user-defined manner, through which fluids of specified composition can be
flown with a high degree of control (Figure 2a). Such a set-up ensures a low Reynold’s number where viscous
forces dominate over inertial forces. As a result, the highly unpredictable nonlinear behavior described by the
Navier–Stokes equation is reduced to a linear Stokes equation that describes a regime of predictable laminar
flow without any turbulence. The unique environment of microfluidic systems thus enables superb control of
molecules in space and time. A wide range of valves, splitters, mixers, gates, traps, and other local manipulation

Figure 2. The large variety of on-chip technologies available to produce synthetic cells.

(a) Example of a lab-on-a-chip device that shows its miniature size, microchannel architecture capable of handling minute fluid

samples, and its ability to couple with diverse modules such as electronics. (b) A large-scale integrated microfluidic circuit

containing an intricated network of thousands of channels, valves, and chambers, demonstrating the capability of a

microfluidic chip to create and control a complex environmental set-up. (c–e) High-throughput production of monodisperse

double-emulsion droplets using glass-capillary devices (c). These glass-capillary devices can be further designed to allow

sub-compartmentalization (red and blue inner drops), exemplified by two (d) and eight (e) inner drops inside the main droplet.

(f–h) OLA showing the initial formation of double-emulsion droplets at the production junction (f ), partially dewetted liposomes

with protruding octanol pockets (g), and completely dewetted monodisperse liposomes (h). (i–k) Droplet-stabilized liposome

formation, where the polymer-coating on the droplets is first destabilized at the T-junction by the oil phase (in yellow)

containing surfactants (i) and droplets are eventually released into the aqueous phase ( j), forming unilamellar liposomes (k). (l)

Vesosomes (liposomes-in-liposome structures) with different numbers and ratios of interior liposomes (green and blue circles),

formed using glass-capillary devices. (m–o) Microfluidic formation of coacervates, where the bulk coacervate phase is

hydrodynamically focused (m) and pinched off to form irregular segments (n), which eventually form stable coacervate droplets

(o). (p) Coacervate-in-liposome structures showing freely diffusing polylysine/ATP coacervates (green blobs) formed inside

OLA-based liposomes. Panels are adapted from references as follows: (b) [10]; (c) [14]; (d,e) [15]; (f,g) [16]; (h) Cees Dekker lab;

(i–k) [17]; (l) [18]; (m–o) [19]; (p) [20].
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tools have been developed to manipulate the flow of fluids, molecules, particles, and cells on chip. Highly
sophisticated and intricate microfluidic circuits can be designed to create user-specific microenvironments in a
high-throughput fashion [10] (Figure 2b). Continuous development in microfluidics, coupled with advances in
materials and fabrication, has opened up a tremendous potential to form complex multifunctional microfluidic
systems that can handle thousands of cells in parallel, which can be particularly useful in the field of biomedi-
cine and bioengineering [11]. In the light of the ideas sketched above regarding organism–environment rela-
tions, it is clear that microfluidics can provide unprecedented control over the environment and the synthetic
cells, especially in comparison with traditional bulk experiments. For example, pipetting fluids in Eppendorf
tubes or microtiter plates containing delicate synthetic cells involves a high risk of turbulence-induced damage
and slow mixing of contents, both of which can be easily avoided in microfluidic systems. Indeed, over the
years, microfluidic schemes have been developed for a variety of on-chip production methods to make cell-like
microcontainers that can potentially act as a scaffold to create synthetic cells, as well as manipulation tools to
position, control, and maneuver such soft-matter-based micron-sized objects [12,13]. Below, we briefly discuss
these two points.

Producing synthetic cells on a chip
Pioneering work by the Weitz lab, which produced water-in-oil-in-water double-emulsion droplets using
glass capillary devices in a process akin to bubble-blowing (Figure 2c), set the tone of using microfluidics
to create cell-like containers [14]. These micron-sized droplets with ideal encapsulation properties can be
formed in a highly controlled and a high-throughput fashion, with follow-up work enabling the formation
of compartmentalized multi-component droplets [15] (Figure 2d,e). Recently, this droplet-based approach
was redesigned to form liposomes (bilayer-bounded aqueous compartments in an aqueous external envir-
onment). Having a lipid bilayer as the boundary, such liposomes are close mimics of natural cells and
thus more relevant for functional synthetic cell containers. The two prominent methods that use this
approach are PDMS (polydimethylsiloxane)-based Octanol-assisted Liposome Assembly (OLA) [21]
(Figure 2f–h) and glass-capillary-based double emulsion-dewetting [22]. In both cases, the organic solvent
phase physically separates within a few minutes to form monodisperse unilamellar liposomes with a high
encapsulation efficiency. These methods provide great advantages as compared with the popular bulk pro-
duction methods such as hydration [23], extrusion [24], and electroformation [25], which suffer from
polydispersed samples, variability in the encapsulated content, and a much lower encapsulation efficiency
[26,27]. Several other methods have emerged to form liposomes on chip [26], and new techniques are
being developed continuously (Figure 2i–k), such as recently developed droplet-stabilized liposome produc-
tion [17]. In parallel, these on-chip techniques are being used to make other promising scaffolds for build-
ing a synthetic cell [28], such as polymersomes [29,30] (using amphiphilic block copolymers) and
proteinosomes [31] (using protein–polymer conjugates). The on-chip approach further allows the formation
of sophisticated and biologically relevant nested assemblies, such as liposome-in-liposome structures [18],
also known as vesosomes, resembling eukaryotic cells with membrane-bound organelles such as the
nucleus (Figure 2l).
The microfluidic approach is also being extended into the domain of biomolecular condensates, membrane-

less organelles that are crucial to maintaining cellular biochemistry [32]. Usually formed through the process
of complex coacervation, the bulk coacervate phase can be broken down by hydrodynamic focusing into
relatively monodisperse droplets [19] (Figure 2m–o). This could be a very useful technique to study the
emerging role of condensates in the compartmentalization of reactions such as RNA catalysis [33], which is
normally performed via bulk-produced polydisperse condensates. Combining the two containers,
coacervates-in-liposome structures have been recently designed, either by encapsulating both the necessary
components and modulating the phase transition parameter such as temperature [34] or by administering a
coacervate component across the membrane through membrane-embedded protein pores [20] (Figure 2p). The
rapid development of various on-chip techniques is thus allowing a wide choice of methods to create cell-like
containers as per the experimental need. The impressive level of control and sophistication provided by micro-
fluidics is very difficult to achieve in bulk experimentation. Apart from the ability to synthesize objects in a
highly controlled and a high-throughput fashion, the on-chip approach simultaneously gives the opportunity to
store and to protect these soft-matter-based objects by providing a suitable microenvironment for storage,
manipulation, and readout.
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Manipulating synthetic cells on a chip
A major advantage of microfluidics is that synthetic cells, once produced on chip, can be further manipulated
in a variety of useful ways, via numerous specific modules [35]. The past years have seen the development of
many features that could be useful for functionalizing minimal cells:

i. Trapping: Keeping the synthetic cells in a fixed position is beneficial if one wants to modulate the external
buffer conditions and study the cellular response. As a simple solution, objects can be immobilized in
physical traps and monitored for hours [36] (Figure 3a). This enables long-term observation and facilitates
changing the external conditions without disturbance. Interestingly, the trap geometries can also be

Figure 3. Variety of on-chip modules available to manipulate synthetic cells.

(a–b) Trapping: An array of physical traps (design shown in the inset) showing highly efficient immobilization of liposomes on

chip (a). Tubular trap design (inset in b) to deform synthetic cells into a specific shape, for example into rod-shaped geometry

of different dimensions. The trapped objects are droplets (upper image in b) and double-emulsion droplets (lower image in b).

(c) Controlling the external environment: Dial-a-wave junction with three distinct switching states (100% from input1, 50% each

from input 1 and 2, 100% from input 2). This module can be combined with, for example, physical traps to change the local

environment of the synthetic cells in a user-defined manner. (d) Sorting: a dielectrophoresis-based high-speed sorting of

droplets. In the absence of an electric field, the droplets flow into the low-resistance channel (left panel), while, upon applying

the electric field, they are attracted towards the energized electrode and enter the other channel. (e) Local injection: An on-chip

picoinjector injects a well-defined amount of fluid into pre-formed droplets. The process is triggered by the electric field, which

is applied by the in-built electrodes. (f,g) Multiplication and division: Double-emulsion droplets splitting three times in series,

resulting in eight-fold amplification (f ). Highly symmetric and leakage-free division of a cell-sized liposome across a mechanical

splitter. The arrow indicates the direction of motion (g). (h) Growth: Time-lapse images showing membrane tension-mediated

growth of a trapped liposome. A solution containing small feeder liposomes, which fuse with the trapped liposome, is

continuously flushed resulting in the observed growth. The dashed horizontal lines are drawn in order to guide the eye. (i,j)

Compartmentalized reactions: A coacervate-in-liposome structure (left panel in i) showing an enzymatic reaction predominantly

getting carried out in the coacervate phase as judged by the fluorescence intensity of the resulting product (right panel in i). In

vitro transcription being carried out specifically in the nucleus-mimicking liposome of a vesosome, as judged from the

fluorescence ( j). The yellow circle indicates the outer liposome boundary. Panels are adapted from references as follows:- (a)

[36]; (b) [37]; (c) [39]; (d) [40]; (e) [42]; (f ) [43]; (g) [44]; (h) [45], (i) [20]; ( j) [18].
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chosen such that they deform the containers into desired shapes [37], for example, a rod shape resembling
an E. coli bacterium (Figure 3b).

ii. Controlling the external environment: Once immobilized or confined within a region, monitoring the
environment becomes an easy task, for example, through feeding channels and switchable valves [38]. One
particularly useful feature is a dial-a-wave junction, where fluids from two input channels can be mixed in
the desired ratio over a wide range (continuously from 100% of input 1 (and 0% of input 2) to 0% of
input 1 (and 100% of input 2), Figure 3c) [39]. Combining this module with trap arrays facilitates to easily
change the local environment in a user-defined manner.

iii. Sorting: For large populations of vesicles, sorting modules are useful when it comes to selecting a specific
fraction of vesicles, for example in experiments on directed evolution. Such sorting of droplets has been
successfully demonstrated using dielectrophoresis, where in-built electrodes are able to sort water-in-oil
droplets in a high-throughput manner [40] (Figure 3d). Importantly, such sorting can be coupled with
fluorescence-detection [41], similar to the fluorescence-activated cell sorting.

iv. Local injection: Adding components in a defined manner to an existing object is very handy, especially
when one wants to activate reactions in a particular sequence or achieve a step-by-step bottom-up assem-
bly [17]. Electromicrofluidics has been shown to be capable of sequentially injecting picolitre fluid
volumes into pre-formed droplets [42] (Figure 3e).

v. Multiplication and division: Division is a fundamental requisite for life, needed for achieving perpetuation.
Using straightforward triangular PDMS-based splitter posts, double-emulsion droplets and even liposomes
can be divided efficiently (Figure 3f,g) [43,44]. Putting such splitters in series can lead to a substantial
amplification of the number of droplets [43] (Figure 3f).

vi. Growth: Growth is another fundamental characteristic of living systems that also will be a mandatory
feature of synthetic cells. Recent work has demonstrated membrane tension-mediated growth of liposomes
by trapping the liposomes and inducing membrane fusion with feeder liposomes present in the external
bath [45] (Figure 3h).

vii. Compartmentalization of reactions: Microfluidic fabrication schemes enable the formation of sophisticated
structures, which also provides a direct solution for segregating various biochemical reactions, something
living cells have developed over the course of evolution. For example, coacervate-in-liposome structures
can be used to carry out enzymatic reactions specifically within the condensates [20] (Figure 3i).
Vesosomes can be used to mimic the eukaryotic cell structure and limit in vitro transcription to the
nucleus-mimicking liposome [18] (Figure 3j).

Outlook: towards synthetic life on a chip
We started this perspective by emphasizing the importance of the external environment when it comes to the
emergence and sustenance of living systems. One should rather not think of defining a living entity as an
individual system in isolation, because its maintenance is inevitably connected to its habitat. Depending on the
complexity and richness of the habitat, a living form can be a relatively simple system, as is exemplified with the
case of parasitic pathogens. We argue that the same logic can beneficially be applied to synthetic life forms: one
should be able to design minimal artificial cells by incubating them in a highly sophisticated microenvironment
that will be responsible for their nourishment. An outstanding technology that provides such a well-defined
dynamic environment is microfluidics. From the brief expose given above, it may be clear that microfluidics has
truly changed the experimental approach, providing ample options for novel designs when it comes to creating
and functionalizing synthetic cells. The high degree of control achieved with on-chip systems in creating,
sustaining, and manipulating synthetic cells is next to none, and can be expected to play a vital role in the future
of synthetic biology. At the same time, it should be noted that depending on the level of sophistication required,
using on-chip systems to one’s advantage does require considerable infrastructure (e.g. clean room facilities) and
expertise on chip design, best fabrication routines, and the like. Furthermore, combining different modules (for
example production, growth, and division) on a single chip is not straightforward and further efforts are needed
to seamlessly integrate multiple modules into a single device.
To conclude, although the spatial constraints may be different, as a chip is a more specific environment than

the natural one, we expect that future life-on-a-chip will essentially not be too much different from the natural
life as we know it: functional, autonomous, and self-propagating units that are able to work within a particular
set of external conditions.
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Summary
• The external environment is essential to a living system and determines how complex a

natural/synthetic cell needs to be in order to sustain and perpetuate itself.

• When it comes to creating synthetic cells, it is beneficial to start with designing a content-rich
and stable environment, in order to minimize the complexity of the synthetic cells.

• On-chip microfluidic techniques provide a versatile toolbox to produce synthetic cells in a
controlled manner and to manipulate the cells as well as the external environment, and hence
can be expected to significantly impact the future creation of synthetic life.
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Author Contribution
S.D. and C.D. wrote the manuscript.

Acknowledgements
We would like to acknowledge Yaron Caspi, Federico Fanalista, Anthony Birnie, Grzegorz Pawlik, and Mitasha
Bharadwaj for their fruitful discussions. This work was supported by ERC Advanced Grant SynDiv (no. 669598)
and by the Netherlands Organisation for Scientific Research (NWO/OCW), as part of the NanoFront and BaSyC
programs.

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References
1 Szostak, J.W. (2012) Attempts to define life do not help to understand the origin of life. J. Biomol. Struct. Dyn. 29, 599–600 https://doi.org/10.1080/

073911012010524998
2 Ruiz-Mirazo, K., Briones, C. and De La Escosura, A. (2014) Prebiotic systems chemistry: New perspectives for the origins of life. Chem. Rev. 114,

285–366 https://doi.org/10.1021/cr2004844
3 Vasas, V., Szathmary, E. and Santos, M. (2010) Lack of evolvability in self-sustaining autocatalytic networks constraints metabolism-first scenarios for

the origin of life. Proc. Natl Acad. Sci. U.S.A. 107, 1470–1475 https://doi.org/10.1073/pnas.0912628107
4 Szostak, J.W., Bartel, D.P. and Luisi, P.L. (2001) Synthesizing life. Nature 409, 387–390 https://doi.org/10.1038/35053176
5 http://www.syntheticcell.eu
6 Nagler, C. and Haug, J.T. (2016) Functional morphology of parasitic isopods: understanding morphological adaptations of attachment and feeding

structures in Nerocila as a pre-requisite for reconstructing the evolution of Cymothoidae. PeerJ 4, e2188 https://doi.org/10.7717/peerj.2188
7 Fraser, C.M., Gocayne, J.D., White, O., Adams, M.D., Clayton, R.A., Fleischmann, R.D. et al. (1995) The minimal gene complement of Mycoplasma

genitalium. Science 270, 397–403 https://doi.org/10.1126/science.270.5235.397
8 Moran, N.A. (2004) Microbial minimalism. Cell 108, 583–586 https://doi.org/10.1016/S0092-8674(02)00665-7
9 Hutchison, C.A., Chuang, R.Y., Noskov, V.N., Assad-Garcia, N., Deerinck, T.J., Ellisman, M.H. et al. (2016) Design and synthesis of a minimal bacterial

genome. Science 351, aad6253 https://doi.org/10.1126/science.aad6253
10 Thorsen, T., Maerkl, S.J. and Quake, S.R. (2002) Microfluidic large-scale integration. Science 298, 580–584 https://doi.org/10.1126/science.1076996
11 Hou, X., Zhang, Y.S., Trujillo-de Santiago, G., Alvarez, M.M., Ribas, J., Jonas, S.J. et al. (2017) Interplay between materials and microfluidics. Nat. Rev.

Mater. 2, 17016 https://doi.org/10.1038/natrevmats.2017.16
12 Shang, L., Cheng, Y. and Zhao, Y. (2017) Emerging droplet microfluidics. Chem. Rev. 117, 7964–8040 https://doi.org/10.1021/acs.chemrev.6b00848
13 Martino, C. and DeMello, A.J. (2016) Droplet-based microfluidics for artificial cell generation: a brief review. Interface Focus 6, 20160011 https://doi.

org/10.1098/rsfs.2016.0011
14 Utada, A.S., Lorenceau, E., Link, D.R., Kaplan, P.D., Stone, H.A. and Weitz, D.A. (2005) Monodisperse double emulsions generated from a

microcapillary device. Science 308, 537–541 https://doi.org/10.1126/science.1109164
15 Adams, L.L.A., Kodger, T.E., Kim, S.H., Shum, H.C., Franke, T. and Weitz, D.A. (2012) Single step emulsification for the generation of multi-component

double emulsions. Soft Matter 8, 10719–10724 https://doi.org/10.1039/c2sm25953b
16 Deshpande, S. and Dekker, C. (2018) On-chip microfluidic production of cell-sized liposomes. Nat. Protoc. 13, 856–874 https://doi.org/10.1038/nprot.

2017.160

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology 565

Emerging Topics in Life Sciences (2019) 3 559–566
https://doi.org/10.1042/ETLS20190097

D
ow

nloaded from
 https://portlandpress.com

/em
ergtoplifesci/article-pdf/3/5/559/859843/etls-2019-0097c.pdf by Technische U

niversiteit D
elft user on 21 February 2020

https://doi.org/10.1080/073911012010524998
https://doi.org/10.1080/073911012010524998
https://doi.org/10.1021/cr2004844
https://doi.org/10.1073/pnas.0912628107
https://doi.org/10.1038/35053176
http://www.syntheticcell.eu
http://www.syntheticcell.eu
https://doi.org/10.7717/peerj.2188
https://doi.org/10.1126/science.270.5235.397
https://doi.org/10.1016/S0092-8674(02)00665-7
https://doi.org/10.1016/S0092-8674(02)00665-7
https://doi.org/10.1016/S0092-8674(02)00665-7
https://doi.org/10.1126/science.aad6253
https://doi.org/10.1126/science.1076996
https://doi.org/10.1038/natrevmats.2017.16
https://doi.org/10.1021/acs.chemrev.6b00848
https://doi.org/10.1098/rsfs.2016.0011
https://doi.org/10.1098/rsfs.2016.0011
https://doi.org/10.1126/science.1109164
https://doi.org/10.1039/c2sm25953b
https://doi.org/10.1038/nprot.2017.160
https://doi.org/10.1038/nprot.2017.160


17 Weiss, M., Frohnmayer, J.P., Benk, L.T., Haller, B., Janiesch, J.W., Heitkamp, T. et al. (2018) Sequential bottom-up assembly of mechanically stabilized
synthetic cells by microfluidics. Nat. Mater. 17, 89–95 https://doi.org/10.1038/nmat5005

18 Deng, N., Yelleswarapu, M., Zheng, L. and Huck, W.T.S. (2017) Microfluidic assembly of monodisperse vesosomes as artificial cell models. J. Am.
Chem. Soc. 139, 587–590 https://doi.org/10.1021/jacs.6b10977

19 Vanswaay, D., Tang, T.Y.D., Mann, S. and DeMello, A. (2015) Microfluidic formation of membrane-free aqueous coacervate droplets in water. Angew.
Chem. Int. Ed. 54, 8398–8401 https://doi.org/10.1002/anie.201502886

20 Deshpande, S., Brandenburg, F., Lau, A., Last, M.G.F., Spoelstra, W.K., Reese, L. et al. (2019) Spatiotemporal control of coacervate formation within
liposomes. Nat. Commun. 10, 1800 https://doi.org/10.1038/s41467-019-09855-x

21 Deshpande, S., Caspi, Y., Meijering, A.E.C. and Dekker, C. (2016) Octanol-assisted liposome assembly on chip. Nat. Commun. 7, 10447 https://doi.
org/10.1038/ncomms10447

22 Deng, N.N., Yelleswarapu, M. and Huck, W.T.S. (2016) Monodisperse uni- and multicompartment liposomes. J. Am. Chem. Soc. 138, 7584–7591
https://doi.org/10.1021/jacs.6b02107

23 Reeves, J.P. and Dowben, R.M. (1969) Formation and properties of thin-walled phospholipid vesicles. J. Cell. Physiol. 73, 49–60 https://doi.org/10.
1002/jcp.1040730108

24 Olson, F., Hunt, C.A., Szoka, F.C., Vail, W.J. and Papahadjopoulos, D. (1979) Preparation of liposomes of defined size distribution by extrusion through
polycarbonate membranes. Biochim. Biophys. Acta 557, 9–23 https://doi.org/10.1016/0005-2736(79)90085-3

25 Angelova, M.I. and Dimitrov, D.S. (1986) Liposome electroformation. Faraday Discuss. Chem. Soc. 81, 303 https://doi.org/10.1039/dc9868100303
26 van Swaay, D. and DeMello, A. (2013) Microfluidic methods for forming liposomes. Lab Chip 13, 752–767 https://doi.org/10.1039/c2lc41121k
27 Stano, P., Carrara, P., Kuruma, Y., Pereira de Souza, T. and Luisi, P.L. (2011) Compartmentalized reactions as a case of soft-matter biotechnology:

synthesis of proteins and nucleic acids inside lipid vesicles. J. Mater. Chem. 21, 18887 https://doi.org/10.1039/c1jm12298c
28 Spoelstra, W.K., Deshpande, S. and Dekker, C. (2018) Tailoring the appearance: what will synthetic cells look like? Curr. Opin. Biotechnol. 51, 47–56

https://doi.org/10.1016/j.copbio.2017.11.005
29 Petit, J., Polenz, I., Baret, J.C., Herminghaus, S. and Bäumchen, O. (2016) Vesicles-on-a-chip: a universal microfluidic platform for the assembly of

liposomes and polymersomes. Eur. Phys. J. E Soft Matter 39, 59 https://doi.org/10.1140/epje/i2016-16059-8
30 Shum, H.C., Kim, J. and Weitz, D.A. (2008) Microfluidic fabrication of monodisperse biocompatible and biodegradable polymersomes with controlled

permeability. J. Am. Chem. Soc. 130, 9543–9549 https://doi.org/10.1021/ja802157y
31 Ugrinic, M., Zambrano, A., Berger, S., Mann, S., Tang, T.D. and deMello, A. (2018) Microfluidic formation of proteinosomes. Chem. Commun. 54,

287–290 https://doi.org/10.1039/C7CC08466H
32 Shin, Y. and Brangwynne, C.P. (2017) Liquid phase condensation in cell physiology and disease. Science 357, eaaf4382 https://doi.org/10.1126/

science.aaf4382
33 Drobot, B., Iglesias-Artola, J.M., Le Vay, K., Mayr, V., Kar, M., Kreysing, M. et al. (2018) Compartmentalised RNA catalysis in membrane-free coacervate

protocells. Nat. Commun. 9, 3643 https://doi.org/10.1038/s41467-018-06072-w
34 Deng, N.-N. and Huck, W.T.S. (2017) Microfluidic formation of monodisperse coacervate organelles in liposomes. Angew. Chem. Int. Ed. Engl. 56,

9736–9740 https://doi.org/10.1002/anie.201703145
35 Göpfrich, K., Platzman, I. and Spatz, J.P. (2018) Mastering complexity: towards bottom-up construction of multifunctional eukaryotic synthetic cells.

Trends Biotechnol. 36, P938–P951 https://doi.org/10.1016/j.tibtech.2018.03.008
36 Al Nahas, K., Cama, J., Schaich, M., Hammond, K., Deshpande, S., Dekker, C. et al. (2019) A microfluidic platform for the characterisation of

membrane active antimicrobials. Lab Chip 19, 837–844 https://doi.org/10.1039/C8LC00932E
37 Fanalista, F., Birnie, A., Maan, R., Burla, F., Charles, K., Pawlik, G. et al. (2019) Shape and size control of artificial cells for bottom-up biology. ACS

Nano 13, 5439–5450 https://doi.org/10.1021/acsnano.9b00220
38 Beebe, D.J., Mensing, G.A. and Walker, G.M. (2002) Physics and applications of microfluidics in biology. Annu. Rev. Biomed. Eng. 4, 261–286

https://doi.org/10.1146/annurev.bioeng.4.112601.125916
39 Kaiser, M., Jug, F., Julou, T., Deshpande, S., Pfohl, T., Silander, O.K. et al. (2018) Monitoring single-cell gene regulation under dynamically controllable

conditions with integrated microfluidics and software. Nat. Commun. 9, 212 https://doi.org/10.1038/s41467-017-02505-0
40 Ahn, K., Kerbage, C., Hunt, T.P., Westervelt, R.M., Link, D.R. and Weitz, D.A. (2006) Dielectrophoretic manipulation of drops for high-speed microfluidic

sorting devices. Appl. Phys. Lett. 88, 024104 https://doi.org/10.1063/1.2164911
41 Baret, J.C., Miller, O.J., Taly, V., Ryckelynck, M., El-Harrak, A., Frenz, L. et al. (2009) Fluorescence-activated droplet sorting (FADS): efficient

microfluidic cell sorting based on enzymatic activity. Lab Chip 9, 1850–1858 https://doi.org/10.1039/b902504a
42 Abate, A.R., Hung, T., Mary, P., Agresti, J.J. and Weitz, D.A. (2010) High-throughput injection with microfluidics using picoinjectors. Proc. Natl Acad.

Sci. U.S.A. 107, 19163–19166 https://doi.org/10.1073/pnas.1006888107
43 Abate, A.R. and Weitz, D.A. (2011) Faster multiple emulsification with drop splitting. Lab Chip 11, 1911–1915 https://doi.org/10.1039/c0lc00706d
44 Deshpande, S., Spoelstra, W.K., Van Doorn, M., Kerssemakers, J. and Dekker, C. (2018) Mechanical division of cell-sized liposomes. ACS Nano 12,

2560–2568 https://doi.org/10.1021/acsnano.7b08411
45 Deshpande, S., Wunnava, S., Hueting, D. and Dekker, C. (2019) Membrane tension-mediated growth of lipsomes. Small e1902898 https://doi.org/10.

1002/smll.201902898

© 2019 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society and the Royal Society of Biology566

Emerging Topics in Life Sciences (2019) 3 559–566
https://doi.org/10.1042/ETLS20190097

D
ow

nloaded from
 https://portlandpress.com

/em
ergtoplifesci/article-pdf/3/5/559/859843/etls-2019-0097c.pdf by Technische U

niversiteit D
elft user on 21 February 2020

https://doi.org/10.1038/nmat5005
https://doi.org/10.1021/jacs.6b10977
https://doi.org/10.1002/anie.201502886
https://doi.org/10.1038/s41467-019-09855-x
https://doi.org/10.1038/s41467-019-09855-x
https://doi.org/10.1038/s41467-019-09855-x
https://doi.org/10.1038/s41467-019-09855-x
https://doi.org/10.1038/ncomms10447
https://doi.org/10.1038/ncomms10447
https://doi.org/10.1021/jacs.6b02107
https://doi.org/10.1002/jcp.1040730108
https://doi.org/10.1002/jcp.1040730108
https://doi.org/10.1016/0005-2736(79)90085-3
https://doi.org/10.1016/0005-2736(79)90085-3
https://doi.org/10.1016/0005-2736(79)90085-3
https://doi.org/10.1039/dc9868100303
https://doi.org/10.1039/c2lc41121k
https://doi.org/10.1039/c1jm12298c
https://doi.org/10.1016/j.copbio.2017.11.005
https://doi.org/10.1140/epje/i2016-16059-8
https://doi.org/10.1140/epje/i2016-16059-8
https://doi.org/10.1140/epje/i2016-16059-8
https://doi.org/10.1021/ja802157y
https://doi.org/10.1039/C7CC08466H
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1126/science.aaf4382
https://doi.org/10.1038/s41467-018-06072-w
https://doi.org/10.1038/s41467-018-06072-w
https://doi.org/10.1038/s41467-018-06072-w
https://doi.org/10.1038/s41467-018-06072-w
https://doi.org/10.1002/anie.201703145
https://doi.org/10.1016/j.tibtech.2018.03.008
https://doi.org/10.1039/C8LC00932E
https://doi.org/10.1021/acsnano.9b00220
https://doi.org/10.1146/annurev.bioeng.4.112601.125916
https://doi.org/10.1038/s41467-017-02505-0
https://doi.org/10.1038/s41467-017-02505-0
https://doi.org/10.1038/s41467-017-02505-0
https://doi.org/10.1038/s41467-017-02505-0
https://doi.org/10.1063/1.2164911
https://doi.org/10.1039/b902504a
https://doi.org/10.1073/pnas.1006888107
https://doi.org/10.1039/c0lc00706d
https://doi.org/10.1021/acsnano.7b08411
https://doi.org/10.1002/smll.201902898
https://doi.org/10.1002/smll.201902898

	Synthetic life on a chip
	Abstract
	The curious thing called life
	The role of the external environment
	Microfluidics: an optimal way to control the environment
	Producing synthetic cells on a chip
	Manipulating synthetic cells on a chip
	Outlook: towards synthetic life on a chip
	Author Contribution
	Competing Interests
	References


