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Abstract
Cells are the basic units of life, and can be mimicked to create artificial analogs enabling the investigation of cellular mechanisms
under controlled conditions. Building biomimetic systems ranging from proto-cells to cell-like objects such as compartment
membranes can be achieved by collecting biobricks that self-assemble to build simplified models performing specific functions.
Hence, scientists can develop and optimize new synthetic cells with biological functions by taking inspiration from nature and
exploiting the advantages of synthetic biology. However, the bottom-down approach is not restricted to the basic principles of
biological cells, and newmimicry systems can be designed starting with a combination of living and non-living simple molecules
to focus on a cellular machinery function. In recent years, microfluidic devices have been well established to engineer
bioarchitecture models resembling cell-like structures involving vesicles, compartmentalization, synthetic membranes, and the
chip itself as a synthetic cell. This review aims to highlight the role of biological cells and their impact on inspiring the
development of biomimetic models. The combination of the principles of synthetic biology with microfluidic technology
represents the newly-introduced field of synthetic cells and synthetic membranes that can be further exploited in diagnostic
and therapeutic applications.
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1 Introduction

Synthetic biology is a growing technical field that engineers
bridges between biological and artificial systems or between
several biological communities to build up mechanical sys-
tems. The generated biomimicking systems are either de-
signed to perform a specific known function or to perform a
new function that does not exist in nature. However, synthetic
biology draws knowledge from several disciplines, including
molecular biology, chemistry, physics, mathematics, engineer-
ing, biotechnology, and nanotechnology (Fritz et al. 2010;
Damiati et al. 2018a). The starting point of synthetic biology
is exploiting comparably simple building blocks, which are
usually biological materials, to end up with a functional sys-
tem that meets pressing social needs. The assembly of bioparts

such as DNA, RNA, minimal genomes, lipids, and proteins
enables the generation of artificial systems mimicking the tra-
ditional models of natural dimensions (Chiarabelli et al. 2009;
Malinova et al. 2012; Xu et al. 2016; Deplazes 2009). Hence,
to engineer biology, there is a research cycle involving four
integrated steps: (1) designing a system performing a desired
function; (2) building a system exploiting biological and non-
biological blocks; (3) examining the generated system to
check its functional performance; and (4) analyzing the de-
grees of complexity, mimicry, and functionality of the created
model compared to natural hierarchies (Linshiz et al. 2016).

A main goal of synthetic biology is the construction of
synthetic cells, since the cell is the smallest unit of natural
living systems. There have been many attempts to mimic bi-
ological cells, ranging from unicellular prokaryotic to multi-
cellular organisms, to construct artificial cells exhibiting struc-
tural and functional properties of life but with less complexity
(Malinova et al. 2012; Siontorou et al. 2017; Damiati 2009).
The engineering of a synthetic cell borrows several basic char-
acteristics of synthetic biology that focus on modularity,
minimality, and controllability (Xu et al. 2016; Ding et al.
2014). The design of synthetic cells has several purposes,
including improving our understanding of cellular life,
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making biological cells perform new functions that do not
exist naturally in order to promote new applications, linking
living and non-living worlds, and finding a suitable theory to
explain the origin of life (Xu et al. 2016; Yoo et al. 2011).

Synthetic biology is a diverse field that can be divided into
two main fundamental approaches to build artificial cells: top-
down and bottom-up (Fig. 1). Although these two approaches
are different, they are complementary to each other. The top-
down approach is based on a living organism and eliminating
non-essential cellular components, subsequently exploiting it
as a host cell that engineers new functions. This developed
minimal cell strips down the genome to the lowest number of
genes that is still sufficient to maintain the cellular properties.
Indeed, the bioengineering of existing cells allows the total
replacement of a genome with a synthetic one (Luisi et al.
1999; Gibson et al. 2010). In contrast, bottom-up approaches
are based on single molecular assemblies. This strategy con-
structs a biomimetic cell by assembling living and non-living
molecules that are built on biological and synthetic systems
(Mann 2012). The developed design can be considered as a
cell prototype that can be functionalized as a simple cell or a
simpler bioarchitectural subject such as an artificial mem-
brane. Hence, the two approaches are able to fabricate a broad
range of artificial cells, ranging from a simple protocell to an
engineered living system.

This review article represents different biomimetic models
that have been developed, and focuses on the synergy between
bottom-up synthetic biology and microfluidics in the con-
struction of synthetic cells. Furthermore, it highlights the

importance of microfluidics manipulation to control and engi-
neer synthetic cell systems either to help investigations of
natural cellular mechanisms or to create new biotechnological
applications. Successful attempts to create biomimetic models
using microfluidic platforms are also summarized.

2 Man-made bioarchitectures

The cell, the basic unit in life, is composed of lipids, proteins,
and carbohydrates. The main structures and functions of bio-
logical cells are guided by lipids and proteins, respectively.
Besides the complicated structure of biological cells, lipid–
lipid, protein–protein, and lipid–protein interactions make
the investigation of cellular mechanisms a challenging task.
Hence, the development of biomimetic cellular models at-
tracts many scientists who get their inspiration from nature.
Several synthetic cell models can be designed, acting as cell-
like counterparts exploiting different chemical and physical
controlled mechanisms. The developed mimetic systems can
be used in many applications, including DNA sequencing,
biosensing, studying the mechanical properties of the lipid
membrane and the functions of integrated membrane proteins,
and understanding cellular functionality under health and dis-
eases (Chan and Boxer 2007; Osaki and Takeuchi 2016;
Bayley 2006). Biomimetic systems can be categorized into
typical and non-typical models (Xu et al. 2016). The typical
man-made cell has a cell-like structure and is able to perform
some essential key features of living natural cells, such as
metabolism, self-reproduction, self-maintenance, and dying.
This type of bioarchitectural model can be considered as a
living system if it can be said to possess: (1) a stable, semi-
permeable boundary membrane that separates internal cell
constituents from the external environment but is selectively
permeable to ions and some substances and allows energy
exchange; (2) biomacromolecules (RNA and DNA) that carry
the genetic information and allow gene expression; (3) the
ability to perform metabolic pathways to provide energy to
cells; (4) the abilities of growth, self-reproduction, and self-
maintenance to survive besides death; (5) the ability of adap-
tation in a dynamic environment; and (6) the ability to com-
municate with the environment and with neighboring cells.
Furthermore, these models may exhibit more complex behav-
ior or perform new functions that are not achievable by bio-
logical cells (Sole 2009; Pohorille and Deamer 2002; Saraniti
2008; Szostak et al. 2001). On the other hand, the non-typical
human-made cell is not restricted in structure and performs
few features of natural cells. This category is based on
engineered materials mimicking one or more criteria of bio-
logical cells, such as functions, morphology, shape, and sur-
face characteristics (Yoo et al. 2011). These cell-mimic parti-
cles combine the characteristics of natural cells with non-
living materials to represent an advanced bioengineering

Fig. 1 Twomain approaches of synthetic biology: top-down and bottom-
up to construct minimal living system
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approach. In the following section, common models of syn-
thetic bioarchitecture are summarized.

2.1 Protocells

To design and construct a synthetic protocell from the bottom-
up using a minimal and defined number of basic building
bioblocks, three steps are involved: the generation of genetic
circuits (the information), the development of cell-free expres-
sion systems (the engine), and the development of cellular
compartments (i.e., the shell) (Fig. 2) (Ding et al. 2014; Wu
and Tan 2014). The first step of creating protocells focuses on
the creation of genetic circuits ex vivo to mimic the genetic
activities of biological cells, but outside cells. Genetic circuits
are based on biochemical interactions within living cells
(Watson and Cockroft 2016). Designed circuits depend on
host resources to function—for example, transcription/
translation machinery (e.g., promoters, logic gates, and ribo-
somes), DNA replication tools (e.g., enzymes), and metabo-
lites (e.g., amino acids) (Ding et al. 2014; Brophy and Voigt
2014; Nandagopal and Elowitz 2011). In the second step of
protocell creation, the designed genetic circuits are examined
in a cell-free system (i.e., the engine) to engineer synthetic
metabolic and protein machineries. The designed genetic cir-
cuits aim to perform a particular function which may be func-
tional in vivo but not in vitro due to variations between natural
and synthetic environments such as molecular crowding (Tan
et al. 2013). Hence, the testing of developed circuits occurs in
cycles between in vivo and in vitro systems. Complex and
unspecific transcription/translation machinery makes the im-
plementation of protein synthesis outside of natural cells a
difficult approach. Therefore, scientists developed cell-free
systems involving all essential components, which can be ei-
ther whole cell extracts or protein synthesis using recombinant

elements (PURE) systems (Shimizu et al. 2001; Zubay 1973).
The first type of cell-free system is directly derived from the
cytoplasmic components of prokaryotic or eukaryotic cells
after eliminating the cellular membranes and native genomic
materials. Synthetic genetic circuits are then added to the sys-
tem to express target proteins. Although this system is com-
monly available for the commercial production of target pro-
teins, the exact components of the cell extract are unknown
(Shin and Noireaux 2012; Carlson et al. 2012). The second
type, PURE systems, are reconstituted from purified compo-
nents, with each one at a tightly controlled concentration. Free
access to PURE systems allows the manipulation and engi-
neering of the system, and thus make it a good choice for
circuits and synthetic machinery to be functional inside of
synthetic cells (Wu and Tan 2014; Jewett and Forster 2010;
Ohashi et al. 2010). Tan et al. showed that molecular crowding
has a significant role in regulating gene expression dynamics,
it increases robustness of gene expression and can be
exploited to control the basic genetic construction in synthetic
cells. Therefore, to mimic crowding environments, cell-free
systems can be supplemented with inert macromolecules of
various sizes (Tan et al. 2013).

The third step involves the self-assembly of amphiphilic
building blocks and the encapsulation of the genetic circuits
(i.e., the information) and cell-free systems (i.e., the engine) to
generate an active synthetic cellular shell. Several factors can
affect the encapsulation of genetic circuits and cell-free sys-
tems into shells, such as pH, membrane compositions, and the
viscosity of the cell-free system. Different materials composed
of hydrophilic and hydrophobic monomers can be used as
building blocks to construct the shell, such as phospholipids,
fatty acids, and polymers. For example, the spontaneous as-
sembly of fatty acids allows the generation of spherical mi-
celles or bilayer vesicles in aqueous solution. Changing

Fig. 2 Construction of biomimetic systems in three steps. First step,
designed genetic circuit is constructed in vivo. Second step, cell-free
system is used to test the genetic circuit and synthetic machineries for

protein synthesis. Third step, gene circuits (the information) and cell-free
expression systems (the engine) are encapsulated inside synthetic mem-
brane (the shell)
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amphiphile concentrations, ionic contents, and pH enables the
conversion between lipid micelles and vesicles. However,
membrane shell stability can be affected by several environ-
mental factors, such as osmotic pressure, pH changes, and
ionic contents. Hence, improving stability can be achieved
by changing shell compositions (Monnard and Deamer
2002; Sunami et al. 2010; Apel et al. 2002; Harada and
Discher 2011). Moreover, many techniques can be used to
construct the shell, such as extrusion and lyophilization
methods and microfluidic devices. The extrusion method gen-
erates uniform-sized synthetic cells (usually <1 μm in diame-
ter) while lyophilization generates large synthetic cells with a
heterogeneous size and lamellarity (Oberholzer et al. 1999;
Lentini et al. 2014; Ishikawa et al. 2004). The microfluidic
method generates controlled-size synthetic cells.

Although protocells have a relatively low complexity, their
design and construction require deep knowledge about their
assembly and cellular machineries. Engineered protocells can
be exploited to mimic one or multiple biological structures/
functions while sharing many fundamental characteristics of
synthetic biology.

2.2 Cell-like membranes

Generating synthetic membranes individually appears as a
promising platform for man-made bioarchitectures. The
unique structures and functions of biological membranes have
been admired by many scientists, and that motivated them to
design many synthetic membrane models such as vesicles,
lipid monolayers, and supported lipid bilayer membranes
(Damiati 2009). However, building synthetic membranes in-
volves the reconstitution of membrane proteins into self-
assembled lipid membranes to mimic natural pores or chan-
nels and allow the exchange of ions/metabolites (Simeonov
et al. 2013). The self-assembly of fatty acids, phospholipids,
or polymers dispersed in aqueous solution results in the gen-
eration of versatile fluid-filled spherical monolayer vesicles
such as micelles, or bilayer vesicles such as liposomes,
nanodiscs, or polymersomes, depending on the compositions
used to generate the vesicles and the temperature conditions
(Fig. 3) (Gupta and von Recum 2014). These small enclosed
compartment membrane models are usually used to investi-
gate membrane phase behavior, membrane fusion, and molec-
ular recognition. Indeed, vesicles can be exploited for mem-
brane protein reconstitution and electro-physical characteriza-
tion (Damiati 2009; Simeonov et al. 2013).

A lipid monolayer (i.e., Langmuir monolayer) is a two-
dimensional synthetic system mimicking biological mem-
branes in a very simple form (Fig. 4a). These insoluble films
are created by continuously adding amphiphilic molecules to
an air–water interface of constant area based on the self-
assembly of the used molecules in a specific orientation.
Monolayer models enable the evaluation of lipid–lipid and

drug–lipid interactions (Eeman and Deleu 2010; Maget-
Dana 1999). In contrast to the biological membranes which
are composed of lipid bilayers, the presence of half the bilayer
membrane makes the Langmuir monolayer a limited system.

There are several membrane models composed of lipid
bilayer structures used as model systems to investigate mem-
brane proteins. A free-standing lipid bilayer is a biomimetic
model allows fusion of the transmembrane protein into the
lipid membrane (Fig. 4b). The lipid bilayer is formed over a
small aperture (<1 mm in diameter) in a hydrophobic sub-
strate. This model has a limited lifetime and suffer from the
poor mechanical stability (Damiati 2009; Köper et al. 2006).
To overcome these limitations, a supportive substrate can be
used. Supported lipid bilayers are one of the most popular
biomimetic models, comprised of a planar structure of lipid
molecules placed on top of a solid substrate. These special
bioarchitectures allow the evaluation of chemical interaction
between two monolayers, and the presence of the solid sup-
ports enables surface characterization using many tools, such
as optical, electrical, and acoustic properties (Fig. 4c) (Damiati
2009). Solid-supported membranes have some drawbacks—
mainly the space limitation between the lipid membrane and
the solid substrate, which restricts the integration of mem-
brane proteins and membrane components’ mobility. The di-
rect contact between membrane and substrate may cause pro-
tein denaturation, and thus leads to a loss of functionality.
Furthermore, it is difficult to use this model for some biosens-
ing applications due to low stability and lack of robustness
(Sackmann and Tanaka 2000). Therefore, various architec-
tures have been developed based on decoupling the lipid
membrane from the solid substrate by introducing a spacer
layer (typically ≤100 nm thick) that minimizes the interaction
between the lipid membrane or integrated protein and the solid
support, and reduces the non-specific adsorption of protein
from the solution (Fig. 4d). Polymer and tethered solid-
supported lipid membranes are the modified forms of these
bioarchitectures (Damiati 2009; Sackmann and Tanaka 2000;
Tanaka and Sackmann 2005). Several studies have reported
the successful reconstitution of several proteins in their func-
tional forms into these biomimetic models due to their higher
stability (Damiati et al. 2015a; Damiati et al. 2015b).

3 Microfluidic technology

Over the past few decades, microfluidic technology has of-
fered promising research tools to investigate life processes
(Damiati et al. 2018a; Damiati et al. 2018b; Schulze et al.
2017; Saliba et al. 2018). Microfluidic chips enable the inte-
gration of biological and chemical processes on a single plat-
form, while dealing easily with the control and manipulation
of the flow behavior of small volumes of fluids in channels.
Moreover, these microscale chips usually comprised of micro-
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sized channels and the integration of nano/micro-fluidic com-
ponents enable a minimal consumption of reagents/samples
and high-speed analytical performance (Wang et al. 2018;
Whitesides 2006). Several parameters should be taken into
account in the design of a microfluidic device, such as channel
geometries, materials used to construct the device, and the
compatibility of these materials with various solvents. Due
to natural fluid streams such as laminar flow in micro-chan-
nels, component mixing is mainly based on molecule diffu-
sion across the interface of converging fluid streams. The rate
of mixing characterizes the rate of reaction. Moreover, most
microfluidic systems usually consist of inlets, valve, mixer,
separator, micropump, and concentrator (Squires and Quake
2005; Kodzius et al. 2012; Siegel et al. 2010). Among the
different fluid dynamics of geometries in microfluidic chan-
nels; two classes based on flow type are presented: continuous
(single phase) and segmented (two-phase) (Fig. 5). The con-
tinuous flow strategy is an easy approach due to the high level
of controllability and less sensitivity to protein fouling issues.
Liquid flow is actuated in channels by external mechanical
pumps, external pressure sources, integrated mechanical mi-
cro-pumps, or by combining capillary forces and electrokinet-
ic mechanisms. Continuous-flow microfluidics are suitable

for simple biochemical applications and for certain extra
post-synthesis tasks, but these devices are less suitable for
applications needing a high degree of flexibility and a high
degree of fluid manipulation. In contrast, the segmented flow
strategy (also known as discrete, multiphase, droplet-based
microfluidic systems) involves the manipulation and creation
of thousands of discrete droplets while focusing on continuous
flowing streams of miscible fluids inside microfluidic chan-
nels. Generated uniform-sized droplets allow for fast mixing
within nano-liter and femto-liter volumes due to the short
diffusion distance and chaotic mixing within droplets (Hung
and Lee 2008; Badilescu and Packirisamy 2012). The simplest
continuous flow microfluidic devices are microcapillary de-
vices for droplet generation. Three important microfluidic
configurations are considered for droplet generation: T-junc-
tion, co-flow, and flow-focusing geometries. The T-junction is
the simplest type, and enables the generation of oil-in-water
(O/W) and water-in-oil (W/O) droplets. Droplets are generat-
ed at the channel intersection, where the main channel is filled
with the continuous phase while the orthogonal channel is
filled with the dispersed phase. Co-flow microfluidic devices
depend on a 3D co-axial flow. A dispersed phase is injected
into a circular capillary centered inside a larger-diameter

Fig. 3 Self-assembled lipid
(emulsion and liposome) and
amphiphilic polymeric
(polymersome) vesicles

Fig. 4 Different models of lipid membranes systems
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channel while a continuous phase flows in a square capillary
in the same direction. Since the continuous phase surrounds
the dispersed phase, the viscous shear force becomes stronger
with increasing the diameter of the dispersed phase. In flow-
focusing devices, the middle channel contains the dispersed
phase, while the continuous phase is introduced from two
outside channels into the same square capillary but in opposite
directions (Chou et al. 2015; Anna et al. 2003; Basova and
Foret 2015).

4 Microfluidic toolbox for constructing
minimal biomimetic models

Combining the bottom-up cell-free systems with microfluidic
technology allows engineering of semi-natural cells that can
perform functions that exist in nature and provides high-
throughput applications. Convenient strategies of de novo
gene synthesis usually produce a pool of short DNA frag-
ments that need further ligation reactions to generate longer
fragments (Stemmer et al. 1995). This limitation can be over-
come by using microfluidic platforms which allow the rapid
mixing of gene fragments resulting in generation of combina-
torial libraries. Moreover, microfluidic chips enable synthesis,
purification, and assembly of DNA on a single device
(Damiati et al. 2018a). At protein level, the cell-free protein
synthesis system offers several advantages compared with the
cell-based protein machinery, such as high protein yield; pro-
duction of soluble and functional proteins; and the possibility
of generating protein population in a single reaction due to the
expressing of multiple templates (Jackson et al. 2004). This
can be exploited by microfluidic technology to enable the
protein synthesis, characterization, screening and direct eval-
uation of desired molecules on same platform and in a short
time and utilizing minimum quantities of materials
(Contreras-Llano and Tan 2018).

The wealth of microfluidic formats has contributed signif-
icantly to the design of a variety of synthetic biology applica-
tions, such as the construction of protocells and biomimetic

membranes. The following sections describe successful at-
tempts combining microfluidic devices with various interdis-
ciplinary fields to engineer man-made bioarchitectures.

4.1 Droplet-based microfluidics

Most of protocell design relies on vesicles that are usually
formed from fatty acids and phospholipids. Polymers and co-
acervates can also be used. Several approaches can be present-
ed to choose the molecular entities to construct cell-like sys-
tems involving prebiotic, semi-synthetic, and fully synthetic
species, and hybridization among these approaches is also
possible (Stano and Mavelli 2015). On the contrary to con-
ventional methods which usually generate poly-disperse drop-
lets, microfluidic technology is one of the most popular vesi-
cle production methods that enables generation of mono-
dispersed and size-controlled nano- and micro-particles
(500 nm–500 μm in diameter), which enables the encapsula-
tion of biomolecules into discrete droplets. The two ap-
proaches of the synthetic biology can be exploited in vesicle
construction. In the top-down approach, droplet microfluidics
enable the encapsulation of DNA strands or single cells in
single droplets, which allows direct evolution for gene expres-
sion profiling and whole-cell analysis (Fig. 6) (Szita et al.
2010; Theberge et al. 2010). In the bottom-up approach, drop-
lets are used as precursors to lipid vesicles by assembling a
bilayer around the droplet exterior while the contents of drop-
lets become the interior of the vesicle-based cells. This strat-
egy enables the encapsulation of large charged biomolecules
such as DNA, enzymes, and proteins, and thus enables bio-
chemical reactions to occur in cell interior (An Swaay 2013).

Awide range of models for generating vesicles using drop-
let microfluidics has been reported. Two common types of
droplets are widely constructed using microfluidic devices:
oil-in-water (O/W) are normal-phase droplets which are gen-
erated in hydrophilic channels, and water-in-oil (W/O) are
inverse droplets which are generated in hydrophobic channels
(Fig. 7). These models are also known as emulsions, and their
generation depends on the target applications. However, the

Fig. 5 Schematic of continuous
and segmented flow
microfluidics. Droplets
microfluidics address several
regimes for droplets generation:
T- junction, flow focusing, and
co-flowing
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preparation of O/WorW/O droplets is controlled by choosing
a suitable surfactant that is added at a sufficient ratio to the
continuous phase. Piccin et al. developed a polyester-toner T-
junction microfluidic device that enabled the fast generation
of highly monodisperse O/W and W/O droplets in the same
chip by adding appropriate surfactant and without any require-
ment of surface treatment of the microfluidic channels (Piccin
et al. 2014). This is attributed to the polyester surface, which
has partial hydrophilicity properties. Another vesicle model is
that of double emulsions (Shum 2008). Similar to single-layer
emulsions, double emulsions are comprised of two types: oil-
in-water-in-oil (O/W/O) and water-in-oil-in-water (W/O/W)
emulsions. They are produced by sequential droplet genera-
tion and subsequent encapsulation in larger vesicles in a single
microfluidic platform. Yan et al. reported on a straight-
forward method exploiting a single microfluidic device to
form monodisperse W/O/W double emulsions that act as
in vitro compartmentalization validated by fluorescence mi-
croscopy and flow cytometry. The produced uniform compart-
ments droplets showed high stability that did not leak loaded

dye—neither in the external carrier phase, nor cross-
contamination between vesicles. Moreover, correlations be-
tween dye concentration and fluorescence signals were clearly
observed (Yan et al. 2013).

Liposomes are another cell-like model that can be assem-
bled on a microfluidic chip. Liposome structures are closer in
mimicry to the biological cell membrane due to their lipid
bilayer arrangement (Fig. 3c). Microfluidic technology allows
for the generation of monodispersed liposomes in shorter time
and with fewer steps compared to conventional methods. Jahn
et al. developed a microfluidic platform allowing for control
of liposome size and size distribution for specific applications
without any post-processing steps (e.g., sonication, extrusion).
The designed microfluidic device had five-inlet micro-chan-
nels and three-outlet micro-channels, and constructed stable
liposomes in nano-scale ranging from 50 to 150 nm based on
laminar flow in the channels which enabled controlled diffu-
sive mixing at the liquid interfaces (Jahn et al. 2007). Another
strategy developed by Kuhn et al. relies on the immobilization
of liposomes onto a strip pattern formed on a glass surface via

Fig. 6 Droplet-based
microfluidic devices for a cell-
free protein expression, and b
single-cell encapsulation in mi-
cro-droplets

Fig. 7 Schematic diagram showing formation of oil-in-water (O/W) and water-in-oil (W/O) droplets in microfluidic devices
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avidin–biotin bonding (Kuhn et al. 2011). This platform is
integrated into a microfluidic device allowing continuous de-
livery of antibiotic – tetracyclines - at a constant concentration
to mimic drug transportation via the blood in the human body.
The developed system was used to investigate the kinetics of
the permeation of tetracyclines across liposomes and to mon-
itor the lipid membrane permeability and lipophilicity.

Membrane asymmetry is an important feature that synthet-
ic cells should possess in order to replicate natural cells and
membranes. This feature is attributed to differences in lipid
compositions between inner and outer leaflet membranes
(Elani et al. 2015a; Elani 2016). Matosevic et al. developed
a microfluidic device that produced a layer-by-layer phospho-
lipid membrane, with defined asymmetry and lamellarity
(Matosevic and Paegel 2013). In this device, W/O droplets
are trapped in a static droplet array. Lipid monolayers are then
deposited around the W/O droplets as boundaries after the
injection of an oil/water interface, resulting in the formation
of unilamellar vesicles. Repetition of this process leads to
multi-lamellar vesicles.

Polymer-based vesicles (polymersomes) are also devel-
oped as an alternative to lipid vesicles and as simple synthetic
cells (Fig. 3d). Martino et al. reported on capillary
microfluidic devices generating polymersomes encapsulating
a DNA plasmid and a bacterial cell-free extract (Martino et al.
2012). In this cell mimicry model, protein expression and
triggered release of expressed protein to the extracellular en-
vironment are fundamental processes. Both reactions were
evaluated in the developed polymersomes by tracking the
fluorescent signal and using negative osmotic shock to change
polymersomes’ membranes permeability.

Non-vesicle protocells have also been generated using
microfluidics. For example, coacervates are membrane-less
spherical aggregates of colloidal droplets generated using
flow-focusing microfluidic chips from a hydrophilic polymer
with either adenosine triphosphate or polysaccharide. Both
compositions are able to generate droplets with high stability
and narrow size distributions. However, coacervate droplets
are able to encapsulate genetic information and different bio-
materials, which represent these populations as a stable syn-
thetic cell model (an Swaay et al. 2015; Aumiller et al. 2016).

4.2 Multi-compartment synthetic cells

Compartmentalization can be applied bymicrofluidics to form
vesicle-based cells with spatial organization. Multi-
compartment vesicles are chassis for synthetic cells that pos-
sess lipid bilayers spanning their internal volumes,
partitioning them with defined compartmentalization
(Trantidou et al. 2018). Thus, the number and size of compart-
ments can be evaluated. Depending on the applications, each
compartment and lipid compositions can be controlled
(Fig. 8). This strategy has been exploited in vitro to express

different proteins in each compartment of multi-compartment
vesicles (Elani et al. 2015b). A platform fitted with electrodes
was designed by Robinson et al. allowed trapping of multiple
giant unilamellar vesicles (GUVs) in a microchannel and ini-
tiation of electrofusion (Robinson et al. 2018). This model
enabled the introduction of new chemical materials into
GUVs due to vesicles fusion. The developed device was used
to monitor the dynamics of lipid membrane fusion and to
measure the reaction kinetics.

4.3 Constructing synthetic lipid bilayer membranes
in microfluidics

The basics of microfluidic technology can be used to charac-
terize lipid membranes and membrane proteins as high-
throughput applications for drug discovery and drug safety
screening. Several studies have revealed the possibility of
generating lipid bilayers within microfluidic structures,
allowing protein research with high-quality resistivity and
overcoming issues related to the low stability and reproduc-
ibility of lipid membranes (Fig. 9). Malmstadt et al. reported
on a basic mechanism to fabricate a free-standing lipid bilayer
structure with 5 nm thickness (Malmstadt et al. 2006). The
generation of the lipid bilayer was based on the self-
assembly of amphiphilic molecules that are aligned at the
fluid-phase interfaces and was driven by selective solvent ex-
traction in a microfluidic channel. The generated membrane
was able to host a channel protein—α-hemolysin—at a mea-
surable single-molecule conductance resolution. Another
microfluidic system enabling the formation of a lipid bilayer
membrane was developed by bringing two monolayers in
contact. Phospholipids in the organic phase assembled at the
interface between water and organic solvent in a microchannel
resulted in a bilayer structure, confirmed by measuring mem-
brane capacitance and ion channel signal detected after the
reconstitution of antibiotic peptides into the lipid bilayer
(Funakoshi et al. 2006). Amicrofluidic platformwith integrat-
ed electrodes enabled the simultaneous formation of an array
of lipid bilayer membranes that were developed for proteo-
mics applications. Ion channel recordings were measured at
multiple sites, presenting the model as a high-throughput plat-
form for protein–protein and protein–compound interactions
(Zagnoni et al. 2009). Dong et al. developed a microfluidic
immunosensor to detect Staphylococcus enterotoxin B (SEB)
in milk (Dong et al. 2006). In this strategy, reinforced support-
ed bilayer membranes (r-SBMs) with biotinylated anti-SEB
IgG antibody were formed by vesicle fusion in microfluidic
channels and strengthenedwith a streptavidin layer to improve
membrane stability. This r-SBMs chip had high sensitivity to
detect SEB and presents a promising model for the transport
and storage of membrane-functionalized commercialized mi-
cro-devices.
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4.4 Microfluidic device as a cell-like system

A microfluidic chip itself has been exploited to act as a syn-
thetic cell that contains 2D DNA compartments and simple
gene network dynamics, and that enabled programmed pro-
tein expression, metabolism, and communication (Karzbrun
et al. 2014). This model was constructed by grafting a DNA
brush on a microfluidic silicon device connected to a channel
feeding the device with a cell-free expression mixture through
a diffusive capillary. Green florescent protein was continuous-
ly produced, and has a long lifetime due to the constant influx
of nutrients into the capillary channels and the removal of
reaction products. Hence, the fabricated cell-on-a-chip en-
abled gene expression in DNA compartments, which allowed
the investigation of biological networks in a rich, dynamic,
and semi-natural system. A nanoliter-scale microfluidic reac-
tor was constructed to study the assembly of steady-state

biological networks. In this model, a genetic oscillator was
implemented in vitro, mimicking the complexity of synthetic
gene networks. Transcription and translation were achieved at
steady-state for 30 h and implemented diverse regulatory
mechanisms on different levels of transcription, translation,
and post-translation, such as repression of transcription, acti-
vation of translation, and proteolysis (Niederholtmeyer et al.
2013). Another cell-on-a-chip model was developed by
Gerber et al., allowing 14,792 on-chip simulation experiments
to investigate protein–protein interactions of 43 Streptococcus
pneumoniae proteins in quadruplicate (Gerber et al. 2009).
Combining a highly parallel and sensitive microfluidic affinity
assay with a cell-free protein expression system resulted in the
revelation of previously unreported physical interactions be-
tween proteins of several biochemical pathways. Moreover, a
network of 157 interactions showed a denser reaction than
expected compared to known networks.

Fig. 8 Different multi-
compartment architectures.
Monolayers (droplets) or bilayers
(vesicles) are generated depend
on water/oil environment. The
membrane structure is shown in
the inset

Fig. 9 Schematic of bilayer
formation process in microfluidic
channels. Two aqueous solutions
inject into one channel in opposite
directions while lipid solution
injects into the crossing channel
which leads to organization of
lipids molecules on the
hydrophobic-hydrophilic inter-
face. By infusing the aqueous so-
lutions, the two lipid interfacial
monolayers approach each other
resulting in generation of bilayer
membrane
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Fig. 10 Strategies for generating
droplet interface bilayer (DIB)
networks (multisomes) in
microfluidics which can be
exploited further as cell-like or
tissue-like reactors. a Schematic
of formation of multisomes by
encapsulating water-in-oil (W/O)
droplets in oil droplets and thus
two lipid mono-layers are brought
in contact to generate a bilayer. b
Generation of a dense arrange-
ment of droplets utilizing
microfluidic employs two drop-
lets generators. Generated drop-
lets are monolayers and present
bilayers with neighbor droplets in
the growing network

Table 1 Summary of some advantages and disadvantages of the
different biomimetic models utilizing microfluidics. Several points are
common among the different models (Trantidou et al. 2018; Malmstadt

et al. 2006; Dressler et al. 2014; Holtze et al. 2017; Sato and Takinoue
2019; Schneider et al. 2013)

Advantages Disadvantages

Droplet-Based Microfluidics
- suitable for high-throughput screening applications
- reduces the consumed samples/reagents volumes
- enables biological or chemical process or compositions in drops rather than in a

single phase microfluidic flow.
- small scale offers a good impact on mass and heat transfer due to fast mixing

which enhances reaction kinetics.
- less surface fouling due to prevention of the direct contact between the droplets

components and the device wall
- minimizes cross contamination and thus improve the sensitivity.

- requires using of very sensitive techniques due to small quantities of analytes
- droplet volume limitations
- the surface to volume ratio in drops is large compared to microtiter wells which may

affect interfacial adsorption inside drops
- Drops destabilization and components leaching can disrupt the experimental

investigations.

Multi-Compartment Synthetic Cells
- compartmentalization of cells and cell components
- the spatial arrangement of chemical species in space allows isolation of

interfering processes and maintain the non-equilibrium states
- the possibility of optimizing the spatially distinct
microenvironments chemically for particular investigations
- enables generation of synthetic membrane-bound microsystems
- allows communications between molecular components and communications

between non-living systems and living systems

- similar to the disadvantages of droplet-based microfluidic models
- requires experts with good skills in chemistry and biology

Constructing Synthetic Lipid Bilayer Membranes in Microfluidics
- enables creation of asymmetric lipid membranes in the absence of an organic

solvent
- offers a defined space allows mimicking of biochemical reactions

- requires experts with good skills to carefully manipulate the device during the lipid
membrane generation

- the solvent in the membrane precursor solution surrounds the membrane which limits the
degree of miniaturization of membrane

Microfluidic Device as a Cell-Like System
- offers good stability during the fabrication of the biochemical processes
- allows mimicking of biochemical reactions such as metabolism, protein

synthesis, and communications on a single chip
- allows controlling of cellular functions based on individual interactions

- requires experts with good skills to carefully manipulate the device
- some polymers that used to construct microfluidic devices can absorbed small

hydrophilic biomolecules

Tissue-Like Structures
- DIBs mimic the phase behavior as oil-free membrane structures
- DIBs enable hosting of transmembrane proteins

- DIBs structure is not thermodynamically stable and droplets coalescence is a common
problem

- amphiphilic biomolecules may denature when accumulate on water-oil surface
- the biophysical properties of the membrane and the membrane thickness can be affected

by the degree of incorporation of oils at the droplet interface
– transferring of DIB into a physiological conditions is limited due to membrane assembly

in a bulk oil environment
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4.5 Tissue-like structures

Synthetic multi-cellular structures can be constructed by
the assembly of multi-units at large scale, acting as a
tissue engineering substrate or as a mimicry model of
living tissues. Connecting individual cells together
mimics biological tissues with higher-order properties
compared to single-unit synthetic cells. A promising ex-
ample is droplet interface bilayers (DIBs) (Fig. 10). DIBs
are synthetic membrane models formed by a self-
assembled W/O monolayer coated with another O/W
monolayer to form a bilayer membrane. A network of
DIBs is constructed by bringing three or more droplets
together, and can be extended by hundreds or thousands
of droplets. DIB networks can act as soft biodevices when
functionalized with transmembrane proteins for better un-
derstanding of biological reactions. Several properties as-
sociated with DIBs make them pioneering synthetic
models involving high kinetic stability, long life-time
(i.e., days to weeks), and make it possible to generate
asymmetric bilayer membranes (Elani 2016; Funakoshi
et al. 2006; Bayley et al. 2008). Microfluidic devices en-
able the construction of 2D and 3D DIB networks com-
posed of thousands of droplets. A 3D DIB network resem-
bling tissues was developed by Villar et al., using the 3D
printing of thousands of individual pico-liter droplets. The
constructed networks can be modified with membrane
proteins to perform specific cooperative behaviors (e.g.,
enabling electrical communication in a specific path), and
can be programmed by osmotic differences to make ge-
ometry changes over time (Villar et al. 2013).

5 Conclusions

While necessity is the mother of invention, inspiration from
nature allows for the continuous improvement of technolo-
gies that have an impact on the quality of research and sub-
sequently on quality of life. Biomimetic models can be con-
structed by a direct coping from nature or indirect by getting
inspiration from nature. The development of human-made
bioarcheticture systems is attributed to multi-disciplinary
collaborations between the fields of bioengineering, gene
technology, and biophysics, because the integration of dif-
ferent approaches is needed to construct a relatively com-
plex mimicry system. A major obstacle in a biomimetic
manipulation is the limitation to fully mimic the cellular
life. Therefore, merging synthetic biology with microfluidic
technology may offer new opportunities and improve the
engineering of synthetic cells for biotechnological applica-
tions (Table 1). Microfluidic devices open up new areas of
research with simplicity that enables plug-and-play opera-
bility to construct uniform-sized synthetic cells with cellular

dimensions and defined internal and membrane compo-
nents. The construction of cell-like structures exploiting
microfluidic devices as a synthetic cell chassis or the con-
struction of tissue-like structures can be adapted for high-
throughput drug screening and toxicology, as well as mem-
brane protein investigations. Although microfluidic system
is a relatively new field in biomimetic applicability, the fu-
ture impact of this technology may accelerate applications
development which aids the investigation of biophysical
processes of living biological systems and achieve a signif-
icant progress in the field of synthetic cells construction.

Acknowledgments This Project was funded in part by the Deanship of
Scientific Research (DSR), at King Abdulaziz University (KAU), Jeddah,
under grant no.G-208-247-38. The author, therefore, acknowledge with
thanks DSR for financial support.

Compliance with ethical standards

Conflict of interest The author declares no conflict of interest.

References

D. An Swaay, Microfluidic methods for forming liposomes. Lab Chip 13,
752–767 (2013)

D. an Swaay, T.Y.D. Tang, S. Mann, A. de Mello, Microfluidic formation
of membrane-free aqueous coacervate droplets in water. Angew.
Chem. 127, 8518–8521 (2015)

S. Anna, N. Bontoux, H. Stone, Formation of dispersions using Bflow
focusing^ in microchannels. Appl. Phys. Lett. 82, 364–366 (2003)

C.L. Apel, D.W. Deamer, M.N. Mautner, Self-assembled vesicles of
monocarboxylic acids and alcohols: Conditions for stability and
for the encapsulation of biopolymers. Biochim. Biophys. Acta
1559, 1–9 (2002)

W.A. Aumiller, F.P. Cakmak, B.W. Davis, C.D. Keating, RNA-based
Coacervates as a model for membraneless organelles: Formation,
properties, and interfacial liposome assembly. Langmuir. 32,
10042–10053 (2016)

S. Badilescu,M. Packirisamy,Microfluidics-Nano-integration for synthe-
sis and sensing. Polymers 4, 1278–1310 (2012)

E. Basova, F. Foret, Droplet microfluidics in (bio) chemical analysis.
Analyst 140, 22–38 (2015)

H. Bayley, Sequencing single molecules of DNA. Curr. Opin. Chem.
Biol. 10, 628–637 (2006)

H. Bayley, B. Cronin, A. Heron,M.A. Holden,W.L. Hwang, R. Syeda, J.
Thompson, M.I. Wallace, Droplet interface bilayers. Mol. BioSyst.
4, 1191–1208 (2008)

J.A. Brophy, C.A. Voigt, Principles of genetic circuit design. Nat.
Methods 11, 508–520 (2014)

E. Carlson, R. Gan, E. Hodgman, M. Jewett, Cell-free protein synthesis:
Applications come of age. Biotechnol. Adv. 30, 1185–1194 (2012)

Y.-M. Chan, S.G. Boxer, Model membrane systems and their applica-
tions. Curr. Opin. Chem. Biol. 11, 581–587 (2007)

C. Chiarabelli, P. Stano, P.L. Luisi, Chemical approaches to synthetic
biology. Curr. Opin. Biotechnol. 20(4), 492 (2009)

W. Chou, P. Lee, C. Yang, W. Huang, Y. Lin, Recent advances in appli-
cations of droplet microfluidics. Micromachines 6, 1249–1271
(2015)

Biomed Microdevices (2019) 21: 62 Page 11 of 13 62



L.E. Contreras-Llano, C. Tan, High-throughput screening of biomole-
cules using cell-free gene expression systems. Synth. Biol. 3(1),
ysy012 (2018)

S. Damiati, in Biological, Physical and Technical Basics of Cell
Engineering, ed. by G. Artmann, A. Artmann, A. Zhubanova, I.
Digel. Can We Rebuild the Cell Membrane? (Springer, Singapore,
2009), pp. 3–27

S. Damiati, S. Zayni, A. Schrems, E. Kiene, U. Sleytr, J. Chopineau, B.
Schuster, E.-K. Sinner, Inspired and stabilized by nature: Ribosomal
synthesis of the human voltage gated ion channel (VDAC) into 2D-
protein-tethered lipid interfaces. Biomater. Sci. 3, 1406–1413
(2015a)

S. Damiati, A. Schrems, E. Sinner, U.B. Sleytr, B. Schuster, Probing
peptide and protein insertion in a biomimetic S-layer supported lipid
membranes platform. Int. J. Mol. Sci. 16, 2824–2838 (2015b)

S. Damiati, R.Mhanna, R. Kodzius, E.-K. Ehmoser, Cell-free approaches
in synthetic biology utilizing microfluidics. Genes 9, 144 (2018a)

S. Damiati, U.B. Kompella, S.A. Damiati, R. Kodzius, Microfluidic de-
vices for drug delivery systems and drug screening. Genes 9, 103
(2018b)

A. Deplazes, Piecing together a puzzle. An exposition of synthetic biol-
ogy. EMBO Rep. 10(5), 428–432 (2009)

Y. Ding, F.Wu, C. Tan, Synthetic biology: A bridge between artificial and
natural cells. Life 4, 1092–1116 (2014)

Y. Dong, P.K. Scott, Q. Chen, Immunosensing of Staphylococcus entero-
toxin B (SEB) in milk with PDMS microfluidic systems using rein-
forced supported bilayer membranes. Lab Chip 6, 675–681 (2006)

O.J. Dressler, R.M. Maceiczyk, S. Chang, A.J. deMello, Droplet-based
microfluidics: Enabling impact on drug discovery. SLAS Discov.
19(4), 483–496 (2014)

M. Eeman, M. Deleu, From biological membranes to biomimetic model
membranes. Biotechnol. Agron. Soc. Environ. 14(4), 719–736
(2010)

Y. Elani, Construction of membrane-bound artificial cells using
microfluidics: A new frontier in bottom-up synthetic biology.
Biochem. Soc. Trans. 44(3), 723–730 (2016)

Y. Elani, S. Purushothaman, P.J. Booth, J.M. Seddon, N.J. Brooks, R.V.
Law, O. Ces, Measurements of the effect of membrane asymmetry
on the mechanical properties of lipid bilayers. Chem. Commun. 51,
6976–6979 (2015a)

Y. Elani, R.V. Law, O. Ces, Protein synthesis in artificial cells: Using
compartmentalisation for spatial organisation in vesicle bioreactors.
Phys. Chem. Chem. Phys. 17, 15534–15537 (2015b)

B. Fritz, L. Timmerman, N. Daringer, J. Leonard, M. Jewett, Biology by
design: From top to bottom and Back. J Biomed Biotechnol 2010,
1–11 (2010)

K. Funakoshi, H. Suzuki, S. Takeuchi, Lipid bilayer formation by
contacting monolayers in a microfluidic device for membrane pro-
tein analysis. J. Anal. Chem. 78, 8169–8174 (2006)

D. Gerber, S.J. Maerkl, S.R. Quake, An in vitromicrofluidic approach to
generating protein-interaction networks. Nat. Methods 6, 71–74
(2009)

D.G. Gibson et al., Creation of a bacterial cell controlled by a chemically
synthesized genome. Science. 329(5987), 52 (2010)

A.S. Gupta; H.A. von Recum, in Chemistry of Bioconjugates, ed. by R.
Narain. Bioconjugation Strategies: Lipids, Liposomes,
Polymersomes, and Microbubbles (2014). https://doi.org/10.1002/
9781118775882.ch6

T. Harada, D.E. Discher, Materials science: Bubble wrap of cell-like
aggregates. Nature 471, 172–173 (2011)

C. Holtze, S.A. Weisse, M. Vranceanu, Commercial value and challenges
of drop-based microfluidic screening platforms–An opinion.
Micromachines 8, 193 (2017)

L.H. Hung, A.P. Lee, Microfluidic devices for the synthesis of nanopar-
ticles and biomaterials. J. Med. Biol. Eng. 27, 1–6 (2008)

K. Ishikawa, K. Sato, Y. Shima, I. Urabe, T. Yomo, Expression of a
cascading genetic network within liposomes. FEBS Lett. 576,
387–390 (2004)

A. Jackson, J. Boutell, N. Cooley, M. He, Cell-free protein synthesis for
proteomics. Brief. Funct. Genom. Proteom. 2, 308–319 (2004)

A. Jahn, W.N. Vreeland, D.L. DeVoe, L.E. Locascio, M. Gaitan,
Microfluidic directed formation of liposomes of controlled size.
Langmuir. 23, 6289–6293 (2007)

M.C. Jewett, A.C. Forster, Update on designing and building minimal
cells. Curr. Opin. Biotechnol. 21, 697–703 (2010)

E. Karzbrun, A.M. Tayar, V. Noireaux, R.H. Bar-Ziv, Programmable on-
chip DNA compartments as artificial cells. Science 345, 829–832
(2014)

R. Kodzius, K. Xiao, J. Wu, X. Yi, X. Gong, I.G. Foulds, W. Wen,
Inhibitory effect of common microfluidic materials on PCR out-
come. Sensors Actuators B Chem. 161, 349–358 (2012)

I. Köper, S.M. Schiller, F. Giess, R. Naumann, W. Knoll, Functional
tethered bimolecular lipid membranes (tBLMs). Adv. Planar Lipid
Bilayers Liposomes 3, 37–53 (2006)

P. Kuhn, K. Eyer, S. Allner, D. Lombardi, P.S. Dittrich, A microfluidic
vesicle screening platform: Monitoring the lipid membrane perme-
ability of tetracyclines. J. Anal. Chem. 83, 8877–8885 (2011)

R. Lentini, S.P. Santero, F. Chizzolini, D. Cecchi, J. Fontana, M.
Marchioretto, C. Del Bianco, J.L. Terrell, A.C. Spencer, L.
Martini, et al., Integrating artificial with natural cells to translate
chemical messages that direct E. Coli behaviour. Nat. Commun. 5,
4012 (2014)

G. Linshiz, E. Jensen, N. Stawski, C. Bi, N. Elsbree, H. Jiao, J. Kim, R.
Mathies, J.D. Keasling, N.J. Hillson, End-to-end automated
microfluidic platform for synthetic biology: From design to func-
tional analysis. J. Biol. Eng. 10, 3 (2016)

P.L. Luisi, P. Walde, T. Oberholzer, Lipid vesicles as possible intermedi-
ates in the origin of life. Curr. Opin. Colloid Interface Sci. 4(1), 33–
39 (1999)

R. Maget-Dana, The monolayer technique: A potent tool for studying the
interfacial properties of antimicrobial and membrane-lytic peptides
and their interactions with lipid membranes. Biochim. Biophys.
Acta 1462, 109–140 (1999)

V. Malinova, M. Nallani, W.P. Meier, E.K. Sinner, Synthetic biology,
inspired by synthetic chemistry. FEBS Lett. 586(15), 2146 (2012)

N. Malmstadt, M.A. Nash, R.F. Purnell, J.J. Schmidt, Automated forma-
tion of lipid-bilayer membranes in a microfluidic device. Nano Lett.
6, 1961–1965 (2006)

S. Mann, Systems of creation: The emergence of life from nonliving
matter. Acc. Chem. Res. 45(12), 2131 (2012)

C. Martino, S.H. Kim, L. Horsfall, A. Abbaspourrad, S.J. Rosser, J.
Cooper, D.A. Weitz, Protein expression, aggregation, and triggered
release from polymersomes as artificial cell-like structures. Angew.
Chem. 51, 6416–6420 (2012)

S.Matosevic, B.M. Paegel, Layer-by-layer cell membrane assembly. Nat.
Chem. 5, 958–963 (2013)

P.A. Monnard, D.W. Deamer, Membrane self-assembly processes: Steps
toward the first cellular life. Anat. Rec. 268, 196–207 (2002)

N. Nandagopal, M.B. Elowitz, Synthetic biology: Integrated gene cir-
cuits. Science 333, 1244–1248 (2011)

H. Niederholtmeyer, V. Stepanova, S.J. Maerkl, Implementation of cell-
free biological networks at steady state. Proc. Natl. Acad. Sci. U. S.
A. 110, 15985–15990 (2013)

T. Oberholzer, K.H. Nierhaus, P.L. Luisi, Protein expression in lipo-
somes. Biochem. Biophys. Res. Commun. 261, 238–241 (1999)

H. Ohashi, T. Kanamori, Y. Shimizu, T. Ueda, A highly controllable
reconstituted cell-free system—A breakthrough in protein synthesis
research. Curr. Pharm. Biotechnol. 11, 267–271 (2010)

T. Osaki, S. Takeuchi, Artificial cell membrane Systems for Biosensing
Applications. Anal. Chem. 89, 216–231 (2016)

62 Page 12 of 13 Biomed Microdevices (2019) 21: 62

https://doi.org/10.1002/9781118775882.ch6
https://doi.org/10.1002/9781118775882.ch6


E. Piccin, D. Ferraro, P. Sartori, E. Chiarello, M. Pierno, G. Mistura,
Generation of water-in-oil and oil-in-water microdroplets in
polyester-toner microfluidic devices. Sensors Actuators B Chem.
196, 525–531 (2014)

A. Pohorille, D. Deamer, Artificial cells: Prospects for biotechnology.
Trends Biotechnol. 20(3), 123 (2002)

T. Robinson, P.E. Verboket, K. Eyer, P.S. Dittrich, Controllable
electrofusion of lipid vesicles: Initiation and analysis of reactions
within biomimetic containers. Lab Chip 18, 2488 (2018)

E. Sackmann, M. Tanaka, Supported membranes on soft polymer cush-
ions: Fabrication, characterization and applications. Trends
Biotechnol. 18, 58–64 (2000)

J. Saliba, A. Daou, S. Damiati, J. Saliba, M. El-Sabban, R. Mhanna,
Development of microplatforms to mimic the in vivo architecture
of CNS and PNS physiology and their diseases. Genes 9, 285 (2018)

M. Saraniti, Artificial cells: Designing biomimetic nanomachines. Nat.
Nanotechnol. 3(11), 647 (2008)

Y. Sato, M. Takinoue, Creation of artificial cell-like structures promoted
by microfluidics technologies. Micromachines 10, 216 (2019)

T. Schneider, J. Kreutz, D.T. Chiu, The potential impact of droplet
microfluidics in biology. Anal. Chem. 85(7), 3476–3482 (2013)

F. Schulze, X. Gao, D. Virzonis, S. Damiati, M.R. Schneider, R. Kodzius,
Air quality effects on human health and approaches for its assess-
ment through microfluidic chips. Genes 8, 244 (2017)

Y. Shimizu, A. Inoue, Y. Tomari, T. Suzuki, T. Yokogawa, K. Nishikawa,
T. Ueda, Cell-free translation reconstituted with purified compo-
nents. Nat. Biotechnol. 19, 751–755 (2001)

J. Shin, V. Noireaux, An E. coli cell-free expression toolbox: Application
to synthetic gene circuits and artificial cells. ACS Synth. Biol. 1, 29–
41 (2012)

H.C. Shum, Double emulsion templated monodisperse phospholipid ves-
icles. Langmuir 24, 7651 (2008)

A.C. Siegel, S.K. Tang, C.A. Nijhuis, M. Hashimoto, S.T. Phillips, M.D.
Dickey, G.M. Whitesides, Cofabrication: A strategy for building
multicomponent microsystems. Acc. Chem. Res. 43, 518–528
(2010)

P. Simeonov, S. Werner, C. Haupt, M. Tanabe, K. Bacia, Membrane
protein reconstitution into liposomes guided by dual-color fluores-
cence cross-correlation spectroscopy. Biophy. Biochem. 184, 37–43
(2013)

C.G. Siontorou, G.-P. Nikoleli, D.P. Nikolelis, S.K. Karapetis, Artificial
lipid membranes: Past, present, and future. Membranes 7, 38 (2017)

R.V. Sole, Evolution and self-assembly of protocells. Int. J. Biochem.
Cell Biol. 41(2), 274 (2009)

T.M. Squires, S.R. Quake, Microfluidics: Fluid physics at the nanoliter
scale. Rev. Mod. Phys. 77, 977–1026 (2005)

P. Stano, F. Mavelli, Protocells models in origin of life and synthetic
biology. Life 5, 1700–1702 (2015)

W. Stemmer, A. Crameri, K. Ha, T. Brennan, H. Heyneker, Single-step
assembly of a gene and entire plasmid from large numbers of
oligodeoxyribonucleotides. Gene 164, 49–53 (1995)

T. Sunami, T. Matsuura, H. Suzuki, T. Yomo, Synthesis of functional
proteins within liposomes.MethodsMol. Biol. 607, 243–256 (2010)

N. Szita, K. Polizzi, N. Jaccard, F. Baganz, Microfluidic approaches for
systems and synthetic biology. Curr. Opin. Biotechnol. 21, 517–523
(2010)

J.W. Szostak, D.P. Bartel, P.L. Luisi, Synthesizing life. Nature.
409(6818), 387 (2001)

C. Tan, S. Saurabh, M.P. Bruchez, R. Schwartz, P. Leduc, Molecular
crowding shapes gene expression in synthetic cellular nanosystems.
Nat. Nanotechnol. 8, 602–608 (2013)

M. Tanaka, E. Sackmann, Polymer-supported membranes as models of
the cell surface. Nature 437, 656–663 (2005)

A.B. Theberge, F. Courtois, Y. Schaerli, M. Fischlechner, C. Abell, F.
Hollfelder, W.T.S. Huck, Microdroplets in microfluidics: an evolv-
ing platform for discoveries in chemistry and biology. Angew.
Chem. Int. Ed. Eng. 49, 5846–5868 (2010)

T. Trantidou, M.S. Friddin, A. Salehi-Reyhani, O. Ces, Y. Elani, Droplet
microfluidics for the construction of compartmentalised model
membranes. Lab Chip 18, 2488–2509 (2018)

G. Villar, A.D. Graham, H. Bayley, A tissue-like printed material. Science
340, 48–52 (2013)

X. Wang, J. Liu, P. Wang, A. deMello, L. Feng, X. Zhu, W. Wen, R.
Kodzius, X. Gong, Synthesis of biomaterials utilizing microfluidic
technology. Genes 9, 283 (2018)

M.A.Watson, S.L. Cockroft, Man-made molecular machines: Membrane
bound. Chem. Soc. Rev. 45, 6118 (2016)

G.M.Whitesides, The origins and the future of microfluidics. Nature 442,
368–373 (2006)

F. Wu, C. Tan, The engineering of artificial cellular nanosystems using
synthetic biology approaches. WIREs Nanomed. Nanobiotechnol.
6, 369–383 (2014)

C. Xu, S. Hu, X. Chen, Artificial cells: From basic science to applications.
Mater. Today 19(9), 516–532 (2016)

J. Yan, W.-A.C. Bauer, M. Fischlechner, F. Hollfelder, C.F. Kaminski,
W.T.S. Huck, Monodisperse water-in-oil-in-water (W/O/W) double
emulsion droplets as uniform compartments for high-throughput
analysis via flow cytometry. Micromachines 4, 402–413 (2013)

J.W. Yoo, D.J. Irvine, D.E. Discher, S. Mitragotri, Bio-inspired,
bioengineered and biomimetic drug delivery carriers. Nat. Rev.
Drug Discov. 10(7), 521 (2011)

M. Zagnoni, M.E. Sandison, H. Morgan, Microfluidic array platform for
simultaneous lipid bilayer membrane formation. Biosens.
Bioelectron. 24, 1235–1240 (2009)

G. Zubay, In vitro synthesis of protein in microbial systems. Annu. Rev.
Genet. 7, 267–287 (1973)

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Biomed Microdevices (2019) 21: 62 Page 13 of 13 62


	New opportunities for creating man-made bioarchitectures utilizing microfluidics
	Abstract
	Introduction
	Man-made bioarchitectures
	Protocells
	Cell-like membranes

	Microfluidic technology
	Microfluidic toolbox for constructing minimal biomimetic models
	Droplet-based microfluidics
	Multi-compartment synthetic cells
	Constructing synthetic lipid bilayer membranes in microfluidics
	Microfluidic device as a cell-like system
	Tissue-like structures

	Conclusions
	References


