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Abstract

How do the cells in our body reconfigure their shape.to achieve com-
plex tasks like migration and mitosis, yet maintain their shape in response
to the forces exerted by for instance blood flow and muscle action? Cell
shape control is defined by a delicate mechanical balance between active
force generation and passive material properties of the plasma membrane
and the cytoskeleton. The cyteskeleton forms a space-spanning fibrous
network comprising three subsystems; actin, microtubules and intermedi-
ate filaments. Bottom up reconstitution of minimal synthetic cells where
these cytoskeletal subsystems are encapsulated inside a lipid vesicle pro-
vides a powerful avenuetordissect the force balance that governs cell shape
control. Although technically demanding, a steady stream of advances in
encapsulation techniques has made the reconstitution of shape-changing
minimal cells inereasingly feasible: In this topical review we provide a
route-map of the recent advances in cytoskeletal encapsulation techniques
and outline recent’reports that have demonstrated shape change phe-
nomena in simple biomimetic vesicle systems. We end with an outlook
towards the next steps required to achieve more complex shape changes
with the ultitmate aimyof building a fully functional synthetic cell with the
capability o autonomously grow, divide and move.

Introduetion

Cells are soft biological machines with a perplexing degree of complexity. Their
physical properties and functional behavior are the result of a complex col-
lection of, molecular processes that are highly regulated, dynamic and self-
organizing. These processes allow complex functions such as information pro-
cessing, metabolism and multicellular tissue formation. An overarching aspect
to all of these processes is the cell’s ability to reconfigure its shape to match its
functional state, which can be condensed down to two fundamental features: the
cell’s ability to actively generate mechanical forces and its mechanical response
to self-generated as well as external forces.

*These authors contributed equally to this work
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In animal cells these two features arise from interactions between thescell’s
plasma membrane and the cytoskeleton, a composite dynamic biopolymer nét-
work comprising three interconnected subsystems: filamentous (F-) actin, mi-
crotubules, and intermediate filaments (IFs) (figure 1) [50]. These three sub-
systems each have their own characteristic mechanical properties’and are able
to interact with each other and with the plasma membrane to define thedcell’s
mechanical properties and shape. Actin forms a filamentousseortex close to
the plasma membrane that is able to exert contractile forces on thesmembrane
through the action of myosin motor proteins that pull on the actin filaments [81].
Actin filaments are also able to treadmill through nucleotide-driven aSymmetric
polymerization, to facilitate pushing and pulling forces that eause‘the formation
of membrane protrusions or invaginations [18]. Miérotubules'are highly rigid
tubelike fibers that likewise exert forces through asymmetric (de)polymerization
as well as motor-driven sliding[60]. These forces are the main driver for estab-
lishing cell polarity and separating the chromesomes in dividing cells . Inter-
mediate filaments are more flexible than actin filaments and microtubules and
form dense networks between the cell nu€¢leus and the membrane with much
slower turnover rates [25]. They serve a|vital scaffold?ng role by providing re-
silience against large deformations, a phenomenon facilitated by their ability
to withstand high tensile strains [62]» Finally the plasma membrane itself also
plays a role in mechanics and shape control. Aside from having the flexibil-
ity required to accommodate forces generated by the cytoskeleton, the plasma
membrane is shaped throughichanges in lipid composition [16] and interactions
with curvature-inducing proteins [79]. “Furthermore, permeation of water and
ions via aquaporins and ion channels regulates volume and tension [54].

Importantly, the functions of therthree cytoskeletal subsystems and the
plasma membrane are interdependent. All filamentous systems are able to
tether to the membrane [9]'and interact with each other both through phys-
ical interactions mediated by crosslinkers and motors and through joint bio-
chemical regulation [58].» This/complexity makes it very difficult to disentangle
the contributions of each subsystem to cell shape control. In recent years re-
searchers have begun to utilize a so-called 'bottom-up’ approach to elucidate the
complex ‘processes thatdrive shape change. In this approach cells are “taken
apart” with their individual working components being reconstituted in mini-
mal model systems.<Such approaches have been used to synthetically recreate
protein synthesis[99], vesicular transport[105], self-reproduction [82] and com-
partmentalized reactions [111] within giant unilamellar lipid vesicles (GUVs),
large unilamellar lipid vesicles with a diameter larger than 1 um or other mem-
brane/containers. The ultimate goal of this work is a fully functional synthetic
cell in which motility, metabolism and replication are combined together within
a single membrane container [53].

Shape change is a cornerstone of this grand goal and has been a topic of
interest since the first encapsulation of cytoskeletal proteins inside GUVs in 1989
[27]. Advances in encapsulation with improved yields and better reproducibility
now make it possible to construct synthetic cells whose shape is controlled by
just a single cytoskeletal subsystem. In this review we outline the state of the
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art in encapsulation of cytoskeletal components inside cell-sized GUVsg how
these approaches have been used to elucidate the mechanistic basis of cell shape
control, and our view on what the probable and necessary developments in this
field will be. We focus our attention particularly on advances in the'last five
years, as summarized in table 2. For information on earlier reports we direct
the interested reader to previous review articles [116, 98].

Cytoskeletal Encapsulation

By far the most common encapsulation system for cytoskeletalsproteins are
GUVs because they share both the size (of order 10-50um) andyunilamellarity
of eukaryotic cells. Encapsulating cytoskeletal filaments within them leads to
relatively simple cell models, but their preparation isya highly non-trivial task.
Ideally, the encapsulation process should involve a simple procedure that does
not harm the proteins, have a high-throughput, and lead to GUVs that are uni-
form in size, defect-free, unilamellar, and with a.100% encapsulation efficiency,
independent of the protein, lipid and buffer composition. Perhaps unsurpris-
ingly, such an ideal method does not yet exist. However, extensive research has
yielded many different methods [85549, 90, 101, 110], which each perform well
in at least some of these aspects (see table 1). We here provide an overview of
these different methods and direct the reader to a recent review which provides
more details [112].

Swelling-Based Approaches

The simplest and most long-standing approach to preparing GUVs is by swelling
of lipid films [123]. Thesmethod simply involves suspending lipids in an organic
solvent, drying them on a glass,substrate and then resuspending them in an
aqueous buffer that may contain the proteins of interest to trigger self-assembly
into GUVs. Although\he procedure is straightforward, it is lengthy (usually
several hours) and tendsfto give a rather low yield of GUVs. Moreover, the
yield and. quality of the GUVs strongly depend on lipid and buffer composition
[4], making it an inefficient approach for encapsulation. Fortunately there are
two swelling-based approaches that boost GUV formation and increase encap-
sulation efficiencies over wider lipid and buffer composition ranges. These are
electroformation and gel-assisted swelling [49] (see figure 2 A).
Withyelectroformation [35] the swelling process is accelerated by depositing
the lipids on'a conductive surface and applying an alternating electrical field via
electrodes{ Therapplication of an electric field results in a much higher GUV
yield as it continuously exerts forces on the (zwitter-) ionic lipids, and thereby
accelerates the separation of the membrane from the surface [5]. However, this
method can only be performed in non-physiologically low salt concentrations [5]
- limiting its effectiveness for biological applications. In recent years, this limi-
tation has been overcome to some extent by using high frequency oscillations of
the AC field [67], although the reported GUV yield is significantly lower than for
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conventional electroformation. The need for an electric field can be eliminated
entirely by using gel-assisted swelling [49]. Here, an agarose hydrogel.is spin
coated on a glass slide before the application of the lipid film and the hybrid
film is hydrated in a buffer. Unlike electroformation [5], this method also has
a good GUYV yield in physiological buffers, and for a broad rangedf lipid types
that includes zwitterionic, cationic and anionic lipids as well as lipids with one
or more headgroups [124]. Most importantly, proteins can be_incorporated into
the GUV by adding them to the swelling buffer. The encapsulation«efficiency
varies among GUVs, but crucially the proteins have been found«o be still func-
tional after incorporation [117]. A significant downside te the use/f agarose
as a hydrogel is that it can become incorporated into the lipid bilayer [49],
thereby changing the mechanics of the resulting GUV [71]. Recent work has
circumvented this problem by replacing agarose with pelyvinyl alcohol [124] or
dextran(ethylene glycol) [74]. Furthermore, the#ize ofithe GUVs can be tuned
by changing the pore size of the hydrogel [74], and the effect,of buffer conditions
on GUV synthesis rate and yield has been mapped. in detail [91].

- 4
Emulsion-Based Approaches

An elegant but fundamentally different approachito swelling-based methods is
to template GUVs from oil/water interfaces stabilized by lipids (see figure 2
B). This approach is known as the inverse emulsion method [90], and involves
forming the inner and outerileaflet of the GUV in two sequential steps. First,
an emulsion of water droplets,is created by mixing a small volume of water
with a large volume of o0il containing dissolved lipids. The lipids form a mono-
layer on the oil-watet interface that will ultimately form the inner leaflet of the
GUV. Separately the outer leaflet is formed at a bulk interface between a water
layer overlaid with an oil layer. The emulsion droplets are then added to the
oil phase and forced 'through the interface by centrifugation, thus forming a bi-
layer around the droplet.and creating a GUYV. There are multiple advantages of
inverse emulsion over/conventional swelling approaches, including the possibil-
ity of creating asymmetric GUVs [89] and close control over the encapsulation
[90]. Theimain disadvantages of emulsion-based approaches over swelling-based
approaches are their lower yield and the presence of traces of oil in the GUV,
alteringdtsymechanics in a way that is not easily quantifiable [17]. To upscale
production, thesmethod was translated to microfluidic devices which allow for
better control over the steps of droplet creation and bilayer formation. Early
reports of thisapproach used a two-step process in which the initial emulsion
droplet was created on a microfluidic chip and the rest of the inverse emulsion
protocol remained unchanged. The two steps were later integrated into a single
device, especially tailored for GUV production [2] a technique known as con-
tinueus Droplet Interface Crossing Encapsulation (¢cDICE, see figure 2 C). This
method is effective for a wide range of buffer conditions and lipid mixtures [11],
with the notable drawback that cholesterol incorporates poorly into the GUVs
[11]. Compared to conventional inverse emulsion methods, cDICE allows for a
much larger yield and a better control over GUV size [2]. However, cDICE is
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more technically complex and its use for the formation of asymmetric GUVs has
not yet been shown [90].

Other advanced microfluidic techniques in which all inverse emulsion steps
are performed on-chip have also been reported [88, 77, 101]. Much like eDICE,
each of these methods report higher yields than conventional inyeérse emulsion
approaches, but at the expense of being technically more complex.

Other Approaches e

Swelling [46], gel-assisted swelling [20, 115], electroformation (EF) [104], cDICE
[56, 73] and especially conventional inverse emulsion [75, 17,45, 102] approaches
have all been used to encapsulate cytoskeletal compenents. Sincemone of them
are ideal, there have recently been many efforts to develop’ alternative ap-
proaches for GUV production, mostly based on microfluidic technologies [119].
To our knowledge, none of these newer techniques have yetibeen widely adopted
beyond reports of proof-of-principle, likely due to their technical complexity. Be-
low we will discuss the two most well-developed techniques, which are based on
double emulsions [6] or jetting [110], as fwell s a recént method where GUVs
are stabilized inside polymersomes during fabrication [125].

Microfluidic Jetting

The basis of microfluidic jetting [110] is conceptually analogous to blowing a
bubble: a microfluidic capillary applies a. focused jet of fluid against a planar
lipid bilayer, causing a protruded,lipid microtube to form on the surface that
eventually pinches off. to form a GUV, (see figure 2 D). A drawback of this ap-
proach has been the inability to prevent oil inclusions in the resulting GUVs
[58], but recent reports have,circumvented this by setting the jetting param-
eters such that the lipid microtube disintegrates non-uniformly, creating two
populations of GUVs with distinct sizes [55]. Raman spectroscopy showed that
oil was conveniently f(hld to be present only in the population of larger GUVs,
with no oil presentdn the smaller GUVs [55]. However, this inhomogeneous
break-up,has, the tendency to lead to a larger size distribution of the resultant
GUVs compared to the homogeneous jetting [110].

Double Emulsion Approach

Double Emulsion Droplets (DED) are water droplets encapsulated by a thin
layer of oil, surrounded again by water[6]. DEDs can be used to form GUVs by
first including lipids in the oil phase, which form monolayers on both interfaces.
The oil phase can then be removed via ethanol-mediated evaporation [113]. Sim-
ilar approaches have been reported for the creation of multilamellar liposomes
[30]¢or assemblies of several GUVs [29]. A recent development of this technique
has involved replacing the oil phase with octanol, which spontaneously splits off
from the droplet as it forms a GUV [33]. A downside of this method is that
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remnant octanol forms droplets inside the microfluidic chip, which adversely af-
fect GUV stability. However, follow-up work showed that these octanol droplets
can be separated from the GUVs due to their density difference [32]. While this
technique appears very promising, the quality of the membrane has sofar only
been assessed in terms of its ability to incorporate the membrane pore protein
complex alpha hemolysin [33]. To truly assess whether this technique creates
GUVs comparable to other approaches, more detailed characterization of the
membrane by Raman spectroscopy [58] or mechanical measurements. [17]is re-
quired.

Droplet-Stabilized GUVs

Just this year, a novel microfluidic technique was reported that makes use of
polymersomes as a precursor to GUVs [125]. Polymersomesiare vesicles made
from diblock copolymers [36]. They are significantly more stable against me-
chanical perturbations than lipid-based vesicles, and allow for pico-injection of
controlled volumes of reagents using electromicrofluidics [1]. It was shown that
the inner leaflet of a polymersome can serve asfa template for a supported lipid
bilayer, which is formed by bursting encapsulated ILUVs. The polymersome can
then be filled with proteins of interest using pice-injection and the polymeric
template can be removed, releasing,a GUV containing pico-injected proteins.
Both actin and microtubules could be suceessfully encapsulated in this way,
and transmembrane proteins;like integrins have also been incorporated into the
membrane [125]. Raman spectroseopy,and mechanical experiments indicated
that there was no residual oil [125]. Quantitative control over the encapsulant
has yet to be demonstrated, but earlier work on pico-injection suggests this
should be possible [1].

Triggering Cyt\oskeletal Polymerization in Situ

For encapsulation methods that depend on an intermediate droplet phase, droplet
creation necessarily applies shear stresses on the cytosol [110, 6, 90]. Encapsula-
tion methods depending on swelling require proteins to pass through membrane
defects in‘ordento be encapsulated [123, 35]. In both cases, this process can be
problematic when the cytoskeletal proteins are in filamentous form. Therefore,
it is preferable to encapsulate proteins in their monomeric form, and trigger
polymerization of filaments in situ. The trigger for polymerization differs per
cytoskeletal component. For example, actin polymerization can be triggered us-
ing magnesium'ions [70], whereas microtubule polymerization is often controlled
by.the addition of GTP [116]. One popular approach is to ensure that the en-
capsulation process proceeds more quickly than the polymerization process by
performing the encapsulation process at a low temperature [117]. Alternatively,
one can change the buffer conditions in the GUV after encapsulation. The mem-
brane itself prevents ion exchange between the cytosol and the outer solution,
but the inside buffer conditions can nevertheless be changed by inserting pore-
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forming peptides or proteins into the membrane [94], or by adding ionophores
to the outer solution that transfer ions across the membrane [70].

Anchoring Cytoskeletal Systems to the Membrane

Shape control of cells crucially depends on interactions between the, cytoskeleton
and the surrounding plasma membrane. This interplay is thereforesa. central
consideration for synthetic cells. All three cytoskeletal subsystenis are engaged
in interactions with the membrane. Microtubules interaect with the membrane
via a host of different linkers and membrane proteins [14,108, 34;84| while in
many cell types intermediate filaments interact with the plasma,membrane at
protein complexes such as desmosomes, which provide adhesive interactions with
neighbouring cells and the extracellular matrix [96].0Of the-three subsystems,
however, actin plays the most central role because it forms a thin (150 nm)
cortical layer on the inner face of the plasma‘membrane [23]. The actin cortex
contributes significantly to cell surface mechanies by providing cortical stiffness
and tension, and it also drives shape changes during.cell migration and division
[24].

One of the most straightforwardrapproaches to' mimic actin-membrane cou-
pling in synthetic cells involves the reeeptor-ligand pair streptavidin and biotin
[122]. Streptavidin is a protein with four binding sites to biotin [92], and the
resulting bond is among the.strongest noncovalent interactions found in nature.
Actin can be linked to the inner surface of GUVs by streptavidin when biotiny-
lated actin monomers are incorporated in the actin filaments and biotinylated
lipids are included invthe membrane mixture [115]. A more transient interaction
that is more reminiscentrof actin-membrane linkage in vivo can be obtained by
using 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) - a synthetic lipid
that is not found in nature [52]. Actin directly interacts with this strongly posi-
tively charged lipid [47]s One of the most ’biomimetic’ approaches that has been
developed to anchor the actin cytoskeleton to the membrane of synthetic cells,
is by artificially linking purified actin-binding proteins to the membrane [61, 73].
This approaeh utilizes polyhistidine motifs, which are frequently used as tags
in the purification of actin-binding proteins and cleaved off from the protein at
the end of purification. When retained, the polyhistidine can be used to bind
the pretein to synthetic lipids containing a nickel-NTA group. His-tagged actin
binding proteins can thus serve as a link between the membrane of a GUV and
the.encapsulated actin filaments. Actin binding proteins that have been used
in this manner include physiologically relevant actin-membrane anchors such
as aillin [73] oryone of the ERM (Ezrin, Radixin and Moesin) proteins [61].
The ERM proteins are among the most important anchoring proteins in cells
[37]. To fully reconstitute their in vivo functionality, it is likely important to re-
cruit ERM proteins to the membrane via phosphatidylinositol, 4,5-bisphosphate
(PdIns(4,5)P2) (PIP.), a negatively charged phospholipid involved in many
signaling pathways [78]. It was recently shown by fluorescence recovery after
photobleaching experiments that ezrin-mediated membrane-cortex tethering in
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cells involves long-lived interactions with the membrane via ezrin’s FERM do-
main coupled with shorter-lived interactions with the actin cortex [40]s, It was
proposed that ezrin acts as a link that leads to low friction between the mem-
brane and the cortex, which may be important for tuning cortical organization
and contractility. It is not straightforward to reconstitute ERM/PIP, inter-
actions due to experimental challenges in controlling phosphorylation of ERM,
which regulates its actin-binding activity [37], and in working with PI P, which
is prone to degradation and is readily solubilized from the/membrane into the
aqueous solution [19]. Actin-membrane anchoring via PIP2-dépendent mem-
brane binding of ERM has been reported on supported{lipid bilayers, but not
yet in GUVs [12].

Another ’biomimetic’ approach to anchor the actincytoskeleton to the mem-
brane of synthetic cells is by nucleating actin at the. membrane using nucleation-
promoting proteins such as the Arp2/3 activator VCA bound to the membrane
[94]. In this case, actin filaments are only attached to the'membrane at one end.
This method has been demonstrated to result in'GUVs with a thin actin cortex

localized underneath the membrane [94]. 5

Mechanics

Many different approaches exist for studying the mechanics of GUVs having
an internal cytoskeleton. As with studies of shape change, the majority of
studies, both recent and histeric, have.focused on actin. Membrane-anchored
actin cortices have been shown to. contribute to the elastic response of GUVs
[76, 103, 104], being significantly harder to compress by AFM than empty GUVs
[103, 104] (see figure 3A). Using micropipette aspiration, cortical stiffness was
reported to increase avhien the actin was crosslinked by dynacortin [76] (see
figure 3B). Microrheology measurements on GUVs obtained by observing the
thermal fluctuations, of\beads attached to the outer surface of the GUV or by
actively exerting a force om'these beads [70] revealed the bending and shear
moduli of GUVs with an actin cortex. The resulting moduli as well as the time-
dependent mechanics were found to be similar to those of bulk actin networks
[44], confirming the importance of the actin cortex to cell surface mechanics.
An alternative approach to quantifying mechanics is to combine micropipette
aspiration with, optical tweezers [17] (see figure 3 C). Here, the GUV is held in
placeswith a micropipette and the optical tweezers are used to pull a membrane
nanotube, from ghe GUV via a bead attached to the membrane. To determine
the membrane bending modulus, the force on the bead in the optical trap can be
meagured ‘as a function of the pressure applied via the micropipette. Whereas
steady state values of the membrane bending modulus were not affected, the
membrane dynamics were slowed down by the presence of an actin shell [17].
This result suggests that the actin cortex increases membrane friction [17]. This
effect was attributed to actin decreasing the diffusion of lipids within the mem-
brane, consistent with other studies [42, 48]. Membrane nanotubes can also be
extruded via hydrodynamic drag at constant force [45]. Extruded nanotubes
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were observed to be shorter when the actin cortex was present, again pointing
to a role of actin in reducing lipid mobility.

Generating Shape Change

A key functionality of the cytoskeleton in general, and of the actomyosin network
especially is to dynamically control cell shape [81]. Recentfwork h&s demon-
strated that some features of cytoskeletal shape control can bedminimally re-
constituted, either by encapsulating individual filamentous systems ingside GUVs
[63] or alternatively by encapsulating entire cellular extractsy[3].

Reconstituted Cytoskeletal Systems

It is well established that due to their intrinsic high stiffness, microtubules poly-
merizing inside a GUV can cause the formation of membrane protrusions [63]
that bear some resemblance to microtubulesbased protrusions in cells [15]. It
was shown that microtubule protrusion can be be revessed in reconstituted sys-
tems by applying hydrostatic pressure to promote microtubule depolymerization
[46] (see figure 4 A). By cycling the,applied pressure, the GUV shape could be
repeatedly switched between more or less protruded. In the presence of GTP,
microtubules exhibit a characteristic phenomenon known as dynamic instability,
whereby the ends stochastically switch\between growing and shrinking states.
To our knowledge, there ‘are notiyet.any reports of the time dependence of
protrusion formation by dynamie,microtubules.

In contrast to mierotubules, actimfilaments are not stiff enough to indepen-
dently deform GUVs [22]., However, work from our lab has shown that bundled
actin can control the shaperof a lipid bilayer [115] (see figure 4 B). This was
achieved by comparing uncrosslinked F-actin with actin bundled by the bundling
protein fascin within GUVs. Whereas uncrosslinked actin GUVs were spherical,
actin bundling catised avwide variety of shapes, including some with protrusions.
The competition between’ membrane resistance and actin bundle stiffness was
addressed by varying the fascin-to-actin ratio, where increased stiffness caused
the actin bundles to become increasingly straight, deforming the GUVs more.

In addition te the active (dis)assembly dynamics of actin and microtubules,
cells also use the activity of molecular motors to achieve shape control. An ex-
ample of motor-based shape control in synthetic cells was demonstrated by co-
encapsulating actin filaments and myosin IT motors within a GUV [117, 20] (see
figure 4 C). Here, actin was anchored to the membrane via biotin-streptavidin
linkages. Myosin, activity was shown to be sufficient to cause the actomyosin
network to contract and even to detach from the membrane in case of weak
anchoring [20]. By contrast, when such an actomyosin network was attached
to the outside of a GUV, actomyosin contractility caused GUV crushing. It
was/recently shown how cortical tension can also cause more subtle membrane
remodeling in GUVs, using anillin as a membrane anchor and adjusting mem-
brane tension by by adding glucose to the outside solution [73]. Depending on
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the myosin and anillin concentrations, a wide variety of GUV shapes could be
generated such as faceted surfaces and extrusion of tether-like shapess, More-
over, GUVs with membrane blebs were observed (see figure 4 D). Blebs are
spherical membrane protrusions that are thought to drive some forms of cell
migration and to regulate cortical tension in dividing cells [8, 106]. Theoretical
studies and observations on cells had suggested that bleb expansion is driven
by the contractile actomyosin cortex, which generates hydrostatic,pressure in
the cytoplasm [114]. This hypothesis was elegantly validated by-the'in vitro
reconstitution of blebs in GUVs containing a minimal actomyosin systern.

Reconstituted Whole Cellular Extracts

Cytoplasmic extracts provide an interesting alternativesapproach to reconsti-
tute a cytoskeletal system capable of mimicking complex aspects of cell shape
control [7, 72, 120]. Extracts have a significantly more complex composition
compared to bottom-up reconstituted mixtures, which makes a detailed mecha-
nistic interpretation of experimental observationsmoredifficult yet simplifies the
reconstitution of complex processes that require a lar@ set of proteins [10, 18].
Cytoplasmic extracts contain over,11 000 proteins [127], including a multitude
of actin binding proteins like cofilliny, profilin,»"ARP2/3 and formin which to-
gether cause continuous polymerization and depolymerization of actin filaments
[3] and signaling complexes such as CPC and Centralspindlin which allow for
communication between different cytoskeletal components [39]. Cytoplasmic ex-
tracts from amoeba were encapsulatediinside emulsion droplets and anchored to
the interface via DOTAP [51, 83].:The actomyosin cortex caused an observable
wrinkling of the lipidiinterface that wassmodeled theoretically by considering the
balance between cortex elasticity and contractility [51]. Extracts from oocytes
reconstituted in droplets with, actin nucleators localized at the surface were
shown to drive flows of cortical actin, reminiscent of polarizing cortical flows
observed in oocytesrand early embryonic cells [3, 93]. The flows could be tuned
by adding crosslinkers of actin and by tuning the spatial localization of F-actin
nucleators and'actin turnover. Recently, interactions of the actin and micro-
tubule cytoskeleton were(likewise reconstituted inside emulsion droplets. It was
shown that F=actin contractility in combination with actin-bound signaling pro-
teins couldndrive microtubule nucleation [26].

Bio-Inspired Novel Functionality

So far, all of the papers that we have discussed used biological components
with the goal to understand aspects of cellular behavior. The same biologi-
cal components can also be used to create entirely novel functionality. This
philosophy has been applied to systems comprising microtubules and kinesin
motor proteins encapsulated inside GUVs [56]. A dense layer of microtubules
was found to form a two-dimensional liquid crystal phase. The kinesins caused
active sliding between microtubules, creating a so-called active nematic [100].

10
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This active nematic was confined to the surface of the GUVs and was shown
to cause the GUV to undergo constant shape changing [57]. Althoughathis ne-
matic microtubule phase is not directly biomimetic [126], the resultant shapes
were surprisingly reminiscent of filopodia-like protrusions and even migration of
droplet-confed active nematics was observed [100] (figure 5A).

In another approach towards bioinspired functionality with encapsulation, a
GUYV referred to as a 'molecular robot’ was created by encapsulating kinesins,
microtubules and photo-activatable DNA connectors within & GUV.{302]:" Three
types of single stranded DNA were used: one was attached tosthe membrane,
one to the kinesins and upon light activation a third DNAsstrand could connect
the two other strands. As a result, light activation triggered reeruitment of
kinesins to the membrane via DNA hybridization. Stibsequently, kinesin-bound
microtubules were recruited to the surface, causing the GUV to change shape.
Due to the active sliding between the kinesinsfand microtubules, continuous
shape changes were observed as long as the ’molecular robot’ was exposed to
light [102]. This study is an example of how different techniques derived from
biology, here DNA nanotechnology and prétein reconstitution, can provide sig-
nificantly enhanced function. y

The shape of things to come

It is becoming increasingly elear that encapsulated systems are an essential tool
to understanding the fundamentalsiof.cell shape change and mechanics. Lately
there has been a convergence of mumerous technical advances that make reliable
and biomimetic encapsulated systemsia possibility. At the forefront of these are
advances in encapsulation, with automated techniques such as cDICE now facil-
itating high yields andraceessibility to a broad range of lipid compositions and
buffer conditions to (suit the assembly and/or dynamics of the desired encap-
sulated cytoskeletal protein [2]. This improved versatility is likely to facilitate
better control of encapsulated systems as a more comprehensive understand-
ing of the influence 0f plasma membrane composition on encapsulated protein
remodeling is reached. This in itself is a separate and vibrant field of study
[9]. In addition, creative solutions to long-standing concerns such as incomplete
removal of residual eil from emulsion encapsulation are also being overcome
through novelhapproaches [125. The true test of the utility of these new ap-
proaches will be whether they become widely adopted outside of the laboratory
of origins The high technical barriers to realizing this may be a limiting factor.

Alongside advances in encapsulation, there now exists a broad library of dif-
ferent cytaoskeleton membrane anchoring approaches such that researchers may
select anchoring that is weak, strong, fast or slow. Investigating the influence
of membrane anchor dynamics and affinity in this way represents, in our view,
a significant untapped source of research potential. While studies have shown,
by proof of principle, that the actin cortex influences GUV mechanics [76, 104],
complementary rheological data on bulk actin networks show a richness of me-
chanical response [59, 69, 128] that is almost entirely unstudied in encapsulated
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systems. Even more pressingly, mechanical data on reconstituted activesactin
cortices is entirely absent. For example, in bulk actin networks it has been
shown that myosin activity dramatically stiffens actin networks by pulling out
thermal fluctuations [59], but mechanical studies on cells showed that myosin
IT activity can stiffen adherent cells while softening cells in suspension |21, 38].
To understand this varied behavior, it will be essential to measure mechanical
properties of reconstituted active cortices inside GUVs.

When considering the diversity of cytoskeletal components thatshave been
successfully encapsulated, intermediate filaments are glaringly mnotable by their
absence. This may be because their indirect contributionte.shape change makes
them a less obvious candidate for study. In contrast to actimfilaments or mi-
crotubules, their turnover rates are significantly slewer (of order 1 hour) and
this turnover is more difficult to reconstitute as it is governed /by phosphoryla-
tion/dephosphorylation rather than by nucleotides and dependent on interac-
tions with the microtubule and actin cytoskeleton [85]. While this makes their
influence on cell shape change difficult to study by reconstituted approaches,
their influence on mechanics should be more easily measurable. For example,
their reported high extensibility could have an influeticé on the GUV’s nonlinear
mechanics in response to nanotube extrusion as previously quantified for actin
[17]. In this context, it would also beinterestingto reconstitute membrane an-
choring, which appears to play an important role in the mechanical scaffolding
function of intermediate filaments in cells [96]

A major milestone in synthetic_cells that has now been reached is the possi-
bility to not only observe shape.changein synthetic cells but to actively control
it, either by composition [73] or by, external triggers such as hydrostatic pres-
sure [46] or light [102].xThis paves the way for reconstitution of dynamic cellular
processes such as cell motility. A central requirement of motility is symmetry
breaking, a phenomemnon reported in cellular extracts[3] and also in purified actin
systems polymerized on the outer surface of polystyrene beads and GUVs [118]
(figure 5A). Studies'of migration in cells have revealed that an important require-
ment for establishing/and maintaining cell polarity is close coupling between all
three cytoskeletal subsystems [50]. For example it has been shown that in-
termediate filaments,in native cells are reorganized by microtubule-induced cell
polarization [66], while conversely, their organized structures serve as a template
for furthér microtubule growth [43]. Similarly, traction forces are generated by
the actin cytoskeleton but intermediate filaments play a role in their directional
orientation [28]. Lastly, co-organization of microtubules and actin plays an im-
portant role in'controlling the front-back polarity of cells [13]. This crosstalk
was recently reconstituted in vitro but was not yet encapsulated in GUVs [95].
Similarly, /cell division requires close crosstalk between the actin and micro-
tubule cytoskeleton: the actin cortex facilitates the formation, positioning and
orientation of the mitotic spindle, while the spindle directs the formation and
activity of the actomyosin ring at the cell’s equator [65]. Spindle-like micro-
tubule structures have recently been reconstituted inside emulsion droplets by
co-encapsulating centrosomes with tubulin, motor proteins, cross-linkers, and
cortical dynein anchors [64, 121] (figure 5B). Likewise, actomyosin ring con-
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striction was successfully reconstituted inside emulsion droplets, where ¢rowd-
ing agents caused actin to bundle and to form a ring at the dropletequator
that contracted in the presence of myosin [80]. It will be exciting te combine
these microtubule and actin-based structures to achieve spatial control over cell
division in synthetic cells. Until now, efforts to reconstitute cell division in syn-
thetic cells are based mainly on the prokaryotic FtsZ system, a tubulin homoelog
in E. Coli that forms a so-called “z-ring”, which contributes toseell constriction
in concert with the cell-wall building machinery [86]. This‘approach. is signif-
icantly more mature than efforts based on eukaryotic systems? Not only has
anchoring to the plasma membrane via the membrane proteins FtsAland ZipA
been achieved but, under certain conditions, division of the entire GUV has been
achieved [87] (figure 5B). Furthermore, spatial reguldtion of FtsZ assembly was
achieved by adding proteins of the Min family, which form spatial patterns by
a reaction-diffusion mechanism [109].

In the long run, reconstitution of eukaryotig life by synthetic cell approaches
has to consider the interactions between cells anditheir surrounding tissue ma-
trix that drive multicellularity. Proof-of-principle evidence exists that GUVs can
be made selectively adhesive to extracellular smatrix by incorporating integrin
receptors in the membrane [41, 125]. Also, cadherin-based adhesion between
cells has already been mimicked in biomimetic systems [107].The ultimate chal-
lenge will be to combine all these individual aspects of cell shape control within
a single system to achieve synthetic cells with,truly life-like functionality.
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Figure 1: Schematic of the cytoskeletal organization of an interphase cell ad-
hered to an underlying substrate. Intermediate filaments (green) form a dense
network that provides'mechanical resistance against large deformations and con-
nects the cell nucleus to the cell periphery. The actin cortex (red) is anchored
to the membrane by numerous interactions such as the ERM (Ezrin, Radixin
and Moesin) family of proteins, which is mediated by the lipid PIP,. Active
contractionyis caused'by filament sliding, driven by myosin motor proteins, thus
regulating cell surface stiffness and creating high hydrostatic pressure inside the
cell. Microtubules (blue) exert pushing and pulling forces on the cell membrane,
crucial for, separating the chromosomes during cell division, which is driven by
polymerization, depolymerization and motor proteins such as dynein which in-
duce'sliding forees and act as membrane anchors, . The distinct functions and
their interplay with each other make these three subsystems ideally suited for
study in synthetic cell models.
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Figure 2: Overview of different methods used to encapsulate proteins inside
GUVs (see main text for details): A) swelling-based methods [110, 6, 90] involve
spontaneous GUV fermation upon swelling of a lipid film deposited on a surface
by the addition of an aqueous solution . B) With the Inverse Emulsion method
[90], water=in-oil droplets are created emulsification of a mixture of a water phase
with an oil solution containing lipids. The lipids form a monolayer on the water
droplets that will constitute the inner leaflet of the bilayer of the GUV. Next, the
water=in-oil_emulsion is centrifuged through a water-oil interface with another
lipid film. Asha result, both lipid films zipper and form a GUV. C) continuous
droplet interface erossing (cDICE [2]) is based on the same principle as Inverse
Emulsiont  However, as the droplet formation process is well-controlled, the
GUY vyield is typically much larger and more monodisperse. D) A large planar
lipid bilayer can be created using two water droplets submerged in a solution of
lipids in oil, Afterwards, GUVs can be formed by allowing an inkjet to blow on
the planar lipid bilayer [110].
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Figure 3; Examples of mechanical characterization of synthetic cells (see main
text for details). A) Nanoindentation of GUVs with (blue curve) or without
(green) an-actin cortex showed that cortices made the GUVs significantly harder
to compress [104]. B) Micropipette aspiration of synthetic cells containing actin
witheer without dynacortin showed hints of an influence of actin cross linking
[76]:-C) Optical tweezers were used in combination with micropipette aspiration
0 pull membrane tethers from either empty GUVs (green) or GUVs containing
actin'in the cytosol (red) [17].The force required to pull a tether was insensitive
to the presence of actin in the cytosol, consistent with the absence of membrane-

actin anchoring (scale bar is 5 um).
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Figure 4: Several examples are shown of GUV shape changes achieved by encap-
sulation of cytoskeletal,components. A) Similar shapes can be observed with
microtubules indthe absence of microtubule crosslinking proteins. Moreover
these shape changesican be reversed by increasing the osmotic pressure to de-
polymerize the microtubules [46]. B) Actin bundles formed by co-encapsulation
with the bundling protein fascin cause membrane protrusions, with geometries
depending on the ratio of actin-to-fascin (scale bars are 5 um) [115]. C) When
an actéomyosin,cortex is attached to the outer surface of a GUV, the GUV is
crushed due to myosin-driven network contraction (scale bar is 10 um) [20]. D)
When an actomyosin cortex is attached on the inner surface of a GUV, the bal-
amce of hydrostatic pressure and actomyosin contractility causes bleb-like shapes
(scale barfis 20 um) [73].
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A | Cell Migration B | celbivision

Figure 5: Examples of fundamental cell shape change phenomena that will
represent the next stéps in bhottom-up reconstitution. The colour schemes are
identical to figure 1. (A) In motile cells, forces are exerted by both contrac-
tile actomyosin andidynamically growing and shrinking microtubules. Basic
motility has been demonstrated in actin-coated beads which are propelled upon
rupturing of the actin shell (bottom left) [118], whereas a nematic solution of
microtubules and kinesins has been shown to propel droplets via the continuous
motion ofitheéractive nematic (bottom right) [100]. B) Cell division is created
by contractile forees of the actomyosin ring and chromosome segregation by
microtubules.” An important aspect of this division includes the assembly, and
subsequent contraction of the actomyosin ring which has been observed to occur
upon’confinement to a small enough droplet (bottom left) [87]. Encapsulated
microtubules have been shown to self-assemble into asters and subsequently ori-
ent themselves in the center of a confined area due to pulling forces from cortical
dynein_attached to shrinking microtubules (bottom right) [64]. All scale bars
are 10 pm.
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51 Table 1: Comparison of techniques to create GUVs. Requirements beyond stan-
52 dard lab equipment (pipettes etc.) are specified per technique. The column
53 oil-free refers to whether the membrane contains oil defects. The column "En-
54 capsulation’ specifies the efficiency at which proteins can be encapsulated, for
55 gel-assisted swelling this depends on 8Hle weight of the protein. The column
56 "GUYV size’ specifies both the range with which the average size can be tuned,
57 and an indication of the polydispersity. Membrane asymmetry specifies whether
58 the membrane composition of the inner and outer leaflet can be independently
59 tuned.
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| Ref | Method /type | Actin | Microtubules | Cross linkers rs | Extract Mechanics Shape control
[115] Gel-assisted swelling x | Protrusions
[46] Swelling + IE x Protrusions
[20] Gel-assisted swelling x Collapse
[73] cDICE Blebs
[3] Droplet x Egg-shape

[51, 83] Droplet x Wrinkling

[56] ¢DICE Protrusions
[102] IE Amoeba-like
[17] IE x Tether
[45] IE x Tether
[76] 1E x Micropipette
[104] EF AFM
[103] EF AFM
[70] EF Microrheology

cytoskeletal prote
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from the last five years that encapsulate purified
ellular extracts in GUVs or droplets.
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