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Abstract 
The cytoskeleton of a cell controls all the aspects of cell shape changes and motility from its 

physiological functions for survival to reproduction to death. The structure and dynamics of the 
cytoskeletal components: actin, microtubules, intermediate filaments, and septins - recently 
regarded as the fourth member of the cytoskeleton family - are conserved during evolution. Such 
conserved and effective control over the mechanics of the cell makes the cytoskeletal 
components great candidates for in vitro reconstitution and bottom-up synthetic biology studies. 
Here, we review the recent efforts in reconstitution of the cytoskeleton in and on membrane-
enclosed biomimetic systems and argue that co-reconstitution and synergistic interplay between 
cytoskeletal filaments might be indispensable for efficient mechanical functionality of active 
minimal cells. Further, mechanical equilibrium in adherent eukaryotic cells is achieved by the 
formation of integrin-based focal contacts with extracellular matrix (ECM) and the transmission 
of stresses generated by actomyosin contraction to ECM. Therefore, a minimal mimic of such 
balance of forces and quasi-static kinetics of the cell by bottom-up reconstitution requires a 
careful construction of contractile machineries and their link with adhesive contacts. In this 
review, in addition to cytoskeletal crosstalk, we provide a perspective on reconstruction of cell 
mechanical equilibrium by reconstitution of cortical actomyosin networks in lipid membrane 
vesicles adhered on compliant substrates and also discuss future perspective of this active 
research area.  
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Introduction 
To what extent are we able to build membrane-enclosed active systems that resemble 

cell morphology and shape changes from scratch? The key factor of this question is how 
well we reconstitute and control its foundation, the cytoskeletal network. A major player 
of cell cytoskeleton is actin which, with the help of a variety of actin-binding proteins and 
motors, defines cell shape by polymerization/depolymerization, branching, crosslinking, 
bundling, and contraction. Networks of actin filaments have been reconstituted on 
patterned surfaces1, 2, beads2-4, supported lipid bilayers5-8, droplets9-11, and giant 
unilamellar vesicles (GUVs) 9, 12-14 forming different biomimetic structures. Microtubules 
are one of the most dynamic units of the cell cytoskeleton which have gained attention in 
bottom-up reconstitution studies for their role in active cell shape changes and polarity15-
17. Dynamic microtubules and microtubule-based motors are the key players of active 
nematic systems18-22, and are used in the design of molecular robots23-25. The third group 
of the cytoskeleton family are intermediate filaments which have gained attention in 
reconstitution of cytoskeleton for their major role in cell rigidity and providing mechanical 
support at adhesion sites26-31. Septins are considered the fourth cytoskeletal component 
as they function as filamentous scaffolds at the plasma membrane and regulate protein-
membrane interactions32-34. Reconstitution studies are recently conducted to examine the 
role of septin structures in the mechanics of the cell. Although each of the cytoskeletal 
systems can be functionally reconstituted, crosstalk among cytoskeletal components is a 
key cellular feature enabling a robust mechanical response in cells. Cooperation of distinct 
networks of cytoskeletal components enables cells to resist mechanical stress to optimize 
their shape during almost every physiological process. 

Besides using cytoskeletal elements to directly provide cell mechanical resistance and 
integrity, a dynamic cell also requires coordinated interaction with the ECM35. Cells adhere 
to their substratum by the formation of local contacts with ECM. Adhesion regulates the 
exchange of signals with the immediate microenvironment, cell shape changes, and 
migration. Active cytoskeleton networks govern such cell interactions with ECM through 
focal adhesions. Adhered artificial cells with reconstituted adhesion proteins to ECM have 
provided a better insight in the adhesion-induced reshaping of lipid membranes9, 36. The 
regulation of forces required for such shape changes and remodeling of the cytoskeleton 
could be studied by reconstitution of the cytoskeleton in adherent lipid vesicles37.   

Any internal or external transmission of forces requires congruous coordination and 
cooperation of constituent cytoskeletal components. A long list of coupling proteins works to 
mediate cytoskeletal rearrangements and architecture of the composite network. Complex and 
synergic behavior of the cytoskeleton raises a fundamental question of how many components 
are necessary for an artificial model to recapitulate a specific cytoskeletal function. A minimal set 
of coupled cytoskeletal components capable of exchanging information with the environment 
through a cell membrane-like boundary condition is likely essential for cytoskeleton-dependent 
cellular behavior. The sufficiency of the minimal yet required factors, however, is debatable and 
depends on the complexity of the expected outcome. For instance, monomeric actin polymerizes 
to form filaments in the presence of ATP and divalent magnesium ions while at least one actin 
binding factor is required for F-actin network formation, protrusion, or contraction. Creating a 
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biomimetic mechanically stable adherent cell requires the addition of actin-membrane and 
membrane-substrate binding factors. Actin cytoskeleton should team up with other cytoskeletal 
components to present a model with reconstituted cytoskeleton components for global cell 
deformation with structural integrity.       

In this article, we first review the role of the four cytoskeletal components in cell 
mechanics and their dynamics in vitro with an emphasis on induction of shape changes in 
membrane-enclosed systems. Then we examine recent investigations in the adhesion of 
lipid membrane and cytoskeletal vesicles to their underlying substrates. Not covered here, 
the reader is referred to recent reviews addressing the pros and cons of different types of 
droplets and vesicles as common boundary conditions for encapsulated cytoskeleton38-44. 
One of the long-term goals we envision for the field is to observe shape changes of 
adherent cytoskeletal liposomes under controlled contraction. Finally, we discuss the 
importance of cytoskeletal crosstalk in the design of artificial bio-machines. Such composite 
networks of reconstituted cytoskeleton can improve the design of protocells and synthetic cells, 
cytoskeletal nematics as active systems of self-assembly, and actin- and microtubule-based soft 
robots.  
 
Steady state dynamics of actin: protrusion, contraction, and remodeling 

Actin networks are the mainstay of the cytoskeleton. Networks of actin filaments 
dynamically remodel to reshape cells. The lamellipodium protrudes by actin 
polymerization45. Actin remodeling and polymerization also governs inward pulling of the 
plasma membrane in endocytic and phagocytic sites46, 47. Besides dendritic actin 
networks, bundles of actin filaments also support integrity and motility of cells48-51. Actin 
crosslinking proteins such as filamins and α-actinin and actin-branching proteins such as 
Arp2/3 complex and membrane-associated nucleation promoting factors cooperate with 
regulators of actin elongation such as formins and capping proteins to organize actin 
network architecture and elasticity52-54. Actin disassemblers such as ADF/cofilin also help 
to regulate treadmilling of actin filaments to balance the rate of actin polymerization and 
disassembly55. Actin filaments are bundled by crosslinkers such as fascin. The mechanics 
of the cell membrane and therefore cell shape however is governed by the cell cortex, 
shell-like networks of crosslinked and branched actin bound to the membrane. Dynamic 
actin-membrane binding proteins such as ezrin, profilin, and cofilin 56, 57 couple the cell 
periphery to actin network to enable formation and regulation of the cortex. Myosin-
driven contraction and protrusion of actin drive cell migration and predominately 
determine cell elastic properties and surface mechanics53, 58-60. During symmetry breaking, 
F-actin flow transforms myosin contraction into morphological processes of cell 
polarization to initiate motility61. Coarse-grained simulations have shown that 
contractility, bundling and polarity of actin cytoskeleton is a function of binding affinities 
of crosslinkers, motor proteins, and filament length62. By capturing fluctuation statistics 
of actin filaments and strain stiffening, these models show how crosslinker stiffness tunes 
the elasticity of the network63.  

To pave the way to understanding cell migration and division, reconstitution studies 
have recapitulated cell mechanics and shape changes governed by the complex dynamics 
of actin protrusion, cortex flow, and contraction64, 65. Despite being sufficient to generate 
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protrusion and contractility, biomimetic actin networks have not comprehensively 
explained the role of asymmetries in the constituent molecules behind such forces and 
global cell deformations.  

The ability to control the internal structure and the choice of a functional membrane 
should be considered in the design of cytoskeletal synthetic cells. Lipid droplets and GUVs 
are two major platforms for this purpose. Moreover, enrichment of actin filament 
assembly in polymeric coacervates was recently observed10 (Fig. 1A,B). In cytoskeletal 
GUVs, global shape changes of reconstituted actin is a result of trade-off between 
membrane tension and actin dynamics66, 67. Bundles of actin crosslinked with fascin 
deform liposomes that have small membrane bending rigidity and form filopodia-like 
protrusions while those bundles forming cortical rings and protrusion are suppressed in 
liposomes with high membrane rigidity68. Membrane itself is able to provide lateral forces 
to  bring free-ends of a branched actin networks into parallel filaments and form fliopodia-
like structures that protrude into the lumen of a GUV69, and can also organize sites of actin 
assembly as shown by using a phase-separated membrane system70 . The use of low and 
high concentrations of capping protein on polymerizing actin promotes protrusion and 
concave bending of the membrane respectively71. Interestingly, a branched network of 
polymerizing actin was recently shown to be sufficient for filopodia-like protrusions at low 
membrane tension and endocytic-like membrane deformations regardless of the 
tension64 (Fig. 1C).  

Beside the dynamics of protrusion, how local remodeling of actin architecture tunes 
stress production and dissipation in the cell, and regulates large-scale contractile network 
flow remains poorly understood. Cytoskeletal GUVs and droplets have been widely used 
in the pursuit of understanding actin network remodeling and contraction72-74. Droplet 
size-dependent localization of contractile actomyosin networks generated in Xenopus egg 
extracts lead to the emergence of symmetric and polar states in the lumen of water-in-oil 
droplets (Fig. 1D)75. Active fluid-like steady-state contraction in the droplets was shown 
to be independent of the density of the network and scales with the network turnover 
rate if the networks are not excessively branched or crosslinked76 (Fig. 1E). Charge-
induced coupling of contractile actomyosin to water-in-oil droplets induces stochastic 
oscillatory deformations at the lipid interface by the spontaneous formation of aster-like 
actin structures77.  Cluster formation and the flow of minimal actomyosin cortices in such 
droplets can undergo vibrational states65 (Fig. 1F). Global membrane deformations driven 
by actomyosin cortices can be explained by the balance between membrane tension and 
the contractile force, and anchoring density78. Deformation of the cortex itself depends 
on the network-membrane anchoring geometry and cortical tension buildup due to 
actomyosin contractility73. Cortex formation and membrane deformation induced by 
actomyosin contractility also depends on the concentration of capping protein71. These 
studies underscore the contractility and the mode of local network contraction are 
determined by the architecture of the network.  

By an optimal design of cortical flows in reconstituted actin shells, actin polymerization 
and myosin-driven contraction can be studied simultaneously in vitro79. Such optimization 
can be achieved by maintaining the structural steady state of actin filaments protruding 
on the membrane on one end and being disassembled on the other end by myosin 



 

 6 

contractility80, 81. These two major thrusts of cellular shape change are ATP-dependent. 
Thus, remodeling of actin vesicles under actin-generated forces can be temporally 
controlled by changing the amount of hydrolyzable ATP12, 59, 60, 82. Light-controlled shape 
changes by actin polymerization was achieved by encapsulation of photosynthetic 
artificial organelles for ATP synthesis in GUVs83 (Fig. 1G). This also reflects the 
controllability of actin-driven forces by application of physical stimuli. At high actin 
concentrations comparable to those in the cell cytoplasm, GUV shape changes by actin 
polymerization can be externally controlled by alterations in osmotic pressure or 
application of light with no need for myosin motors84 (Fig. 1 H,I). Another external inducer 
of actin remodeling and cell migration is electric field. Electrophoretic redistribution of 
membrane components has been shown to guide directionality of migrating cells in 
response to an electric field85. Application of an electric field on cells in vitro can perturb 
their polarity without affecting actomyosin-driven motility86. GUVs can be used as a 
platform to study the effect of electric field on phospholipid bilayer and cortical actin. A 
recent study showed that electric field-induced electrophoretic forces on actin filaments 
disrupt actin cortex reconstituted in GUVs and this attenuates the formation of pores on 
the membrane87 (Fig. 1J). These all demonstrate the versatility of actin-containing 
liposomes and emulsion droplets for understanding and controlling actin network 
behaviour in response to external stimuli.   
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Figure 1. Vesicle- and droplet-based actin reconstitution. (A) A schematic representation. (B) Encapsulation of actin 
in adherent polypeptide coacervates. Actin partitions into coacervates, enhances its self-assembly, and localizes to 
coacervate periphery.10 (C) Endocytic- and filopodia-like deformations by actin reconstituted on GUVs. Filopodia-
like deformation events increase by application of hyper-osmotic shock.64 (D) Time-lapse symmetry breaking of 
emulsion droplets by actomyosin contraction surrounding an aggregate. Symmetry breaking depends on droplet 
size.75 (E) For a wide range of physiological conditions, myosin-driven contraction is density-independent in 
emulsion droplets and is proportional to the network turnover rate.76 (F) Dynamic clusters of actin and actin cortex 
are formed at the equatorial plane of water-in-oil droplets in the presence of ATP. Flow-like motions in the clusters 
arise from vibrations within individual clusters.65 (G) ATP synthesis and thereby actin polymerization can be optically 
controlled in GUVs by encapsulation of an engineered light-harvesting organelle containing ATP synthase (left). The 
growth of actin filaments can deform the shape of vesicles into teardrop (middle) or mushroom (right) shapes.83 (H 
and I) High concentration of encapsulated actin can polymerize and deform GUVs into spindle shapes. The shape 
changes can be reversed and controlled by application of osmotic shock (H) or light (I).84 (J) Application of high 
electric field pulses can break down actin cortex (green) in GUVs.87   
 
Encapsulation of dynamic yet unstable systems: active microtubules and gliding 
microtubule on kinesins 
 

Microtubules provide mechanical support for the cell. They shape mitotic spindles and 
are recognized as a critical cytoskeletal component for intracellular transport in cells, most 
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notably in neurons88-93. Microtubules provide long-range supports by reorganizing, pulling 
and pushing against loads15. To achieve this, they can manifest distinct mechanical 
behaviors by being elastic under low loads but strain-softening above a strain threshold94. 
Similar to actin, polymerization and crosslinking define the functional structure of 
microtubules95. However, their dynamic instability allows them to grow long and 
reorganize in short time scales. Reconstitution of microtubules in budding yeast lysates 
showed that its polymerization and dynamic instability are regulated by microtubule-
associated proteins96. Microtubule motors such as kinesin and dynein transport cargo and 
can move microtubules if anchored or crosslinked to the substrate19. Microtubule and its 
motors also play a pivotal role in the tubulation of organelles and shaping eukaryotic 
cells97.  

Reconstitution of microtubules bound to GUV membranes demonstrated the capability 
of motor-less growing-shrinking microtubules in tubulating the membrane, sliding, and 
pulling it16. Microtubules can polymerize and cause protrusions in GUVs, and such growth-
shrinkage of microtubules and therefore liposome deformations can be controlled by 
altering the hydrostatic pressure98. Kinesin-driven microtubule sliding (Fig. 2A) can self-
organize into different structures in lipid-monolayered droplets depending on droplet size 
and motor activity99 (Fig. 2B). Aggregation and polymerization of tubulin in these droplets 
is highly dependent on the composition of lipids99.  Microtubules reconstituted into water-
in-oil droplets with anchored kinesin motors have also demonstrated microtubule gliding 
behavior100 (Fig. 2C).      

Microtubule-motor systems are self-propelled active systems out of equilibrium20, 101. 
Methylcellulose-stabilized microtubule-kinesin networks show chiral active nematic 
behavior on glass surfaces102. The dynamics of microtubules sheared by motors has led to 
the emergence of synthetic active gels and emulsions featuring ATP dependent micro-
motility and locomotion20, 21, 103. For instance, filopodia-like protrusions and oscillatory 
dynamic deformations in vesicles are generated via kinesin-driven microtubule 
nematics104. Sensor-actuator-based biomimetic micromachines can therefore be designed 
by modulating microtubule network dynamics. In this regard, vesicle shape changes were 
successfully triggered and controlled by strand of DNA-based signal molecules capable of 
engaging and disengaging kinesins anchored to liposome membrane105 (Fig. 2D).      
 
Apolar filaments: Keratins collapse, septins deform the membrane 
 

Intermediate filaments have diameters slightly larger than F-actin (~10 nm vs 6-8 nm), 
are dynamic and non-polar which self-assemble into complex bundles and networks27, 28. 
Besides their involvement in the localization of cell nucleus and mitochondria, 
intermediate filaments modulate cell mechanical properties and provide mechanical 
support for the plasma membrane by the formation of highly flexible and stretchable  
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Figure 2. Vesicle- and droplet-based reconstitution of microtubules, intermediate filaments, and septins. (A) A 
schematic illustration. (B) Formation of astral (top), cortical (center), and ring-like (bottom) microtubule-kinesin 
complex in lipid-monolayer droplets depends on the droplet size.  Scale bars, 20 µm.99 (C) Microtubule (red)-kinesins 
(green) form aster-like aggregates in the lumen of emulsion droplets (top). They can be anchored to the inner surface 
of droplets by a Ni-NTA-His tag interaction (bottom).100 (D) GUV shape changes by a microtubule (magenta)-kinesin 
(green)-based molecular robot in inactive (left) and active (right) state. A DNA-based clutch was used to couple 
microtubule-kinesin (actuator) to the lipid membrane.105 (E) Keratin networks collapse in GUVs due to high self-
affinity. Scale bars = 10 µm.29 (F) Reconstitution of septin (green) outside PIP2-containing GUVs (red) deforms the 
membrane (left), and forms spike-like deformations at higher concentrations (right). Scale bars, 10 µm.106 (G) 
Shrinkage and reshaping of GUVs by SEPT5-SEPT6-SEPT7 complex outside GUVs (top). The complex induces dramatic 
shrinkage and formation of buds on PIP2-containing GUVs, which leads to the formation of smaller vesicles 
(bottom).107 (H) Septin (green) specifically binds to PIP2 and was used as a reporter of PIP2 incorporation on GUVs 
(red) formed by electroformation on platinum wires.108 (I) smSEPT10 (green) forms organized structures (arrows) in 
PIP2-containing GUVs (red) (top), and distorts GUV shape (bottom) at the sites of high smSEPT10 concentration 
(arrows). Scale bars, 30 µm.109 
 
filaments compared to F-actin and microtubules26, 110-112. Among more than 70 types of 
intermediate filaments, keratin is expressed the most in the cell predominately in 
epithelial cells to control cell-cell and cell-ECM interactions at adhesion sites26, 28. The 
other key intermediate filament is vimentin that is well-known for its role in cell elasticity 
and migration, epithelial to mesenchymal transition, and cancer metastasis113-116. 
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Vimentin filaments regulate actin dynamics and contractile force transmission, and orient 
cell traction stresses117-119.        

The reconstitution of keratin intermediate filaments into GUVs demonstrated their 
high self-affinity and cluster formation with time29 (Fig. 2E). Encapsulation of actin in these 
keratin-containing GUVs formed a composite system without separation of the two 
networks where the actin network provided keratin with elastic resistance stabilizing the 
keratin network and preventing its collapse29. Encapsulated vimentin in vitro has never 
been characterized in details, however, inhibitory effect of vimentin filament assembly 
was observed when encapsulated in lipid vesicles120. Other in vitro studies of vimentin 
have demonstrated complex assembly of vimentin filaments triggered by salt, their high 
resistance to stress, and the exchange of subunits among vimentin filaments119, 121, 122.    

Septins, unconventional members of the cytoskeleton family, are GTP-binding proteins 
which form non-polar and stable filaments which assemble at the inner face of the plasma 
membrane and are involved in regulation of cell mechanics by interacting with the 
membrane and other cytoskeletal components123-125. By end-to-end polymerization of 
their subunits, they form complexes with distinct architecture32. Filamentous and bundled 
septin structures enhance cell rigidity, dynamically retract cell membrane during blebbing, 
and act as scaffolds to modulate membrane interaction with its binding proteins32, 34. Ring-
like septin complexes play pivotal role as scaffold for myosin II and actomyosin rings of 
dividing cells and as diffusion barriers at the cytokinetic domain, the annulus of 
spermatozoon, and cell ciliary membrane34, 126, 127. Septin rings and cages are also required 
for the formation of phagosomes and traps during bacterial ingestion33, 128, 129. 

The in vitro reconstitution of septins has gained attention due to the recent discoveries 
in architecture and function of septin as a component of cell cytoskeleton (Fig. 2A). Septin 
could assemble into individual or networks of membrane-bound apolar filaments on 
vesicles and deform LUVs and GUVs (Fig. 2F) yet they do not impose a significant effect on 
membrane stiffness106.  The higher concentrations of septin filaments on GUVs induced 
the formation of membrane spikes106. The architecture of septin subunit assemblies and 
lipid composition significantly influence the capability of septin filaments to deform 
GUVs107. SEPT5-SEPT6-SEPT7 filament complex could form small buds on POPC-containing 
GUVs but induced shrinkage of POPC/POPS-containing GUVs. The filaments significantly 
shrank POPC-PIP2-containing GUVs and led to the formation of multiple buds107 (Fig. 2G).  
PIP2-containing GUVs are efficient platforms for septin reconstitution as septin specifically 
binds and interact with PIP2108, 130 (Fig. 2H). Both septins smSEPT5 and smSEPT10 from 
Schistosoma mansoni, a water-borne parasite, bind to PIP2-containing GUVs where the 
latter could form cage-like structures on the vesicle membrane and deform it109 (Fig. 2I). 
Another study showed that smSEPT10 also binds to DOPS-containing GUVs but not to 
those containing only DOPC109. These examples highlight the significance of intermediate 
and septin filaments in the mechanics of the cell and the versatility of lipid vesicles with 
different compositions for studying these apolar components of the cytoskeleton.  
 
Recapitulation of mechanical equilibrium: Adhesion of cytoskeleton-encapsulating 
systems 
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Forces generated by actin cytoskeleton in the cell are transmitted to adhesion via integrin-
actin linkage. Mediation of adhesion by myosin allows the regulation of cell polarity by substrate 
elastic properties which provides inhomogeneous contractile forces in cells131. Contractility-
driven forces are transmitted to the cell membrane and ECM and therefore regulate membrane 
shape changes during cell polarization and movement. Molecular control of cortical homeostasis 
and cell polarization by a minimal network of encapsulated cytoskeleton may require a well-
established assembly of actomyosin array bound to supported membrane. Time-dependent 
mechanical work generated by these networks requires an intimate coordination among 
the various components to equilibrate forces between each other internally and with 
substrate externally. Therefore, an ultimate minimal model of universal cell mechanics 
might require the presence and cooperation of entangled cytoskeletal components in 
synthetic cells.  

In such a delicate mechanical equilibrium between adhesion-generated and internal forces, 
the lipid membranes and cytoskeletal biopolymers can influence each other’s conformations. 
Dynamic deformations generated by actomyosin cortex in GUVs showed the necessity of active 
remodeling for strong adhesion to the substrate37. However, all cortex-free GUVs and those with 
cortex have been shown to spread and rupture within 2 minutes on rigid substrates36, 37 (Fig. 3A 
and B). For an efficient mimic of cell adhesion, the choice of membrane ligand and adhesion 
receptor should also be carefully considered132. The reconstitution of integrin in liposomes could 
further enhance the adhesion and spreading of GUVs on compatible ECM-coated substrates9 (Fig. 
3C). However, an adhered GUV alone was shown to generate traction forces deforming soft 
substrates due to an increase in Laplace pressure36 (Fig. 3D). A cortical network of actomyosin 
might significantly affect the generation of traction forces and tension buildup in GUVs. 
Contractility of substrate-anchored actomyosin networks depend highly on the network 
composition and architecture, and follow a sarcomeric-like mechanism which can in turn 
generate traction stresses and deform soft substrates1, 133. Such contractility on supported lipid 
bilayers changed the diffusive state of the membrane and retracted actin filaments and 
condensed them into foci134. Therefore, a minimal and stable contractile unit reshaping synthetic 
cells can potentially be achieved by cortical actomyosin GUVs adhered to a substrate with 
controlled stiffness36 (Fig. 3A, D). The balance between adhesion and the shape of such active 
synthetic cells would determine the composition and concentration of these minimal set of 
proteins. Another prospective would be co-encapsulation of supportive cytoskeletal components 
such as microtubules with a cortical network of actin in adhered vesicles. If physically linked to 
the actin-membrane cortex, microtubules can internally adjust the morphology in response to 
external forces by providing mechanical support to the cortex.   

Adhesion is not necessary for mechanical stability of cell in the absence of a central 
contractile unit. However, it is an essential unit for structural integrity and global 
deformation of migrating cells during power generation. A mimic of an adherent cell 
would ultimately require a direct link between the cytoskeleton and the units responsible 
for exchange of force with the environment, including to other ‘cells’. This perhaps applies 
to biomimetics of cell-cell contact formation towards the reconstitution of prototissues135-
138. 
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Figure 3. (A) Adherent cortex-free GUVs spread and eventually rupture on rigid substrates.36 (B) Weakly bound 
cortex-free (a) and cortex-supported (b) GUVs eventually deflate on rigid substrates with strong adhesion (c and d) 
where the latter forms undefined shapes after deflation (d). Strongly adhered GUVs with myosin-driven contractile 
(active) cortices however, deform into spherical cap shapes (e) similar to those in (c).37 (C) Droplet-stabilized GUVs 
with reconstituted integrin (left) were released into GUVs, and did not spread on BSA-coated glass (center). 
However, these integrin-containing GUVs spread well on fibrinogen-coated glass (right).9 (D) Traction stress field of 
adherent GUVs on soft PAA gels changes with time. GUVs spread on the gel and tension builds within about 100 
seconds before rupture.36     
 
A direction for the future: cooperation and crosstalk 
 

The studies of evolution have shown that biological phenotypes are a result of trade-
off between natural selections for performing different tasks139. In the case of the 
cytoskeleton such trade-offs were achieved early in evolution and cytoskeletal 
components opted to use several yet conserved mechanisms to perform their multiple 
tasks. Indeed, there exists a close-knit cooperation and crosstalk between these 
components enabling cells to bear internal and external mechanical challenges. The 
mechanical control of the directionality of migrating cells is predominately a result of 
complex crosstalk between microtubules and actin networks with adaptable dynamics35. 
The interactions between actin filaments and microtubules have been long recognized140, 
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141, and bottom-up reconstitution of composite actin-microtubule networks require an 
assembly of proteins known to mediate actin-microtubule binding, interaction, and 
network plasticity142, 143. Plectin mediates cell mechanics and stress generation by 
crosslinking actin and microtubules while CLASP2 links microtubules and cortical actin at 
the periphery where its Abelson (a non-receptor tyrosine kinase)-dependent 
phosphorylation regulates cell protrusion144, 145. Beside CLASP2, a variety of cross-linkers 
such as MAP2c and Tau mediate actin-microtubule crosstalk during neurite formation and 
axon organization respectively146, 147. Key actin-microtubule coupling proteins including 
anillin, myosin X, and moesin mediate spindle and contractile ring organization147, 148.  

In vitro reconstitution systems can provide versatile platforms to study the role of 
individual coupling proteins in the dynamics of composite actin-microtubule networks and 
cell mechanics. However, the inclusion of intermediate filaments and septins in 
cytoskeletal biomimetic models of cells becomes indispensable when we realize that most 
types of cells require the interaction of multiple cytoskeletal components at key sites. 
Microtubules support actin networks at the periphery of migrating and dividing cells while 
they are teamed up with intermediate filaments at the adhesion sites where cell-
generated forces are transmitted to the substrate as traction forces92, 95, 148, 149. Septins 
regulate reorganization of actin and microtubules and act as scaffold for myosin motors124, 
125, 150-153. Actin networks act as template for septin filaments154. Septin filament formation 
itself depends on its interaction with microtubules155. Keratin filaments localize with actin 
cortex at the peripheral, apical and basolateral membrane of epithelial cells and assist 
actin networks in maintaining cell polarity156-159.  The supportive role of each cytoskeletal 
component on the dynamics of other cytoskeletal components is summarized in Fig. 4A. 

Actin co-encapsulation with keratin in GUVs showed the effect of their coupling in 
network properties and the supportive role of actin for stabilization of intermediate 
filaments29 (Fig. 4B). Reconstitution of composite actin and microtubules can provide 
insights into cell’s complex viscoelastic properties as well as cooperative dynamics and 
stress generation in the cell. Actin and microtubule networks dictate each other’s 
dynamics in vitro160. Reconstituted contractile actin networks co-encapsulated with 
microtubules were shown to control the dynamics of microtubules and act as guiding 
tracks for microtubule aster mobility160 (Fig 4C). Force generation of actin and microtubule 
networks is highly dependent on their distinct polymerization/depolymerization 
pathways, crosslinking proteins, and motors35. Actin binding and microtubule-associated 
proteins can physically link these two key cytoskeletal elements to couple their 
dynamics149, 161. Therefore, a careful assembly of the components is required to assess the 
effects of dynamics and formation of one network on the other. Cytoskeletal components 
deform membranes with distinct mechanisms. This indeed reflects the involvement of 
multiple cytoskeletal components in cell shape changes associated to polarization, 
protrusion, division, and death but the mechanisms behind how various cytoskeleton 
components cooperate remain largely unknown (Fig. 4D). A long-term goal for pursuing 
cytoskeletal reconstitution is the construction of a self-replicating and self-dividing or a 
motile synthetic cell162. Just as a natural eukaryotic cell uses microtubules for DNA 
segregation and actomyosin contractile machinery for cytokinesis, complex cell shape 
changes are likely only possible with coordination of different cytoskeletal networks. An 
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enclosed solution of cytoskeleton components in mechanical and thermal equilibrium 
with its surroundings will continue to be a valuable experimental system for studying the 
emergent mechanics and homeostasis of cellular systems. Co-encapsulating and 
crosslinking these components, and visualizing real-time network-network and network-
membrane interactions will surely provide new biophysical insights.  

One challenge associated with studying encapsulated cytoskeleton systems would be 
the design of experiments that enable us to simultaneously monitor and capture the 
interactions of different cytoskeleton components. While simultaneous imaging of 
multiple fluorescence channels is possible, they are limited to visualization of only a few 
proteins at a time. Synchronized visualization and tracking of each constituent in a spatial 
and temporally resolved manner seem inevitable to assess the effects of dynamics and 
formation of one network on the other. Stepwise complex assembly in bulk requires an 
experimental design with highly reproducible behaviour while enabling control over 
network mechanics and spatiotemporal dynamics. However, there are limited 
experimental approaches for introducing or activating components in an encapsulated 
system. Further development of strategies for controlling the assembly of encapsulated 
cytoskeletal networks would be highly desirable. 

Finally, the self-organization of different cytoskeletal polymers is an ideal experimental 
system for studying composite active matter where it plays a rich emergent ordering 
behaviors163. Lyotropic suspensions of composite cytoskeletal networks can provide 
nematic systems with tunable network mechanics164. Importantly, the incorporation of 
membrane in this composite active matter is necessary to recapitulate cytoskeleton-
membrane interaction and global shape changes, and this is also critical in the quest of 
cellular reconstitution of spatially organized processes165. The encapsulated cytoskeletal 
system should be a closed system that, ideally, would allow transport/transfer of energy 
and other molecular information across the membrane, rather than just passively 
confining the cytoskeletal components. In the case of cytoskeletal GUVs, the emergence 
of versatile flow-based techniques such as cDICE (continuous droplet interface crossing 
encapsulation) and one-pot droplet-destabilization techniques166, 167 have facilitated the 
rapid production of encapsulated cytoskeleton in GUVs with high yield. These platforms 
will allow encapsulation of artificial organelles and cell-free expression of cytoskeleton-
associated proteins to enable external control over network activity. Improvements in the 
design of microfluidic-assisted in vitro reconstitution platforms will continue to broaden 
our capability of synthetic cell design and cytoskeletal reconstitution.    
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Figure 4. (A) Crosstalk among cytoskeletal components.160 (B) Actin (green) and keratin (red) can form 
composite networks in GUVs. Actin network stabilizes keratin network and prevents keratin collapse (see 
Fig. 2D). Scale bars, 10 µm. (C) Branched networks of actin (green) constrain microtubule (red) asters and 
potentially modulate aster mobility by myosin-driven contraction in droplets of Xenopus egg extracts. Scale 
bar, 10 µm.29  (D) Cooperation of cytoskeletal components to modulate the mechanics of the cell. AF: actin 
filament, MT: microtubule, IF: intermediate filament, SF: stress fiber, FA: focal adhesion, LP: lamellipodium. 
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