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ABSTRACT: Synthetic cells are artificial systems that resemble Synthetic Cell Motility
natural cells. Significant efforts have been made over the years to e

construct synthetic protocells that can mimic biological mecha-

nisms and perform various complex processes. These include es k) <=
compartmentalization, metabolism, energy supply, communication, ————
and gene reproduction. Cell motility is also of great importance, as ~ Surface migration

Collective motility

nature uses elegant mechanisms for intracellular trafficking, <_@
immune response, and embryogenesis. In this review, we discuss
the motility of synthetic cells made from lipid vesicles and relevant Osmotic propulsion Path tracking

molecular mechanisms. Synthetic cell motion may be classified into

surface-based or solution-based depending on whether it involves interactions with surfaces or movement in fluids. Collective
migration behaviors have also been demonstrated. The swarm motion requires additional mechanisms for intercellular signaling and
directional motility that enable communication and coordination among the synthetic vesicles. In addition, intracellular trafficking
for molecular transport has been reconstituted in minimal cells with the help of DNA nanotechnology. These efforts demonstrate
synthetic cells that can move, detect, respond, and interact. We envision that new developments in protocell motility will enhance
our understanding of biological processes and be instrumental in bioengineering and therapeutic applications.
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1. INTRODUCTION somes,'* dendrimersomes,” polymersomes,ls_18 and coac-
ervate droplets.”” Because of the structural similarities of
liposomes to cell membranes and their ability to incorporate
functional macromolecules into their membranes, vesicles have
been extensively used.*”’ They can also be produced in a
variety of sizes (0.02 to 100 um) based on the synthesis
methods.”’ Hence, in this review, we focus our discussion on
synthetic cells produced by vesicles using the bottom-up
approach.

To date, several major cellular functions have been
reconstituted in artificial cells. Compartmentalization is needed
for storage, protection, and processing of vital molecules.””*’
For example, liposome-in-liposome compartment systems have
been developed by incorporating small unilamellar vesicles
(SUVs) inside giant unilamellar vesicles (GUVs).”* Gene
expressions were also demonstrated within synthetic cells using
riboswitches and encapsulated transcription systems were used

Cells are the basic building blocks of life. Naturally occurring
cells are complex membrane-bound entities containing various
fundamental molecules that are required to keep an organism
alive."” In order to study the origins of life and evolutionary
processes, artificial replications of the first primitive cells were
developed, called synthetic or artificial cells.” Thus, protocells
can be defined as chemical systems designed to mimic the
structure, behavior, and functions of natural cells. Ganti’s
chemoton model states that for an artificial cell to describe life,
it must contain a chemical boundary system (such as lipid
membrane), metabolic units, and self-replicating machi-
nery.">° It may also include mechanisms for environmental
adaptivity as well as growth and division. Building synthetic
cells from scratch, that can perform certain specific functions is
called the bottom-up approach.” This bottom-up approach
offers full control over their functions and structure, unlike top-
down methods where some components are removed from
natural cells to construct protocells.”” From an engineering
point of view, bottom-up design is easier for embedding
molecular machineries in protocells and applying physical
principles in artificial systems. Several forms of synthetic cells
have been developed using this approach,”” including lipid o
vesicles,® "% colloidosomes,"’ proteinosomes, 13 capso-
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Figure 1. Illustration of the steps involved in the motion of a cell on a 2D surface. The motion consists of (1) formation of membrane protrusions
at the leading edge, (2) adhesion of the formed protrusions at the front, (3) myosin-dependent contraction along with detachment of rear adhesion
points, and (4) rear edge retraction and forward movement of the cell. Reprinted with permission from ref 43. Copyright 2016 Taylor & Francis.

to reconstitute protein synthesis.”>~>’ In addition, natural cells

communicate via chemical signaling which inspired the
development of synthetic cells that could send and detect
chemical signals to a group of bacteria.”® Mechanisms for
growth and division of vesicles include producing or depleting
membrane molecules.”” ™" Lastly, cell motility is a critical
function for numerous biological processes including immune
response, material transport, embryonic development, and
wound healing.”* ™ Several mechanisms have been introduced
to determine the motility of protocells. For example, enzymatic
reactions®® and controlled adhesion between substrates’’ were
proposed to create the vesicular motility. While multiple
articles have surveyed the recent progress in the protocell
functions and motility,”~*** the muotility of lipid vesicles has
been much less discussed.

Herein, we overview molecular mechanisms that enable the
motility of artificial cells. First, we gain insight and take
inspiration from natural motility mechanisms. Biological cell
motility is usually governed by the action of actin, tubulin, and
associated intracellular motors. Next, we elucidate the
mechanisms of synthetic cell motility. Motility is classified
into surface migration based on the vesicle interactions with
substrates and solution-based motion in fluids. Surface
migration includes crawling, morphology change, and incor-
poration of DNA or protein-based machinery, whereas
solution-based motility involves motion by propulsion forces
generated from chemical reactions or artificial flagella. Cell
motility can also be classified into single cell motion and
collective behavior. In single cell migration, motility is
uncoordinated, whereas in collective motion, local interactions
occur to coordinate the movement of protocells. We also
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discuss designs and functions for mimicking intracellular
trafficking, which is essential to transport materials within
the cell. Finally, we highlight the methods of characterization
and analysis for studying synthetic cell motility. Lastly, we
survey exciting applications based on the motility of artificial
cells. Overall, this review will shed insight into novel molecular
mechanisms for vesicular motility which can open new
opportunities.

2. MOTILITY MECHANISMS

2.1. Biological Cells. For a living organism to function,
both the external macroscopic motion of bodies and
microscopic transport of organelles inside cells are essential.
Some cells rely on external driving forces to move (such as red
blood cells), while others use internal mechanisms (such as
bacteria). Most complex and vital cellular functions are also
facilitated by the movement of internal and external organelles.
Thus, it is important to understand the mechanisms of cell
motility. Motility may be considered as a 4-step process
working in tandem: signal generation, detection, transmission,
and execution.”” They can have different mechanisms like
flagellar motion (in bacteria and sperm cells*”) and penetrating
into ducts to move from bloodstream to tissue (in
neutrophils*’). The flagellar motion in bacteria is powered
by motor proteins located in the basal body of the flagella,
which convert energy from an ion gradient across the cell
membrane into mechanical energy to rotate the ﬂagella.41 The
direction of rotation is controlled by switch proteins that work
in association with motor proteins to produce motion. This
mechanism allows bacteria to respond to external signals and
navigate their environment.
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Figure 2. (a) The motility design of the vesicle-surrounded droplets. The solution is depicted in green color, which shows a PEG-rich phase. The
blue droplet is a dextran-rich phase. The vesicles (shown in red color) can aggregate at the interfaces. If the biased aggregation forms, the droplet
will be pushed by the Marangoni flow and has directional motion. This is introduced by a water source in the system that causes the vesicles to
move away and pushes the droplet toward it. Reprinted with permission from ref 70. Published by 2021 Springer Nature Ltd. (b) Schematic of an
enzyme-powered synthetic cell. The lipids include biotin and can be combined with biotinylated enzyme (e.g., ATPase) via biotin—streptavidin
chemistry. ATPase consumes ATP molecules and generates motility for the protocell, illustrated as the trajectory. Reprinted with permission from

ref 72. Copyright 2019 American Chemical Society.

Another important mechanism is the cytoskeletal system
where actin proteins form filaments and polymerize at the
leading end, thereby moving the cell.”” This motility has
multiple codependent steps as illustrated in Figure 1: (1)
membrane protrusions are formed at the leading edge, (2)
adhesion of protrusions to the surface, and (3) body
contraction along with the detachment of the rear-edge
adhesion points.”’ These steps are responsible for forward
cell propulsion. The membrane and the cytoskeleton are linked
by either membrane proteins or physical interactions between
lipids and filaments. This linkage helps the cytoskeleton apply
protrusive forces to push membrane outward and contractile
forces to pull membrane inward.** Polymerization of actin
filaments at the leading edge is the driving force for the
extension of the membrane protrusions.”> Adhesive forces are
needed to balance the propulsive forces (by actin 6polymer—
ization) and contractile forces (by mysoin motors)."

Motor proteins play a critical role in intracellular motility.
Myosin binds to actin filaments and converts chemical energy
to mechanical work through a series of conformational
changes. When bound to actin, myosin motors hydrolyze
ATP and give it a push. The addition of ATP docks off the
myosin from actin and redocks with the next actin available.
Thus, myosin motors undergo a constant cycle of attachment
and detachment from the actin filament.”” Dynein and kinesin
motors travel along microtubules, which are long chains made
of tubulin and work as tracks for transporting cargo inside the
cell. Tubulin binds to other microtubules in a manner that
induces polarity to the track and creates “plus” and “minus”
ends.”® Kinesin delivers cargo from the centrosome (plus end)
whereas dynein motors move it toward the cell interior (minus
end).”” These motors are also driven by ATP hydrolysis.
Unlike myosin, however, two motor domains of kinesin walk in
a coordinated manner (e.g, 8 nm step with a hand-overhand
mechanism®”) and take one step for a cycle of ATP reaction.’’
Dynein has motor domains several times larger than those of
kinesin and does not exhibit regular movements.”>>* Dynein
exhibits a wormlike motion pattern where two motor domains
maintain front and rear positions and both domains step
forward. Thus, its motility is very irregular with different step
sizes, timing steps, and backward steps.”*
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2.2. Synthetic Cells. Inspired by various mechanisms of
biological cell motility,”> synthetic cells with motility have
been introduced in protocell research.”**°~>" The design of
protocell motion can be categorized into solution-based
motion and surface-based movement. Solution-based motions
are common for biological cells in fluids (e.g., blood or water);
this type of motility overcomes resistance from surrounding
fluids. This motility commonly involves flagella rotation or an
enzymatic reaction to generate propulsion. Such mechanisms
have also been mimicked in synthetic cells. Surface-based
movement, on the other hand, is related to interactions with
surfaces. Natural cells often crawl, which involves constant
attachment and detachment from the substrates and usually
combines with morphology changes of membranes. Such
insight leads the way toward various mechanisms developed for
surface-based motility of synthetic cells.

Motility in Free Solution. To create motility in free solution,
synthetic cells need to generate forces to push through the
liquid. A variety of potential mechanisms may be applied
including electrostatic force,”” magnetic propellant,”" chemical
gradient,”” enzymatic reaction,”*~*® and surface tension based
Marangoni effect.”” ™% In recent studies, successful demon-
strations of vesicle motility have been concentrated in
mechanisms involving enzymatic reactions or Marangoni
effects. For example, Ces et al. proposed a unique mechanism
where polyethylene glycol (PEG) and dextran were separated
into PEG-rich and dextran-rich phases, where dextran-rich
droplets are formed.”” With the introduction of lipids,
liposomes form at the interfaces between PEG-rich and
dextran-rich phases and surround the dextran-rich droplets.
Then, a water source was introduced in the solution, which
caused the liposomes to redistribute around the droplets
forming an asymmetric pattern. As depicted in Figure 2a, the
asymmetric distribution of vesicles results in a difference in
surface tension around the droplets where the side with more
liposomes has high surface tension and the other side has low
surface tension. The surface tension difference, called the
Marangoni effect, generates a flow around the droplet pushing
them toward the water source. The effects of the unbalanced
vesicles and the type of liposomes were studied, and enhanced
motility was demonstrated with an increased vesicle concen-
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Figure 3. (a) Schematic of light guided movement. iLID and Micro proteins connect the giant vesicle to the substrate. They conjugate under
photoirradiation and detach in dark. The light guidance results in the vesicles moving toward the light source. Reprinted with permission from ref
75. Copyright 2018 American Chemical Society. (b) Enzyme-powered surface migration of a protocell with DNA components. Blue sequences are
RNA fuels. DNA walkers functionalized on the vesicle are shown in black. (i) Initial DNA/RNA hybridization. (ii) RNase enzyme (green) cleavage
of the bound RNA fuel. (iii) The DNA moves to the next available fuels for migration (iv). Reprinted with permission from ref 98. Copyright 2021

American Chemical Society.

tration. The Marangoni effect can provide consistent move-
ment for the synthetic cells, and due to its asymmetric nature,
it is possible to design directional or chemotactic behavior of
the protocells. However, the drawbacks include limited
synthesis methods as well as the requirement of specific
solution environments. In another set of studies, Testa et al.”*
proposed the use of pH-driven Marangoni flows to study
enzymes in environments that simulate the activity of the
cytoplasm.

Sen and co-workers used ATPase to build enzyme-powered
vesicles (Figure 2b).”” In their experiments, small vesicles
(~100 nm) included biotinylated lipids that can bind with
streptavidin. The ATPase enzymes were also modified with
biotin; thus, the vesicles and ATPase can conjugate via the
biotin—streptavidin interaction. Fluorescent markers were also
included for optical imaging. The ATPase converts ATP to
ADP and pumps Na*/K*. This process creates a propulsion
effect and enhances the motility of vesicles decorated with
ATPases. The results showed stark differences in diffusion
coeflicients in the presence and absence of ATP substrates.
They also demonstrated that other enzymes like urease” can
produce similar motilities as ATPase. The Sen group further
expanded the scheme to demonstrate chemotactic behavior of
synthetic cells in solution.”* The vesicles coated with enzymes
were introduced into microfluidics with a gradient of
corresponding substrates. The concentration difference across
the vesicle causes an imbalance in the propulsion force
generated by enzymatic reactions, resulting in chemotactic
behaviors. They also showed that this simple strategy of
biotin—streptavidin binding is versatile for the incorporation of
different enzymes on the liposome, which enables positive and
negative chemotaxis induced using different enzymes. For
example, catalase-coated vesicles move toward a high substrate
concentration, whereas urease-coated liposomes move away
from the substrate. This enzyme-driven movement demon-
strates a strong potential for more sophisticated chemotactic
behaviors in artificial cells.

Despite the exciting progress, the development of vesicular
motility is still limited. The main obstacles in building lipid-
based synthetic cells with motility lie in two areas. First, it is
now possible to design vesicles with various sizes and
functional groups, yet the methods for coupling lipids with
electrostatic, magnetic, or enzymatic units are limited and lack
stability. Second, asymmetric designs may be required to create
propulsion. Current synthesis methods can contain various
compartmentalized segments; however, well controlled local-
izations in an asymmetric manner are still underdeveloped. We
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envision that the progress in novel designs and synthesis
methods will greatly benefit the solution-phase motility of
synthetic cells.

Surface Migration. Apart from motions in solution, natural
cells also demonstrate fascinating movement across substrates
using morphology change. The morphological changes enable
directional motility, while repetitive attachment and detach-
ment from the surfaces can facilitate autonomous motion. For
synthetic cells, morphology changes have been realized with
composition changes as well as actin cross-linking. For
example, Wegner et al. reported a design for light-guided
motility of synthetic cells (Figure 3a).”> They incorporated a
pair of proteins named iLID and Micro that interact with each
other under blue light (488 nm) and dissociate in the dark.
The Micro proteins were coupled to GUVs via His-tag-Ni**-
NTA interaction. The vesicles contain lipids with Ni**-NTA
modified headgroup, and the protein is with His-tag. Similarly,
the iLID proteins were coupled on the surfaces where the glass
substrates were coated with the Ni**-NTA group. Thus, the
protocells can adhere at locations irradiated by the blue light
and detach in the absence of illumination. With the guidance
of light, the vesicles demonstrated processive motion across the
surface. A movement speed of ~80 nm/s was reported, though
a limited number of samples were investigated. This light-
guided scheme is highly advantageous with remote direction-
ality control which could be useful for realizing directed
delivery and other applications.

Recently, all-synthetic DNA motors have emerged with
development of DNA nanotechnology,”®”” which may be
exploited to create directed motility for artificial cells. DNA
self-assembly demonstrated the ability to construct complex
nanostructures with excellent programmability and structural
predictability as well as dynamic control.”*™*> DNA walkers
are nanostructured motifs designed to make processive
movements by converting chemical energy into mechanical
work, similar to protein motors.”* They use fuel strands made
of DNA, RNA, or their combinations. Their translocation
dynamics have been explored for programmed migration,*~*’
which can range from tens of nanometers to several
micrometers with a speed on the scale of few nm/s.**”"
Various mechanisms have been developed for these motors
including nonautonomous methods such as sequential strand
displacement®>**°! or autonomous designs such as enzymatic
cleavage.”” ™ For example, Salaita and co-workers introduced
a cog-wheel type mechanism that propels DNA-modified
micrometer-sized spheres.”® Here, RNA fuel strands were
decorated densely on a gold film, and the digestion of the fuel

https://doi.org/10.1021/acssynbio.3c00271
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Figure 4. (a) DNA programmed aggregation of SUVs on GUVs. (i) A GUV immobilized on the surface. (i) Opening of the pores, initially closed
with origami caps, by the action of “cap-releaser” strands. (iii) An external DNA hairpin signal enters the GUV and transforms into another signal
by Exo III enzyme. (iv) The processed signaling molecules pass through the origami pores and trigger the aggregation of SUVs on the GUV. (v)
“SUV releaser” strands dissociate the SUVs from the GUV by removing the linker strands. Reprinted with permission from ref 109. Copyright 2021
American Chemical Society. (b) Coordinated migration of vesicles with a path tracking design. The lead vesicle (shown in red) initially binds with
the hairpin fuel (gray). The binding opens the fuel which is then cleaved by the enzyme, moving the lead vesicle. The opened (activated) fuel can
then be used by the follow vesicle (green) which then tracks the trajectory of the lead. Reprinted with permission from ref 112. Copyright 2019

American Chemical Society.

strands rolled the particles. This self-avoiding scheme
demonstrated speeds significantly higher than those of typical
DNA walkers based on strand displacement. The excellent
performance was attributed to the multivalency of DNA
molecules on the particles. In general, DNA motors are highly
programmable such that they can respond to various
environmental cues including pH, ionic strength, and light
signal.”’ Further, they may be incorporated into synthetic
vesicles to create programmable motility.

The Choi group designed a synthetic lipid cell decorated
with DNA walkers and demonstrated dynamic surface
migration.” In this study, the vesicles were modified with
DNA strands via click chemistry and autonomously migrated
on glass substrates functionalized with RNA fuel strands. They
used an enzyme-powered burnt-bridge mechanism (Figure
3b), like Salaita’s work. Initial DNA/RNA complexes
immobilize the protocells on the surface. Then the RNase
enzyme cleaves the RNA, which releases the DNA from the
previous binding. Thus, the DNA strand finds new RNA fuels
for hybridization. Repeating this process moves the vesicle
autonomously and processively, traveling about 20 ym over 10
h. A random walk model with variable steps and velocities was
used to describe the DNA-driven protocell movement. Further,
mechanistic studies were performed to elucidate the design
parameters that govern the motion performance, including
walker design and environmental conditions, such as salt and
enzyme concentrations.

2.3. Collective Migration. Cells in nature can move either
individually, in an uncoordinated manner (single cell
migration), or collectively, in cohesive cell groups (collective
migration). Single cell migration can be used to navigate
through tissues (as done by immune cells) or to localize
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themselves in secondary growths or tissues (as done by cancer
cells).” The solution- and surface-based movements are
examples of single cell motility. Collective migration is the
driving force behind tissue remodelling during embryonic
morphogenesis and wound repair.'*”'?" Invasive tumor cells
also display collective motion.”” Researchers have taken
inspiration from the mechanisms of collective migration in
nature and tried to develop similar mechanisms in synthetic
cells.

The mechanisms of collective migration are more complex
and less developed as compared to those of single cell
motion.”” Nevertheless, efforts have been made to mimic
collective motility behaviors in synthetic cells. Such studies
include synthetic microswimmers from bimetallic rods and
microspheres,®” catalytic Janus colloids,'">'*® thermophoretic
Janus colloids,"®* bubble jets,105 rotators, self-propelled
droplets,'”” and biomimetic microswimmers.'”® Notably,
much less work has been performed by using lipid vesicles.
One such study was reported by Qiu et al. as illustrated in
Figure 4a."” They constructed GUVs and SUVs functionalized
with two sets of unique DNA oligonucleotides and
demonstrated their programmable aggregation. A number of
small vesicles aggregated onto a giant vesicle upon the addition
of molecules for “bind” signals (i.e, DNA strands that bind
with oligonucleotides on both small and giant vesicles). The
small vesicles were dissociated from the giant vesicle when
“release” signals were introduced. An interesting aspect of this
approach is that the collective movement was facilitated by
DNA origami pores embedded in the vesicle membrane, which
allowed for selective signal transport into and out of the vesicle.
Only when the transmembrane channels are opened can an
inactive, external signal (a DNA hairpin strand in their
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Figure 5. (a) Intracellular motility based on DNA-based filaments. Triggered by strand-displacement reactions or aptamer-target interactions, the
filaments undergo programmed assembly and disassembly reactions. RNase H enzyme mediates directional motion of cargo (vesicles or
nanoparticles) along the filament tracks. Reprinted with permission from ref 117. Published by 2022 Springer Nature Ltd. (b) Self-diffusiophoretic
motion of coacervates. The active patches on the membrane of coacervates release product molecules which leads to an asymmetric product
gradient field and hence, an osmotic imbalance. The fluid flow induced by the osmotic imbalance causes the movement of the coacervate.
Reprinted with permission from ref 122. Published by American Chemical Society.

experiment) enter the GUV where it is transduced into an
active signal by an enzyme (i.e., Exo III). The processed active
signal can escape from the vesicle and induce the aggregation
of SUVs onto the GUV. This study demonstrated feasibility to
establish chemical pathways for communication among
synthetic cells; thus, other complex collective motions and
behaviors could be designed.

Another mechanism of collective migration uses the “leader-
follower” states. Here, one cell leads the movement, and
another follows it on the same path. The “leader” cell navigates
the environment and uses mechanisms like chemical secretion
and distortion of tracks to provide directional cues to the
follower cell.''” Some natural examples of the leader-follower
pairs include neutrophils guiding T-cells, Drosophila border
cells, and zebrafish lateral line primordium.111 Pan et al
showed this directional motility of leader-follower pairs using
synthetic lipid vesicles with DNA components.""* Two sets of
vesicles were designed, leader (red) and follower (green), each
of which was functionalized with DNA walkers (Figure 4b). To
implement coordinated behaviors, RNA fuels on the surfaces
were designed with a hairpin loop. This hairpin fuel allows the
DNA on the follower to move but hinders its movement due to
the short length. Upon binding with the lead walker, the
hairpin becomes opened, which allows for enzymatic vesicle
movement. Then, the follower DNA is allowed to bind with its
corresponding activated fuel. Since the follower experiences
strong bias with activated fuels, the green vesicle will
preferentially move along the activated fuels, that is, the
trajectory of the leader. In this way, the follow vesicles “chase”
the lead vesicle. This coordinated migration behavior is
reminiscent of a neutrophil chasing a bacterium in our
immune system.

2.4. Intracellular Motility. Intracellular motility is the
fundamental method to transport various cargos, like essential
molecules, organelles, and vesicles, necessary to maintain the
normal functioning of the cell.'*® For example, neurons are
heavily dependent on intracellular trafficking, and defects in
this transport system can lead to neurogenerative and
neurodevelopmental disorders.''* Intracellular transport is
responsible for maintaining the lipid bilayers, recycling of
used proteins, providing membrane expansion in cell division,
and storage of signal molecules.''® Here, a combination of

passive diffusion and molecular motor active transport moves
the cargo ballistically along cytoskeletal filament networks.''®
Another important application of intracellular transport lies in
cell apoptosis as it is necessary for the transport of apoptotic
signaling pathway proteins.'"> Thus, motility of this type is
important in synthetic cells.

Several studies have attempted to reconstitute intracellular
motility inside lipid vesicles. Gopfrich, Liu, and their co-
workers constructed synthetic cytoskeletons made of DNA
filament networks as shown in Figure 5a.''”"'® Their design
consisted of DNA tiles that self-assembled into filament
networks which was inspired from the works of Green et al.""”
and Rothemund et al."** They aimed to control the filaments
to emulate the functions and features of a natural cytoskeleton,
which included guided vesicle transport inside a cell-sized
confinement. To do this, they proposed a burnt-bridge
mechanism that drives the directional movement along the
DNA filaments. Sato et al. used DNA signals to develop an
amoeba-like liposomal robot that can change its shape on
demand."”" The robot includes a body (a giant vesicle), a
molecular motor system (kinesin and microtubules), and a
control device to switch the shape from spherical to
nonspherical and vice versa. A DNA signal binds to kinesin
with functional moieties, thereby conjugating the motors on
the lipid membrane. This prompts floating (inactive) micro-
tubules to bind to immobilized kinesin, and their gliding on the
membrane changes the shape of the GUV. It was also
demonstrated that another DNA signal can reverse the process
and restore the vesicle shape. This mechanism may be
developed further to mimic the motion of an amoeba.

In another set of studies, Song et al. demonstrated the
autonomous motion of coacervate micromotors confined
inside a GUV.'”> They encapsulated enzyme-functionalized
coacervates inside GUVs and studied the motile behavior of
the compartmentalized motor system. The motility of the
active coacervates was due to a stochastic process, where
asymmetry is created when enzymes transiently cluster into
patches on the particle surface, leading to enhanced diffusion.
In this self-diffusiophoretic motion, the coacervate particles
create a product gradient around the active patches by
converting the fuel (H,O, in this case), which causes an
osmotic imbalance resulting in enhanced propulsion (Figure
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Figure 6. (a) Bright field imaging of a vesicle (left panel) and a representative trajectory on the right. Reprinted with permission from ref 59.
Copyright 2011 John Wiley & Sons. (b) Epifluorescence images of movements of dextran-rich droplets with fluorescent vesicles at interfaces. The
left panels show droplets labeled by fluorescent vesicles. The green channel uses calcein, while thodamine dye was used for red. The right panel
demonstrates the movement recorded with fluorescence imaging labeled with time in seconds. Scale bar: 20 ym. Reprinted with permission from
ref 70. Published by 2021 Springer Nature Ltd. (c) Time-lapse imaging of a surface-migrating vesicle captured by TIRF microscopy. Protocell is
shown in black and white colors. The trajectory of the particle is extracted by fitting to a Gaussian function and plotted in red color. Fo is the
Fourier number (Fo = Dt/r* where D is the diffusion coefficient, t is time, and r is the radius of the vesicle) indicating dimensionless time. Reprinted

with permission from ref 112. Copyright 2019 American Chemical Society.

5b). Under high fuel concentrations, the coacervate motors
traveled several micrometers, and their mean square displace-
ment (MSD) showed active, dynamic behaviors. The enhanced
self-propulsion was driven by the catalase-mediated decom-
position of H,0,. Thus, the movements and trajectories
strongly depend on the H,O, concentration. In the absences of
fuel, the particles traveled significantly shorter paths, with a less
mean square displacement (MSD).

They also compared the MSD profiles of coacervates in
GUV confinement with those in bulk solution. They found
that the compartmentalized coacervates showed lower MSD
values with and without fuel and that, in the presence of fuel,
the MSD curve changed from concave-upward for the
coacervates in bulk solution to nearly linear for the
compartmentalized particles. This showed that the motion
was restricted inside GUVs. Interestingly, they observed that
the coacervate motion in smaller GUVs was compromised with
high fuel concentrations due to the enhanced viscous drag
forces. Hence, for the compartmentalized particles, motion is
in the subdiffusion regime in the absence of fuel and normal
diffusion with fuel. In contrast, the movement of the particles
in bulk solution is Brownian motion in the absence of fuel and
ballistic movement with fuel. The relative concentrations of the
particles also affect their motion with decreased movement in
higher concentrations. Motion of particles in confinement is
chiefly governed by the hydrodynamic effect and the phoretic
effect.'” In the hydrodynamic effect, the velocity in a fluid
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flow decreases to zero near the boundaries, which leads to
viscous drag. In the phoretic effect, the motion of the
molecules is affected by the confinement boundary, as due to
less space for diffusion, the product gradient around the
particles is more pronounced and enhances motion. These
phenomena compete to influence motion. The hydrodynamic
effect dominates in the case of coacervates in GUVs which is
suggested by the decrease in motion. In the absence of fuel,
there is no product gradient, and hence, the phoretic effect is
ruled out. The addition of fuel can partially counteract the drag
by the hydrodynamic effect; however, the motion is still
restricted in comparison to that of the particles in bulk
solution.

3. METHODS OF CHARACTERIZATIONS AND
ANALYSIS FOR SYNTHETIC CELL MOTILITY

To understand the dynamics of synthetic cell motility, it is
necessary to characterize the protocells and record their
movement. The protocells’ size may be characterized by
dynamic light scattering."** Size and morphology can be
measured simultaneously by methods such as optical
microscopy, scanning electron microscopy, and transmission
electron microscopy.'”> To track the movement, various
imaging methods have been used to record synthetic cells in
solutions and on surfaces. Among the microscopic methods
used to capture movement, bright field microscopy is the
simplest approach. It requires only one transillumination light
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Figure 7. (a) MSD plot shows that vesicles with different compositions and conditions have different MSD scaling. As shown in Figure 3a, the
vesicles have components on the membranes that can respond to light and create enhanced motility compared to random diffusion. Without light
(hollow red circles and hollow blue squares) or without components (filled black triangles), the MSD plots slowly increase with relatively shallow
slopes as a function of time. With light exposure (filled red circles and filled blue squares), the vesicles show increased motility with steeper slopes
in the MSD plot. Reprinted with permission from ref (130). Published by 2021 Springer Nature Ltd. (b) Trajectories and (c) calculated diffusion
coeficients of protocell motions with various ATP concentrations. As illustrated in Figure 2b, ATPase embedded in the membrane consumes ATP
in the solution and generates propulsion, resulting in vesicle motility. Compared to the control (no ATP), the trajectories show more movements
and diffusion coefficients are increased. Reprinted with permission from ref 72. Copyright 2019 American Chemical Society. (d) Fluorescence
images of a giant lipid vesicle attached on a surface and (e) corresponding adhesion energy calculation. The morphological changes of the vesicle
are guided by light with the mechanism explained in Figure 3a. The components on the liposome membrane respond to light irradiation and cause
attachment or detachment from the surface, generating movements. The adhesion energy is calculated based on morphologies, where the surface
tensions can be evaluated from the contact angles and integrated for the adhesion energy. The energy differences show that the conjugate DGS-
NTA can respond to illumination and provide energy to the liposome so that they contact with the surface as the adhesion energies change and

move along with the light. Reprinted with permission from ref 75. Copyright 2018 American Chemical Society.

source that goes through a condenser lens and focuses the light
onto the samples, while an objective lens collects the light from
the samples and magnifies images captured by a camera. Figure
6a shows the motions of lipid vesicles with intrinsic hydrogel
networks recorded by optical tracking and illustrates that the
vesicle traveled through the solution and left a trajectory.’”
The trajectories of locomotion were then collected for further
analysis. Although bright field imaging is easy to use, there are
obvious limitations such as low contrast of most liposome
samples due to absorption of light and transparency of samples,
which makes it difficult for them to be seen clearly. In addition,
bright field imaging is limited by optical diffraction.

To push toward better images and higher resolution,
fluorescence microscopy is commonly used. In fluorescence
microscopy, the specimen is illuminated by light of a specific
wavelength, and the fluorophores in the specimen absorb the
incoming light as well as emit light of a different wavelength
which will then be captured by a camera. The resulting images
have higher contrasts and better quality compared with those
of bright field images. The majority of the works used
epifluorescence microscopy where the excitation light is
transmitted through the samples and filtered by optical
filters."”® Embedment of fluorophores with protocells is an
important aspect of successful imaging. The fluorophores can
be encapsulated by the vesicles in the step of vesicle synthesis

2796

as depicted in the work of Ces group.”” They incorporated
calcein fluorophores in the synthesis and demonstrated clear
images of droplets surrounded by calcein encapsulated vesicles,
as shown in Figure 6b. They also showed that fluorophores can
be modified on the vesicle membrane with fluorophore labeled
lipids. In their experiment, they used a rhodamine modified
phospholipid. The movement of the droplets were captured
with the fluorescent vesicles. Similarly, Sen et al. used
Chromeo P340 labeled ATPase in building liposomes.”” It is
clearly observed that fluorescence appeared on the outer edges
of the synthetic cells. Their movements were recorded and
extracted with trajectory analysis software and characterized
further. One of the drawbacks of epifluorescence is that both
fluorophores in and out of focus will be exposed to the
excitation light and contribute to the images captured. This
results in a relatively low signal-to-noise ratio.

To resolve this particular weakness, total internal reflection
fluorescence (TIRF) microscopy has been introduced.””” In
the TIRF mode, the excitation light no longer passes through
the sample; instead, it is shone at a specific angle which causes
total reflection on the glass slide and generates an illumination
field with depth between 30 and 300 nm. Dyes out of the field
will not be excited and thus will not emit fluorescence. This
leads to a significantly high signal-to-noise ratio. Jing et al. used
TIRF measurement to capture the movements of protocells.''*
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Rhodamine modified lipids were used as a fluorescent probe
embedded in the membrane of the vesicles. The trajectories
were recorded and extracted with a point spread function
(PSF). For intracellular imaging, the dimensions are usually in
nanometers, which calls for methods with higher resolution.
For example, Zhan et al. used stimulated emission depletion
microscopy for measurement of vesicles moving on filaments
inside a synthetic cell.'"'” This method functions by depleting
fluorescence in certain regions of the sample while leaving a
center focal spot active to emit fluorescence, thus achieving
super-resolution. Other super-resolution microscopy methods,
such as photoactivated localization microscopy'*® and
stochastic optical reconstruction microscopy,'”” may also be
used according to the situation. These imaging methods
provide powerful tools to collect large quantities of data on
synthetic cell movements, which set the foundation for
dynamic studies.

Acquired raw images need to be further analyzed to extract
essential information on motion. Typically, captured protocell
images are fitted with PSF (commonly used as a Gaussian
function) via Image] or other software. Their localizations are
determined by center positions, which then form time-lapse
series that are used as trajectories of individual particles. The
trajectories can provide many statistical insights into the
motion. The most obvious characteristics include velocities
and travel distances, which for synthetic cells fall on the
micrometer scale and are comparable to natural cells. Other
commonly used analyses include mean squared displacement
(MSD) and diffusion coefficient. MSD is calculated by

MSD = [r(t + At) — r()]* ~ t*

where At is time interval and r(t) = (x(¢),y(t)) is the vector
position of the protocell at time t. MSD describes the deviation
of particles away from the reference positions over time. This
can be used as a measure of motion compared with standard
Brownian motion (exponent coefficient @ = 1) and ballistic
motion (a = 2). It is useful to make a distinction between
simple random motion and biased motion with enhanced
motility. Matsuura et al."*° used liposomes attached with
peptides asymmetrically which generate Marangoni effect-
powered motion, as shown in Figure 7a. They recorded videos
of moving liposomes and analyzed their trajectories. The
calculated MSD values of liposomes showed differences among
particles with different fiber formations. The other important
characteristic is the diffusion coeflicient of the synthetic cells.
Diffusion coefficient is a proportionality constant describing
the molar flux due to particle diffusion and the gradient in the
concentration of the species. In a large time scale, the diffusion
coeflicient is proportional to the slope of MSD-t plot in theory,
while in actual experiments fluorescence correlation spectros-
copy is often used to measure the diffusion coefficient.>" This
method records the intensity signal of illuminated samples over
time, and the signal is computed to generate autocorrelation,
which can then be fitted to calculate the diffusion coefficient
and classify the diffusion into types such as normal diffusion,
anomalous diffusion, etc. In the ATPase aided design, Sen et al.
used this method to determine the diffusion coeflicients of
vesicles under different ATP concentrations and compared
their dynamic features as demonstrated in Figure 7b.””
Further statistical features may be extracted from trajectories
as Du et al. provided a continuous time random walk model.”
In their dynamic model, the distributions of time and length of
moving steps were calculated from segmented trajectories. The
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model showed that these statistical features can be used to
predict different motion types of particles. This provides
guidance to design particles with preferences toward different
motion behaviors. For surface-based locomotion, the morphol-
ogy of protocells contacting the substrate also imparts useful
information. For example, Wegner et al. demonstrated that the
morphology of a giant vesicle can be used to calculate the
adhesion energy as shown in Figure 7c.””'** They showed the
difference between attachment and detachment of the vesicles
and the fact that adhesion energy changes with control over
chemical concentrations. In summary, these in-depth analyses
provide insights into dynamic features of synthetic motility and
may offer vision for future designs of more powerful motors.

4. CONCLUDING REMARKS

In this review, we discuss one of the most important features of
a cell, motility. Cellular motility involves the movement of cells
or intracellular cargo from an initial site to a destination. It is
vital for the occurrence of other cellular functions as well, and
when this function is hampered, the results may be
catastrophic in cell physiology. Numerous mechanisms have
been proposed to describe the motility of natural cells,
including electrical, mechanical, chemical, or conformational
change driven motility. These cues need to be sensed,
transmitted, and acted upon. These mechanisms have become
a source of inspiration for motility in synthetic cells. Synthetic
cell motility in two dimensions comprises membrane
protrusions, adhesion to surface, and contractility and
detachment. These codependent steps have been successfully
reconstituted in synthetic cells. Despite the similarity of
liposomes to biological cells, studies of reconstitution of
motility using vesicles are still limited. Reconstitution
mechanisms used in other types of synthetic cells can be
explored with vesicles. For instance, Sasaki et al. developed
artificial cilia from a reconstituted model of a biomolecular
motor system of microtubule/kinesin using polystyrene
beads.'*’ The artificial cilia exhibited a beating motion upon
consumption of chemical energy by kinesins and could be
interesting to explore with liposomes.

Single cell motility can be classified into solution-based or
surface-based. Various mechanisms developed for solution-
based motility require specific environmental conditions or
have limited synthesis methods that can restrain their
applications. In surface-based motility, the protocells attach
and detach from the surfaces, while the conformational
changes help them gain directionality. Morphological changes
controlled by temperature and light have been demonstrated as
discussed above, and further investigation of these mechanisms
could lead to novel applications in the study of protocells.
Recently, DNA nanotechnology has been utilized for surface-
based migration, as it offers high programmability, controll-
ability, and flexibility in design. Thus, incorporating DNA self-
assembly schemes into protocell motility is another lucrative
area to explore. Cell motility can also be coordinated in the
form of collective migration and has been achieved so far by
using synthetic microswimmers, programmable cell aggrega-
tions, and leader-follower mechanisms. Developing autono-
mous microswimmers using liposomes could prove to be a
promising research in this direction. In summary, we assert that
further studies in the area of cell motility based on lipid vesicles
are required and will have immense significance in
fundamental research in synthetic biology as well as targeted
drug delivery, intercellular artificial signaling, cargo transport,
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and biomimicry. Developing reliable pathways for motility
whose speeds and directionality rival those of biological cells
would not only help us understand biological mechanisms but
would also be a step toward developing synthetic life.
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