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Abstract

The field of biomimicry is embracing the construction of complex assemblies that imitate both
biological structure and function. Advancements in the design of these mimetics have generated a
growing vision for creating an artificial or proto- cell. Polymersomes are vesicles that can be made
from synthetic, biological or hybrid polymers and can be used as a model template to build cell-
like structures. In this perspective, we discuss various areas where polymersomes have been used
to mimic cell functions as well as areas in which the synthetic flexibility of polymersomes would
make them ideal candidates for a biomembrane mimetic. Designing a polymersome that
comprehensively displays the behaviors discussed herein has the potential to lead to the
development of an autonomous, responsive particle that resembles the intelligence of a biological
cell.
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To demonstrate our understanding of biological processes, scientists often strive to
synthetically recreate them.1=4 Biomimicry has progressed from simple replication of lipid
vesicles to compartmentalized gene expression, a process that is essential for the
construction of an artificial, self-replicating cell. The complexity of creating an autonomous,
artificially intelligent particle has prompted many researchers to parse the goal of cellular
biomimicry into smaller, readily achievable goals. One approach has been to create a
minimal cell,3 > in which genes in a living cell are systematically knocked out in order to
determine the minimal number of genes, and their corresponding functions, that are
necessary to maintain a cell’s metabolic processes and allow for its replication. Another
approach has been to engineer a ‘living’ system from the bottom-up that can mimic
biological functions or create new ones. This latter model, often called an engineered
protocell, does not necessarily start with living material, but rather attempts to create an
artificial cell by synthesizing individual components with both biotic and abiotic materials
and assembling them to create a particle with artificially generated metabolic processes.
Rasmussen et al.® describe a protocell as a particle that has been “built from scratch.” While
its internal functions and phenotype may display aspects of cellular metabolism, the
protocell can potentially be endowed with new behaviors emerging from unique structures.
A general consensus exists that work constructing an autonomous particle from the ground-
up should have the ‘living’ properties of self-maintenance and self-reproduction. Attempts
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to construct a proto-cell will serve not only to enhance our understanding of the complex
network of genetic and physical processes that must coordinate to maintain life in a
biological cell, but also enable the development of future technologies, where creating
‘smart’, autonomously-functioning particles can serve anywhere from biomedical devices to
self-regulating bioreactors.

To this end, much work in creating artificial cells from the bottom-up has used cell-sized,
phospholipid vesicles as an initial platform in which different cellular processes can be
recreated. The use of lipids to serve as the frame for artificial cells is reasonable and
obvious, since lipids are the principal component of most biological cell membranes. In
order to expand the range of possible responses beyond that programmed by Nature and to
improve the stability of artificial cells, it would be ideal to build membranes from materials
that enable more synthetic control over their chemical and physical properties. A recent
advance with potential to expand the properties of membranes are polymersomes — vesicles
whose membranes are assembled from synthetic block co-polymers.’ Related structures
derived from polymersomes — in which one of the blocks is made from biological
components such as peptides — are also now available.8 In this perspective, we specifically
focus on advances in polymersome science that have been used to mimic cell structures or
processes. These areas of focus are schematically outlined in Figure 1. Progress on the road
to creating a true artificial cell, in which critical subordinate processes such as coordinated
movement to signaling are required, will also be included.

Defining the Boundary

Cells are, in their simplest description, self-enclosed containers of biological material. Vital
to their existence is the presence of a membrane—a perm-selective boundary—separating
that which is enclosed within the cell from the cell’s surroundings. The membrane is
responsible for maintaining an asymmetry between the interior and exterior contents, as well
as maintaining a local concentration of components within the cytoplasm necessary for
cellular responses. We begin this perspective with an overview of the variety of synthetic
components that can be used to make membranes for an artificial cell.

The functional building block of a cellular membrane is the amphiphilic phospholipid,
which self-assembles into a bilayer structure that encloses aqueous media. Synthetic lipid
vesicles (liposomes) have been used for a variety of applications including drug
encapsulation and studies of membrane behavior.% 10 Many recent studies, however, suggest
that synthetic analogues to the phospholipid may be advantageous for the development of
membranes of superior and tunable material properties. Such materials include block
copolymers, dendrimers, and amphiphilic peptides and proteins.

Polymersomes were originally conceived as vesicles self-assembled from amphiphilic block
copolymers.” Similar to liposomes, polymersomes comprise an aqueous core protected from
the outside aqueous environment by a hydrophobic membrane. Consequently, as with
liposomes, polymersomes are capable of encapsulating hydrophilic molecules within the
aqueous core of the vesicle.11 In comparison to liposomes, however, polymersome
membranes are often several times thicker, owing to the larger molecular weight of the
polymer amphiphile. This additional thickness lends polymersomes several advantages
compared to liposomes that make them more suitable as artificial cell membranes. Even in
the liquid state, polymersomes are significantly tougher than liposomes, and can support far
greater membrane elongation.”- 12, Polymersomes also have significantly lower critical
aggregation concentrations; once assembled they generally stay assembled, barring
perturbation. Phospholipids are subject to oxidation, but polymersomes may be assembled
from relatively stable materials and can have significantly longer shelf lives!3 14, Finally,
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since the membranes of polymersomes are thicker than those of liposomes, the membranes
are able to solvate large quantities of hydrophobic molecules while still supporting
encapsulation of hydrophilic molecules.11: 15

Polymersomes may be assembled from multiblock polymers as well. When the membrane
element is a diblock, the assembled membranes are bilayers, whereas multiblock polymers
lead to novel architectures. Membranes assembled with triblock copolymers are often
monolayers, with the hydrophobic middle block of the polymer stabilized on either side by
the hydrophilic end blocks 13. To date, polymersomes have been assembled from a host of di
and triblock copolymers. The original polymersomes reported were synthesized from a
diblock copolymer of poly(ethylene oxide) (PEO) and poly(ethyl ethylene).” Most typically,
the hydrophilic block has been PEO, though other hydrophilic blocks have included
poly(acrylate),16 poly(2-(methacryloyloxy)ethyl phosphorylcholine),1” and polymeric sugars
(i.e. dextran and hyaluronan).18: 19 Many different hydrophobic blocks have been reported,
including poly(1,2-butadiene),12 poly(isoprene),2° poly(propylene oxide),2! poly(propylene
sulfide),22 poly(caprolactone),!! poly(benzyl glutamate),23 poly(styrene),24 poly(lactide),2>
poly(y-methylcaprolactone),2® poly(2-diisopropylaminoethylmethacrylate),?” and
poly(trimethylene carbamate).28 For biomedical applications, polymersomes from polymers
such as poly(caprolactone) and poly(lactide) are desirable as they are bioresorbable and have
regulatory approval for use in implantable biomedical materials for humans 13- 29, These
materials, however, are semi-crystalline, leading to solid membranes that are unable to
mimic the fluidity of cellular membranes.3°

While there are many advantages to having hyper-thick membranes significantly thicker
than lipid membranes (such as the storage of hydrophobic solutes), there may be
applications for which thinner membranes are desired to better facilitate inclusion of other
biological functionalities within the membrane. To address this concern, Percec and
coworkers recently reported a novel series of dendrimeric amphiphiles that assemble into
ordered architectures including vesicles (dendrimersomes).3! In addition to having
membranes with thickness more similar to lipid membranes, these dendrimers are also
advantageous over block copolymers because they, like lipids, are entirely monodisperse.
Interestingly, the assembled vesicles were also far more monodisperse than typical liposome
or polymersome dispersions. Dendrimersome membranes had mechanical properties
spanning over an order of magnitude, some being significantly softer than polymersomes
and liposomes while others were as tough as SOPC (1-stearoyl-2-
oleoylphosphatidylcholine) liposomes containing over 50% cholesterol. Dendrimersomes,
however, did not support significant areal strains, and failed at significantly lower
membrane tensions than polymersomes.

Another emerging area of is the creation of synthetic membranes from bio-inspired building
blocks. The first example of protein materials assembling into vesicles was reported by the
Deming group.8 Bridging the gap between block copolymers and proteins, they synthesized
a series of block co-polypeptides of poly(leucine) and poly(lysine, arginine, or aspartic acid)
that readily assemble into vesicles.8 3233 Membrane formation is driven by hydrophobic
collapse of leucine a-helices and stabilization by the highly charged lysine, arginine, or
aspartic acid block. Interestingly, membranes of block-co-peptides can be assembled when
the amphiphiles contains much larger hydrophilic block fractions than synthetic polymers 13,
Versluis et al.3* reported a pH-responsive vesicle system in which an amphiphilic -
cyclodextrin is stabilized by an adamantane-terminated alternating octapeptide of valine and
glutamic acid. Li and coworkers3® templated the assembly of block copolypeptides using
relatively unstable PEO-poly(propylene oxide) vesicles. Unlike the peptides synthesized by
Deming, these peptides were obtained through yeast expression. The peptides partitioned
into the membrane of the vesicles with loading as high as 70 percent. Since polypeptides are
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derived entirely from natural materials, their continued development into membrane-
forming formulations promises to be an exciting addition to the current library of materials
for assembling vesicles. Research in this area this far, however, has been limited, and the use
of biological materials for assembling synthetic membranes has tremendous potential.36

Biological Functionality in Synthetic Membranes

Adhesion

Various routes have been taken to incorporate biological functionalities in synthetic
membranes. The most basic functionalization of a membrane is the addition of small
peptides or proteins to the surface of the vesicle in order to facilitate specific adhesion.
Numerous groups have reported the attachment of short peptides to the surface of
polymersomes to improve their binding to target cells and tissues. For example, the PEO
surface of poly(butadiene)-based vesicles was modified with a short peptide that recognizes
a prostate cancer marker to enhance the vesicles’ binding to tumor tissue.3’ Pang and
coworkers modified the synthesis of PCL-PEO to facilitate attachment of a brain tissue-
specific peptide to enable polymersomes to accumulate in brain tissue.38 Christian and
coworkers labeled highly-fluorescent polymersomes with the HIV-derived TAT peptide and
used the resulting vesicles to target and label dendritic cells.3%: 40 Similar to the TAT
peptide, it has been found that highly charged arginine segments in their peptide block
copolymers drive uptake into cells.32 In this case, the hydrophilic block of the polymer does
not require modification; rather it is the block itself that facilitates cell binding and
endocytosis. Consequently, by using this system, researchers can avoid the potential
problems of membrane functionalization altering the assembly behavior of the
macromolecules. A concern is that the functionalization of polymers can affect the
architecture of their assembly, as the peptides used can significantly alter the hydrophilic/
hydrophobic balance that enables self-assembly into membranes.4! For example, the
addition of a 1 kDa peptide can significantly alter the hydrophilic/hydrophobic balance of a
4 kDa polymer, driving a transition from vesicles to other structures.

Higher order manipulations of bioadhesion in polymersomes have been achieved. Targeting
and segregating undesired antigens, the immune response remains one of the most powerful
and prevailing responses in many biological organisms. Mimicking immune cells has been
envisioned as a possible synthetic route to treating inflammation, cardiovascular disease, and
cancers.#2 Replicating immunological cell targeting, adhesion, and signaling with
polymersomes could provide biomimetic cells with the ability to respond to antigen-specific
stimuli, by either labeling the antigen for subsequent engulfment by macrophages, releasing
signals to recruit immunological cells, or by endocytosing or destroying the antigen,
themselves. Hammer has focused on designing polymersomes that have similar adhesive
properties as immune cells, an initial step in targeting antigens. Polymersomes incorporating
surface ligands in the two major adhesion pathways could mimic the rolling and adhesive
behavior of leukocytes under physiological flow and shear rates.#2: 43 Through conjugation
of a common selectin ligand (sialyl Lewis¥), that mediates leukocyte rolling, and an anti-
integrin antibody (anti-ICAM-1), that mediates firm cell arrest and adhesion, the adhesive
properties of polymersome-based leukocyte mimetics (leukopolymersomes) were fine tuned
and demonstrated targeted and selective adherence to inflamed endothelium (Fig. 2A, B).*4

The ability for polymersomes to signal other immune cells or leukopolymersomes would
diversify and enhance the responsive functions of immunological mimetics. Vaccination
methods rely on T cell stimulation to effectively target an antigen, yet often require viral
vectors to elicit T cell and antibody responses against a particular antigen. Recently, Moon
et al. developed interbilayer-crosslinked, multilamellar lipid vesicles loaded with antigen
and adjuvant that were able to effectively trigger T cell and antibody responses comparable
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to those achieved by viral vectors.*> Using a synthetic carrier prevented antivector immunity
and polymerized cross-linking allowed for carrier stability in the presence of serum proteins.
Another possible route to signal T cells is through formation of an immunological synapse,
where polymersomes mimicking an antigen-presenting cell bind the T cell receptor. The
ability to signal and recruit immunological cells by the presentation of antigen would
advance communication and cooperative behavior amongst mimetic immunological
particles.

Like lipid membranes, polymer membranes are generally permselective; however there have
been limited tests of the permeability of polymer membranes. Discher and coworkers
showed that the permeability of vesicles to water was limited, owing to the hyper thickness
of the polymersome membrane.#8 Due to its expected limited permeability, a strategy would
be the addition of channels and carriers into the membrane. In general, polymersome
membranes are too thick to accommodate many naturally occurring transmembrane proteins.
Several channel proteins and enzymes, such as FhuA*” and complex 1,48 have been
incorporated in polymersome membranes.#7-4 Percec and Hammer and coworkers
assembled helical pore-forming dendrimers in polymersome membranes.>® The pores
facilitated proton transport while otherwise not significantly altering the structure of the
polymersomes. Molecules too large for the pores, such as dyes that were stably encapsulated
in the vesicles, did not leak. In another route to facilitate more rapid transmembrane flux, a
small amount of lipid was blended into crosslinkable polymersome membranes.®! Following
crosslinking of the polymer, the lipid was extracted from the polymersome, yielding porous
polymersomes that allowed for the transport of water across the membrane. These vesicles
have shown promise for the use of magnetic resonance imaging agents since encapsulated
gadolinium enhances water relaxivity as water flux is increased through the vesicles.>2

Sensory and Interactive membranes

The ability to incorporate functional proteins, polymers and targeting moieties into
polymersome membranes has generated polymersomes with responsive behaviors.
Responsiveness can be coded into the amphiphile, or can be provided by solutes that are co-
encapsulated within the membrane. Initial work in responsive polymersomes and diblock
copolymers focused on pH amphiphiles that would degrade or undergo conformational
changes and subsequently release the vesicles’ contents in response to a pH shift, such as is
seen in the endosome during internalization.>3: 54 These responsive vesicles generally
utilized the expedited degradation of the polymersome carbonyl or amide bonds in the
presence of a lower or higher pH, respectively, to create a site-sensitive reaction. Responsive
polymersomes have typically been designed to react to stimuli that include pH, temperature,
light, and magnetic fields and have been described in detail by several reviews, 53 55-58

A strategy for making responsive membranes is to build an asymmetrical response in the
membrane to the desired stimulus; the stimulus then shifts the membrane’s hydrophilic-
hydrophobic balance, ultimately leading to a morphological change or membrane

failure.5% 5559, 60 These stimuli-responsive vesicles can respond to intrinsic stimuli, such as
chemical concentrations at specific locations within cells®®, or external stimuli, such as light,
in which the vesicles can be externally controlled at a specific time and location dictated by
the user. This latter type of temporal control over the vesicle response is expected to
increase therapeutic capabilities of responsive membranes, allowing for limited release in
undesired locations and a potentially increased payload at the desired site. In biomimetic
polymersomes, the control offered by light stimuli could be used to trigger a response from
specific vesicle compartments, or facilitate communication with neighboring vesicles
through cues, while not affecting biological components. With the incorporation of light
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sensitive proteins, like rhodopsin,®? or electromagnetic field-sensitive DNA sequences, like
those in the heat shock 70 promoter,%2 into polymersomes, light or magnetic field-triggered
responses have potential to be engineered into biomimetic polymersomes to provide stimuli-
specific responses. For example, we recently reported a system of zinc porphyrin-
polymersome composites that undergo membrane disruption upon exposure to light (Fig
2C).53 Mabrouk et al.54 incorporated a UV responsive polymer into one leaflet of a
polymersome bilayer, which led to polymer coiling and, ultimately, membrane bursting in
response to UV light. Polymersomes responsive to internal stimuli, however, may prove
advantageous for responding to local chemical changes in order to maintain equilibrium.

While polymersomes have typically been designed to deform or disassemble in response to
stimuli, recent studies have also demonstrated that polymersomes can be triggered to
assemble in response to a stimulus.3% 65 Lj et al.35 recently designed protein polymersomes
using triblock copolymers in which the middle block consists of a peptide with multiple
chargeable amino acids (Fig 2D). In response to a pH shift, the middle protein block became
hydrophobic and inserted itself into a surrounding Pluronic matrix, quickly assembling into
a unilamellar membrane. These protein polymersomes could also be induced to assemble by
the addition of negatively charged siRNA, thereby demonstrating how this vesicle assembly
method could be triggered by— and subsequently encapsulate— certain biological molecules.
This type of assembly response could ultimately be used to quickly segregate undesired
compounds into a lysosome-type compartment or even simply maintain osmotic balance
within a mimetic cell by removing products of a chemical reaction.

Shape Changes

The interconnection between cell shape and function has been long been known.6:67 On a
molecular level, the geometry of a cell has been shown to influence cell differentiation,
growth, and apoptosis. Here, we focus on a larger scale, where cell shape and more
importantly, deformability, can influence function by way of its macroscopic structure. For
example, the concave shape and flexibility of red blood cells increase cell surface area
available for gas exchange and reduce flow resistance within blood vessels.%8
Immunological cells depend on this same elasticity to extravasate out of the blood and in the
case of dendritic cells, contain long processes that extend and contract in order to
continuously probe their environment. Figure 3A is an example of a synthetic membrane
that has been created to contain dendritic-like extenstions.5% Polymersomes with unique
shapes, from concave to hemispherical, have been designed and demonstrate how control
over polymersome shape can be achieved through manipulating polymer phase behavior and
vesicle preparation methods.”%-72 An early review by Antonietti et al. explains the
thermodynamic and biophysical parameters that control vesicle shape and size.”3 Yet, more
important than the static vesicle shape, the ability to change polymersome morphology is
vital for mimicking the dynamic nature of cell structure. The tunability of polymersome
material properties allows us to make vesicles with a variety of mechanical properties and
phase behaviors.12 Here, we focus on the deformation of the polymersome membrane in a
variety of ways as a method to mimic cellular deformation and remodeling.

Dynamic membrane instability is an important process that cells use to mediate membrane
trafficking, motility, and division.”* 7> Deformation of polymersome membranes has been
studied with both thermodynamic and biophysical approaches to better understand the
membrane shape changes that occur biologically and to understand more basic physical
parameters that guide and influence shape changes. Sens et al. reviewed biophysical
approaches to ‘curvactant’-induced membrane deformation, discussing that to deform a
membrane, particles need only be sufficiently adhesive and rigid.89 Control of these two
parameters simplifies the deformation process and allows it to be recreated in synthetic
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vesicles. Synthetic vesicles have been induced to bud and deform in response to particle
binding, mimicking protein-induced membrane deformation in cells.”®: 77 In addition to
budding, other forms of deformation including membrane fusion, invagination, pearling
instabilities, and complete membrane rupture have all been demonstrated with
polymersomes and other synthetic vesicles.”® While these types of deformation provide
useful information on how to physically alter membrane structure, they render the vesicle
permanently changed.

Vesicles that can reversibly change structure can better mimic the continuously remodeling
cell membrane. A polymersome comprised of triblock copolymers was designed to
reversibly change membrane thickness and size in response to changes in pH.”8 A recent
study by Versluis et al.3* designed a peptide-decorated vesicle, made of self-assembled p-
cyclodextrins, that changed to a fiber morphology upon pH-triggered transition of the
secondary structure of the peptides (Fig. 3B). These fibers could be triggered to assemble
back into a vesicular morphology upon changing the pH back to the original condition.
Thermally and photo-inducible morphological changes have also been demonstrated
between micelle and vesicular structures.”9-81 This type of reversibility in morphology
could allow vesicles to undergo multiple cycles of structural membrane change. It could also
allow for selective presentation of a molecule or peptide based on environmental conditions.
In this way, the vesicle could behave as a buffer, exposing reactive groups in order to shift
microenvironments back to a chemical or physical equilibrium and burying the reactive
group when equilibrium has been established.

Compartmentalization

Compartmentalization is increasingly becoming recognized as an essential feature for
recreating the diverse microenvironments and functions of cell organelles.82 The creation of
distinct compartment vesicles within a larger one can be achieved through first forming the
compartment vesicles and subsequently forming the larger polymersome in the presence of
the compartment vesicles.83: 8 Self assembly of the larger vesicle will inevitably
encapsulate compartment vesicles that are present in solution; however, controlling the
number of compartment vesicles or the stoichiometry of one compartment-type to another
within the newly formed outer membrane is impossible with this approach. Recent
developments with microfluidic techniques have made encapsulating controlled numbers of
vesicles with unique encapsulates possible. Chu et al. demonstrated that double emulsions
could be generated with controlled numbers of internal aqueous droplets and that by
essentially cascading the devices used to form these emulsions, internal droplets within a
compartment droplet, could be created as well (Fig. 4A).8% This higher level of control in the
design of compartmentalized double emulsions, where compartment droplets can even
further encapsulate subsequent compartment droplets, expands the architectural options
available for designing hierarchally-encapsulated vesicles and dramatically increases the
complexity of compartment vesicles. Another recent major advance in the development of
compartmentalized vesicles was the production of a vesicle with two distinct interior
compartments (Fig. 4B).86: 87 The novelty in this design lies in the ability to encapsulate two
distinct internal compartments within a capsule at controlled sizes of both the compartment
and encapsulating capsule and controlled stoichiometry of the compartment capsules.
Progression of the aforementioned microfluidic techniques will enable polymersomes and
other synthetic bilayer vesicles to be created with similar structures.

Nano/Microreactors

The higher level of organization imparted by compartmentalization facilitates one of the
most important processes defining a cell: metabolic function. Possession of a metabolic
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system has long defined ‘living” organisms from ‘non-living’ ones (i.e. viruses), where the
autonomous and intelligent behavior of a cell is regulated through a series of chemical
reactions. These reaction networks continuously promote and inhibit one another through
signaling cascades and feedback loops, maintaining chemical equilibrium and enabling
dynamic physical changes like motility and division. By confining metabolic processes to
separate, internal compartments, a cell can protect itself from degradative byproducts,
position enzymes for cascade reactions, and maintain multiple, chemically distinct
environments that enable intracellular communication and biomolecule synthesis.

To replicate a metabolic process on the most basic level, a single enzyme reaction can be
performed in a single compartment. The concept of spatially confining a metabolic process
to a polymersome compartment was first demonstrated by the Meier group.4® By
incorporating a channel-forming protein, OmpF, into the polymersome membrane, they
created a size selective filter to enable entrance of a substrate into the vesicle interior for
subsequent hydrolysis by an internally encapsulated B-lactamase enzyme. Since then, the
engineering of polymersome-based nanoreactors has quickly progressed from single enzyme
to multiple enzyme nanoreactors. Touted for their increased chemical and physical stability
as well as the ease of chemical modification, polymersomes have proven to be an ideal
container to house chemical reactions. We refer the interested reader to several outstanding
reviews that have recently discussed advances and work in the field of synthetically-based
nanoreactors.88: 89

In the past several years, work has progressed towards increasing the communication
between enzymatic processes. Fig 5 illustrates ways that the encapsulation of enzymes in
polymersomes has progressed to mimic increasingly complex metabolic systems. One
approach to extend the single enzyme in a single compartment system is through cellular
integration, where an enzymatic polymersome is encapsulated into a larger cell. By
conjugating TAT peptides to the surface of a horseradish peroxidase (HRP) enzyme-filled
polymersome, van Dongen et al.%% demonstrated that the vesicles were taken up by cells and
retained enzyme activity even after cellular uptake.®? A second approach to extending the
complexity of the enzyme-encapsulated polymersome is to introduce a second
enzymatically-active polymersome that can communicate and interact with the first, creating
a signaling cascade between two individual compartments.92 Finally, the complexity of the
enzyme-containing polymersome can be enhanced by increasing the number of enzymes in a
single polymersome. By localizing three separate enzymes to the membrane surface,
membrane and aqueous core of polymersomes, respectively, the van Hest group enabled
site-specific positioning of enzymes in a single vesicle.?0 These enzymes were able to
cooperate in a cascade reaction and set the stage for creating colonies of communicating
polymersomes, each containing multiple enzymes and signaling cascades in their interior.

Metabolic processes related to energy metabolism are vital for the development of a self-
sustaining synthetic cell. Energy-producing processes ultimately depend on redox reactions
where electron transport drives processes like photosynthesis or phosphorylation. The
incorporation of enzymes, like complex I, into a polymersome membrane that mediate
electron transfer®8 or incorporation of ATP synthase to produce high energy phosphates like
ATP,% mimics some of the oldest and fundamental cellular metabolic reactions. In the latter
example, ATP synthase was driven via protons produced by another membrane-incorporated
protein, bacteriorhodopsin, that generated protons in response to light. By coupling ATP
synthesis to an intermediary protein, this study illustrates how to increase the complexity
and sensitivity of enzymatic systems, requiring intermediate molecules to mediate reactions.
Intermediate molecules that enhance or diminish the incoming supply of reactants, or simply
inhibit a reaction from proceeding until triggered, will provide higher levels of temporal
control over metabolic processes.
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The development of compartmentalized reactors within polymersomes can lead to artificial
organelles. Martin and coworkers recreated the process of enzymatically modifying the
glycosaminoglycan, heparan sulfate (HS) - a reaction that is commonly completed in the
Golgi.?* By using a microfluidic device, the group was able to sequentially control
enzymatic reactions with HS as the glycoaminoglycan moved through the device. With the
results achieved in positioning enzymes in a single vesicle®: 9 or spatially patterning
several enzymatically active polymersomes,® progress has been made in achieving the type
of spatial, and sequential control of enzyme reactions in a cell.

Gene expression

Ultimately, sustaining the metabolic processes within an artificial cell will require
production and replication of the cell’s internal components. Polynucleotide replication and
protein expression are vital enzymatic reactions for replicating the self-maintenance and
reproductive capabilities of a cell. Recent reviews have discussed advances in recreating
these processes, which include RNA replication, polymerase chain reaction (PCR), DNA
elongation, DNA transcription, and mRNA translation, within the confines of synthetic
membranes.82: 97-99 |n addition, much work has been dedicated to understanding the
minimal genes required to sustain a cell, as well as recreating division and replication in
lipid vesicles. Because of the breadth of studies and topics that have been used to relate
synthetic biology to a minimal cell, we limit our discussion here to concepts that can most
easily and ideally be recreated within polymersomes.

Propitious combination of individual components can lead to the recreation of enzymatic
pathways. For example, components required to produce a specific enzyme can be
encapsulated into the membrane compartment. The synthesized enzyme then initiates the
desired enzymatic reaction, yet the addition of a progenitorial step provides a higher level of
control over the final reaction. Protein production in lipid membranes has generally been
demonstrated through synthesis of green fluorescent protein, which is visually easy to
detect. For example, Ota et al.19 recently showed that GFP was expressed in lipid vesicles
upon encapsulation of a plasmid carrying the GFP gene, phosphate, ribosomes, tRNA,
translation initiation, elongation, and termination factors, RNA polymerase, 20 amino acids,
salts, and an ATP regenerating system. Kits that include these components for in vitro
protein synthesis can be commercially obtained and easily incorporated into synthetic
membranes. This system can quickly increase in complexity by requiring the expression of
multiple genes in a single compartment. Recent advances in polymersome production
through microfluidic techniques, that enable controlled compartmentalization, controlled
vesicle size, and high encapsulation efficiencies, should aid in the simultaneous expression
of multiple proteins.

The process of protein production can be entered earlier, replicating the DNA templates
used to produce the mMRNA transcripts. By encapsulating nucleotides and DNA polymerase
or by producing the basic building blocks of amino acids, nucleic acids, sugars, and lipids,
PCR and protein expression can be performed in a liposome with higher levels of
complexity and control. Then, recombinant DNA technology can be used for the expression
of novel proteins and proteinaceous -based assemblies.?8 As the relationship between DNA
sequence and the subsequent polypeptide structure continues to be revealed through more
basic biological and computational studies, we may create artificial cells with truly novel
functions.

Maintaining these processes for extended periods of time will require exchange of nutrients
and reaction byproducts through the membrane as well as positive and negative feedback
where synthesized proteins can, in turn, initiate transcription and translation or degrade
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MRNA transcripts and proteins. In the former case, the incorporation of proteins, like alpha-
hemolysin, that increases membrane permeability, was shown to extend the duration of
protein production in a lipid vesicles from hours to days by allowing for influx of nutrients
and components required for gene expression.% In the latter case, Ichihashi et al. created a
‘self-encoded” system within a liposome.101 The group used an mRNA that encodes for a
Qp replicase, which once produced, replicates the mRNA. In this way, transcription of this
MRNA promotes continued transcription of the same species of mMRNA.

While several processes associated with gene expression have been recreated in lipid
vesicles, to the best of our knowledge, many of these have not be demonstrated in
polymersomes. The chemical and physical flexibility that can be designed into polymersome
membranes may enhance control in triggering gene expression, maintaining structural
integrity during reactive processes, and even enable controlled deformation to allow for
vesicle reproduction in ways that have yet to be achieved in any synthetic vesicle.9

Autonomous movement

As cells continuously sample their constantly changing environment, they are often required
to leave their current location and migrate away or towards chemical or physical cues and to
recruit or signal to other cells. The concept of mimicking this self-propelled movement with
an inanimate particle has become a popular means of both studying intracellular and cellular
motility and engineering micro-and nano-motors that do not require external stimuli to
demonstrate directed motion. Creating synthetic polymersomes with the ability to move in
response to their environment will be an important step towards creating an autonomous,
synthetic cell.

A large number of studies have tried to understand cellular mechanics by reconstituting
biological molecules, like cytoskeletal filaments and motor proteins, within in vitro
systems.? These studies have advanced our understanding of how motor proteins work in
conjunction with the dynamic assembly and disassembly of actin filaments and microtubules
to facilitate intracellular transport, organelle positioning, cell polarity, and motility. Actin
polymerization, in particular, is vital for cell locomotion.102 Demonstration that actin
polymerization can induce movement was established over a decade ago by creating self-
propelled polystyrene beads.193 More recently, actin polymerization was demonstrated
within a lipid vesicle,104 an important step towards creating cytoskeletal networks within the
confines of synthetic membranes.

Generating directed movement in artificial systems has also been investigated with a
physical science approach. These studies have developed methods to generate directed
movement without the use of a polymerizable cytoskeleton. Instead, the manipulation of
Brownian motion in asymmetric environments can be used to drive particle movement and
mimic macroscopic cell motion. While control of particle movement has been demonstrated
with external field-induced stimuli, including magnetic fields, electric fields, and thermal
gradients, it is often impractical to apply an external field in biological systems. Recent
work has focused on creating localized gradients in the form of ions, chemical reactants, and
adhesivity to direct particle motion. Electrophoretic motors have been created in which an
oxidation reaction produces protons on one side of a particle and electrons on the

other.105. 106 The jon flux across the particle induces its motion. Conversely, if the solvent
consists of charged species, differential diffusion of the cations and anions in solution can
set up a local electric field within which a charged particle will move. lon transport has been
used to direct lipid vesicle movement as well. In this case, a negatively charged lipid vesicle
was placed on positively charged supported lipid bilayers.197 Lipid exchange between the
supported bilayer and the lipid vesicle leads to a charge gradient that caused vesicle motion.
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Neutrally charged particles can also be induced to move through the generation of chemical
gradients that are hypothesized to create osmotically-propelled particles.198 In this case, a
chemical reaction generates a particle concentration gradient across a semi-impermeable
membrane. The osmotic pressure that develops in response to this gradient creates potential
energy in the membrane system that is relieved through motion. The speed of the reaction as
well as the permeability of the membrane determines the osmotic velocity of the particle.

Finally, theoretical work from the Balazs group has proposed that microcapsules could be
induced to move haptotactically on adhesion gradients.1%% This work employs the idea of
communicating capsules in which two capsules are originally adherent to a surface. When a
signaling capsule releases nanoparticles, these particles deposit onto an adhesive surface and
physically restrict interaction between the capsule and the surface, reducing capsule
adherence. Due to diffusion, an adhesion gradient is created as more nanoparticles are
deposited close to the releasing signaling capsule and less particles are deposited farther
away from the capsule. A nearby targeting capsule that senses this adhesion gradient will
move away towards an area of increased adhesion. This latter approach of creating particles
that can induce the movement and behavior of another particle would help mimic the
migratory behavior of cells that are recruited through chemical cues from distant cells.
These types of communicating capsules can potentially be reconstructed in polymersome
systems.

Future directions

While many advances towards developing artificial cells from the bottom up have been
achieved in recent years, the field as a whole is still in its infancy. Through this perspective
we have discussed many facets of this research, highlighting the accomplishments in
mimicking the autonomous and responsive behaviors of polymersomes and many of the
remaining challenges. Polymersomes offer a particularly attractive platform on which to
base synthetic biology; their robustness coupled with their structural similarity to the
liposome and broad diversity in polymer functionality suggest they should be able to support
multiple facets of synthetic life. Moving forward, we believe that gene expression,
interparticle communication, and compartmentalization will be the primary foci of continued
research. The ability to induce gene expression via trigger is one particular challenge that
remains. Coupling triggered gene expression with cascade systems will lead to the
development of synthetic gene circuits. In addition, reconstitution of a membrane
component through gene expression continues to be goal of many research groups, and will
likely be achieved soon. Advances relating to synthetic communication will benefit a diverse
array of potential technological applications ranging from medicine to energy. Combining
both responsive, communicative behaviors and self-sustaining internal metabolic processes
could be useful for developing colonies of artificial cells, with the ability to interact and
influence one another’s’ actions. As the cell biology community continues “top-down”
research toward the minimalist cell—the minimal functions required for life—further
insights will become exposed to guide what is necessary from the bottom up synthetic
approach currently harnessed by the materials community. While synthetically coupling
many of these functions within a single unit will remain a primary challenge, the progression
towards creating a synthetic form of life and the continued evolution of this field is exciting.
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Quotes to Highlight

Attempts to construct a proto-cell will serve not only to enhance our understanding
of the complex network of genetic and physical processes that must coordinate to
maintain life in a biological cell, but also enable the development of future
technologies, where creating ‘smart’, autonomously-functioning particles can serve
anywhere from biomedical devices to self-regulating bioreactors.”

In biomimetic polymersomes, the control offered by light stimuli could be used to
trigger a response from specific vesicle compartments, or facilitate communication
with neighboring vesicles through cues, while not affecting biological components.”

Vesicles that can reversibly change structure can better mimic the continuously
remodeling cell membrane.”

Ultimately, sustaining the metabolic processes within an artificial cell will require
production and replication of the cell’s internal components.”
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Figure 1. A Polymersome Protocell

Polymersomes can be used as a template to create cell-like structures. Creating an
autonomous particle that mimics the diverse behaviors of a cell will require incorporation of
biological functionality in the membrane, the ability to trigger responses, autonomous
movement, and morphological changes. Many of these functions will require organized
metabolic reactions and gene expression to be housed within distinct spatial environments in
the polymersome.

Illustration of the mechanosensitive protein channel courtesy of David S. Goodsell and the
RCSB PBD (doi:10.2210/rcsb_pdb/mom_2008 11). Dendrimer structure taken from Percec,
V. and Co-authors, 2011: Self-Assembly of Janus Dendrimers into Uniform
Dendrimersomes and Other Complex Architectures. Science, 328, 5981. Reprinted with
permission from AAAS.
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Figure 2. Polymersome membranes have been designed to interact with other polymersomes or
cells and to respond to stimuli

(A, B) Modification of polymersome surfaces with antibodies and ligands can allow
polymersomes to mimic some adhesive and targeting abilities of immunological cells. . (C)
Composite polymersomes loaded with a porphyrin based fluorophore and dextran rupture in
response to light. (D) Block copolypeptides can be induced to assemble into a membrane in
response to a pH shift. (B) Adapted from reference 42. Reproduced by permission of The
Royal Society of Chemistry. (C), (D) Adapted from references 63 and 35, respectively.
Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with Permission
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Figure 3. The static and dynamic shape of a polymersome can be controlled through vesicle
preparation methods and triggered stimulus

(a) The morphology of particles made from PS-PEO diblock copolymers can be changed to
mimic the protrusions seen on dendritic cells by blending in a PS homopolymer with the
copolymers during particle preparation. (b) The morphology of a peptide-decorated vesicle
can be reversibly switched to that of a fiber for repeated cycles in response to a PH shift. (a)
Adapted from reference 69. Copyright Wiley-VCH Verlag GmbH & Co. KGaA.
Reproduced with Permission. (b) Adapted from reference 34.
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Figure 4. Compartmentalization in polymer particles has been improved through the
development of microfluidic techniques

(A) Double emulsions with a highly controllable number and size of internal droplets can be
produced with capillary microfluidic devices. (B) By using multiple injection tubes in a
microcapillary device, distinct internal compartments with controlled stoichiometry can now
be encapsulated within a single particle. (a) Adapted from reference 85. Copyright Wiley-
VCH Verlag GmbH & Co. KGaA. Reproduced with Permission. (b) Adapted from reference
86. Copyright American Chemical Society.
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Figure 5. Approaches to increasing the complexity of polymersome bioreactors

(Top) Multiple enzymes can be positioned within a single polymersome to create a signaling
cascade. (Left) An enzyme-containing polymersome can be encapsulated into an alternate
environment like a cell or an organelle. (Right) A signaling cascade can be carried out
between multiple polymersomes by requiring an intermediate reactant to diffuse from one
vesicle to another.
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