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The ability of living organisms such as cells and bacteria to create intricate and precise structures through
the self-organization, segregation and assembly of their building blocks from simpler molecules found in
their environment is vital for their morphologies and functions. The encapsulation of the essential ingredi-
ents for life within a semi-permeable membrane is widely accepted to have been a key event in the origin
of life. Within this membrane a state far-from-equilibrium is maintained, which provides energetic con-
ditions enabling complex functionalities such as adaptation and reproduction through internal metabolic
processes. Polymerization-induced self-assembly (PISA) is a rapidly-developing method to produce poly-
mersomes, or polymer vesicles, which can be considered as a synthetic analogy to vesicles with a lipid
bilayer. Though to express the range of functions that systems that exhibit the basic functionalities of early
life is indeed a challenge, PISA offers a particularly robust “boot up” mechanism which solves some of the
challenges associated with the emergence of life. Recent advances in the exploitable chemistries applied
to PISA expand the scope of complex nano-to-micron scale vesicular structures autonomously generated
from a homogeneous mixture in mild conditions. This could ultimately lead to the achievement of

Received 17th April 2020,
Accepted 18th August 2020

DOI: 10.1039/d0py00564a

synthesizing objects capable of mimicking basic behaviors and functions of natural life. Herein, we
discuss the principles, syntheses and recent advances in the controlled formation of functional vesicle
structures produced by PISA, while highlighting the exciting opportunities that can be explored in this
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1. Introduction

PISA can be viewed as a framework that uniquely integrates
polymer chemistry and non-equilibrium physics into a unified
controllable molecular environment where the above feed on
one another. Its basic research and applications span many
areas, from materials science or medicine, to autonomous and
programmable materials and molecular soft-robots.” But given
its capacity to implement the directed self-assembly of prede-
signed self-organized molecular aggregates, PISA also opens
new doors for the autonomous creation of biomimetic objects.
We are used to seeing biological materials self-assemble into
functional structures and systems with the ability to adapt by
the acquisition of new functionalities to solve “problems”
encountered by the living system, and therefore to evolve.”™
Hence, among the most interesting basic functionalities that
one may choose to implement are the ones shared by all
extant living systems (LS), i.e., functionalities that allow LS to
(a) process information, (b) synthesize its own parts from
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simpler components (for example, found in its environment),
(c) self-reproduce and (d) evolve.>® Natural life as we know it
of course uses biochemistry to implement the above. It comes
as a nice surprise from PISA to see how non-biological chem-
istry is actually capable of generating rudimentary forms of
basic functionalities provided by the architecture of natural
living systems.

Indeed, one important and attractive feature of PISA is that
it enables pathways for the synthesis of out-of-equilibrium
chemical systems which (in at least a limited way) are capable
of executing functions analogous to some that natural living
systems carry out. In other words, PISA-generated systems can
be designed to be artificial mimics of natural living systems"*":
they offer a great “chassis” on which to implement interesting
chemistry-based and chemically-programmed functional
architectures.

The generation of active vesicular structures from an
initially homogeneous mixture of chemicals through their
autonomous self-assembly during a controlled chemical reac-
tion and without external intervention, as is done by PISA,
actually solves one of the most fundamental issues in the
development of functionality: the selective encapsulation of
the required molecules in small volumes where they will not
easily escape, and within which the action of the so-called
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chemical “arithmetic demon” can be greatly suppressed.”’
This selective encapsulation increases the likelihood of chemi-
cal reactions and maintains the local concentration of their
subsequent products by preventing their diffusion into the
bulk solution. At the same time, it generates an important
free-energy gradient between the inside of the vesicles and
their environment.

PISA is a versatile process compatible with a variety of
chemistries,® which brings closer the creation of simple (ves-
icular) life-mimics in the lab and potentially bring us closer to
understanding the (largely postulated®'?) first steps that life
on Earth may have taken in the form of protocells as it evolved
from abiotic to biotic activity. Perhaps, in this way, PISA could
also be used to inform the potential presence of life in other
locations of the Universe where “life” (as we can imagine) may
not be based on the biochemistry we see on Earth.

The formation of inanimate, ie. not involving extant
natural life and biochemistry, information-containing material
structures by the self-assembly of simpler components is an
extraordinary process to contemplate. This is so, perhaps,
because in some sense these processes counter our common
intuition, for we are used to seeing unassisted transitions
usually proceeding from ordered states to less well-ordered
states of matter.'™"'*> We know that PISA with its use of chemi-
cal fuels (monomers and activation reagents), dissipates
energy, such as heat or light, to generate order. In fact, since
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self-assembly in PISA refers to an out-of-equilibrium polymer-
ization process where a chemical fuel is used, PISA provides an
excellent vehicle and arena for the implementation of these
processes with non-biochemical materials and for their use in
the synthesis of autonomously controlled functional struc-
tures. Indeed, closer examination tells us that we only need to
adjust our intuition to the fact that these “order generating”
processes take place in dissipative systems, and that their
nature is (or can be) mostly transient.

During dissipative processes, transient patterns or struc-
tures can form and re-organize. Given the appropriate con-
ditions, this can be accompanied by the structure acquiring
more forms of doing work and the generation (or deletion) of
ways in which these patterns or structures and their internal
components interact within or with their external environment
to perform some kind of work. That is, new functions can be
generated or destroyed during these processes. But self-organ-
ization and self-assembly in PISA are both dissipative pro-
cesses in their nature and we can imagine that PISA could,
with appropriate control, generate new functions.

To appreciate and identify the nature of the material pro-
cesses that we have in mind, it is important to briefly recall
some features of these two allied concepts: self-organization
and self-assembly.”® Loosely speaking, these processes occur
in sufficiently complex matter. Such processes usually involve
a large number of individual molecules interacting in a coop-

Juan Perez-Mercader earned his
Ph.D. in Physics from the City
College of New York. A Profesor
de Investigacion in Spain’s
National  Research  Council
(CSIC), in 1998 he became the
founding director of Spain’s

Centro de Astrobiologia in
association with the NASA
Astrobiology Institute. In

2010 he joined Harvard as a
Senior Research Fellow in the
Department  of Earth and
Planetary Sciences and Harvard
Origins of Life Initiative. He is also an External Professor at the
Santa Fe Institute. He has worked in many areas of Science,
including Theoretical High Energy Physics, General Relativity,
Non-equilibrium  Processes,  Self-organization, — Complexity,
Astrobiology and the development of In-situ Instrumentation for
Life-Detection Outside the Earth. He was the architect of Spain’s
contribution to the NASA Mars Program and its participation in
the Curiosity Rover. After joining Harvard his work has focused on
understanding the practical role of chemistry and non-equilibrium
physics in the emergence of life to generate in the laboratory ex
novo synthetic artificial, non-biochemistry based forms of life. He
is also active in the development of autonomous (native) chemical
computation. (Picture Copyright, Harcourt Studio, Paris 2006.)

Juan Perez-Mercader

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py00564a

Open Access Article. Published on 02 September 2020. Downloaded on 2/12/2026 5:00:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

erative manner to produce ordered architectures at molecular
and longer length scales. Self-organization is an out-of-equili-
brium phenomenon, while self-assembly has been generally
considered as the exclusive result of an equilibrium process.
Specifically, self-organization is considered to be a dissipative,
non-equilibrium generation of order at scales longer than the
ones involving direct interactions among the self-organizing
components or molecules. To maintain an ordered state, the
injection or input of usable energy into the self-organized
system is required. On the other hand, as noted above, self-
assembly is generally understood as “a non-dissipative struc-
tural order” at a “macroscopic” level promoted by collective
interactions taking place at the “microscopic level”."*™*® The
latter interactions do not change the “character” of the com-
ponents when they are integrated into the self-assembled
structure, because chemical reactions are processes in which
atoms and ions change partners with their attendant conse-
quences, both in the structure and composition of matter and
in the accompanying energy changes.'”"'®

However there is a third logical possibility, which is seen in
nature and plays a fundamental role in bringing together the
self-organization and self-assembly of collective material struc-
tures. These phenomena fall under the class of Dissipative
Self-Assembled (DSA) structures and correspond to material
organizations combining self-organization and self-assembly
via a dissipative process.'* These processes require a source of
energy capable of producing the self-organizing components
that would, eventually, self-assemble. However, these processes
can also affect the energy landscape at the self-assembled
scale and thereby make the self-assembly depend on the out-
of-equilibrium conditions. DSA phenomena have a lot in
common with the bases of metabolism in chemical biology
but, significantly, they are not restricted to biochemistry.

We may think of this self-assembly process as controlled by
the length of the amphiphile blocks as an order parameter in
phase transitions:'*?° changing the order parameter changes
the cooperative properties of the self-assembled objects/struc-
tures. This, of course, is well known and has been described
by many authors®*! who introduced the packing parameter, P,
for the amphiphile as a “de facto” order parameter controlling
the geometries attained by self-assembled amphiphiles.'**??
The packing parameter can be considered as a convenient
rationalization of the relationship between the ratios of the
amphiphilic moieties by volume and the observed mor-
phologies. Thus we see how by changing the value of P, we can
actually enact a sequence of interesting structures, including
vesicles. However, it must be remembered that the free energy
of the system determines the phenomena observed, of which
the primary contributions are the degree of chain-stretching
within the solvophobic region, the repulsive interactions
between the solvophilic moieties such as steric or electrostatic
repulsions, and the interfacial energy between the solvophobic
region and solvent media.** In fact, it is here where PISA
polymerization chemistry meets condensed matter physics
and enables both the self-organized synthesis of amphiphiles
and their self-assembly into structures. These, in turn evolve
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in a morphology sequence controlled by the chemical nature
of the PISA reaction and the environment into which it takes
place. Furthermore, since chemical reactions can be thought
of as events of molecular recognition®® one can begin to
envisage®®° how PISA can potentially enable an extraordinary
scenario for molecules recognizing molecules and use the
sequences into which these molecules react to build material
structures which can accomplish tasks or functions in a pro-
grammed fashion.

Prominent among the structures generated in PISA are the
so-called polymersomes.*® These are vesicular objects consist-
ing of a polymer membrane enclosing a lumen. Before the
advent of PISA, lipid-based vesicles (liposomes) and polymer-
somes have been studied and applied in many areas of science
and technology, with applications ranging from studies of the
origin of DNA/RNA-based life to medicine and cosmetics.
Without PISA, the fabrication of vesicles is usually achieved
using pre-prepared amphiphiles via numerous methods which
involve careful physical tuning of the constituent parts and
their environments. These multistep processes are by no
means autonomous and include, but are not confined to,
microfluidics, extrusion and solvent-switch techniques.*”

The lumen of the PISA produced vesicles can in principle
contain active chemical reactions, including instances of the
PISA reaction itself, and the polymer membrane of the vesicle
provides an already mentioned free-energy gradient between
the lumen and the environment within which the vesicle
exists. This membrane contains defects and is not perfectly
impermeable which can allow materials to be exchanged
between the lumen and the bulk solution. The size of these
polymersomes ranges between 100’s nm and 10’s of microns,
depending on the actual details of the PISA chemistry and of
course the solvent in which the chemistry takes place. Once
the vesicles form, the RAFT polymerization reaction goes on
both inside and outside the vesicle. Monomers which make up
the solvophobic contribution are therefore consumed at
different rates and their concentration in both sides of the
membrane will change. This generates a compensating change
in the free-energy values and gradient generated when the
vesicle assembly first took place. Superimposed on this is the
hydrodynamic evolution of the vesicles.***** As a consequence
of the above, there begin to appear new local and global
minima for the free-energy which lead to changes in mor-
phology. All this involves simultaneous interaction at different
time and space scales and, therefore, provides a number (if
not more) of new possibilities for the distribution and dissipa-
tion of the energy and entropy produced in the full (open and
out-of-equilibrium) system. Depending on the detailed chemi-
cal nature of the reaction components, conditions and pro-
ducts, the essential gradient of free-energy keeps changing as
the PISA reaction goes on and may generate conditions that
lead to internal order within the PISA-generated structure. In
other words, PISA can lead to new functionalities by the dyna-
mical competition between internal and external components
acting as vehicles to organize the interior of the, now evolving,
initially generated structure.
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Some protocell systems exist which exhibit complex func-
tions related to natural life, including lipid-based vesicles
capable of division®* or systems based on coacervation®> which
are of substantial interest in origins of life scenarios. These
include coacervates capable of maintaining concentration gra-
dients through membrane formation (via the addition of
amphiphilic molecules),*® forming secondary structures®” and
promoting complex biological processes.*® The introduction of
PISA in protocell research has opened up a completely new set
of scenarios, as the autonomous amphiphile synthesis and
vesicular self-assembly provided by PISA addresses the signifi-
cant challenge surrounding the property (b) mentioned above
and offers a means for the autonomous transformation of
external energy and chemical fuels into a system-level “boot-
up”*® solution from a homogeneous mixture to one of the
chicken and egg problems in the origin of life: the “concen-
tration” problem. The concentration of certain key chemicals
inside a vesicle/compartment can be substantially greater than
in the surrounding solution. Thus, their probability of reacting
increases and makes possible otherwise unlikely sequential
chemical processing and synthesis due to the presence of the
aforementioned “arithmetic demon”®” which plagues origins
of life scenarios. Remarkably, besides generating functional
vesicles with applications to many areas of science and techno-
logy, PISA has the potential to solve in a single shot the metab-
olism-first, information-first and “boot-up” process in the
origin of life.*>*!

To explore the application of PISA for producing synthetic
functional vesicles, this review is structured as follows: during
this introduction we have discussed, in a qualitative way, some
of the non-equilibrium aspects of PISA. To make the review
somewhat self-contained, in section 2 we will briefly discuss
the principles behind PISA, followed by section 3 where we will
briefly touch on some relevant methods for producing vesicles
by PISA. In section 4 we discuss PISA-produced vesicles which
exhibit emergent phenomena and complex behavior. This is
followed by a section on responsive and controllable vesicle
architectures for some areas of PISA related research. We will
end with section 6 where we offer some conclusions and a per-
spective outlook regarding the use of PISA to synthesize
objects featuring intrinsic functionalites.

2. Principles behind polymerization-
induced self-assembly

2.1. The significance of controlled polymerizations

To produce well-defined and controllable assemblies in solu-
tion, it is essential that the amphiphiles are consistent in
nature. Living polymerization methods yield block copolymers
of low polydispersity and controllable molecular weight, which
act as well-defined amphiphilic building blocks. This has
allowed for the systematic study of the solution-phase self-
assembly of amphiphilic block copolymers.”* In particular,
controlled radical polymerizations such as nitroxide-mediated
polymerization (NMP), atom transfer radical polymerization
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(ATRP) and reversible addition-fragmentation chain-transfer
(RAFT) polymerizations have provided robust protocols to
produce block copolymers of controlled molecular weight and
low polydispersity. Additionally, if the living character of the
polymerization is maintained during PISA, consumption of
monomeric reagents can continuously occur and keep the
system in a state away from thermodynamic equilibrium.

2.2.  Amphiphilic block copolymer solution-based self-
assembly and the challenge of scale

In contrast to self-assembled constructs of molecular amphi-
philes, in which the structures are highly dynamic and amphi-
philes readily exchange between the structures and solution,
structures comprising BCP amphiphiles are not labile with
regards to the exchange of individual molecules.*”* This means
that the structures formed in solution by amphiphilic block
copolymers are primarily under kinetic, rather than thermo-
dynamic, control.*® The traditional method of BCP self-assem-
bly in solution involves an approach in which a pre-prepared
BCP is molecularly dissolved, followed by a switch which
results in the aggregation of the core-forming block, for
instance by changing the pH or solvent conditions.**
Eisenberg and coworkers published a series of important early
reports of this process, in which BCPs with a short solvophilic
block were used to produce a remarkable array of well-defined
“crew cut” structures.”’

Considering the previously discussed packing parameter, in
practical terms the obtained morphologies for a given BCP in
solution are dependent on the relative solubility of the respect-
ive co-blocks and so changes in the solvent medium can drasti-
cally alter the morphology observed.*® More recently the use of
corona-forming blocks which exhibit variable solubility pro-
files dependent on conditions such as temperature or pH have
been used to alter the effective packing parameter, which
results in a switch between observed morphologies. This gives
rise to a range of triggerable, dynamic behaviors of BCP vesi-
cles following initial assembly. Due to the complexity of the
solution-phase self-assembly behavior of BCPs and its depen-
dence on concentration, post-polymerization solvent-switch
methods are often carried out under highly dilute conditions
(<1% w/w). Additionally, controlled BCP assemblies produced
by the traditional approach are often difficult to replicate on a
large scale, limiting their commercial potential.

2.3. Morphological evolution during PISA

Chain-extension of a solvophobic block from a solvophilic
polymer using a controlled polymerization method in selective
solvent media, results in the precipitation of the solvophobic
block in situ to produce BCP aggregates in solution (provided
that a critical length of the solvophobic chain is reached). This
process is the driving force behind PISA, which produces con-
sistent micellar architectures at relatively high concentration
(typically between 10-50% w/w).*”*® Although a range of
different controlled radical polymerization methods can be
applied to the PISA process, it is RAFT polymerization that is
the most prevalent method of choice.*®*°

This journal is © The Royal Society of Chemistry 2021
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In a standard PISA experiment, the degree of polymeriz-
ation of the initial solvophilic block is pre-determined and so
the solvophilic volume remains constant. Initial boot-up of the
PISA process occurs by input of an energy stimulus which
initiates the polymerization reaction and the consumption of
monomer that forms the solvophobic block begins. During the
polymerization of the solvophobic block, the free-energy-gradi-
ent is maintained as the continued polymerization keeps the
system in a state far-from-equilibrium. During this process,
the volume fraction of the solvophobic block continually
increases until full conversion of monomer is achieved.’
Mechanistic studies into the PISA process have shown that for
a system in which vesicles are targeted, the observed mor-
phologies evolve during polymerization according to the
packing parameter, and the mean curvature of the structures
is continually reduced in situ (Fig. 1A).>" At the point of aggre-
gation, spherical micelles are obtained, which subsequently
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fuse to form short worm-like micelle structures. Long, linear
worm-like micelles are then formed but rapidly branch with
multiple junction points. These junction points swell and
merge, producing “octopi” structures. The bilayers reach a
critical point during the polymerization and “wrap-up” to form
jellyfish structures, which finally enclose the remaining worm-
like micelles to form vesicles (Fig. 1A). Interestingly, Zhang
and coworkers showed that this process can be reversed by the
polymerization of a third solvophilic coblock from pre-formed
vesicles, as the volume fraction of the solvophobic block is
continuously reduced.>”

2.4. Morphological control and the construction of phase
diagrams

Given that morphologies can be observed to change in situ
during the PISA process, phase-pure BCP nanostructures can
be targeted by careful control over the DPn of the core-forming
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Fig. 1 (A) Basic mechanism of the structural evolution from spheres to vesicles during the PISA process. Adapted with permission from ref. 33 and

51. (B) Constructed morphological phase diagram for a poly(2-(methacryloyloxy)ethylphosphorylcholine) (PMPC)-b-PHPMA BCP in aqueous solu-
tion. Adapted with permission from ref. 33. Copyright 2011 American Chemical Society.
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block and concentration in solution.’*** Through systematic
studies, it is possible to map the experimental conditions with
the observed morphologies, for a given BCP in specific solvent
media. These morphological roadmaps, termed phase dia-
grams, allow for the predictable and reproducible PISA syn-
thesis of BCP nanostructures in solution (Fig. 1B). The phase
diagrams differ greatly between different PISA systems, so
these must be constructed for each individual case.”® To
obtain vesicles, generally high DPns of the core-forming block
and relatively high concentrations are required. As with con-
ventional solution-phase BCP self-assembly, it is the relative
solubility of the respective coblocks in solution that deter-
mines the obtained morphologies. O’Reilly and coworkers
demonstrated a method to predict the compatibility of core-
forming blocks for aqueous PISA, based upon the log P value
per unit surface area of the core-forming block.** This
included the correlation between differences in the obtained
morphologies and hydrophobicity of the core-forming block.
Recently, Tan and coworkers showed that a seemingly minor
difference between using poly(poly(ethylene glycol) methyl
ether methacrylate) (PPEGMA)- and poly(poly(ethylene glycol)
methyl ether acrylate) (PPEGA) as mCTAs in the aqueous dis-
persion polymerization of 2-hydroxypropyl methacrylate
(HPMA) by photo-initiated RAFT resulted in very different
assemblies being obtained under analogous conditions.>
Higher order morphologies were obtained when a PPEGMA-
based mCTA was used whereas nanoscale micelles were
obtained when HPMA was polymerized from a PPEGA-based
mCTA. Other reports include the temperature®® or light-trig-
gered®” modification of the corona-forming block solubility,
resulting in a range of morphologies being accessible with a
single BCP in solution. These serve as examples by which the
packing parameter can be subsequently modified, altering the
“phase space” post-, (or during), polymerization.

2.5. Giant vesicles

Due to the significance of BCP vesicles in applied research,
synthetic methods to produce such structures using PISA is an
interesting and important subject. Though the basic mecha-
nism for vesicle formation and subsequent increase in mem-
brane thickness®® is relatively well-understood in a qualitative
sense, the intricacies involved with controlling the chemical,
physical topological distribution, and size over multiple length
scales, is less well-understood. Detailed studies into the in situ
changes of BCP vesicles during the continued polymerization
of the core-forming block in oil or in aqueous solution showed
that the overall diameter of the vesicle remained constant as
the membrane thickness increased.”® This results in the
reduction of the interior lumen volume until the membrane
becomes unstable and destroys the BCP vesicle.”® This growth
mechanism can be explained by the reduction in free energy
associated with minimizing the surface area of the vesicle.

The implication of this mechanism of formation and
growth is that predicting and controlling the diameter of
obtained vesicles produced by PISA can be difficult. It is poss-
ible to obtain vesicles of low size polydispersity by using two
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trithiocarbonate mCTA molecules of different chain length,
PMAA, and PMAA,,..>° RAFT polymerization of benzylmetha-
crylate (BzMA) from the two mCTA molecules in ethanol
resulted in small, uniform vesicles of ca. 199 nm in diameter,
whereas larger, polydisperse vesicles of 351 nm in diameter
were obtained when PMAA, alone was used (Fig. 2A).>° This
was due to the spontaneous organization of the coronae, in
which the outer corona consisted mainly of the longer stabiliz-
ing PMAA,,; block, whereas the shorter PMAAg, chains were
located within the lumen of the vesicle. D’Agosto and co-
workers displayed that a degree of control over the vesicle size
could be implemented by adjusting the topology of the solvo-
philic block (Fig. 2B).*° Hydrophilic poly(N-acryloylmorpho-
line)-based  (PNAM,;-stat-poly(ethylene  glycol);  acrylate
(PEGA)) copolymers were prepared, in which the PEG-grafted
monomer units were either distributed throughout the corona-
forming block or confined to the end furthest from, or at, the
core—corona interface. Vesicles, rather than spherical objects,
were obtained following PISA by emulsion RAFT polymeriz-
ation of styrene, due to the presence of PEG-grafted macro-
monomers. Additionally, the specific location of the PEG-
grafted macromonomers along the PNAM backbone could
influence the size of the polymer vesicles. It was shown that
larger vesicles were obtained when the PEG-grafted macro-
monomers were confined at the core-corona interface, as the
steric penalty associated with the brush polymer lowered the
structural curvature.®® Yuan and coworkers observed a similar
effect by changing the topology of the core-forming block
through brush density.® RAFT statistical copolymerization of
stearyl methacrylate (SMA) and BzMA from a poly(N,N-
dimethyl-aminoethyl methacrylate) (PDMA) mCTA in ethanol
resulted in the formation of vesicles which featured diameters
ranging from 200 to 1500 nm, dependent on the relative
volume fractions of SMA and BzMA. The largest vesicles were
observed from polymerization of a 1:1 molar ratio of
SMA: BzMA, as this caused the maximum disruption to the
packing efficiency in the vesicle hydrophobic membrane.
Though some degree of control over the vesicle size has
been demonstrated, there are relatively few reports of using
PISA to produce vesicles over multiple micron scales. To
obtain structures through PISA relevant to artificial biology,
such as artificial protocells, the ability to produce vesicles over
the relevant length scales of 1-100 pm is essential. Such struc-
tures are termed giant vesicles (GVs) or giant unilamellar vesi-
cles (GUVs).®” GVs have been produced by conventional BCP
self-assembly protocols®*®* and PISA can also be applied to
the formation of such structures. Yoshida published early
examples of giant vesicles in a series of reports (Fig. 2C),
dating back to 2013.% In this first example, UV-initiated NMP
was used to produce a poly(methacrylic acid) (PMAA) stabiliz-
ing block in methanol, from which a poly(methyl methacry-
late) (PMMA)--MAA random copolymer was polymerized in a
MeOH/H,0 3/1 v/v selective solvent mixture. SEM imaging
showed the resulting giant vesicles to be relatively uniform,
exhibiting an average diameter of 4.74 pm with a polydisper-
sity index of 1.3.°° The giant vesicles were sensitive to tempera-

This journal is © The Royal Society of Chemistry 2021
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(A) Control of vesicle size and uniformity by selection of the molecular weight and ratio of two mCTA reagents. Adapted with permission

from ref. 59. Copyright 2014 American Chemical Society. (B) Vesicles of controlled size by manipulation of the mCTA topology and brush location.
Adapted with permission from ref. 60. Copyright 2016 Wiley-VCH. (C) Giant vesicles comprising PAA-b-(PAA-stat-PMMA) produced by PISA in a
methanol/water solvent system. Adapted with permission from ref. 66. Copyright 2014 Springer Nature.

ture, dissociating into small vesicles at 35 °C, followed by
membrane and fiber-like aggregates at 40 °C.°> Another report
documented the contortion and subsequent fission of the
giant vesicle morphology with increasing polymerization of
the PMMA--PMAA core-forming block.®® In all cases random
copolymers comprising hydrophobic alkyl methacrylate and
hydrophilic PMAA were used as the solvophobic coblock,
which suggests that partial solvation of the core-forming block
may be important to obtain the giant vesicle morphology.®>®
GVs have been produced by photo-initiated RAFT PISA
under aqueous dispersion conditions, in which the mecha-
nism of growth could be analyzed in situ by optical and fluo-

rescence microscopy.’®®” In contrast to previous reports of the

This journal is © The Royal Society of Chemistry 2021

vesicle growth mechanism®® the continued polymerization of
HPMA from a PEG,; mCTA resulted in the growth of giant vesi-
cles of over 10 um in diameter, until their eventual collapse.
Associated with the variation of osmotic pressure each side of
the membrane during irradiation with blue light, GV growth
was driven by the influx of water through pore-defects, fol-
lowed by the rapid expulsion of the lumen during collapse.
This could occur in a cyclic manner, due to the presence of
unreacted mCTA molecules and residual HPMA, observed as
“phoenix” behavior: a name that underscores the property of
these systems which experience growth, the collapse to start to
grow and collapse again (sometimes for tens of cycles), as if it
were from “their own ashes”.*® The light-induced formation
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and emergent properties of these giant vesicles appears to be a
general phenomena® and will be subject to further discus-
sion. Additionally, RAFT polymerization mediated by oscil-
latory reactions have been wused to produce giant
vesicles.”®?”%° These represent a significant advance, as the
giant vesicles could encapsulate the oscillatory reaction, which
can be used as a method to transfer and manipulate chemical
information, thus acting to mimic the simplest functions of
early life.

3. Methods for producing vesicles by
PISA

3.1 RAFT polymerization; thermal-, photo- and redox-
initiated

To “boot up” the PISA process for the emergent fabrication of
vesicles, an initial energy input is required. In the case of
RAFT-mediated PISA, the energy is needed for the radical gene-
ration to initiate the polymerization.”” The most obvious and
well-used method to input energy into the system is through
heating the reaction mixture which contains a thermally-sensi-
tive initiator (i.e. the radical source), such as a,a’-azobis(isobu-
tyronitrile) (AIBN).*® Thermal initiators provide an efficient
source of radicals but temperatures of around 70 °C required
to activate the polymerization limit the scope of compatible
materials and applications, leading to much interest in the
exploration of alternative initiation methods.”" The ability to
initiate PISA with alternative forms of energy allows us to avoid
significant challenges associated with temperature dependent
behavior or sensitivity when forming complex functional and
adaptive vesicles.

Energy from light irradiation in the UV and visible range
can be used to provide energy to the system, while having the
freedom to hold the reaction at a desired temperature. Zhang
and coworkers produced a range of morphologies, including
vesicles, through the aqueous dispersion RAFT of HPMA from
a PEGq; trithiocarbonate mCTA, using sodium phenyl-2,4,6-
trimethylbenzoylphosphinate (SPTP) as an initiator under
405 nm light at 25 °C.”> As the SPTP photoinitiated RAFT
polymerization of HPMA is efficient over a range of tempera-
tures, a morphological phase-diagram of PEG;,3-b-PHPMA,,
between temperature and DPn of PHMPA could be con-
structed, which included large compound vesicles of multiple
microns in diameter.”* Differences between using a thermal
and photo-initiator for PISA were highlighted by O’Reilly and
coworkers, who observed that higher-order structures (i.e.
worms and vesicles) were favored when photo-powered PISA,
was implemented, due to the loss of the trithiocarbonate end
group.”® Through appropriate choice of CTA and wavelength of
irradiating light, the photo-PISA reaction can be initiated by
the macro RAFT agent itself, without any added initiator or
catalyst, providing a clean route to obtain BCP vesicles.”

Alternatively, it is possible for redox processes to initiate
PISA. Using hydrogen peroxide to activate the enzyme horse-
radish peroxidase, radicals were produced by oxidation of
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acetyl acetone at room temperature. Aqueous dispersion
polymerization of HPMA from a PEG trithiocarbonate CTA pro-
duced BCP objects ranging from spheres to vesicles.”® This
method could be used to load protein molecules into the vesi-
cles in situ, utilizing the mild conditions under which PISA
was conducted. Belousov-Zhabotinsky (BZ) redox oscillatory
reactions have also been employed to initiate RAFT-PISA at
room temperature, by the polymerization of butyl acrylate and
acrylonitrile monomers from PEG-based mCTAs in the

aqueous BZ reaction media.2®?7*1

3.2. Oxygen-tolerant systems for producing vesicles by PISA

As RAFT polymerizations rely on propagating radical species,
most RAFT-based PISA protocols which use initiator molecules
as radical sources are sensitive to oxygen and require thorough
deoxygenation through nitrogen/argon displacement or mul-
tiple freeze-pump-thaw cycles. This can introduce limitation
to the potential throughput and limit the scope of applications
for vesicles produced using PISA-based protocols. Oxygen-tol-
erant living radical polymerizations have been the subject of
intense interest in recent years”” and similar protocols can be
applied to RAFT-mediated PISA. Boyer and coworkers reported
the use of a tris(bipyridine)ruthenium(u) chloride photoredox
catalyst to activate the RAFT polymerization by photoinduced
electron transfer (PET) under 460 nm light irradiation
(Fig. 3A).”® The continuous generation of radicals under
irradiation allows for PISA without prior degassing of
the solution,®”””® while also providing additional temporal
control over the polymerization by “ON/OFF” irradiation
of the catalyst. Other photoredox catalysts, e.g. 5,10,15,20-
tetraphenyl21H,23H-porphine zinc (ZnTPP) can catalyze PET-
RAFT under lower energy light irradiation to fabricate vesicles
of various chemical composition by PISA.*°

An early example of redox-initiated polymerization to drive
vesicle formation, involved the emulsion polymerization of
butyl acrylate in aqueous media using cerium(iv) ions at 40 °C
for 3 hours.®" Importantly, no prior treatment such as degas-
sing or removal of inhibitors was required for the polymeriz-
ation reaction to occur. In this reaction, the alcohol functional
group of a PEG3, macromolecule was activated by oxidation
using the cerium(wv) ions, allowing for the radical polymeriz-
ation of n-butyl acrylate to occur. Giant vesicles with an
average diameter of 3.5 um were obtained, in contrast to the
nanoscale latex particles usually obtained by aqueous emul-
sion polymerizations. As mentioned previously, the redox oscil-
latory BZ reaction can be applied to PISA as a vehicle for using
chemicals as a fuel to produce the radicals for RAFT
polymerization.”®*”%> The BZ reaction consists of the oxi-
dation of an organic species, typically malonic acid, by the
bromate species of a strong acid, in the presence of a redox
catalyst e.g. tris(bipyridine)ruthenium(u) chloride that can
oscillate between two redox states. The radicals are sourced
from the BrO,* and the organic species, though studies
suggest that it is the organic species specifically which initiates
the polymerization (Fig. 3B).*® The oscillatory nature of the
reaction means that radicals are constantly generated, which

This journal is © The Royal Society of Chemistry 2021
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results in “polymerization through” the oxygen in the system,®?
allowing the PISA reaction to be carried out under open-to-air
conditions. Giant vesicles produced in the reaction entrap the
oscillating chemical reaction, which can be used in chemical
communication or as a chemical Turing machine.”
Alternatively, a semibatch pH oscillator has been used to initiate
RAFT PISA of BA t a dithioester PEG mCTA.*® The radicals pro-
duced by the bromate-sulfite pH oscillations at 40 °C initiated
the aqueous dispersion polymerization, resulting in the for-
mation of giant vesicles after an incubation time of ca. 150 min.
The giant vesicles were observed to be dynamic in the system
with budding and division events, which were attributed to the
far-from-equilibrium state maintained by continuous addition
of sulfite necessary to maintain the pH oscillations.®

3.3. In-flow, high-throughput fabrication applied to PISA
using thermal-, photo- and redox-initiated processes

PISA is an established method to obtain reproducible BCP
assemblies on larger scales and at higher concentration than

This journal is © The Royal Society of Chemistry 2021

post-polymerization BCP self-assembly approaches. Most PISA
experiments are conducted in batch, which is not ideal for
industrial applications or in the case of processes which rely
on the system maintaining a state far-from equilibrium. In-
flow PISA set ups have been reported using thermal-initiated
RAFT polymerization to produce spheres, worms and vesicles
in aqueous solution (Fig. 4A).** Warren and coworkers
reported the sequential aqueous RAFT polymerization of di-
methylacrylamide (DMAm), followed by diacetone acrylamide
(DAAm) in the reactor yielded PDMAm-b-PDAAmM BCP micelles
on >100 g scales. It was observed that the polymerization rates
were significantly higher in-flow compared to batch syntheses,
attributed to the enhanced heat transfer to the polymerization
solution in the tubular reaction. By careful control over the
DPn of the mCTA, solids concentration and residence time in
the reactor, pure BCP vesicles could be obtained.®*

Continuous reactors for photo-initiated RAFT have been
used to produce BCP structures from spherical micelles to vesi-
cles by PISA. This approach was first reported by Boyer and co-
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with permission from ref. 84. Copyright 2019 Royal Society of Chemistry. (B) Photo-initiated PET—RAFT of diaceteone-stat-dimethyl acrylamide from
a PDMA trithiocarbonate mCTA. Reproduced with permission from ref. 86. Copyright 2019 American Chemical Society. (C) BZ-initiated PISA of
DAAm from a PEGy, trithiocarbonate mCTA using a CSTR in flow. Scale bar = 500 nm (TEM image) and 5 pm (fluorescence image). Reproduced

with permission from ref. 29. Copyright 2019 Springer Nature.

workers, using a trithiocarbonate PEG mCTA to initiate the
aqueous polymerization of HPMA under 460 nm light
irradiation at 37 °C.** Excellent control over the obtained mor-
phology of the BCP structures could be achieved by optimiz-
ation of the residence time in the reactor, greatly increasing
the scalability of the PISA process. To further expand this
approach, BCP vesicles were produced through an air-tolerant
PET-RAFT procedure using an Eosin Y/triethanol amine cata-
lyst system for the aqueous dispersion polymerization of
PDMAA-b-(poly(diaceteone-stat-dimethyl acrylamide) PDMAA-
b-(PDAAM-stat-PDMAA) copolymers using a trithiocarbonate
CTA (Fig. 4B).%° The flow reactor was set up to allow the initial
polymerization of the PDMAA mCTA, before DAAM monomer
was introduced to the system, following a pre-determined incu-
bation time. The reduction in optical path lengths within the

38 | Polym. Chem., 2021,12, 29-49

tubular flow reactors allows for the uniform irradiation at
higher intensity, accelerating the photo-controlled polymeriz-
ation rate.®” Recently, an alternative approach was reported
using an air-tolerant in-flow PISA system based on the oscil-
latory BZ redox reaction (Fig. 4C).>° A continuously stirred tank
reactor (CSTR) was used to ensure the homogeneity of the BZ
oscillations, such as the amplitude, periodicity and shape, pre-
venting stationary space-periodic structures from occurring.
Polymerization of DAAM from a trithiocarbonate PEG mCTA
using BZ-RAFT-PISA yielded spherical micelles, worms, nano-
and giant-sized vesicles, dependent on the residence time, BZ
oscillation periodicity and the DPn of the DAAM core-forming
block. The continuous nature of the flow-chemistry meant that
the state of the encapsulated BZ oscillations (i.e. the chemical
properties) are known and can therefore be tuned.*’

This journal is © The Royal Society of Chemistry 2021
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4. Vesicles produced by PISA which
exhibit emergent phenomena and
complex behavior

4.1. Vesicle birth and death; phoenix and dye sensitive
behavior of vesicles

Vesicles are formed in the last morphological transition
during a conventional PISA process, after which the membrane
continues to increase in thickness until a critical point is
reached where the bilayer is no longer stable.”® This does not
mean that the vesicle morphology is not dynamic, as the con-
tinued consumption of the ingredients of the polymerization
reaction maintain a “driving force” to keep the system in a far-
from-equilibrium state.

View Article Online

Review

Dynamic behavior of giant vesicles was observed during the
Ru(bpy);>* catalyzed photo-PISA of PEGy,-b-PHPMA, in
aqueous media (Fig. 5A).*>% Initial observation of the growth
then collapse of giant vesicles between 8 hours 15 minutes
and 13 hours 45 minutes reaction times during the polymeriz-
ation reaction, was observed by Szymanski and Perez-Mercader
using fluorescence microscopy (Fig. 5A).°” This demonstrated
that the far-from-equilibrium state of the system was main-
tained after giant vesicle formation. Giant vesicles of ca. 10 pm
in diameter produced by photo-PISA could be easily imaged by
optical fluorescence microscopy (Fig. 5A), using rhodamine 6G
as a fluorescent probe. Additionally, the dynamic behavior of
the structures due to the oxygen-tolerant polymerization of
residual HPMA monomers under 450 nm light irradiation
could be monitored. Acceleration of the giant vesicle growth
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(A) Cartoon depiction of PEG-b-PHPMA vesicles with fluorescence microscopy images. Scale bars = 20 pm. Adapted with permission from

ref. 67. Copyright 2016 Royal Society of Chemistry. (B) Trace displaying the change in polymersome radius when exposed to the blue light during
microscopy analysis. Reproduced with permission from ref. 40. (C) Cartoon schematic depicting the Marangoni effect on vesicles formed by PISA
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Reproduced with permission from ref. 40. Copyright 2017 Springer Nature.
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was driven by the RAFT polymerization as the bilayer volume
continually increased. During this growth period, the outer
reaction solution enters the vesicle lumen through pore-
defects in the vesicle membrane. The growth rate decays expo-
nentially until a critical diameter is reached and local
monomer depletion has occurred. The vesicle then reaches a
maximum diameter at a critical point where the forces contrib-
uted by the membrane surface tension, the increase in core-
forming polymer produced by the PISA process and the
osmotic pressure between the vesicle interior and exterior
become unbalanced, resulting in the rupture of the vesicle and
its destructive collapse back into a droplet. This growth, col-
lapse and regrowth of giant vesicles could occur multiple
times in a process termed “phoenix” behavior (Fig. 5B).* The
maximum diameter of the giant vesicles decreased following
each cycle as material is continually consumed (Fig. 5B).*° The
mechanism behind “phoenix” behavior is currently not well
understood, though subsequent studies found that judicious
selection of the wavelength of the irradiated light, coupled
with the appropriate fluorescent probe was important.®®
Merging of giant vesicles stained with rhodamine 6G was
observed at higher solids concentration under 540-590 nm
irradiation, demonstrating the transient nature of these struc-
tures in a non-equilibrium state.

Another interesting phenomena observed during the in situ
microscopy analysis was the population growth of the phoenix
vesicles observed during the experiment.’’ To this there are
two contributions: firstly, phototaxis of the giant vesicles
towards the area under blue light irradiation from the sur-
rounding regions (Fig. 5C and D). Irradiation of a specific area
with blue light in the fluorescence microscope results in a
reaction gradient and consumption rate of the constituent
molecules, as the polymerization reaction is most efficient
within the beam center, which decreases with the light inten-
sity towards the surrounding area. In the absence of blue light
irradiation, the vesicles move randomly due to Brownian
motion. The reason for the phototaxis of the objects can be
rationalized by the Marangoni effect, as tension is induced
within the membrane of the vesicle due to the vesicle surface
closest to the center of the beam experiencing a greater rate of
reaction. This creates anisotropy across the membrane of the
vesicle, as the regions experiencing the fastest reaction have
the greatest volume of polymer within the membrane and so
have a lower surface tension (Fig. 5C). The surface tension gra-
dient within the vesicle membrane results in aqueous solution
moving from the region of lowest surface tension nearest the
beam center, to the region of higher surface tension, where
the membrane is thinner and has a greater defect density. This
produces currents within the vesicles aqueous environment
pushing the giant vesicles towards the area of highest light
intensity.*°

The second contribution to the population growth is con-
tributed by the conversion of droplets comprising mainly
HPMA monomers stabilized by PEG-b-PHPMA amphiphiles to
GVs.”® Consumption of the HPMA monomer in the beam
causes a modest increase in objects, until the RAFT polymeriz-
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ation undergoes an exponential phase in HPMA consumption,
resulting in a sharp increase in the vesicle population which
continues in a non-linear manner. As the PEG mCTA and
HPMA monomer are consumed by the PISA process, the rate
of population growth slows and the system reaches a
maximum vesicle population number. Thus it was observed
that, due to the reaction gradient across the beam, a cumulat-
ive effect of monomer droplet to vesicle morphological evol-
ution and the Marangoni-driven phototaxis of the giant vesi-
cles to the beam center results in the dynamical phase tran-
sition observed during the analysis.”® Currently, there are
many aspects to these behaviors which are unknown and need
to be explored, which is the subject of ongoing investigation by
our group. In principle, a parallel between the behavior exhibi-
ted by this system can be drawn with some aspects of a proto-
living system, such as the spontaneous formation of a mem-
brane from a chemically active homogenous media, metab-
olism and possible forms of self-replication and system
selection.

4.2. Vesicle division

Living cells exist in a non-equilibrium steady state or homeo-
stasis and the interaction between their semi-permeable mem-
branes is of critical importance for the transfer of chemical
information and biological processes involved in cellular repli-
cation. To this end, the division of polymersomes produced by
PISA would further demonstrate its applicability for protolife
research. Vesicles comprising PEG-b-poly(acrylonitrile) (PAN)
produced by the chemically oscillating BZ reaction were
observed to grow, bud then divide during the PISA process.””
The vesicle reproduction initially appeared as a smaller bleb
on the side of the parent vesicle, which separates upon reach-
ing a critical size, visualized by SEM imaging.”’ PEG-b-PBA
vesicles produced by PISA initiated by a chemically-fuelled pH
oscillator also exhibited similar behavior.®® The nature of the
oscillatory systems means that far-from-equilibrium conditions
are maintained, and so the chemical environment within the
interior lumen of the vesicle will be different to the outer
medium, therefore chemical gradients and varying reaction
rates compromises the membrane stability and so emergent
phenomena result.

4.3. Multi-compartment vesicles for synthetic cell-like
structures

Compartmentalization is a vital aspect of the structure of eur-
karyotic cells for their functionality, allowing for chemical
reactions and gradients to be maintained. PISA can be used to
fabricate multicompartment BCP assemblies using a variety of
strategies. Framboidal compartmentalized vesicles have been
produced by a “seeded” RAFT-PISA approach,®® which
involved the polymerization of a third coblock, BzMA, from
pre-assembled PGMA-h)-PHPMA diBCP assemblies. The immis-
cibility between PHPMA and PBzMA resulted in the formation
of PBzMA nanodomains within the wall of the vesicle, which
increased in size with increasing DPn.*® A subsequent report
showed that this strategy could be employed to produce pH-

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0py00564a

Open Access Article. Published on 02 September 2020. Downloaded on 2/12/2026 5:00:54 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer Chemistry

responsive framboidal vesicles with a PHPMA-b-PDPA core,
which disassembled upon acidification of the aqueous
media.?® Considering the mechanism of vesicle formation
during the PISA process, the continued chain extension of an
immiscible third coblock within the bilayer to form nanodo-
mains within the membrane is an effective strategy. Yuan and
coworkers systematically investigated this approach, producing
a series of multicompartment BCP structures comprising
PDMA-b-PBzMA-b-PFHEMA.”® Seeded RAFT-PISA was con-
ducted using spherical, worm-like and vesicular PDMA-b-
PBzMA seed structures, before chain extension of the PFHEMA
block. A wide-variety of compartmentalized structures were
obtained including framboidal and core-shell-corona type vesi-
cles, clearly imaged by bright-field TEM using different stain-
ing protocols.”® Complex architectures with a porous inner
structure could be achieved by the photo-initiated PISA syn-
thesis of ABC/BC PEG-b-PHPMA-b-PBzZMA/PHPMA-bh-PBZMA
triBCP/BCP blends.”* Polymerization of BzMA from PEG-b-
PHPMA/PHPMA vesicles resulted in the formation of framboi-
dal vesicles, with nanoscale PBzZMA domains.

Studies in recent years clearly show the practicality of apply-
ing PISA to produce multicompartment structures, which can
offer a route to produce more complex protocell architectures.
Most reports rely on immiscibility between respective coblocks
within a multiBCP and the living nature of RAFT polymeriz-
ation has aided such strategies. A more substantial challenge
is to produce controllable structures with multiple, discrete
hollow compartments. Such structures would be more akin to
eukaryotic cells, which can host multiple complex chemical
processes in parallel.

4.4. Oscillating vesicles

Control over contortion and motion is an important ability
exhibited by biological microorganisms. Cells can expend
energy and exploit osmosis to achieve such behavior. It is poss-
ible to induce swelling-deswelling behavior in synthetic giant
vesicles using osmotic pressure gradients.”> When the concen-
tration of the internal cargo is greater than the outer media,
influx of water causes the vesicle to swell to a critical limit.
Upon reaching a critical membrane tension, membrane
defects and pore formation become energetically favorable,
resulting in the release of a fraction of the interior vesicle
lumen. This process occurs in a cyclic manner, observed as
cycles of swelling and bursting. Autonomous oscillating vesi-
cles have been developed by Yoshida and coworkers, using
BCPs functionalized with the redox-active Ru(bpy);>* catalyst
within the core-forming block.”> When coupled to the BZ oscil-
latory redox reaction, the vesicles oscillated between swollen
and contracted states, with the redox state of the Ru(bpy);>"/
Ru(bpy);** catalyst.”® Although not formed through BCP self-
assembly mechanisms, complex polymer-protein PNIPAM-b-
PAA/bovine serum albumin-based conjugates were observed to
oscillate through reversible contractions in response to exter-
nally-applied changes in temperature.”® The complex proteino-
somes could be integrated with enzymatic reactions for modu-
lating the chemomechanical response of the material. Van
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Hest and coworkers produced pH-responsive vesicles capable
of self-regulating their size through a feedback-induced
mechanism.”® The system was driven by an increase in pH
through the enzymatic conversion of urea to ammonia.
Depletion of the urea fuel led to shrinking of the polymer-
some, resulting in a switch from an “ON” to “OFF” state of an
internal reaction within the vesicle lumen. Currently explora-
tion of similar complex systems using PISA as a driving force
or fabrication tool for oscillatory systems is in its infancy. The
development of new synthetic protocols using PISA could
result in the production of vesicles capable of similar complex
adaptive and responsive behaviors.

5. Responsive and controllable
vesicle structures for applied research

5.1. Functionalizable and cross-linkable vesicles

As the field of PISA matures, more strategies for its application
in the synthesis of “smart” structures which respond to
changes in environment, or exhibit stimuli-dependent func-
tions have emerged in recent years.”' Living cells are capable
of emergent behavior such as adaptivity, self-regulation, self-
replication, contortion and motion, which are reliant on a
multitude of complex chemical process occurring in a coher-
ent manner. There are relatively few examples of the utilization
of PISA to produce vesicles with adaptive or self-regulatory pro-
perties, though reports featuring vesicles capable of increas-
ingly complex functions are emerging.’®

While the composition of BCP vesicles is less transient in
comparison to small molecule or lipid bilayer-based ana-
logues, the vesicle structure will degrade, or dissolution of the
structures will result, following changes in conditions such as
solvent composition, addition of surfactants or pH, in the
absence of full life-like behaviors.”” The self-assembled BCP
morphology can be made resilient to such stresses through
intra-core cross-linking, which can be performed in situ or
using multi-pot post-polymerization techniques. For a detailed
summary of the cross-linkage of BCP assemblies produced by
PISA, the reader is referred to a recent perspective by Armes,
Boyer and coworkers, particularly for the cross-linking of
worm-like micelles.”! Herein an overview of the primary strat-
egies associated with crosslinking BCP vesicles is discussed.
Post-polymerization strategies usually involve a 2-step process
which consists of the PISA synthesis of the vesicular structures,
followed by an additional procedure to induce cross-linking.
Chemical cross-linking by covalent bonds can be easily
achieved by introducing appropriate functionality within the
vesicle core. For instance, vesicles with a poly(glycidyl meth-
acrylate) (PGlyMA) core-forming block can be easily cross-
linked by a range of bifunctional nucleophilic reagents. This
approach was used by Chambon, Armes and coworkers, by pre-
paring vesicles comprising PGMA;;-(PHPMA,,,-stat-PGlyMAg,)
which were subsequently cross-linked using several reagents
with terminal amine functional groups.’® This allowed the
vesicles to maintain their structural integrity in the presence
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of surfactants, which caused destruction of uncross-linked
vesicles. Although this strategy makes the vesicle morphology
robust, it is important to consider the implications of chemical
covalent cross-linking on the properties of the membrane
bilayer. Using colorimetric assays, Varlas, O’'Reilly and co-
workers showed that the membranes of PEGy3-b-P(HPMA3;,-
co-GlyMAg,) vesicles exhibited lower permeabilities, which
decreased with increasing hydrophobicity of the cross-linking
reagent.”® Alternatively, ketone-containing polymers can be
used as cross-linkable core-forming blocks. For instance, vesi-
cles with a 2-(acetoacetoxy)ethyl methacrylate (AEMA) were
cross-linked using keto-alkoxyamine click chemistry or functio-
nalized with Ag nanoparticles, which showed the range of ways
that keto-functionality within the vesicle bilayer could be
exploited.'®°

Cross-linking does not necessarily rely on addition of more
reagents to form covalent bonds. Through appropriate choice
of monomers, energy from UV light can be used to cross-link
the vesicle bilayer.'®" Boyer and coworkers used an photo-
orthogonal strategy whereby PEG;,3-b-PHPMA was synthesized
by photo-RAFT polymerization under 595 nm irradiation using
a zinc meso-tetra(N-methyl-4-pyridyl) porphine tetrachloride
(ZnTMPyP) catalyst. Copolymerization with a small amount of
7-[4-(trifluoromethyl)coumarin] methacrylamide (TCMAm)
monomers in the reaction mixture allowed for post-polymeriz-
ation cross-linking of the structures by UV irradiation specifi-
cally, without adversely affecting the obtained morpholgies.'>

The in situ cross-linking of vesicles is possible using bifunc-
tional divinyl monomers, although this can be challenging as
cross-linkage can compete with the primary polymerization
reaction. An and coworkers avoided this issue by using an
asymmetric cross-linker, allyl acrylamide, which exhibited two
different vinyl reactivities.'®® This resulted in the less reactive
vinyl group incurring cross-linking at the latter stages of
polymerization, producing vesicles with up to 5 mol% loading
of cross-linkable monomer. Subsequently, it was reported that
these vesicles could seed the continued polymerization of a
third hydrophilic block, providing enhanced colloidal stability
to the cross-linked structures.'® A similar principle can be
applied to symmetric cross-linkers,'% through the copolymeri-
zation of 2-(diisopropylamino)ethyl methacrylate (DIPEMA)
and cystamine-bismethacrylamide (CBMA) using a dithioester
PEG macro-CTA. As the vinyl groups of the cross-linker are less
reactive to the polymerization than the DIPEMA monomer,
cross-linking was delayed to the latter stages of polymerization,
allowing for controlled polymerization to occur beforehand."*®
It is important to note that while interesting for applications
and for the extension of functionality of PISA-produced
objects, techniques involving the covalent post-polymerization
cross-linking of vesicles require multiple processes and are not
achieved from homogenous solution in a 1-pot technique as
most other PISA syntheses are conducted.

5.2. Thermoresponsive and pH-responsive vesicles

The ability to react or adapt to changes in the immediate sur-
rounding environment is of great importance to cellular life.
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This can include the local chemical environment, such as pH,
or the physical environment such as temperature. To obtain
adaptive synthetic structures using PISA, application of respon-
sive materials or molecules and adaptive chemistries in PISA
would provide a tool to achieving such goals. Such strategies
can be used to implement triggered behavior such as change-
able porosity or morphological transitions. For instance,
Armes and coworkers produced pH-responsive assemblies by
utilizing CTA molecules functionalized with morpholine and
carboxylic acid terminal groups.'®®'®” COOH-b-PGMA ,;3-b-
PHPMA,, vesicles were observed to undergo vesicle-to-sphere
and vesicle-to-worm morphological transitions with PHPMA
DPns of 175 and 200 respectively upon raising the pH of the
aqueous solution from 3.5 to 6.'° These transitions were,
however, slow over 12 h, and dependent on the DPn of the
PHPMA block as no transitions were observed for vesicles with
a PHPMA DPn of 250. The slow kinetics of morphological
changes can be explained by the limited effect that ionization
of the end terminus has on the packing parameter of vesicles
with a long PHPMA core-forming block.

The response rate can be increased by using a pH-respon-
sive coblock, for instance Guragain and Perez-Mercader pro-
duced vesicles by aqueous photoRAFT PISA comprising PEG;;-
b-PDMAEMA,5-b-PHPMA,,.'°® The central PDMAEMA coblock
is protonated during initial polymerization of HPMA
monomer at pH 3.5. Micelle-to-worm/vesicle transitions were
observed upon increasing the pH to 8, which was attributed to
decreased solubility of the neutral PDMAEMA central block
and loss of electrostatic repulsion between monomer units."*®
Zhang and coworkers produced vesicles comprising PPEGMA,-
b-(PDMAEMA ¢/50-c0-PHPMA,,) by photoPISA at 25 °C, which
were sensitive to the bubbling of CO, through the aqueous
solution.'®® This caused a decrease in the solution pH as the
CO,, dissolved to form carbonic acid, which protonated the
PDMAEMA repeating units increasing the hydrophilicity of the
core-forming block, resulting in the complete dissolution of
the vesicle structures into polymer chains. In another example
of using a weakly basic repeating unit in the polymer micelle
core, Mable et al. reported rapid pH-triggered morphological
transitions exhibited by PGMA-b-PHPMA-b-PDPA (DPA = 2-
(diiso-propylamino)ethyl methacrylate) framboidal vesicles at
pH = 8.%° The PDPA coblock is hydrophobic at high pH, result-
ing in colloidally-stable framboidal vesicles being produced.
Once the pH was lowered to pH = 3, the PDPA block is rapidly
protonated, resulting in dissolution of the vesicles, which was
observed by the previously turbid solution becoming clear fol-
lowing acidification.®® Time resolved SAXS analysis of the
vesicle following acidification showed that the vesicle struc-
tures dissolved within 1 second, with the swelling of the
bilayer observed within 50 ms. To prevent vesicle dissolution
upon an environmental change, core cross-linking can be uti-
lized, as discussed previously. Pan and coworkers produced
PEG;13-b-PDPA,, vesicles cross-linked by a divinyl monomer
CBMA which exhibited reversible pH responsivity.'> The
average diameter of the vesicles was 320 nm at pH = 8, which
increased to 560 nm at pH = 4, due to swelling of the core-
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forming block as the DPA block is protonated. The swelling/
deswelling cycle could be repeated for three consecutive cycles,
without dissolution of the cross-linked vesicles.'%

Morphological transitions can be induced by changing
temperature, without changing the chemistry of the media.
Recently Ratcliffe, Armes and coworkers reported that a single
block copolymer PHPMAC-b-PHPMA (PHPMAC = poly(N-(2-
hydroxypropyl) methacrylamide) could produce spheres,
worms and vesicles in identical media, by simply changing the
solution  temperature.'’®  After initially  synthesizing
PHPMAC,,-b-PHPMA 3, by aqueous thermal RAFT PISA at
70 °C at 10% w/w solids content, during cooling the physical
appearance was observed to change from an opaque white
turbid liquid, to a gel or less turbid fluid. Closer inspection by
TEM analysis revealed the solution contained vesicles at 50 °C,
worms at 22 °C and spherical micelles at 5 °C, which was con-
firmed by SAXS measurements. '"H NMR and computational
experiments suggested that the degree of hydration within the
PHPMA core increases as the temperature is reduced, the
degree of chain-stretching within the PHPMA coblock is
reduced resulting in structural transitions.'*° The thermal sen-
sitivity of PHPMA is well known; HOOC-h-PGMA,;3-b-PHPMA, ;5
vesicles were observed to transition to worms after the solution
temperature was lowered from 20 °C to 5 °C,'°® whereas mor-
pholine-capped PGMA ;-b-HPMA,, vesicles did not exhibit a
change in morphology when cooled from 20 °C to 4 °C at pH =
7.7 However, at a constant pH = 3 the morpholine-capped
PGMA,;-b-HPMA,, vesicles transitioned to spheres, indicating
that the protonation of the morpholine group was necessary to
induce structural transitions."%”

Vesicles formed by PISA which are sensitive to alternative
stimuli other than pH and temperature have also been pro-
duced. Deng, Armes and coworkers used dynamic covalent
chemistry to trigger vesicle-to-worm structural transition of
PGMA,;s-b-PHPMA,, vesicles, by reaction of the alcohol func-
tional groups on the PGMA block with 3-aminophenylboronic
acid (APBA) under aqueous conditions at pH = 10."** The for-
mation of phenylborate ester groups along the hydrophilic
PGMA polymer chains increases their effective volume,
causing the structural transition to occur. The vesicle lumens
were pre-loaded with silica nanoparticles, which could be
released from the interior into the bulk solution upon addition
of APBA. Faster release kinetics of the silica nanoparticles were
observed at higher pH or APBA concentrations."'’ This
method also worked with vesicles which possessed a longer
PHPMA block of 300 repeating units, which did not previously
exhibit thermal sensitivity, extending the scope for vesicles as
a delivery vector."'* UV light has been used to trigger worm-
vesicle structural transitions by including UV-sensitive azo-
groups within the hydrophobic segment.”” PDMA;,-b-P
(BzMAg(-c0-AZOMA¢) (AzoMA = 4-phenyl-azophenyl methacry-
late) worms-like micelles were initially produced by thermal
RAFT PISA in ethanol at 15% w/w, then were subsequently
diluted to 0.5% w/w. After UV irradiation for 1 h, vesicles struc-
tures were observed, due to the trans—cis conversion of the azo
groups. This process could be reversed and the vesicles were
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observed to revert back to worm-like structures following
60 minutes of visible light irradiation, with intermediate struc-
tures observed during the irradiation time.”” Such structural
transitions are interesting phenomena which are important
when considering the next generation of smart objects, which
could provide triggered structural changes of relevance to the
development of complex and functional vesicles.

5.3. Vesicles with customizable porosity-triggered release

The lipid bilayer that encapsulates a cell is a sophisticated
semi-permeable barrier that can maintain its chemical content
against concentration gradients. A particularly interesting
property of the cell membrane is its ability to undergo stimuli-
responsive or triggered molecular-specific uptake/release.
Producing smart vesicles capable of selective or triggered poro-
sity is valuable for understanding how biological behaviors
function. One strategy to achieve vesicles with triggered poro-
sity was reported by Pan and coworkers, in which vesicles com-
posed of PHPMA-b-(DIPEMA-co-PCMA) (PCMA = (2-methacry-
loyloxy-ethoxy)-4-methylcoumarin) prepared by PISR (polymer-
ization-induced self-assembly and reorganization) in an
ethanol/water mixture (Fig. 6A).""> The vesicle bilayer was
cross-linked by UV irradiation through light-triggered dimeri-
zation of the coumarin functional groups. The pore size of
these vesicles could be controlled by the degree of bilayer
cross-linking, whereby the pore sizes decreased with continued
exposure to UV light. Large Au nanoparticles of 15 nm dia-
meter could diffuse into vesicles that had been exposed to
15 minutes irradiation, whereas this was limited to Au nano-
particles of 5 nm diameter after the vesicles were irradiated for
2 h.'*? The tertiary amine moiety of the DIPEMA also allowed
for the control over membrane porosity by pH, as the tertiary
amine groups become protonated allowing the cross-linked
membrane to swell, observed by the release of encapsulated
fluorescein dye molecules.'™® Though this method achieved
control over the vesicle porosity, release and encapsulation
relied on passive diffusion and stimulated release could not be
quickly switched on or off. Xu and Hong also produced vesi-
cles with switchable porosity under pH control by incorporat-
ing DIPEMA repeating units in the bilayer of PEG,4-b-P
(DIPEMA,-co-BzMA,) ~ vesicles.""” At molar ratios of
DIPEMA:BzMA >0.5 complete vesicle dissolution was
observed following a change in pH from pH 7 to pH 4.
Encapsulation of a hydrophilic rhodamine B dye molecule
within the vesicles allowed for studies into the release kinetics
of entrapped cargo following pH reduction. It was observed
that sustained release without degradation of the vesicle mor-
phology was observed for PEG 4-b-P(DIPEMA ,5-c0-BZMA -5)s0
specifically. On/off switching modes of release by returning
the media to pH = 7 was not investigated as vesicles with a
higher DIPEMA content disintegrated in the absence of cross-
linking.""?

Cheng and Perez-Mercader produced vesicles with switch-
able porosity under temporal control using UV-light by using a
PEG macroCTA functionalized with an azo-benzene group to
initiate photo RAFT of HPMA under aqueous dispersion con-
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Fig. 6 (A) UV cross-linked PHPMA-b-(DIPEMA-co-PCMA) vesicles with controllable porosity exemplified by the selective uptake of Au nanoparticles
of 5 nm, 10 nm and 15 nm diameters respectively. TEM images and graph depicting the reversible increase and decrease in vesicle diameter follow-
ing cyclic reduction and increase in pH. Adapted with permission from ref. 112. Copyright 2017 American Chemical Society. (B) Vesicles which
exhibit UV-switchable pores using an azo-benzene linker between the hydrophilic PEG and hydrophobic PHPMA block, with TEM images displaying
the vesicle morphology and graph displaying the release of rhodamine 6G during UV irradiation. Scale bar = 200 nm. Adapted with permission from
ref. 114. Copyright 2019 American Chemical Society. (C) Vesicles with redox-switchable pores by reversible chemical oxidation and reduction of a
ferrocene-functionalized coblock. Scale bars = 100 nm. Adapted with permission from ref. 115. Copyright 2015 American Chemical Society.

ditions (Fig. 6B).""* The UV-activated switch between the cis

and trans isomers of the azobenzene functional group opened
and closed pores in the vesicle membrane. Repeated photo-
switching of the PEG-b-PHPMA vesicles was observed by UV-vis
spectroscopy, with no degradation of the vesicular morphology
observed by TEM and DLS analysis. Loading of the vesicle with
a dye molecule, rhodamine 6G and macromolecular FTIC-
dextran showed the selective release of rhodamine 6G upon

44 | Polym. Chem., 2021,12, 29-49

UV irradiation with no detectable release FTIC-dextran.'**
FTIC-dextran release was achieved by exploiting the chemosen-
sitivity of the azo group through cleavage using sodium dithio-
nite. This resulted in irreversible disassembly of the vesicles
and release of their interior lumen contents. Shi and Zhang
achieved the synthesis of pore-switchable vesicles under redox
control by using a two-step PISA-based protocol (Fig. 6C)."*>
Initially vesicles comprising PDMAEMA;5-b-PBzMA,-, were
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produced using thermal RAFT dispersion PISA at 70 °C. These
vesicles were used to seed the growth of a redox-active poly(4-
vinylbenzyl ferrocenecarboxylate) (PVFC) third coblock, which
resulted in phase separation within the membrane between
the immiscible PBzZMA and PVFC domains. This phase separ-
ation produced pores of 30 nm diameter within the vesicles
when the ferrocene moieties were in a neutral state. Oxidation
of the ferrocene units using FeCl; resulted in the closure of
the pores, which reform upon reduction using SnCl,. This
process can be repeated at least twice, demonstrating the
redox-operated on/off switchability of the porous vesicles.'*>
These examples show how responsive or triggerable poro-
sity can be achieved using relatively simple mechanisms. It
should be noted that these functions usually result from the
selection of the comprising BCP blocks and are not necessarily
a consequence of the PISA process and alternative routes to

®
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functional vesicle structures exist via other methods.'*® By
integrating such processes with further functions such as
release/uptake of initiator signaling molecules, biomimetic
functions could later be achieved using similar principles
using PISA-fabricated vesicular structures.

5.4. Information-containing vesicles using oscillatory
chemical reactions

Eukaryotic cells are multi-compartment structures capable of
maintaining a constant state far-from-equilibrium. They
include multiple compartments which are capable of merging
and delivering vital signals and chemicals for various func-
tions. These signals are reliant on the ability of life to convert
chemical energy to the distribution of information and mecha-
nisms of computation. One synthetic example of a system
which maintains an independent and dynamical far-from-

Aqueous media

(A) Cartoon schematic representing the generation of protocell-like transient multicompartment vesicles by BZ-mediated PISA with a Ru

(bpy)s2*-functionalized macro-CTA. (B) Bright-field microscopy image, 3D reconstruction laser confocal microscopy image and cryo-SEM image of
multicompartment vesicles. Scale bars = 5 ym (optical image) and 1 pm (cryo-SEM image). (C) Cartoon schematic depicting the mechanism of com-
partment reorganization and merging under 470 nm light irradiation, which corresponding fluorescence microscopy images. Scale bar = 1 pm.

Adapted with permission from ref. 41. Copyright 2020 Elsevier.
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equilibrium state is the BZ reaction. As discussed previously,
the oscillatory reaction produces radicals which can initiate
the RAFT polymerization which drives PISA as well as being
the intermediate vehicles of chemical information. BZ-
mediated PISA was used to generate giant vesicles from indi-
vidual molecular parts, which themselves encapsulate the
oscillatory reaction media.>®*”** Recently Cheng and Perez-
Mercader produced multicompartment and transient giant
vesicles by BZ-mediated PISA synthesis of poly(butyl acrylate),
using a Ru(bpy);**-functionalized PEG macro-CTA (Fig. 7A).*"
Ru(bpy);>" is a redox catalyst for the BZ reaction that can also
act as a photoredox catalyst for PET-RAFT polymerization,
when activated by blue light.”® The multicompartment giant
vesicles were characterized using fluorescence microscopy,
cryo-TEM and cryo-SEM (Fig. 7B), which displayed the
polymer-rich and reaction media-rich domains. Control experi-
ments with an unfunctionalized PEG mCTA revealed no multi-
compartment structures, as the freely available Ru(bpy);>* cata-
lyst concentration in solution is not reduced by the self-assem-
bly process. The interior compartments remain stable in the
absence of light, though under 472 nm light irradiation they
were observed to change in configuration and merge together
due to activation of the Ru(bpy);>" catalyst (Fig. 7C). This
maintained a far-from-equilibrium state which produced the
dynamic nature of the multicompartment vesicles.*' Inside
cells, compartments are known to merge together for the
transmission of genetic or chemical information, through
non-equilibrium processes. The BZ reaction media within the
lumen of the protocells can manage information, as careful
configuration can allow BZ to act as a chemical Turing
machine capable of processing information -carried by
chemistry.>

6. Conclusions

As the field of PISA matures, the development of new protocols
expands the range of tools available to produce vesicles with
multiple capabilities. By integration of the PISA process with
other complementary chemistries, it is possible to generate
new structures capable of maintaining a collective state far-
from equilibrium. When such a far-from-equilibrium state is
maintained, new structures capable of complex functions can
result. Essentially, to summarize what we understand by “func-
tion” in a naive way, is to consider it as the capacity of doing
some “useful” work (ie. leading to at least maintain the
system or machine operational) using free-energy with a
minimum generation of local (system) entropy. PISA provides
an excellent experimental bench to study and perhaps even
understand “how collective, macroscopic variables that
embody [the simplest primary mimics of] biological function
emerge from the many microscopic degrees of freedom”.""”
Complex functions in this context can result in the object
possessing the simple properties or ability to exhibit behaviors
in parallel to living objects of similar size. This includes
response to environment, handling of information, mainten-
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ance of structure, metabolism reproduction or a combination
of chemical changes or responses favorable to the environ-
ment in which the object finds itself. There are many examples
in the literature which look to utilize similar principles, albeit
non-PISA based, directly to applied research, for instance
developing vesicles with controllable release mechanisms for
drug delivery.”®

The application of PISA is therefore well-suited to achieve
key milestones in fields using polymer chemistry for artificial
biology. For instance, the synthesis of information-containing
polymers using PISA is a challenge which, to the best of our
knowledge, has not been subject to investigation and new
reports detailing the RAFT synthesis of sequence-controlled
polymers'*®''® promise potential in this area. The integration
of PISA with chemical reactions which contain autocatalytic
components has already been demonstrated.>®>”>>*1:%° The
versatility of RAFT polymerization could allow for other chemi-
cal reactions to be integrated with the PISA process, which
offers another interesting route for the construction of
complex systems. We believe that the dissipative nature of PISA
can unlock a new subsection of systems chemistry by similar
strategies and lead to a completely new generation of evolving
adaptive materials.

But besides this already important help in combining the
“emergence of functionality” in vesicles, there is another
added bonus brought about by the introduction of a free-
energy gradient when a membrane and therefore vesicles are
formed: now there is a gradient of free energy between the
interior and exterior of the vesicle, which can be used to actu-
ally process information. Akin to processes thought to have
occurred in early life, PISA itself continuously requires and
consumes energy from an external source to initiate then pro-
pagate the polymerization reaction. During the polymerization,
consumption of molecular reagents, including monomer,
drives the formation of structures of which the shape and con-
formation changes in response to the free energy landscape
between the objects and their surrounding environment. The
continuous input of energy induces dynamic behaviors of indi-
vidual objects and the overall population through a dissipa-
tive-self-assembly mechanism.*°

Intricate biological processes require the constant con-
sumption of energy to drive the essential chemical reactions
that maintain their living state. For instance, chemiosmosis is
the process whereby H' ions move across the semipermeable
cell membrane, driven by the transfer of electrons between
donor and acceptor species through synchronous organoredox
reactions,'? vital for the synthesis of ATP and respiration.
Within the membrane of synthetic polymer vesicles, solvopho-
bic polymer chains are held in similarly close proximities, over
which transfer of excitons or electrons is possible. The ability
of the vesicle to allow osmosis of the PISA solution through its
membrane continually changes when kept in a far-from-equili-
brium state, observed for example as “phoenix” behavior.*°
The propagating radical electron species are still active within
the membrane during photo-polymerization and alongside the
continuous generation of photoelectrons by the Ru(bpy);>*
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catalyst produce a local electron-rich environment. The highly
reactive electron species can push (or force) chemical reactions
and processes, providing further internal osmotic instabilities
favoring anisotropy in amphiphile packing and hence increase
local defects. Vesicle collapse upon reaching a critical state can
allow the system to reduce its free energy, release accumulated
high energy chemical species and refresh the cycle. Through
these contributions, an albeit simplified, parallel between
PISA systems and natural processes governing function can be
drawn. Further investigations regarding similar phenomena
will shed important understanding of these dynamic processes
and perhaps even our understanding of potential early life
scenarios.'?!

Combining PISA-supporting polymerization methods with
compatible chemistries capable of leading to modifications of
the vesicle membrane parameters, integrating additional time
scales or spatially segregated or concomitant changes to
physico-chemical state variables, provides a unique and robust
scenario/tool combination where one can construct systems
capable of increasing in complexity and functional capabili-
ties. Therefore, we can extend the chemist’s toolbox to gene-
rate new materials and system-based solutions which were pre-
viously unachievable.

Here we have presented our view of this extraordinary trans-
disciplinary area of science and highlighted some of the pro-
gress in a selected set of problems associated with functional-
ity, its design and implementation. We expect that when the
design and implementation of function is complemented with
fully adaptive chemistry, many more developments will be
awaiting for us to make.
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