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From drug delivery to nanoreactors and protocells, polymersomes have gained considerable interest from
researchers due to their novel applications. However, one of the main challenges is the selection of the
most appropriate synthetic route. It is crucial to consider factors such as desired application, functionali-
sation, and environment of the polymersome when designing a synthetic route. This review will explore
the current scope of polymersome synthesis and preparation methods, and will conclude by highlighting
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the most recent reports on polymersome related systems such as virus-like nanoparticles. From the
choice of monomers, to polymerisation techniques, and to preparation methods used, we aim for this
review to be utilised as a tutorial guide for the synthesis of a range of polymersomes, each with varying
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1. Introduction

Compartmentalisation is crucial for life to occur." Almost all
cells, be it eukaryotic or prokaryotic, consist of an outer protec-
tive vesicle containing the vital organelles needed to carry out
a specific role in the body. Compartmentalisation provides a
secure environment to facilitate essential biological processes
such as DNA replication and aerobic respiration.” Billions of
years of evolution have allowed eukaryotic and prokaryotic
cells to perfect the art of cellular compartmentalisation. As a
result, such systems have a highly complex and specialised
structure, with each organelle existing as its own entity within
the cell, e.g. nucleus, mitochondria, lysosomes etc. In 1960s,
artificial vesicular cell mimics consisting of a phospholipid
bilayer, known as liposomes (Scheme 1), were first
discovered.** These vesicles contain an aqueous solution core
and can be used as a mode of transport for small hydrophilic/
hydrophobic molecules. The liposome phospholipid bilayer
can fuse with cell membranes and subsequently release its
aqueous payload into a cell. This discovery was promising as
new methods were being developed for the delivery of drugs
and other biological molecules to cells within the body.
However, liposomes are prone to stability and permeability
issues.”

In 1999, the term polymersome was first used to describe a
vesicle formed from the self-assembly of an amphiphilic block
copolymer by the Discher group.® However, polymer vesicles
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have been known for some time. With pioneering work being
conducted by the Eisenberg’ and Meijer groups® in 1995.
Polymersomes are similar to liposomes in terms of function
and morphology but differ in chemistry. The vesicle bilayer is
formed from hydrophilic and hydrophobic blocks and encap-
sulates an aqueous solution core like liposomes. However, by
using synthetic monomer building blocks, characteristics such
as stability, biodegradability and type of release mechanism

Block copolymer (e.g. diblock)

Scheme 1 2D and 3D representations of a liposome and a polymer-
some made from their respective subunits.” Adapted from E. Rideau,
R. Dimova, P. Schwille, F. R. Wurm and K. Landfester, Chem. Soc. Rev.,
2018, 47, 40.
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can be controlled.’®*? Furthermore, surface modification of
polymersomes with certain sugars/proteins can direct the
vesicle towards specific cells and targeted drug delivery can be
achieved."® As mentioned previously, drug delivery is the most
widely researched application of polymersomes.'* But poly-
mersomes have been synthesised for use in gene delivery in
biological applications as well as being used as nanoreactors
in enzyme catalysis and cascade reactions.'” More recently,
polymersomes have found significant importance in the estab-
lishment of cellular biomimetics. Here, polymersomes are uti-
lised as artificial organelles and/or cells. Their functions as cel-
lular biomimetics include the uptake and release of specific
cargoes, mimicking living cellular function.'®™*®

It is worth mentioning the theory behind the formation of
a polymersome from its corresponding block copolymer.
Essentially, the amphiphilic nature of block copolymers
enables self-assembly of the linear chains into nanoparticles
of varying morphologies. In almost all cases, a macroinitiator
consisting of a pre-synthesised hydrophilic polymer chain is
polymerised with a hydrophobic monomer. As the hydro-
phobic block increases in the length, the overall amphiphili-
city of the block copolymer changes as does the morphology of
the nanoparticle (Scheme 2). Micelles, worm-like, rod-like and
vesicles are achieved with an increasing DP of the hydrophobic
block. The relative volume fractions of the hydrophilic and
hydrophobic block are described by the packing parameter P.*°

Many key review articles focusing on the applications of
smart polymersomes have been published in the past decade.
Notably, those published by Meier and van Hest have done
well to highlight the current research of the biological and bio-
medical applications.>>" However, after conducting an exten-
sive literature search, it was found that there is a lack of review
articles highlighting current research in the synthesis and
preparation of polymersomes. Therefore, we present a review
that aims to provide an overview of the chemistry and proces-
sing of polymersomes. This review will introduce the choice
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Scheme 2 The RAFT dispersion polymerisation of 2-hydroxypropyl
methacrylate (HPMA) as described by Armes and coworkers. Here, a
variety of RAFT macroinitiators illustrate how the varying lengths of the
PHPMA block, and therefore packing parameter P, dictate the mor-
phology of the nanoparticle.’® Adapted from S. Armes, J. Am. Chem.
Soc., 2014, 136, 10174.
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Scheme 3 A flowchart showing the various combinations of poly-
merisation and preparation techniques to synthesise polymersomes.

and variety of monomers that can be used for the synthesis of
degradable and non-degradable polymersomes. Next, the types
of polymerisation and preparation techniques are discussed
with detailed examples. The review will conclude by exploring
other nanoparticle-like systems similar to polymersomes such
as virus-like nanoparticles (VLNPs). From the combination of
monomers to the polymerisation and preparation methods
used (Scheme 3), this review will serve as a comprehensive
guide in synthesising a variety of polymersomes for multiple
applications.

2. The chemistry of polymersomes
2.1 The choice of monomers

The main characteristic that defines polymersomes is the
amphiphilic block copolymer that forms the bilayer of the
vesicle. This is achieved by incorporating, at a minimum, a
hydrophilic homopolymer block and a hydrophobic homopoly-
mer block. By controlling properties such as degrees of poly-
merisation (DP), composition and ratio of the hydrophilic to
hydrophobic blocks, the desired vesicle morphology can be
obtained.

In general, polymersomes can be split into two categories.
Degradable and non-degradable polymersomes. The degree of
degradability of a polymersome can be dictated by the choice
of monomers used. Non-degradable polymersomes typically
include conjugated/aromatic hydrocarbon blocks such as poly
(ethylethylene) (PEE),® poly(butadiene) (PBD)*> and poly
(styrene) (PSt)**™° as well as poly(dimethylsiloxane)
(PDMS).>’*° These polymers form the hydrophobic block of
the copolymers but lack any bonds susceptible to hydrolytic
cleavage. As a result, polymersomes synthesised with any of
these monomers are considered non-degradable and are not
biocompatible. Research on non-biocompatible polymersomes
for biomedical applications has largely been disregarded as
biocompatible vesicles are needed.

Polymersomes made from water soluble monomers includ-
ing poly(ethylene glycol) (PEG),>°>* poly(2-methyloxazoline)

Polym. Chem., 2020, M, 7124-7136 | 7125
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Table 1 Examples of non-degradable and degradable polymersomes
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Polymers Degradable Polymerisation technique Preparation method Encapsulated payload Ref.
PEG-b-PEE No Anionic/ hydrogenation Film rehydration N/A 6
iPSt-b-PBD No Anionic Self-assembly N/A 22
PSt-b-PEG No Anionic Phase inversion N/A 23
PSt-b-NIPAM-co-SPO No RAFT Double emulsion (w/o/w)  N/A 24
PVBC-b-PS-b-PVBC No RAFT Self-assembly N/A 25
PSt-b-Dex No ATRP Self-assembly N/A 26
PDMS-b-PMOXA No Cationic Film rehydration Paclitaxel, carboxyfluorescein 27-29
PPEGMA-S-S-PLA Yes ATRP Nanoprecipitation Doxorubicin 30
PEG-b-PLA Yes Ring opening Film rehydration BSA and ASNase 31
PEG-b-PCL Yes Ring opening Film rehydration Quercetin 32
PMOXA-b-PDMS-b-PMOXA  Yes Ring opening Film rehydration Neurotrophins and Curcumin 35
PLA-b-PEG-b-PLA Yes Ring opening Double emulsion (w/o/w) Lisonopril and atorvastatin 34
PEG-b-PLeu-b-PLGA Yes Ring opening Film rehydration Doxorubicin 41
PLGA-b-PPhe Yes Ring opening Phase inversion N/A 42

(PMOXA),*® poly(acrylic acid) (PAA),*>® poly(e-caprolactone)
(PCL)**?* and poly(lactic acid) (PLA)**?"?” are regarded as
degradable. In these examples, the ester and carbonate bonds
within the polymer chains can be hydrolytically cleaved by the
addition of a small molecule, usually water. PEG, PMOXA and
PAA homopolymers form the hydrophilic blocks in degradable
polymersomes whereas PCL and PLA form the hydrophobic
blocks. PEG is the most common and well researched
monomer used in synthesising polymersomes due to its
proven biocompatibility, solubility and very low
toxicity.***°

Current research on degradable polymersomes has led to
the production of a catalogue of polypeptide-based
polymersomes.*™**> Advantages in using amino acid-based
monomers include complete biocompatibility, almost zero
toxicity and easier functionalisation due to the variety of
amino acids functional groups in the polymer chain. The
review by Iatrou et al. in 2018, describes the properties and
characteristics of polypeptide-based polymersomes and pro-
vides an excellent summary of some recent examples of these
polymersomes.*?

Examples of degradable and non-degradable copolymers
are summarised in Table 1.

water

2.2 Polymerisation techniques

Living polymerisation techniques are characterised by the
absence of chain termination and chain transfer reactions
during polymerisation, as well as having a much larger rate of
initiation compared to the rate of propagation.** As a result,
all chains grow at a near constant rate owing to very little dis-
tribution in the molecular weights of the polymer chains.
Living polymerisation techniques are mainly employed in the
synthesis of block copolymers as the lack of chain termination
in these reactions allow polymer blocks to be synthesised in
stages by the sequential addition of different monomers.
Living polymerisation techniques such as ROP, RAFT and
ATRP allow extensive control over parameters such as the com-
position and block lengths of the hydrophilic and hydrophobic
chains.*"*® Seen as the assembly of block copolymers into
polymersomes vesicles is entirely dictated by these parameters,

7126 | Polym. Chem., 2020, 11, 7124-7136

living polymerisation is paramount in the synthesis of well-
defined amphiphilic block copolymers. The advantages and
challenges of each technique will be explored in this section.

2.2.1 Ring opening polymerisation. Polymers composed of
cyclic monomers make up a large percentage of degradable
polymersomes as they contain hydrolytically cleavable ester
and carbonate links in the backbone of the polymer chain.*®
ROP provides an easy and effective method of incorporating
such functional groups and heteroatoms into the backbone.
For the synthesis of polymersomes, cationic ring opening poly-
merisation (CROP) and anionic ring opening polymerisation
(AROP) are the two main techniques used. With CROP being
used mainly for oxazoline, epoxide and carbonate polymeris-
ation whilst AROP is used for lactone and lactide polymeris-
ation. Peptide-based polymersomes can also be synthesised by
ROP but requires a specialised version of the polymerisation
technique. This technique is known as N-carboxyanhydride
(NCA) polymerisation. The a-amino acids NCA monomers, to
be ring-opened, are synthesised from their respective a-amino
acids derivatives via the Leuchs or fuchs-farthing reaction.*”
Ring opening is initiated usually by nucleophilic attack of
primary amines. Due to the variety of side-chain functional-
ities present in amino acids, the polypeptides produced are
usually stimuli-responsive and undergo conformational
change in response to a change in its environment.*®

In 2020, Meier et al. reported the synthesis of a new bio-
compatible amphiphilic block copolymer poly(ethylene oxide)-
block-poly(2-(3-ethylheptyl)-20xazoline) (PEO-b-PEHOX) via an
optimised microwave-assisted CROP procedure.”’ Meier and
co-workers opted for a nosylated PEO macroinitiator as small
molecule nosylates (Nos) show faster initiation and better reac-
tivity compared to tosylates.’® The final optimised procedure
used Nos-PEO in chlorobenzene at 140 °C as these conditions
gave the lowest dispersity and highest conversion. The two
different preparation methods used gave complex nanoparticle
morphologies. Film rehydration of PEO-b-PEHOx gave multi-
compartment micelles (MCMs) with increasing PEHHOx block
length and the solvent switch method gave the morphologies
of pseudo-vesicles and yolk/shell nanoparticles at large PEHOx
block lengths. In 2019, van Hest et al. reported the step-wise

This journal is © The Royal Society of Chemistry 2020
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ROP synthesis of poly (ethylene glycol)-b-poly(caprolactone-g-
trimethylene carbonate) (PEG-b-PCL-g-PTMC) yielding ioni-
cally-induced nanoworms as asymmetric therapeutic car-
riers.”® This is a perfect example of sequential addition of
different monomers producing a well-defined triblock copoly-
mer. Each step produced an ever growing macroinitiator until
finally reacted with the final monomer, TMC-Q (Scheme 4).

The inclusion of the quaternary ammonium-TMC
(PTMC-Q) chain end allows an ionically-induced morphology
change from micelles to nanoworms by varying the ionic
strength of the solution with NaCl. The morphology change is
ultimately driven by the adjustment of the interchain inter-
actions thus altering the packing parameter of the block copo-
lymer. These nanoworms can be loaded with chemotherapeu-
tics such as doxorubicin (DOX) and can be used for targeted
drug delivery. The cationic nature of the terpolymer facilitates
greater adhesion and membrane penetration with negatively
charged cancer cells.

As mentioned previously, ROP is an effective method in
synthesising block copolymers that incorporate heteroatoms in
the polymer backbone. In 2020, Wang et al. synthesised a dual
stimuli-responsive, polyorganophosphazene (POP) diblock
copolymer poly((mPEG-SSamino)(N,N-diisopropylethylene
diamino)phosphazene) (PPDP) via thermal ring opening poly-
merisation to encapsulate and achieve stimuli-responsive

oligo(ethylene glycol)

Direct Hydration

lon-Induced §
Elongation

Membrane
Insertion

..........................

Cancer cells

Scheme 4 How molecular programming of the terpolymer achieves
the ionically-induced morphology switch from micelles to nanoworms.
(a) the structure of the (PEG-b-PCL-g-PTMC) terpolymer and the mor-
phology change by increasing the ionic strength of the solution with
NaCl. (b) The electrostatic interaction and membrane insertion between
the terpolymer and cancer cells.’? Adapted from J. C. M. van Hest,
Small, 2019, 15, 8.

This journal is © The Royal Society of Chemistry 2020
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release of DOX.>* The hydrophobic block of this polymer con-
sists of an entirely heteroatom backbone of nitrogen and phos-
phorus atoms. A PEG-S-S-NH, macroinitiator was first syn-
thesised in a two-step process. Using this macroinitiator, the
thermal ring opening of Hexachlorocyclotriphosphazene (six
membered nitrogen and phosphorus cyclic ring) proceeds at
250 °C with catalytic amounts of AICl;. The S-S disulphide
bond is redoxresponsive whereas the diisopropyl-
ethylenediamino (DPA) moiety accounts for the pH-responsive-
ness. POPs have gathered a lot of attention recently for drug
delivery due to their excellent biocompatibility and degradabil-
ity into non-toxic nitrogen/phosphorus-based products.>*>*

2.2.2 Reversible addition-fragmentation chain transfer
polymerisation (RAFT). Since it was first reported in 1998 by
Rizzardo et al.,>® RAFT polymerisation has been used exten-
sively in polymer chemistry for the synthesis of block copoly-
mers. This living radical polymerisation technique makes use
of a thiocarbonylthio chain transfer agent (CTA) to control the
molecular weight and dispersity of each polymer block. This is
particularly useful when trying to synthesise polymersomes via
Polymerisation-Induced Self-Assembly (detailed explanation
section 3.3). In most cases, increasing the length of the hydro-
phobic block changes the morphology of the assembled block
copolymer. Therefore, it is paramount to control the length of
the hydrophobic block to ensure the correct morphology is
obtained. The main advantage RAFT polymerisation offers is
its tolerance to various functional groups and wide tempera-
tures ranges as well as many solvents including water.>® High
monomer conversion and polymer purity are also character-
istic of RAFT polymerisation. However, RAFT is not completely
infallible. The CTA must be fine-tuned with respect to the
monomers beings used. The main challenge of RAFT is ensur-
ing the CTA is not only compatible with the first monomer,
but must be compatible with all sequential monomers of the
block copolymer thereafter (Scheme 5).%”

Using RAFT dispersion polymerisation, Cheng et al. syn-
thesised a self-assembling diblock copolymer poly(ethylene
oxide)-b-poly(styrene) PEO-b-PSt which produces ultra-thick
membrane, surfactant-resistant polymersomes.58 A PEO-CTA
macroinitiator was used to polymerise the hydrophobic PSt
block. Methanol was chosen as the choice of solvent for the
reaction as it solubilises the PEO-CTA macroinitiator and
Styrene well but solubilises the PSt block poorly. The poor
solubility of PSt is the driving force for self-assembly. Low PSt
block lengths gave micellar and worm-like morphologies
whereas larger block lengths gave the desired vesicle mor-
phology for polymersomes. The large hydrophobic PSt block
lengths also gave the polymersomes ultra-thick membranes.
As a result, the resistance to surfactant solubilisation of the
polymersomes was greatly improved, reporting less than 7%
leakage of the encapsulated cargo after 30 days in a surfactant
solution.

Mantovani and coworkers also used RAFT dispersion poly-
merisation to produce two well define amphiphilic block co-
polymers using a PEG acrylate macroinitiator and 2-(acryl-
oyloxy)ethyl-3-chloro-4-hydroxybenzoate (ACH) or 2-(3-chloro-4-

Polym. Chem., 2020, M, 7124-7136 | 7127
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Scheme 5 Synthetic Route of PVBz-b-PEG-b-PVBz via RAFT dispersion
polymerisation.61 Adapted from M. S. Cortizo et al., J. Nanopart. Res.,
2018, 20, 67.

BP/Toluene, 70°C

hydroxybenzamido)ethyl acrylate(CHB).>® Parameters such as
choice of solvent, CTA and temperature were carefully selected
to ensure the ‘livingness’ of the growing polymer chains. The
one-pot RAFT dispersion polymerisation method, developed
by Perrier et al.,’ achieved high monomer conversions of
>94% with vesicle morphology being obtained at ACH and
CHB hydrophobic block lengths of DP = 34 (f=35% =+ 10). The
vesicles were loaded with terbinafine and cyanocobalamin to
determine their potential as nanocarriers of hydrophilic and
hydrophobic drugs.

Cortizo et al. synthesised a triblock copolymer poly(vinyl-
benzoate)-b-poly(ethylene glycol)-b-poly(vinyl benzoate) (PVBz-
b-PEG-b-PVBz) via RAFT polymerisation.®® A PEG macroinitia-
tor was synthesised bearing two thiocarbonylthio functional
groups at either end of the hydrophilic PEG block. Vinyl benzo-
ate was then polymerised from both ends of the macroinitiator
producing a BAB triblock copolymer as seen in Scheme 5.%
The formation of vesicles via self-assembly in THF/water solu-
tion was reported when the triblock copolymer had a hydro-
philic PEG weight fraction f, of f= 30-40%.

2.2.3 Atom transfer reversible polymerisation (ATRP).
ATRP is one of the main living reversible deactivation radical
polymerisation techniques used to synthesise amphiphilic
block copolymers (along with RAFT). ATRP reactions mainly
employ a transition metal halide catalyst, usually copper-
based, to form carbon-carbon bonds between vinyl mono-
mers, thus synthesising polymer chains. An alkyl halide
initiator and usually an amine-based ligand is also used in
ATRP.®?> Rapid activation/deactivation of the dormant/radical
species enables an equal rate of propagation of all polymer
chains. As a result, this sequence controlled radical poly-
merisation technique produces polymers with narrow mole-

7128 | Polym. Chem., 2020, N, 7124-7136
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cular weight distributions. Other advantages of ATRP also
include high tolerance to many functional groups, access to
cheap and commercially available reagents as well as ease of
use. At the end of the polymerisation reaction, the copper-
containing compounds are still present in the reaction
mixture. This poses a problem for commercial utilisation of
ATRP technique.®® However, water treatment products such
as CupriSorb™ by Seachem can be used to remove copper, if
the reaction is carried out in water.

Theato et al. have developed a unique ‘breathable’ polymer-
some from the triblock copolymer poly[(ethylene glycol)methyl
ether]-b-poly(N,N-dimethylamino ethyl methacrylate-co-
2,2,2-trifluoroethyl  methacrylate)-b-poly(4-(4-methoxy-pheny-
lazo)phenoxy methacrylate) (PEG-b-P(DMAEMA-co-TFEMA)-b-
PMEPPMA) via step-wise ATRP.** A PEGylated ATRP initiator
was used to polymerise DMAEMA and TFEMA to form the first
statistical polymer block. The resulting diblock was used as a
macroinitiator to polymerise MEPPMA to form the triblock
copolymer. The amphiphilic nature of the polymer allowed
self-assembly into vesicles which exhibited triple stimuli
responsive character to CO,, O, and light (Scheme 6). The
membrane permeability of the vesicle can be fine-tuned by
changing a single stimulus or a combination of stimuli.

In 2020, Liu et al. reported the synthesis of novel cationic
nanoparticles (cNPs) from the coself-assembly of poly(lactic-co-
gly-colic  acid)-b-poly(2-(dimethylamino)ethyl —methacrylate)
(PLGA-b-PDMA) and poly(lactic-co-glycolic acid)-b-poly(ethylene
glycol) (PLGA-b-PEG) block copolymers via ATRP.®® The use of
a PLGA macroinitiator was employed in the homopolymerisa-
tion of the PDMA and PEG blocks separately. The two diblock
copolymers coself-assemble to form cNPs that bind to cell-free
DNA (cfDNA) within inflamed joints and inhibits rheumatoid
arthritis. PDMA blocks provides the cationic nature of the poly-
meric nanoparticles which binds to the negatively charged
DNA. Meanwhile, PEG blocks increase accumulation and the
retention time of cNPs in the joints thus lowering the adminis-
tration frequency.

Lee et al. used a disulphide bridge-containing bifunctional
initiator to produce a triblock copolymer poly(oligo(ethylene
glycol)methyl ether methacrylate)-b-poly(2-(diisopropyl amino)
ethyl methacrylate)-b-poly(2(methacryloyloxy)ethyl phosphoryl-

A o @
- ’”2\ E? . 2 \f?
©~7Hi % \ "Breathing "vesicle

o - @

Ar + Visible light

< y
Scheme 6 The structure of the triblock copolymer (PEG-b-P
(DMAEMA-co-TFEMA)-b-PMEPPMA) showing self-assembly and its tri-
stimuli-responsive ‘breathing’ behaviour.®* Adapted from P. Theato
et al., Macromol. Rapid Commun., 2018, 39, 6.

This journal is © The Royal Society of Chemistry 2020
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choline) POEGMA-b-PDPA-b-PMPC for DOX encapsulation and
release.®® The POEGMA, PDPA and PMPC blocks were syn-
thesised by polymerisation of the respective monomers to full
conversion then sequential addition of the next monomer in
the sequence. The pH-sensitive nature of PDPA allows pH-
responsive release of DOX.

2.3 Block copolymer architectures

To further add diversity to the synthetic route, a vast choice of
block copolymer architectures has been employed in the for-
mation of polymersomes. To recap, the main feature of a poly-
mersome is the amphiphilicity of the bilayer membrane. The
copolymers assemble so that the hydrophilic blocks form the
exterior and interior layers whilst the hydrophobic blocks form
the middle layer. These well-defined hydrophilic and hydro-
phobic regions are utilised for the encapsulation and transpor-
tation of various hydrophilic and hydrophobic drugs. AB, ABA,
BAB, ABC block copolymers are the main architectures that are
synthesised in literature. With blocks A and C being hydro-
philic and block B being hydrophobic. Other alternative archi-
tectures such as comb and dendrimersomes exist too but are
less studied.

2.3.1 AB diblock copolymers. The most prevalent and well
reported block copolymer architecture, the first polymersome
described back in 1999 was a PEO-b-PEE diblock copolymer.
Much of the early research in polymersomes were diblock
copolymers and still to this day, over 20 years later, they are
just as significant now as they were back then.®”"*° Consisting
of a hydrophilic block and a hydrophobic block, the copolymer
assembles so that hydrophobic blocks aggregate forming the
middle of the membrane thus reducing there interfacial
contact area with the aqueous solution. The hydrophobic
blocks then form the exterior and interior layers of the mem-
brane (Scheme 7).

2.3.2  ABA triblock copolymers. Interestingly, ABA triblock
copolymers have two possible conformations when forming a
vesicle bilayer. The first conformation, like AB diblock copoly-
mers, is cylindrical where the hydrophobic interaction of the B
blocks form the middle layer and the two adjoining A blocks
form the exterior and interior layers.”’””®> The second possible
conformation forces the triblock copolymer to curve in on
itself. The hydrophobic loop forms the middle layer of the
membrane whereas the two hydrophilic blocks, again, form
the exterior and interior layers.

AB copolymers

ABA copolymers BAB copolymers ABC copolymers

Scheme 7 The four main architectures of block copolymers that form
polymersomes. Hydrophilic blocks are blue and green whilst hydro-
phobic blocks are coloured in red.”® Adapted from J. S. Lee and
J. Feijen, J. Control. Release, 2012, 161, 473—-483.

This journal is © The Royal Society of Chemistry 2020
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2.3.3 BAB triblock copolymers. Similar to AB diblock copo-
lymers, BAB block copolymers only have one possible confor-
mation. Here, the two hydrophobic ends of the copolymer
chain aggregate to form the middle layer like the previous
example whilst the looped hydrophilic central block forms the
exterior and interior layers.”* In the majority of BAB triblock
copolymer synthesis methods, a bifunctional hydrophilic
polymer macroinitiator is employed. The hydrophobic polymer
blocks are then polymerised off both sides of the
macroinitiator.”>””

2.3.4 ABC triblock copolymers. ABC block copolymers are
possibly the most interesting and unique of the all the block
copolymers architectures due to the two differing hydrophilic
blocks A and C. From Scheme 7, the confirmation of the block
copolymer is cylindrical like the first conformation of ABA tri-
block copolymers. However, due to the difference in the pro-
perties of blocks A and C such as hydrophilicity, charge and
molecular weight, asymmetric membranes are obtained.”®””
Usually the hydrophilic block with the larger block length
forms the exterior layer whilst the other forms the interior
layer. However, changing the environmental conditions such
as temperature or pH can cause spontaneous rearrangement
and even inversion of the hydrophilic blocks affecting the per-
meability of the membrane in systems where polyelectrolyte
complexes are contained within the membrane.”®”® In non-
polyelectrolyte complex systems, chemical and physical cross-
linking is key in fine-tuning the permeability of the mem-
brane.’” In general, the greater the degree of crosslinking
within the membrane, the lower the rate of uptake/release of
cargoes.®’ As a result, crosslinking has a significant role in
mimicking cellular biomimetics as well as finding uses in
drug delivery systems and enzymatic nanoreactors.*>%*

2.3.5 Other architectures. Post-polymerisation functionali-
sation of polymer chains with hydrophilic or hydrophobic
polymer grafts (depending on the hydrophilic nature of the
backbone) result in the formation of comb/bottle brush-like
block copolymers. Recent examples of comb/bottle brush-like
polymersomes have been synthesised for the transportation
and delivery of genetic material. In 2020, Dong and coworkers
synthesised comb-like polycarbonates with varying lengths of
cationic branches.?® These nanoparticles transport siRNA via
encapsulation within the cationic brushes. Xu and coworkers
have synthesised heparin based comb-like copolymer for use
as a gene delivery vector.®® Cationic side chains of poly(poly
(ethylene glycol) methyl ether methacrylate) (PPEGMEMA)-b-
poly(dimethylaminoethyl methacrylate) PPEGMEMA-)-
PDMAEMA were grafted onto the negatively charged heparin
backbone and successfully encapsulated the plasmid
PRL-CMV with low cytotoxicity and high gene transfection
efficiency.

Dendrimersomes are a unique class of synthetic vesicles
with the term being coined by Percec in 2005.%® They are
formed from the self-assembly of low generation (1 or 2™
amphiphilic Janus dendrimers consisting of a hydrophilic and
hydrophobic side (Scheme 8). Percec and co-workers are con-
sidered the pioneers of dendrimersomes and have contributed
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Scheme 8 A diagram illustrating the formation and structure of dendri-
mersomes. Blue dendrons denote hydrophilic blocks whilst green den-
drons denote hydrophobic blocks. Hydrophilic and/or hydrophobic
cargo can be encapsulated in the respective blocks of the dendrimer-
somes.® Adapted from Percec et al., Chem. Rev., 2017, 117, 6538—-6631.

immensely to the field with a number of seminal papers and
reviews being published on them.®””® In one of his more
recent publications, Percec et al. have developed amphiphilic
dendrimersomes that engulf bacteria (Pseudomonas aerugi-
nosa) via endocytosis mimicking the role of macrophages of
the body. The development of these synthetic protocells that
are capable of carrying out complex biological processes in col-
laboration with living matter is another step closer to the
development of fully synthetic and artificial cells.

3. Preparation of polymersomes

The next stage in the formation of polymersomes is choosing
which preparation method to use. Many have been reported
over the years but essentially, they can be classified into two
distinct categories, solvent-free and solvent displacement.
Solvent free methods include film rehydration, PISA and elec-
troformation where the amphiphilic block copolymers are
formed in aqueous solution. Solution displacement methods
such as direct injection, emulsion phase transfer and micro-
fluidics involve the use of organic solvent to dissolve the block
copolymers. The addition of this solvent-polymer solution in
aqueous solution and subsequent removal of the organic
solvent produces polymersomes. Properties such as hydrodyn-
amic radius and size distribution can be controlled using
these methods. In recent times, it has been found that the
shape of polymersomes can also be controlled very effectively.
Polymersomes were long thought of as spherical entities but
in the 2019 review by Stenzel and co-workers, they highlight
many different examples of non-spherical polymersomes,
including preparation methods and applications.”®

3.1 Rehydration

Rehydration of thin polymer films is the most common prepa-
ration technique used due to it being an inexpensive process
that is relatively easy to perform.’™?> A sample of a block co-
polymer is dissolved in an organic solvent. The selected
solvent must solvate the hydrophilic and hydrophobic blocks
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Scheme 9 A diagram showing how polymersomes are formed via the
film rehydration and electroformation methods.”® Adapted from
E. Rideau et al., Polym. Chem., 2018, 9, 5385-5394.

of the copolymer well. This polymer-solvent solution is then
placed on a solid surface, such as a metal or glass plate, and
the solvent is evaporated. Remaining on the surface is a thin
dehydrated polymer film. Upon the addition of an aqueous
solution, water molecules permeate through small defects in
the polymer film. The accumulation of aqueous solution
causes bulging and eventual separation of the vesicles from
the polymer film is achieved (Scheme 9). This technique pro-
duces a fairly broad distribution of vesicles sizes. To narrow
the distribution, vesicles are extruded through a filter with set
pore diameters.”?

Direct hydration using low molecular weight PEG can also
be a very effective polymersome preparation method. In 2015,
Sui et al. reported a modified direct hydration method to
produce PEG-b-PCL polymersomes.”® The PEG-b-PCL block
copolymer with an appropriate PEG block ratio was dissolved
in PEG 550 at a relatively high concentration. The addition of
water to this solution drove the rapid formation of highly con-
centrated polymersomes. This method yields polymersomes of
high quality, sufficient size and good control over membrane
thickness. Moreover, this methods does not involve the use of
organic solvent or any agitation methods that could otherwise
effect the quality of the polymersomes.

3.2 Electroformation

Electroformation is another solvent-free preparation method
and can be considered as an aided-film rehydration method.®
Here, block copolymers are deposited onto electrodes (plati-
num, gold or indium-titanium oxide (ITO) glass) via the same
process as film rehydration (Scheme 9). By applying an alter-
nating current to the electrodes, the rate of water diffusion
across the polymer film can be controlled. As a result, the
degree of bulging and separation of the vesicles can be con-
trolled to give a narrow distribution of polymersome sizes.”>"*®

3.3 Polymerisation-induced self-assembly (PISA)

One of the more recent methods of preparation that has been
extensively used in research is polymerisation-induced self-
assembly. This method exploits the differences between the
solubility of the monomer and polymer in solution. Like the
example in Scheme 2, as a hydrophobic monomer is polymer-
ised from a hydrophilic chain macroinitiator, the resulting

This journal is © The Royal Society of Chemistry 2020
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block copolymer becomes increasingly hydrophobic.”” The
amphiphile will self-assemble so that the interfacial tension
between the water and hydrophobic block is minimised.
Recently, more information regarding the proposed mecha-
nism of self-assembly has been published by Ianaro et al. in
2019.°® 1t was found that liquid-liquid phase separation pre-
cedes self-assembly of the amphiphile. Liquid-liquid phase
separation is responsible for determining the size, membrane
thickness and other structural properties of polymersomes.
The morphology of the nanoparticle is related to the packing
parameter P of the amphiphile which, in turn, is related to the
DP of the hydrophobic block. Initially, self-assembly does not
occur at very low DP. However, the DP of the hydrophobic
block will reach a critical micelle concentration (CMC) upon
which micelles start to form. Worm-like, rod-like and vesicle
morphologies are achieved at higher DPs.'® Therefore, a
specific morphology can be obtained by fine-tuning the weight
fractions of the hydrophilic and hydrophobic blocks or control-
ling the DP of the hydrophobic block. PISA is a popular
method in producing nanoreactors with selective membrane
permeability as the permeability is dictated by the f ratios of
the differing blocks.””"*" PISA has become one of the most
popular preparation methods today as polymersome assembly
occurs in situ with no post polymerisation processing needed
to be done, thus saving time and resources.'®® In addition to
PISA, self-assembly of block copolymers into polymersomes
can be driven by a change in stimuli such as pH, temperature
etc. In 2018, Battaglia et al. reported the self-assembly of
amphiphilic copolymers poly(2-(methacryloyloxy) ethyl phos-
phorylcholine)-b-poly(2-(diisopropylamino) ethyl methacrylate)
(PMPC-b-PDPA) into polymersomes driven by a change in pH
or temperature.'® It was found that an increase in tempera-
ture (from 5 °C-60 °C) and pH (from pH 2.0-7.0+) leads to an
increase in deprotonation of the PDPA block. Deprotonation
leads to an increase in hydrophobicity of the block and there-
fore the amphiphile self-assembles to form a vesicle.
Temperature and pH can then be varied to fine-tune the mor-
phology of the polymersome.

3.4 Direct injection

The most common of the solvent displacement methods,
direct injection exploits the differences in solubility of the
polymer in organic solvent and in aqueous solution.'®* Like
film rehydration, direct injection is an easy and inexpensive
process to perform hence its popularity in literature. An
organic solvent which solvates all blocks of the amphiphile
is selected to dissolve the block copolymer. Next, the
polymer-solvent solution is injected into an aqueous solution
where the hydrophobic block becomes insoluble due to an
increase of interfacial tension between the block and sur-
rounding water molecules. This interaction triggers the self-
assembly of vesicles (Scheme 10). The reverse process can
also produce polymersomes where water is injected into the
polymer-solvent solution to trigger self-assembly.'®® Direct
injection can produce a broad distribution of vesicle sizes.
However, the size distribution can be homogenised by extru-

This journal is © The Royal Society of Chemistry 2020

View Article Online

Minireview

ISP
£ e
ot

Rapid Injection

Ethanol/Ether —

o oo

Aqueous medium

©

Vigorous stirring

Scheme 10 A diagram showing the formation of polymersomes via the
direct injection method.® Adapted from E. Rideau et al., Chem. Soc. Rev.,
2018, 47, 40.

sion as well as changing the solvent and concentration of
solvent t0o0.”*

3.5 Emulsion phase transfer

Emulsion phase transfer takes the direct injection method and
adds more control, producing a homogenous sample of
uniform vesicle sizes.”*” As highlighted in Scheme 11, an
emulsion of water-in-oil droplets are produced by vigorous agi-
tation of a small amount of aqueous solution in a solution of
polymer in organic solvent. In a separate vessel, an oil-in water
biphasic system is set up, with a layer of amphiphiles sitting
on the oil/water interface. The emulsion is then poured into
the biphasic system. Due to density differences between the oil
and water, the oil-coated water droplets sink to the aqueous
phase and are coated in another layer of amphiphiles. The
final product is a water-in-oil-in-water (w/o/w) double emul-
sion. The production of vesicles by w/o/w double emulsion
allows the encapsulation of hydrophilic in the aqueous core
and/or hydrophobic drugs in the oil layer."**'%”

3.6 Microfluidics

Emulsion phase transfer can be taken one step further to give
almost complete control over the production and size distri-

Can be controlled by microfiuidics
i,

So

‘:?f‘?‘q? & w/o emulsion
(‘? -qetl% Aqueous medium 0
o o 0
Organic Solvent . E—— @v)
Vigorous stirring
0
\ v
0

Aqueous medium ——=

Scheme 11 A diagram showing how polymersomes are formed via the
water-in-oil-water (w/o/w) double emulsion phase transfer method.’
Adapted from E. Rideau et al., Chem. Soc. Rev., 2018, 47, 40.
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Scheme 12 A diagram showing the formation of polymersomes via a
simplified microfluidic device.!'* Adapted from J. H. Jang et al., Sens.
Actuator B-Chem., 2017, 241, 636—-643.

bution of polymersomes.'’®® This method is known as micro-

fluidics and is perhaps the most recent and up-to date
advancement in the polymersomes preparation field.'*®*°
From Scheme 12, a jet of organic solvent containing dissolved
amphiphiles (middle fluid) is injected through the 1* junction
into an aqueous solution (inner fluid) to produce amphiphile
stabilised water-in-oil droplets. These droplets are then
injected through a 2nd junction into an amphiphile-coated
aqueous phase (outer fluid) to produce w/o/w double emulsion
vesicles. By varying the flow rates through each junction, the

size of the resulting polymersome can be controlled.'*®*°

4. Beyond polymersomes

Since the first use of the term polymersome in 1999, research
in this area of polymer chemistry has come a very long way
since. Starting from the simplest diblock copolymer of PEO-b-
PEE, we arrive at multi stimuli-responsive multiblock copoly-
mers and complex architectures in today’s research. This rapid
progression driven by intense research in the field has led
many academic groups to explore alternative systems related to
polymersomes with the same applications and goals in mind.
In recent years, researchers have been inspired by some of the
oldest organisms in the world to achieve targeted drug deliv-
ery. Viruses have long been regarded as excellent vectors for
intracellular delivery due to their size and ability to change
morphology to traverse the body of its host on a cellular
level.""> By designing polymeric systems that mimic viruses,
researchers have managed to synthesise a variety of highly
specialised and efficient nanoparticles for intracellular delivery
of many cargoes.'">"**

Armes et al. have recently reported a Dengue virus-mimick-
ing, pH-responsive, framboidal ABC triblock copolymer vesi-
cles that target breast cancer cells."* poly(glycerol mono-
methacrylate)-b-poly(hydroxypropyl methacrylate)-b-poly(2-
(diisopropylamino)ethyl =~ methacrylate) PGMA-b-PHPMA-b-
PDPA vesicles were synthesised via RAFT emulsion polymeris-
ation and were prepared by PISA (Scheme 13). A small fraction
(3%) of the hydrophilic PGMA chains were functionalised with
phosphorylcholine (PMPC). This targeting ligand for the SR-B1
receptor is crucial for intracellular uptake by triple negative
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Scheme 13 Synthetic route of MPGMA58-P(HPMA300-stat-ERh1)-
PDPA48 framboidal vesicles (left) where m = 100 and mPGMA58-
nPMPC60-P(HPMA300-stat-ERh1)-PDPA52 framboidal vesicles (right)
where m = 97 and n = 3. Corresponding cartoon illustrations of each
vesicle are included, where PGMA = red, PMPC = green, P(HPMA-stat-
ERh1) = blue and PDPA = black. As reported by Armes et al.**®

breast cancer cells in which this receptor is overexpressed. The
pH-responsive nature of the nanoparticles allows for release of
a payload (protein, gene or drug) inside these cancer cells.

Wang et al. also reported the synthesis of a pH-responsive
virus-like nanoparticle consisting of an acetylated dextran-
based diblock copolymer of poly(methyl methacrylate)-b-poly
(lauryl methacrylate) (MMA-b-LMA)."'® The MMA-b-LMA block
copolymer mimics the capsid protein for endosomal escape
and acetylated dextran resembles the viral core for encapsulat-
ing payloads. It was found that conjugating the tumour pene-
trating peptide TT1 to the virus-like nanoparticle increases its
cellular uptake in colon carcinoma cells.

As well as synthetic polymeric systems, a variety of peptide-
based virus-like nanoparticles have been reported.'”” *'° These
nanoparticles take the protein structure of a virus and are
functionalised to improve its physiological properties inside
the body. Functionalisation strategies include PEGylation for
increased biocompatibility and retention in the body. As well
as sugar/peptide conjugation for specific receptor targeting.
Viruses such as the physalis mottle, cowpea mosaic, tobacco
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mosaic and hepatitis B have all been studied as vectors for
drug delivery and vaccinations.'**??

5. Conclusion and outlook

In this review, we have seen that polymersomes are diverse in
synthesis and preparation as there is no standard synthetic
route in their formation. The amphiphilic block copolymers
are synthesised via one of three main living polymerisation
techniques. ROP is used for the polymerisation of cyclic mono-
mers whereas RAFT and ATRP polymerise vinyl monomers
with the use of a hydrophilic or hydrophobic macroinitiator
with mono- or di-functionality. Depending on the chemistry of
the amphiphiles, polymersomes can be prepared via solvent-
free or solvent dissolution methods. Solvent-dissolution
methods such as microfluidics offer finer control over poly-
mersome size and size distribution. However, for quick and
easy preparation of polymersomes with less emphasise on size
uniformity, solvent-free methods followed by extrusion are per-
fectly viable. Evidently, the synthetic route is entirely dictated
by factors such as the monomers used and the eventual appli-
cation of the polymersome.

Drug delivery still remains the main application of polymer-
somes as both hydrophilic and hydrophobic cargoes can be
encapsulated within the nanoparticle. Furthermore, stimuli-
responsive release of the encapsulated cargoes can be achieved
by incorporating stimuli-responsive polymer blocks within the
amphiphile. However, there is growing interest in utilising
polymersomes as nanoreactors for biological cascade reactions
where compartmentalisation is key for these biological pro-
cesses to occur. Research interest has also grown in synthesis-
ing virus-like nanoparticles as vectors for intracellular cargo
delivery too. These specialised nanoparticles have the ability to
change morphology to pass through cellular membranes and
barriers. Sugars and/or peptides can be conjugated to the virus
head for targeted delivery to a desired destination.

Considering their significant contribution towards targeted
drug delivery, why have we not seen polymersomes reach clini-
cal trials or the commercial market yet. Unfortunately, there
are a number of drawbacks that have made the use of these
drug delivery vectors not viable yet. Firstly, and quite possibly
most importantly, only a handful of polymers have been
approved for use in pharmaceuticals by government health
and safety agencies such as the MHRA and FDA. These include
PEG, PLA, PCL, and PMMA. Any of the more unique, less
reported stimuli-responsive polymers will need to be exten-
sively researched, tested and approved by such agencies first.
With only a limited number of building blocks to choose from,
very few combinations of polymersomes can be produced for
actual clinical use. The preparation of polymersomes also pre-
sents a few challenges holding back polymersomes for com-
mercial use. During the preparation, any presence of residual
cytotoxic organic solvent or monomers in the polymersomes
renders them non-biocompatible regardless whether the
amphiphiles are biocompatible themselves. Poor drug loading
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efficiencies, lack of absolute control over the targeting and
release of drugs and the issue of scalability for production on
a commercial level presents further problems to be addressed.
For polymersomes to be incorporated in pharmaceuticals in
the future, we believe cytotoxicity, drug loading efficiencies
and long-term stability of polymersomes must be extensively
researched and understood. Furthermore, new methods to
allow the facile and cost-effective production of polymersomes
on an industrial scale must also be explored.
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