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Polymersomes are vesicular nanostructures enclosed by a bilayer-membrane self-assembled from
amphiphilic block copolymers, which exhibit higher stability compared with their biological analogues
(e.g. liposomes). Due to their versatility, polymersomes have found various applications in different
research fields such as drug delivery, nanomedicine, biological nanoreactors, and artificial cells.
However, polymersomes prepared with high molecular weight components typically display low
permeability to molecules and ions. It hence remains a major challenge to balance the opposing features
of robustness and permeability of polymersomes. In this review, we focus on the design and strategies
for fabricating permeable polymersomes, including polymersomes with intrinsic permeability, the
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Introduction

Molecular self-assembly to afford complex structures is ubig-
uitously found in nature, such as the formation of a phospho-
lipid bilayer, DNA folding into the double helix structure, and
polypeptides assembling into active proteins.”> This has
inspired scientific communities to create synthetic analogues
by mimicking biological complexity and function.® For instance,
assemblies based on amphiphilic block copolymers constructed
from water-soluble and water-insoluble segments have drawn
considerable attention from communities active in nano-
medicine and biomimicry.** Advances in synthetic chemistry
have enriched the diversity of polymer building blocks to the
extent that there is almost no limit to the variety of building
blocks (i.e., monomers) in a polymer structure.*” Thus, a wide
range of tailor-made and functional polymeric self-assemblies
can be created with regard to physical features (i.e., size and
morphology), flexibility, surface chemistry, and stability
(including both disassembly kinetics and stimuli-responsive
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challenges in the development of polymersomes as soft matter with biomedical utilities.

pathways).® For instance, amphiphilic block copolymers can
assemble into various well-defined architectures such as
spherical vesicles,”™ non-spherical vesicles,'*>® spherical
micelles,” and worm-like micelles.””*® This can be facilely
realized via altering the compositions of the building blocks,
self-assembly approaches, as well as by exploiting environ-
mental changes such as the temperature and ionic
concentrations.

Polymersomes (also known as polymeric vesicles) are hollow
structures surrounded by bilayers self-assembled from amphi-
philic block copolymers. By altering the composition and length
of the block copolymers, both the chemical and physical prop-
erties of polymersome membranes can be tailored to meet
specific application requirements.>® The versatility of polymer
chemistry also allows adjustment of the molecular modules in
a facile manner and tailors responsiveness to specific environ-
mental conditions.** Polymersome bilayers contain a hydro-
philic cavity which is capable to encapsulate and protect both
hydrophilic components (such as proteins, RNAs, and
enzymes). In addition, the hydrophobic membrane bilayers can
load hydrophobic cargoes (such as emissive agents and
chemotherapeutic drugs) by hydrophilic-hydrophilic interac-
tions. This enables polymersomes to be used in a range of
applications in the biomedical field such as nanocarriers used
in drug delivery systems.*' The presence of a membrane struc-
ture separates the polymersome internal environment, or
lumen, from the external medium and modulates internal
chemical processes via regulated molecular transport. Poly-
mersomes are also utilized as biomimetic nanoreactors by
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encapsulating catalytic species such as active enzymes. This is
an exciting way to mimic the structural complexity and function
of biological compartments found in living systems and makes
it feasible to engineer polymersomes as active synthetic
organelles.***

Compared with liposomes, polymersomes prepared from
higher molecular weight components typically display higher
structural stability and durability, but they are also less leaky,
and usually display limited permeability to molecules and ions,
due to the hydrophobic interactions and entanglement of the
polymer chain in polymersome bilayers.****> For example, poly-
mersomes consisting of poly(2-methyl-2-oxazoline)-block-poly(-
dimethylsiloxane)-block-(2-methyl-2-oxazoline) (PMOXA-b-
PDMS-h-PMOXA) or polyethyleneoxide-polyethylethylene (PEO-
PEE) showed poor permeability to common ions.***” Small
organic molecules and even water have difficulty in penetrating
the bilayer membrane of polymersomes.*® Membrane perme-
ability is essential for polymersomes to be applied as controlled
release vehicles and biomimetic nanoreactors, as the perme-
ability control plays a crucial role in regulating the effective
membrane transportation of information signals, substrates,
and products to and from the catalytic center.**** In general, the
porousness, hydrodynamic size, and the hydrophilic and
hydrophobic properties of the membranes can regulate the
transportation of cargos through the polymersomes. In addi-
tion, adjusting the interactions between the polymersome
membranes and loaded molecules can also realize the
controlled release of cargos. However, in most cases, molecular
transportation and information exchange across the polymeric
membranes usually relies on passive diffusion or involves
mechanisms that result in the reversible loss of polymersome
structural integrity. This is not conducive to mimicking intra-
cellular information exchange and selective transport of
different substances, nor is it conducive to making polymer-
somes available for a wider range of applications. To approach
this challenge, facile strategies are needed to fabricate poly-
mersomes with tunable membrane permeability. In recent
years, the following approaches have been proposed to be
effective strategies for obtaining polymersomes with controlled
membrane permeability: (1) integrating hydrophobic blocks
containing crystalline or semi-crystalline polymers such as
poly(lactic acid) (PLA), poly(caprolactone) (PCL), and poly(3-
(isocyano-r-alanylaminoethyl)thiophene) (PIAT) in the forma-
tion of permeable or semipermeable polymersomes.** (2) Add-
ing pore-forming proteins to induce the formation of channels
in the polymeric membranes which enhances the polymersome
permeability and allows for selective molecule exchange.* (3)
Utilizing stimuli-responsive constituents to endow the poly-
mersomes with triggered-induced (such as pH, CO,, light,
temperature, enzyme, etc.****®) permeability control. (4) Forma-
tion of polyion complex vesicles (PICsomes) from poly-
electrolyte building blocks. Additionally, the permeability of the
polymersomes can also be controlled and regulated by specific
molecular design, while maintaining their structural integrity.*

In this review, we will summarize the state of the art con-
cerning permeable polymersomes as functional synthetic
compartments (Fig. 1). Polymersomes with inherent
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permeability or permeability enhanced with biomolecule
insertion will be first described. The examples that utilize
environmental changes or external stimuli to tailor the
membrane permeability will be discussed next. Subsequently,
polymersomes with bio-related applications such as drug
release, biomimetic nanoreactors, and artificial organelles in
vitro and in vivo will be highlighted. Finally, the future oppor-
tunities and challenges of permeable polymersomes will be
discussed. The chemical structures, names, abbreviations, and
polymerization methods of common polymers used for
permeable polymersomes in this review are summarized in
Table 1.

Strategies for the fabrication of
permeable polymersomes
Intrinsically permeable polymersomes

Since polymersomes were reported, only a few examples of
polymersomes were found to be permeable. Poly(ethylene
glycol) (PEG) is a water-soluble polymer with hydroxyl func-
tional groups on its molecular chain, exhibiting excellent
biocompatibility and low toxicity. It can be copolymerized with
other hydrophobic polymers to form permeable polymersomes
through self-assembly. For example, polymersomes made from
the biodegradable copolymers poly(ethylene glycol)-block-pol-
y(lactic acid) (PEG-b-PLA) and poly(ethylene glycol)-block-poly(-
caprolactone)  (PEG-b-PCL)  displayed  semi-permeable

features.* Polymersomes constructed from PMOXA-b-PDMS-b-
PMOXA are permeable to oxygen.*® In addition, polymersomes
with a shell composed of a polyelectrolyte or fabricated from
block copolymer polystyrene,,-b-poly(r-isocyanoalanine(2-thio-
displayed

phen-3-ylethyl)amide)s, (PS4o-b-PIATs,) intrinsic

<
$

)’
R ){m
é) \? o drug
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polymersomes

Biological nanoreactors

Applications

Fig. 1 Schematic illustration of permeable polymersomes for diverse
biomimetic applications.
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Table1 Common polymers used for permeable polymersomes in this review
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Polymer structures Names Abbreviations

Polymerization
method
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Polymerization
Polymer structures Names Abbreviations method
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Polymerization
Polymer structures Names Abbreviations method
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Polymerization
Polymer structures Names Abbreviations method
Poly(ethylene glycol)-block-poly[2-(diethylamino)ethyl PEG-b-P(DEAEMA-
methacrylate-co-2-hydroxy-4-(methacryloyloxy) ATRP
; co-BMA-co-FMA)
benzophenone-co-fluorescein O-methacrylate]
P(?ly(ethylene glycol)-b-poly(caprolactone-gradient- PEG-PCLZTMC ROP
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nitrobenzyl acrylate)
O;N

permeability.*> For instance, Nolte et al. constructed polymer-
somes from PS,y-b-PIATs, which is an amphiphilic structure of
which the hydrophilic PIAT block containing thiophene adopts
a rigid rod-shaped helical conformation (coil) and hydrophobic
PS block adopts a flexible rod-shaped conformation (rod). Rod-
coil diblock copolymers have slightly different polarities and
amphiphilic properties in both organic and aqueous solvents,
enabling them to self-assemble into polymersomes. In addition,
the presence of highly organized stacks of thiophene in the
polymersome membranes may endow them with permeability.
PS,0-b-PIAT;5, polymersomes were loaded with Candida antarc-
tica Lipase B (CALB), and served as biomimetic nanoreactors
(Fig. 2a).** The substrate 6,8-difluoro-4-methylumbelliferyl

7416 | Chem. Sci, 2023, 14, 7411-7437

octanoate (DiFMU octanoate) could penetrate through the
bilayer membrane of these polymersomes, and trigger catalytic
activity inside. The efficiency of the polymersome nanoreactors
was evaluated by the fluorescence intensity of individual poly-
mersomes, which was stronger than that produced by the
autohydrolysis of the DiFMU ester. This suggested that the
trapped enzyme remained active and polymersomes displayed
permeability. Notably, the catalytic product did not leak out
from the polymersomes since the product was more polar than
the substrate, which demonstrated the selective permeability of
the PS-b-PIAT polymersomes. Van Hest et al. reported the
construction of two polymersomes with different permeability
composed of PS-b-PEG and PS-b-PIAT, respectively, and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic representation of a polystyrene-block-poly(L-

isocyanoalanine (2-thiophen-3-ylethyllamide) (PS-b-PIAT) polymer-
some. Yellow is PIAT and blue is PS. Reproduced with permission from
ref. 50. Copyright 2003, Wiley-VCH. (b) The enzymatic activities of PS-
b-PEG and PS-b-PIAT polymersome nanoreactors were assessed by
the addition of H,O,. (I): PEG-b-PS, (ll): PS-b-PIAT. Reproduced with
permission from ref. 42. Copyright 2013, American Chemical Society.

investigated their utility for enzymatic cascade reactions inside
the polymersome nanoreactors (Fig. 2b).*> The permeability of
these two polymersomes was evaluated by testing the activity of
the loaded enzymes copper-zinc superoxide dismutase (SOD1)
and catalase (CAT). The corresponding activity profiles of SOD1
in the free and encapsulated states for both polymersomes were
similar, which indicates that the loading process did not affect
enzymatic activity and the superoxide radical substrate could
pass both membranes equally fast. Upon the addition of H,0,,

PDMS
a
Functional T
e PMOXA
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oxygen content increased immediately in the CAT-loaded poly-
mersomes. In addition, they demonstrated that PS-b-PIAT pol-
ymersomes displayed higher permeability and hence higher
activity to H,O, than PS-b-PEG polymersomes. Though these
polymersomes exhibit certain permeability to some substances,
they still are far from meeting the requirements for expanding
potential applications. The polymersomes should be more
intelligent and adjustable in terms of their behaviors and
applications.

Polymersomes with transmembrane proteins

In addition to the intrinsically permeable polymersomes dis-
cussed above, permeable polymersomes can also be formed by
inserting protein nanopores into the membrane of the
polymersome.**** For example, permeable polymersomes can
be constructed by combining multifunctional biological
components such as transmembrane proteins, pore proteins,
and enzymes with polymersomes.** This method involves first
forming a complex between the target polymer material and the
protein, followed by adjusting the concentration of the protein
in the complex to control the permeability of the polymersomes.
This approach utilizing proteins to construct permeable poly-
mersomes has great potential for a wide range of applications,
particularly in drug delivery. For instance, Van Gelder et al.
introduced channel proteins to the polymer membranes to
selectively control the transportation of guest molecules.** The

Nanoreactors with Nanoreactors without

ompF

Insoluble fluorescent product
inside nanocontainers

ompF ‘

S Hd

Bacterial pore
protein

‘ pH-sensitive enzyme

S'L Hd

Soluble non-fluorescent

ABA triblock copolymer
substrate

nanocontainer

Fig. 3

(@) Schematic representation of poly(2-methyl-2-oxazoline)-block-poly(dimethylsiloxane)-block-(2-methyl-2-oxazoline) (PMOXA-b-

PDMS-b-PMOXA) polymersomes as a functionalized nanoreactor. Reprinted from ref. 54. Copyright 2005, American Chemical Society. (b)
Schematic representation of the nanoreactor system. (c) Channel- and pH-dependent nanoreactor activity in confocal microscopy (Magnifi-
cation 400x; Zeiss ConfoCor 2, HAL 100, HBO 100, Software LSM 510 Zeiss): active nanoreactors with ompF pores show strong fluorescent
activity at pH = 5 (I), but show no significant fluorescent activity without the ompF pores (II); active nanoreactors with ompF (Ill) and without
ompF (IV) pores show no fluorescent activity at pH = 7.5. The substrate concentration in this experiment was 75 pM. Reprinted from ref. 55.

Copyright 2006, American Chemical Society.
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polymersomes were prepared by the self-assembly of amphi-
philic ABA type triblock copolymers PMOXA-b-PDMS-b-PMOXA
in an aqueous solution. Two different bacterial outer membrane
protein porins (ompF and Tsx), were incorporated into the
polymersome membranes to form protein channels (Fig. 3a).
They found that the permeability of PMOXA-b-PDMS-b-PMOXA
polymersomes was significantly improved by introducing the
channel proteins. Small molecular substrates crossed the
PMOXA-b-PDMS-b-PMOXA polymersomes through the channel
protein, which were then activated by the encapsulated
prodrug-activating enzyme (e.g. purine-specific nucleoside
hydrolase of Trypanosoma vivax (TvNH)); the formed products
were released to the exterior environment through the protein
channel.

In follow-up research, Hunziker et al. demonstrated that
PMOXA-b-PDMS-b-PMOXA polymersomes integrated with
ompF gave rise to the diffusion of substrates in a size-selective
manner, leading to the activation of enzymatic reactions.
(Fig. 3b).** In addition, the enzymatic reaction inside the poly-
mersome nanoreactors showed catalytic activity controlled by
external conditions. For instance, the enzyme was active
between pH 4-7 but displayed lower activity at higher or lower
pH values (Fig. 3c). The functionality of the polymersome
nanoreactors was accomplished via the enzymatic hydrolysis

process of nonfluorescent water-soluble phosphatase
a
/0\{\/\0/]7\/” Br
% water

& (1) Self-assembly
I
(2) Photo cross-linking
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substrates, which were converted to a water-insoluble product
with enhanced fluorescent emissions.

The use of protein-based channels is an effective strategy to
enhance the polymersome permeability, which can be well
controlled by adjusting the structure and function of proteins.
However, the size of protein-based channels often enabled the
undesired exchange of small molecules. In addition, protein-
based channels are fragile and can be altered in a complex
cellular environment, which may limit their biomedical
applications.

Stimuli-responsive polymersomes

Polymersomes with stimuli-responsiveness are of great
importance because their chemical and physical features such
as size, morphology adaption, surface characteristics, and
assembly-disassembly transition can be well-regulated and
controlled in response to environmental changes or external
stimuli.”**” This allows them to be used effectively in a variety of
applications such as controlled drug release, imaging, diag-
nostics, smart actuators, self-healing materials, and recyclable
catalysis.*®* A specific research approach to the construction of
polymersomes with permeability regulation is the introduction
of stimuli-responsive building blocks to polymersomes, which
has become the most intensively investigated route toward
permeable polymersomes.®® In general, three categories of

AN N SN
NN\ %
AN N AN\

Diblock copolymer
PEG-b-P(PEMA -co-CMA )

#4 GoD @  Glucose

Fig. 4

Impermeable membrane
Permeability: OFF

Permeable membrane
Permeability: ON

® O, % Ho, © DOXHCI

(a) Schematic representation of the formation of pH-responsive poly(ethylene oxide)-block-poly[2-(diethylamino) ethyl methacrylate-

stat-3-(trimethoxysilyl) propyl methacrylate] [PEO-b-P(DEA-stat-TMSPMA)] polymersomes. (b) Variation of hydrodynamic vesicle diameter with
solution pH: polymersomes prepared (I) with PEO43-b-P(DEA4o-stat-TMSPMA,0) and (I1) without triethylamine; and (lll) PEO43-b-P (DEAgp-stat-
TMSPMA),, prepared with triethylamine. Reprinted from ref. 81. Copyright 2005, American Chemical Society. (c) Schematic representation of
DOX/GOD@MCL-polymersomes as intelligent nanoreactors and drug delivery vehicles. Reprinted from ref. 61. Copyright 2020, Elsevier.
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stimuli are utilized, including physical triggers (e.g. light,***
temperature,®* and electric field*), chemical stimulations
(e.g- pH,*7° redox potential,**"*7> glucose,**** and gas’*”*), and
biological factors (e.g. enzymes,”>”® adenosine triphosphate
(ATP),”” and DNA”). In this section, we discuss recent progress
on stimuli-responsive with  controlled

membrane permeability.

polymersomes

pH-responsive polymersomes

pH-responsive polymersomes are the most studied stimuli-
responsive system. The mechanism involves the pH-induced
modulation of the hydrophilicity of polymer chains, which
results in permeability regulation of the polymersome
membrane.””® For example, Armes et al reported pH-
responsive polymersomes consisting of poly(ethylene oxide)-
block-poly[2-(diethylamino) ethyl methacrylate-stat-3-(trime-
thoxysilyl) propyl methacrylate].®* The polymersomes were
crosslinked to ensure the membrane integrity upon pH change
(Fig. 4a). When the pH was increased with the addition of
triethylamine, deprotonation of DEA occurred; this resulted in
the formation of polymersomes with increased size because of
some degree of vesicle reorganization. Smaller polymersomes
were obtained by employing higher EDA content under the
same conditions (Fig. 4b). The pH-switched permeability of the
polymersomes was proven by a fluorescence experiment via
rapidly mixing hollow vesicles and rhodamine B dye in aqueous
solutions under different pH conditions. The results showed
that the fluorescence intensity in the solution at pH = 2 was
much lower than that at pH = 12, due to the self-quenching
effect of the rhodamine B dye inside the polymersomes.
pH-responsive polymersomes can also be constructed by
incorporating acid-cleavable bonds into the block copolymer to
improve permeability.®* For instance, Ge et al. synthesized the
diblock  copolymer  poly(ethylene  glycol)-block-poly[(2-
(piperidin-1-yl)ethyl methacrylate),-co-(7-(3-methacryloylox-
yethoxy)-4-methylcoumarin),] PEG-b-P(PEMA,-co-CMA,) which
are able to form polymersomes of which the membrane is
crosslinked after light irradiation. Small molecular doxorubicin
hydrochloride (DOX) and large-sized glucose oxidase (GOD)
were loaded inside the polymersomes.®® At low pH, the
protonation of the PPEMA moieties induced a bilayer
hydrophobic-to-hydrophilic transition which increased the
permeability of the polymersomes, allowing for selective diffu-
sion of small molecules. In addition, the pH-responsive
segments endowed the cross-linked polymersomes with
enhanced membrane permeability upon a pH change from
neutral 7.4 to acidic 6.5, which is similar to the tumor micro-
environment pH. The permeability of the polymersomes was
tested by a colorimetric cascade reaction of the GOD-catalyzed
oxidation of glucose in the presence of O, (Fig. 4c). The
glucose oxidation produced H,0,, which induced oxidation of
3,3',5,5-tetramethylbenzidine (TMB) into UV-vis detectable
oxidized TMB (0xXTMB) in the presence of Horse Radish Perox-
idase (HRP). The results showed that polymersomes became
permeable at pH ~6.5. Interestingly, they found that variations
in the cross-linking degree also significantly altered the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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permeability of the polymersomes, which provides another
strategy to realize the fine-tuning of polymersome permeability.

Photo-responsive polymersomes

Photo-sensitive systems have gained considerable research
interest because of attractive advantages such as non-
invasiveness, easy controllability, and spatial control.** Intro-
ducing photo-responsive groups to amphiphilic copolymers can
endow the self-assembled polymersomes with photo-responsive
features. Thus, the structure and function of photo-responsive
polymersomes can be precisely regulated and controlled upon
exposure to light.*® For example, organic photochromes such as
azobenzene®*'* and spiropyran®® are usually incorporated into
light-responsive polymersomes; light irradiation can adjust the
polarity and conformational shape of the polymersomes, as well
as enable the regulation of permeability.

Recently, Bruns et al. synthesized block copolymers con-
taining poly(pentafluorophenyl methacrylate) as the hydro-
phobic block via reversible addition-fragmentation chain-
transfer (RAFT) radical polymerization and conjugated donor-
acceptor stenhouse adducts (DASA) via the activated esters.®
These block copolymers self-assembled into polymersomes and
the permeability of the resultant polymersomes was modulated
by visible light irradiation. They found that two types of enzyme-
loaded polymersomes containing different DASA units can
selectively respond to lower wavelength (green) or longer
wavelength (red) light irradiation (Fig. 5a). Light irradiation led
to the formation of hydrophilic DASA blocks, which endowed
the polymersomes with enhanced permeability. In another
example, Liu et al. developed a photochromic polymersome
from amphiphilic PEO-b-PSPA based diblock copolymers, where
SPA is a spiropyran (SP)-derived monomer.*” The photochromic
group SP underwent reversible isomerization between hydro-
phobic spiropyran (SP, 4, > 450 nm irradiation) and zwitterionic
merocyanine (MC, A; < 420 nm irradiation) states by light irra-
diation under different wavelengths. This converted imperme-
able SP polymersomes to permeable MC polymersomes, due to
enhanced noncovalent interactions including m-7m stacking
interactions and hydrogen bonding interactions (Fig. 5b).
Therefore, the polymersome permeability could be regulated in
a controlled manner via altering the irradiation of A,/4, light.

Additionally, Bruns et al. developed light-responsive nano-
reactors from polymersomes composed of three kinds of
amphiphilic  block copolymers: «,w-hydroxy-end-capped
PMOXA-b-PDMS-b-PMOXA, «,w-acrylate-end-capped (PMOXA-
b-PDMS-b-PMOXA), and poly(ethylene oxide)-block-poly(-
butadiene) (PEO-b-PB).*® The polymersomes were incorporated
with  2-hydroxy-4-2-(hydroxyethoxy)-2-methylpropiophenone
(PP-OH) to enable UV-light responsiveness. UV-light irradia-
tion induced the formation of primary radicals (ketyl and
alcohol), which reacted with polymeric constituents in the
membranes. In all three cases, this led to chemical modification
of the polymer chain with the hydrophilic PP-OH, which
increased the permeability of membranes without changing the
size and shape of the polymersomes (Fig. 6a). They encapsu-
lated HRP into the polymersomes and determined the
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PSPA) diblock copolymers self-assemble into polymersomes with
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motifs. Reprinted from ref. 87. Copyright 2015, American Chemical
Society.

permeability of polymersomes by the enzymatic reaction with
2,2"-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) as
a model substrate. The results showed that the absorption
intensity of product was significantly increased in the poly-
mersomes treated with the PP-OH and UV-light irradiation,
compared to the polymersomes without PP-OH treatment or UV
light irradiation (Fig. 6b).

The permeability of the DASA polymersome bilayers created
by Stevens et al. can also be enhanced under green light irradi-
ation, providing the possibility for information exchange and
control.*” They introduced a non-equilibrium nanosystem con-
sisting of two types of polymersomes, in which the enzyme-
containing polymersomes can undergo photo-gated chemical
communication. Specifically, esterase was encapsulated into
photo-responsive DASA polymersomes. The permeability of pol-
ymersome bilayers was enhanced under green light irradiation,
allowing the substrate ethyl acetate to enter the polymersomes
and react with esterase to produce acetic acid, leading to
a decrease in pH. As the pH decreased, the pH-sensitive pigment
methyl red (MR) was converted into a green light-absorbing
substance, absorbing green light and deactivating the photo-
switching ability of the DASA nanoreactor (Fig. 6c). Utilizing
light-mediated pH fluctuation, non-equilibrium communication
between nanoreactors was achieved, which could be applied in
artificial organelles, protocells and soft robotics.
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irradiation. Reprinted from ref. 89. Copyright 2023, Springer Nature.

Gas-responsive polymersomes

Physiologically relevant gases such as CO,, NO, and H,S have
been exploited to construct gas-responsive polymer assem-
blies.”® The stimulus intensity of gas-sensitive systems can be
precisely modulated by gas flow, which is useful for investi-
gating the controlled permeability change of polymersomes. In
this regard, gas-responsive polymersomes are of great interest
to the scientific community because of the various potential
biomedical applications such as intracellular imaging, diag-
nostics, and drug delivery.”

For instance, Yan et al. developed polymersomes consisting
of poly(ethylene oxide)-block-poly(o-azidomethyl benzoyl glyc-
erol methacrylate) (PEO-b-PAGMA) and a class of particular
block copolymers containing o-azidomethylbenzoate (AzMB) to
enable H,S-responsiveness.”” The AzMB pendants in the poly-
mer chain were cleaved in the presence of H,S, leading to the
disassembly of the polymersomes. H,S-responsive polymer-
somes could open up new approaches to fulfill the need for
various biomedical applications such as intracellular targeted

© 2023 The Author(s). Published by the Royal Society of Chemistry
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release and therapy. In another example, Boyer et al. developed
NO and temperature dual-responsive polymersomes consisting
of  poly[N-isopropyl acrylamide]-co-poly[N-(2-aminophenyl)
methacrylamide] (P(NIPAM-co-NAPMA)) and poly[N-isopropyl
acrylamide]-co-2-[3-(2-aminophenyl)ureido)ethyl methacrylate]
(P(NIPAM-co-APUEMA)).** The NAPMA and APUEMA moieties
reacted with NO under mild conditions; this manipulated the
polymer phase transition and controlled their self-assembly
behaviors. They found that the lower critical solution temper-
ature (LCST) values of P(NIPAM-co-NAPMA) copolymers gradu-
ally increased upon increasing NO concentrations, while the
LCST values of P(NIPAM-co-APUEMA) copolymers decreased
with increasing NO concentrations.

It is worth noting that CO, is one of the most widely used
“on-and-off” switches and CO,-responsive systems have a wide
range of potential biomedical applications. CO, possesses good
biocompatibility and biomembrane permeability. In addition,
CO, is one of the important metabolites in cells, and it can react
selectively with various functional groups (such as tertiary
amine, amidine, and guanidine groups). This feature is also
utilized in the membrane permeability control of polymer-
somes.” For instance, Yuan et al. synthesized amphiphilic
block copolymers consisting of PEG as the hydrophilic block
and CO,-responsive poly(N-amidino)dodecyl acrylamide (PAD)
as the hydrophobic block.*””> PEG-b-PAD copolymers self-
assembled into spherical polymersomes and the permeability
of the polymersome membrane was regulated via CO, stimu-
lation. This also gave rise to a structural change in the poly-
mersome PAD chain (Fig. 7a). To investigate the polymersome
permeability adjusted by CO,, they encapsulated two kinds of
dye-decorated hyperbranched poly(ethylene imine) nano-
particles (PEI-5 and PEI-25) in polymersomes. The selective
polymersome permeability was evaluated by tracking the
release of PEI-5 and PEI-25. The release behavior of polymer-
somes encapsulating PEI-5 and PEI-25 demonstrated that
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Fig. 7 (a) Switchable chemical structural changes of poly(ethylene
glycol)-block-poly(N-amidino) dodecyl acrylamide (PEG-b-PAD)
copolymers. (b) Gas-controlled selective release of cargos from the
polymersomes. Reprinted from ref. 45. Copyright 2013, Wiley-VCH.
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a higher concentration of CO, resulted in a more effective
release. With increased CO, concentration, polymersomes
swelled and the size of the polymersome membrane channels
increased, while polymersomes were almost impermeable when
no stimulus was applied (Fig. 7b). These results showed that the
permeability of polymersome membranes is highly dependent
on the environmental CO, concentration.

Oxidation-responsive polymersomes

The permeability of polymersomes can also be adjusted via the
presence of reactive oxygen species (ROS). This is normally
realized via the chemical structure transition of polymer
compositions stimulated by ROS. The abnormal redox states in
tumor and inflammatory tissues can thus be considered as
targets for site-specific delivery of therapeutics using ROS-
responsive systems. For instance, disulfide bonds are usually
introduced into polymersomes as cross-linkers, which can be
reduced to two thiols under reductive conditions. The disulfide
bond cleavage can further lead to the dissociation of the
polymersomes.®®

Recently, Ding et al. prepared ROS-responsive polypeptide
vesicles from cholesterol-decorated methoxy poly(ethylene
glycol)-poly(r-cysteine) copolymers (mPEG-PLCC). The perme-
ability of the polymersome membrane was well-tuned by the
ordered transition of the secondary conformations.*® The
structural organization of mPEG-PLCC transformed from a B-
sheet to a-helix upon ROS stimulation, which resulted in
a decrease in membrane wall thickness along with changes in
the permeability of the polymersomes (Fig. 8a). They found that
during oxidation the appearance of characteristic minima at
207 and 222 nm in the CD spectra and a gradual shift of the
amide I region from 1630 cm ™" to 1649 cm ™" in the FTIR spectra
when the polymersomes were treated with H,0,. This
confirmed the transformation of copolymers from B-sheet to a-
helix and demonstrates that oxidation alters the secondary
structure of MPEG-PLCC. To investigate the influence of
membrane changes on the permeability of polymersomes,
hydrophilic rhodamine 6G (R6G) was encapsulated in the pol-
ymersomes, which were then treated with H,0,. The self-
quenching effect of R6G remains unchanged over time in the
absence of an oxidizing environment, however, the dye was
released rapidly into the aqueous media, and the fluorescence
intensity recovered by more than 82% within 12 h in an
oxidative environment (Fig. 8b and c).

Temperature-responsive polymersomes

Temperature-responsive polymersomes generally consist of
thermosensitive polymers, which can undergo volume phase
transition upon temperature changes. They have a lower critical
solution temperature (LCST) or upper critical solution temper-
ature (USCT). However, most of the present research on
temperature-responsive polymersomes is mainly focused on
the temperature-induced irreversible disassembly of polymer-
somes, which further leads to the release of encapsulated
cargoes.*” In this case, polymersomes lose their structural
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integrity upon a temperature change, which limits their appli-
cation as nanoreactors.

Kharlampieva et al. synthesized an amphiphilic triblock
copolymer poly(N-vinylcaprolactam),-poly(dimethylsiloxane)es-
poly(N-vinylcaprolactam), (PVCL,-PDMS45-PVCL,) by RAFT
polymerization.”” These copolymers self-assembled into
temperature-responsive polymersomes at room temperature.
PVCL chains collapsed when the temperature increased, owing
to the destruction of hydrogen bonds between VCL and water,
and enhanced hydrophobic interactions between PVCL
segments, which increased the polymersome permeability
(Fig. 9a). The length of PVCL was utilized to control the release
of the loaded anticancer drug doxorubicin (DOX) (Fig. 9b).
Importantly, the temperature-induced structural change of
polymersomes was reversible, and the permeability of poly-
mersomes was regulated by modulating the temperature
between 37 °C and 42 °C, without disrupting the structural
integrity of the polymersomes.

In addition to the above-mentioned single stimuli-
responsive models, there are also some reports on dual or
triply-responsive polymersomes to regulate their permeabil-
ities. For instance, Kim et al. constructed pH and glucose dual-
responsive polymersomes, consisting of amphiphilic block
copolymers poly(ethylene glycol)-b-poly(styrene boronic acid)
(PEG-b-PSBA) and PEG-b-PS (Fig. 9c).*® They found that the
change in pH and glucose concentrations in the aqueous media
had a significant effect on the solubility of the PSBA block when
polymersomes were prepared from a mixture of PEG-b-PS and
PEG-b-PSBA. The responsive PSBA block in PEG-b-PSBA and the
nonpolar PS block in PEG-b-PS are prone to phase separation
during the formation of the bilayer, and the phase-separated
PSBA domains were dispersed in the PS matrix. These PSBA
domains were easily extracted from the PS matrix by changing

7422 | Chem. Sci, 2023, 14, 7411-7437

the pH and the sugar concentrations, enabling the permeability
of the polymersomes to be tuned via these two stimuli.

Voit et al. reported an example of temperature and pH dual-
responsive hollow capsules.”® They synthesized ABA-type tri-
block copolymer brushes poly(N-isopropylacrylamide)-block-
poly[2-(diethylamino)ethylmethacrylate-co-2-hydroxy-
4(methacryloyloxy) benzophenone]-block-poly(N-iso-
propylacrylamide) PNIPAM-b-PDEAEMA-co-PBMA-b-
PNIPAM(PN-DB-N) rapidly on a silica template via surface-
initiated single electron transfer living radical polymerization
(SI-SET-LRP). Hollow capsules with photo-cross-linked
membranes were obtained after removing the template. The
PNIPAM layer in the central membrane layer collapsed when
the temperature was above the LCST, leading to an imperme-
able membrane bilayer. Moreover, the photo-cross-linked
PDEAEMA chain in the central membrane layer changed from
a deprotonated, hydrophobic entangled state at a high pH value
to a protonated, hydrated, repulsive state at a low pH value,
which led to a change in polymersome permeability. With this
dual responsiveness hollow capsules were impermeable at
40 °C, semi-permeable at 25 °C at pH = 8, and permeable at
25 °C at pH = 6 (Fig. 10a and b). Therefore, the permeability of
hollow capsules could be adjusted and modulated precisely via
control of temperature and pH.

In addition to the use of stimuli-responsive polymers, there
are several other strategies for the formation of permeable
polymersomes. For example, the use of polyelectrolytes to
construct polyion complex vesicles (PICsomes),’*” and post-
modification of polymersomes,” have also been shown as
effective approaches for modulating the polymersome perme-
ability. The recent advances in construction of stimuli-
responsive polymersomes demonstrate that the permeability
of polymersomes can be well regulated via changes of the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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environmental signals. The incorporation of stimuli-
responsiveness in the polymersomes enabled phase transi-
tions or structural changes under specific conditions, thereby
controlling the permeability of polymersomes. This strategy
provides a promising way for precise control and release of
cargos, which are promising candidates for the construction of
nanoreactors and artificial organelles, as well as nanocarriers
for nanomedicine.

Applications of permeable polymersomes

Permeable polymersomes that are biocompatible and degrad-
able can be employed in a range of different fields including
nanoreactors, artificial cells and organelles.®** In addition,
they are potential carriers for drug loading and delivery due to
their high loading capacity, selective release, and stability.
Scientists are committed to designing and developing such
polymersomes to be applied in many fields.
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6 and 8 at 25 °C. The diameter was measured by Dynamic Light
Scattering (DLS). Reprinted from ref. 95. Copyright 2018, American
Chemical Society.

Polymersomes as biologically active nanoreactors

Permeable polymersomes can be transformed into nano-
reactors via encapsulating catalytic species such as enzymes
inside the polymersome lumen or the hydrophobic
membrane.'*>'* They have shown great potential in confined
catalysis by separating catalytic species from each other and
protecting catalysts from undesired influences from the
environment.**%>1%%

Recently, amphiphilic block copolymers with two kinds of
different DASAs in their hydrophobic blocks were synthesized
by using Meldrum's acid-based furan adduct (MELD) and five-
membered ring pyrazolone-based furan adduct (PYRA), which
self-assembled into MELD and PYRA polymersomes, respec-
tively (Fig. 11a and b).* HRP was encapsulated into photo-
responsive MELD polymersomes and the biocatalytic activity
was switched “on” under light conditions and “off” under dark
conditions due to a change in permeability (Fig. 11c). The
catalytic reactions of PYRA polymersomes encapsulating
Glucose Oxidase (GOx) was similar to that of MELD polymer-
somes (Fig. 11d). Therefore, DASA polymersome nanoreactors
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Fig. 11

(a) Preparation of the block copolymers. (b) Schematic representation of Meldrum'’s acid-based furan adduct (MELD) polymersomes and

pyrazolone-based furan adduct (PYRA) polymersomes. (c) UV-vis absorbance indicates product formation upon light irradiation of HRP loaded
into MELD polymersomes. (d) UV-vis absorbance indicating product formation upon light irradiation of GOx loaded into PYRA polymersomes.
Continuous irradiation with white light (blue and pink), alternating light and dark cycle (orange), dark (black), and non-catalytic blank reaction
(red). (e) Cascade pyrroliol reaction catalyzed by a mixture of MELD-HRP and PYRA-GOx nanoreactors, alternately deactivated in the dark and
activated with red light (1 = 630 nmj(red), dark and green light (2 = 525 nm) (green), dark(black). Reprinted from ref. 62. Copyright 2018, American

Chemical Society.

are useful vehicles for on-demand catalytic reactions, which
allow the diffusion control of the reactants across the polymer
membrane via light irradiation. Interestingly, the GOx-HRP
cascade reaction could be facilely achieved by mixing the two
types of polymersome nanoreactors, and the on/off switch of the
nanoreactors was controlled via alternate red-green light irra-
diation (Fig. 11e).

We recently developed self-regulated “breathing” polymer-
some nanoreactors composed of poly(ethylene glycol)-block-poly
[2-(diethylamino) ethyl methacrylate-co-2-hydroxy-4-
(methacryloyloxy) benzophenone-co-fluorescein O-
methacrylate] PEG-b-P(DEAEMA-co-BMA-co-FMA) block copoly-
mers, which showed time-controlled and fuel-driven bio-
catalysis (Fig. 12a)."** Polymersome nanoreactors shrank owing
to deprotonation of the pH-sensitive PDEAEMA block when they
were dispersed in a base buffer, creating an “off” state due to the
impermeable polymersome membrane. The pH value of the
solution decreased after the addition of chemical fuel (HCI and
urea), resulting in an increased size of the polymersome
nanoreactors and enhanced polymersome permeability.
Subsequently, urea was converted to ammonia, which led to
a gradual pH increase. As a result, polymersome nanoreactors
turned back to the “off” state. HRP and urease labelled with

7424 | Chem. Sci, 2023, 14, 741-7437

Rhodamine-B (RhB) were coencapsulated into polymersome
nanoreactors. Then samples were incubated in a pH 9.0 buffer,
and no absorbance was observed at 416 nm. However, samples
with the addition of HCl and urea resulted in a gradual increase
in the absorbance at 416 nm over time which was then stabi-
lized to a constant value. The higher the urea concentration, the
faster the catalysis reached its endpoint. More importantly, with
the continuous addition of urea three consecutive nanoreactors
“OFF-ON-OFF” cycles were achieved (Fig. 12b).

Permeable polymersomes are able to encapsulate catalysts or
reactant molecules, and control reaction rate and selectivity by
adjusting their permeability. These polymersomes have great
potential in the field of nanoreactors, providing new solutions
for biocatalytic reactions.

Polymersomes as artificial cells and organelles

Polymersome nanoreactors have also been applied as artificial
organelles in multi-compartmentalized systems. The multiple
subcompartments were incorporated in giant polymersomes to
perform a wide variety of biochemical reactions similar to
a biological cell."” These systems offer greater flexibility and
more complex cell mimetic behavior compared to single-

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc01707a

Open Access Article. Published on 21 June 2023. Downloaded on 1/20/2026 10:06:40 PM.

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

(cc)

Review

a

AAProduct
Temporal Permeable -

“ON”

Chemical fuel \ }

Urea

€ Urease

Substra'teAA /x\’ Time-programmed Ammonia
pH increase
Non-permeable
"OFF" \_/
1\0/\‘1'45 070035
Polymersomes

Fig. 12

S o
> o

0.3
0.2

=
—
1

Absorbance (416 nm) =

0.0

View Article Online

Chemical Science

e

'T’j *

iK;

|
?

0

10 20 30 40 50 60
Time (min)

Nanoreactor “ON”

Nanoreactor “OFF”

T : Addition of chemical fuel

(a) Schematic representation of feedback-induced temporal control of polymersome nanoreactors. (b) Reversible nanoreactor "ON—

OFF" regulation in time following repeated additions of urea. Reprinted from ref. 104. Copyright 2018, American Chemical Society.

compartment systems. For example, Lecommandoux et al.
investigated the effects of multi-compartmentalization and
functional control on a multistep reaction pathway in
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cascade reaction with all of the enzymes free in solution (A), CalB in polystyrene-block-poly(.-isocyanoalanine (2-thiophen-3-ylethyllamide)
(PS-b-PIAT) nanoreactors (M), or CalB and ADH in PS-b-PIAT nanoreactors (O). (c) Ensemble fluorescence measurements of the cascade
reaction with CalB in PS-b-PIAT nanoreactors (M), alcalase in PS-b-PIAT nanoreactors(A), free alcalase (@). Reprinted from ref. 106. Copyright
2014, Wiley-VCH. (d) The schematic representation of the enzymatic reaction of lipase substrate (DGGR) loaded on nano-particles and LipVes
loaded with lipase enzyme, and these polymersomes are encapsulated as subcompartments into a polymer GUV. Reprinted from ref. 107.
Copyright 2020, Wiley-VCH.
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candida antarctica lipase B (CalB). Finally, the resulting
hydroxy-functional profluorescent compound was oxidized by
alcohol dehydrogenase (ADH), which led to the formation of
a fluorescent product. The artificial organelles were composed
of intrinsically permeable PS-PIAT polymersomes. CalB and
ADH were encapsulated in these nanoreactors and these were
loaded together with PAMO and the reagents into micrometer-
sized PB-b-PEO polymersomes (Fig. 13a). The validity of the
three-enzyme cascade was first tested without the encapsulation
in the PB->-PEO polymersomes, with either all enzymes in
solution or with CalB and ADH enzymes encapsulated in PS-b-
PIAT nanoreactors (Fig. 13b). When CalB was replaced by
alcalase, a protease, the activity of the free three-enzyme
cascade was considerably decreased due to the proteolytic
effect of alcalase on the free enzymes. When alcalase was
encapsulated in PS-b-PIAT nanoreactors, the physical separa-
tion ensured a more efficient conversion (Fig. 13c).

In another example, Meier et al. created a self-assembled
vesicular multicompartment system in which complex signal
transduction was achieved via a cascade involving two different
types of artificial organelles.'” These systems contained struc-
turally different compartments, which were composed of
a polymeric membrane (giant unilamellar vesicle (GUV))
encapsulating artificial organelles consisting of a mixture of
PMOXA;-b-PDMSss-b-PMOXA; and PDMSgs-b-heparin copoly-
mers. The lipase substrate 1,2-Di-O-lauryl-rac-glycero-3-(glutaric
acid 6-methylresorufin ester) (DGGR) was incorporated in the
stimuli-responsive artificial organelle (NPGraft) based on the
graft copolymer (poly(2-methyl-2-oxazoline)gg-graft(SS)-poly(e-
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caprolactone),3s  (PMOXAgg-g(SS)-PCL,35), and the lipase
enzyme was entrapped in the secondary artificial organelles
(LipVes), then these two kinds of artificial organelles were
loaded into GUVs, which formed a stimuli-responsive multi-
compartment system. Fluorescence was not observed in a non-
reductive environment, but DGGR was released from the
subcompartment NP-graft under reductive conditions and
interacted freely with enzymes in LipVes forming the fluores-
cent product after adding the signalling molecule DTT to the
GUVs (Fig. 13d). The lipase reaction was successfully triggered
via the signal transduction between two types of artificial
organelles within a giant vesicle with multiple internal
subcompartments.

Enzyme-based polymersome bio-nanoreactors are poten-
tially useful for the treatment of specific diseases associated
with organelle defects.'*®*"* Recently, van Hest and coworkers
reported an assembly of a rudimentary multi-
compartmentalized structure by the spontaneous encapsula-
tion of poly(ethylene glycol)-b-poly(caprolactone-gradient-
trimethylene carbonate) (PEG-PCLgTMC) polymersomes
inside cell-sized protocells."*> The hierarchical self-assembly of
the protocells was achieved by membranization of coacervate
microdroplets with a tailor-made poly(glutamic acid) (PGA)
containing terpolymer PEG-PCLgTMC-PGA (Fig. 14a). Three
types of polymersome sub-organelles (via loading different
fluorescent proteins) were encapsulated and distributed evenly
inside the protocell. This demonstrated that the protocell
system allowed for the spatial organization of macromolecular
cargo (Fig. 14b). Moreover, the protocell membrane protected
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(a) Schematic representation of a hierarchical protocell. (b) Hierarchical protocell sequestering three kinds of proto-organelles loaded

with different fluorescently labelled proteins. (c) Bulk fluorescence emission spectroscopy of self-assembled systems. BSA is labelled with
fluorescent probes, which are quenched when BSA remains intact. Upon protease K (protK) activity fluorescence is observed. Encapsulation thus
protects BSA from hydrolysis. Reprinted from ref. 112. Copyright 2019, American Chemical Society.
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the sequestered FITC-BSA from degradation by the external
proteolytic enzyme (e.g. proteinase K) (Fig. 14c). Such ability of
spatial organization and protein protection represents an
important step forward towards the development of complex
artificial organelles and cells.

Stimuli-responsive artificial organelles (AOs) were also
applied in in vivo research.'™ Palivan et al. created PMOXA4-b-
PDMS,,-b-PMOXAs AOs with endogenous stimuli-triggered
enzymatic activity and used them as cellular implants in
zebrafish embryos (ZFE)."** Polymeric membranes with inserted
protein gates (OmpF porin) were responsive to changes in
glutathione (GSH) concentration in intracellular environments
and triggered the in situ HRP enzymatic reaction, while main-
taining the structural integrity of the nanocompartment
(Fig. 15a). To investigate the cellular internalization and intra-
cellular localization, HRP labelled with Atto488 (HRPAtto488)
and Atto647 (HRP-Atto647) was loaded into AOs with and
without OmpF, respectively (Fig. 15b). AOs did not co-locate
with lysosomes, indicating intracellular endosomal escape.
Notably, the permeability of AOs with OmpF was enhanced,
which allowed substrate to pass through the polymersome
membranes to be converted by HRP into a resorufin-like
product (RLP). They found that AOs with OmpF displayed
a significant increase in the intracellular fluorescence,
compared to AOs without OmpF. Moreover, they injected AOs
into ZFE and did not observe acute toxicity in vivo after 24 h.
Cellular internalization of AOs was successful in vivo into the
early immune system of ZFE, and AOs were able to remain intact
in ZFE macrophages due to the stable and robust polymeric
membrane (Fig. 15c¢).

In another work, Palivan and co-workers constructed micro-
scale bioinspired molecular factories (MFs) which were composed
of giant plasma membrane vesicles (GPMVs) with the same
membrane and cytosol environment as the cells and loaded with
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functional AOs, to mimic the architecture and functionality of
eukaryotic cells." Firstly, AOs based on PMOXA4-b-PDMS,,-b-
PMOXA, were prepared by the thin film rehydration method, then
they were preloaded into donor cells. A vesiculation buffer was
added to the cells after internalization of AOs to induce the
formation of GPMV. Induced by the vesiculation buffer, the
cytosol with the artificial cargos was transferred to the GPMV to
form the newly equipped-GPMVs (E-GPMVs). The membrane and
inner cavity of E-GPMVs were modified with CellTracker Deep Red
Dye (CDTR) and membrane protein LcK tyrosine kinase GFP (Lck-
GFP), which allowed specific localization of the artificial cargos.
PMOXA-b-PDMS,-b-PMOXA, polymersomes loaded with sulfo-
rhodamine B (SRB) solution were taken up by HepG2 cells, and
then transferred to the inner cavity of E-GPMVs inserted with Lck-
GFP to create a robust multicompartment cell-like architecture
(Fig. 16a). Amplex UltraRed as a nonfluorescent substrate was
encapsulated into GPMVs and HRP was encapsulated into poly-
mersomes with or without OmpF. The results showed that only
GPMVs with OmpF showed an increase in fluorescence (Fig. 16b
and c). The experiments with the ZFE model showed the MFs were
nontoxic and were able to function in vivo for a long time with
structural and functional integrity (Fig. 16d). This work presents
the feasibility of using MFs with complex composition as artificial
cell mimics in vivo, and open new perspectives for in vitro diag-
nostic and in vivo therapeutic solutions.

Compartments based on photoactivated giant polymer-
somes (GPs) are an attractive option for designing robust cell-
like systems with controlled molecular membrane trans-
port.'*® Recently, Cao et al. prepared GPs with photoactivated
membrane permeability, which served as active compartments
for engineering cell-like systems.'” A photo-transducer
composed of a photo-responsive spiropyran (SP) was inte-
grated into PB,,-b-PEO;, polymersome membranes to tune the
polymersome permeability. The polymersome permeability was

’Cysteine residues Enzymatic substrate
' .

OmpF-S-S-CF equipped HRP-
Atto488 polymersomes

. = Resazurin

(a) Schematic representation of modified OmpF acting as a gate in catalytic nanocompartments. (b) Molecular representation of the

OmpF-M cysteine mutant. (c) ZFE biodistribution in vivo and activity of AOs (lateral view of the ZFE crosssection). Blue: ZFE melanocytes. Green:
HRP-Atto488. Red: RZLP. Reprinted from ref. 114. Copyright 2018, Nature Publishing Group.
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Fig. 16 (a) Schematic representation of the formation of molecular factories (MFs). (b) Left: Schematic representation of MFs containing AOs with
OmpF. Right: Relative fluorescence intensity recordings of MFs containing AOs with OmpF. (c) Left: Schematic representation of MFs containing
AOs without OmpF. Right: Relative fluorescence intensity recordings of MFs containing AOs without OmpF. (d) Schematic representation of ZFE
injection and imaging. Reprinted from ref. 115. Copyright 2020, Wiley-VCH.
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increased by the photoisomerization of SP, which allowed small
modules to pass through the polymeric membrane while
macromolecular cargo was retained in the compartments
(Fig. 17a). B-Galactosidase (B-gal) was encapsulated into SP-GPs
by the double emulsion method to construct light-activated
microreactors. The microreactors were placed in a solution
containing the non-fluorescent substrate B-gal-FITC. They
found that fluorescence intensity at 520 nm gradually increased
after 20 s (Fig. 17b and c). Additionally, artificial cells con-
structed using SP-GPs were used to mimic cell-like co-
localization of biomolecules in biomolecular condensates,
which served as membrane-less compartments to concentrate
biomolecules (Fig. 17d). These interesting findings in this study
demonstrated that polymeric compartments can construct
dynamic systems which exhibit excellent biomimetic utility.

Permeable polymersomes are used as artificial compart-
ments to simulate the functions of natural organelles due to
their ability to encapsulate and selectively transport molecules.
This is well illustrated in the examples given in this review.
However, more efforts are needed to study how to assemble
multiple types and functions of permeable polymersomes into
more complex artificial organelle systems and integrate them
with natural biological entities. These issues need to be further
addressed to promote the development of permeable polymer-
somes in the field of artificial organelles.

Polymersomes in nanomedicine

Polymersomes can be utilized as nanovectors to deliver drugs to
the target site safely and accurately.*®'** Unfortunately, in most
cases, the burst release due to the structural disruption of
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polymersomes may result in a diminished treatment effect.®*
Therefore, it would be beneficial to develop permeable poly-
mersomes to achieve “on-demand” drug release by regulating
the permeability of polymersomes while maintaining their
structural stability."*°

Using a photo-triggered cross-linking reaction, Ju and
coworkers fabricated a biomimetic polymersome, which ach-
ieved sustained drug release for a certain period under NIR
light. The amphiphilic block copolymer P(OEGMA-co-EOS)-b-
PNBOC (POPN), was synthesized from the hydrophobic
monomer 2-nitrobenzyloxycarbonylaminoethylmethacrylate
(NBOC) and the hydrophilic monomers oligo(ethylene glycol)
monomethyl ether methacrylate (OEGMA) and the methacry-
late derivative of eosin Y, and was assembled into spherical
polymersomes (Fig. 18a)."** Upon NIR irradiation, the primary
amine was uncaged in PNBOC, which cross-linked to neigh-
boring ester groups through an amidation reaction. This
resulted in a hydrophobic-to-hydrophilic transition of the
building blocks and increased polymersome permeability
(Fig. 18b). They encapsulated the hypoxia-activated prodrug
AQ4N and upconversion nanoparticles (PEG-UCNP) into the
polymersome and tracked the change of drug release before
and after NIR irradiation. They found that the polymersomes
were impermeable in the absence of NIR irradiation. However,
the polymersome permeability was highly improved and the
encapsulated AQ4N diffused across the polymersome
membrane under NIR light irradiation (Fig. 18c). Moreover,
the permeability of the polymersome could be adjusted by the
NIR irradiation time, resulting in a controlled release rate of
AQA4N.
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(a) Structure and composition of the amphiphilic diblock copolymer poly(oligo(ethylene glycol) monomethyl ether methacrylate-co-

eosin Y)-block-poly(2-nitrobenzyloxycarbonylaminoethylmethacrylate) (P(OEGMA-co-EOS)-b-PNBOC) (POPN) and the hypoxia-activated
prodrug/PEG ligand (AQ4N/PEG-UCNPs) polymersome assembly. (b) Optical transmission of the PEG-UCNPs polymersomes, depending on the
time of NIR irradiation (in the presence of NIR (+)) and in the absence of (NIR (—)) irradiation. (c) Schematic representation of continuous release
of the hydrophilic agent AQ4N in the polymersomes after NIR irradiation. Reprinted from ref. 121. Copyright 2021, American Chemical Society.
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Lecommandoux et al  prepared polymersomes-in-
polymersomes structures (PiPs, also referred to as vesosomes),
which were obtained by the self-assembly of amphiphilic block
copolymers in aqueous solution via free-energy minimiza-
tion.” The inner polymersomes were formed from poly(tri-
methylene carbonate)-b-poly(L-glutamic acid) (PTMC-b-PGA) by
nanoprecipitation. Then a suspension of these polymersomes
was loaded into larger PB-b-PEO polymersomes by emulsion-
centrifugation, resulting in giant polymeric vesosomes con-
taining multiple compartments (Fig. 19a). The specific process
was divided into three steps: a small part of polymersome
suspension containing PTMC-b-PGA was poured onto the
interface between toluene and 380 mOsm glucose aqueous
solution, and PB-b-PEO copolymers were dissolved in toluene to
stabilize the emulsion droplets at the interface. Finally, these
droplets passed through the interface by centrifugal forced and
were packaged by PB-b-PEO polymersomes, causing forming
polymer vesosomes. The release curve of DOX as a model drug
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Fig. 19 (a) Schematic representation of the emulsion-centrifugation
process producing giant polymer vesosomes. The droplets containing
poly(trimethylene carbonate)-block-poly(L-glutamic acid) (PTMC-b-
PGA) which were poured onto the interface between toluene and 380
mOsm glucose aqueous solution passed through the interface by
centrifugal forced and were packaged by PB-b-PEO polymersomes in
toluene. (b) The plot of in vitro DOX release (weight%), (I) free DOX at
37 °C, (ll) nano-DOX at 37 °C, (Ill) veso-DOX at 37 °C, (IV) nano-DOX at
20 °C and (V) veso-DOX at 20 °C. Reprinted from ref. 122. Copyright
2012, Wiley-VCH.
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proved that PiPs significantly reduced the release rate of the
anticancer drug DOX when encapsulated in the inner poly-
mersomes. The release rate of DOX loaded in PTMC-b-PGA
polymersomes (nano-DOX) was about twice that of polymer
vesosomes loaded with nano-DOX as inner polymersomes (veso-
DOX) (Fig. 19b). The polymersome-in-polymersome structures
with slower membrane diffusion open up a new avenue for
controlled drug release.

Gu et al. demonstrated that the photocleavage reaction of o-
nitrobenzyl groups in photo-responsive polymersomes consist-
ing of poly(N,N-dimethylacrylamide);y-b-poly(o-nitrobenzyl
acrylate)y; (PDMAz(-b-PNBA,,) induced the dissociation of pol-
ymersomes and gave rise to the co-release of both hydrophilic
and hydrophobic drugs encapsulated inside the polymersomes
(Fig. 20a)."** They co-loaded hydrophilic drug DOX and hydro-
phobic Nile red (NR) into polymersomes and tracked the release
of both cargoes. They found that the fluorescence intensity of
NR did not change in the absence of UV irradiation but
decreased sharply upon UV irradiation (Fig. 20b and c). As
shown in Fig. 20d, only a small amount of DOX was released
from polymersomes in the absence of UV irradiation, while the
release rate of DOX was significantly increased over time in the
presence of UV irradiation. This suggests that the dissociation
of polymersomes led to the photo-controlled release of both
hydrophilic and hydrophobic cargoes.

Polymersomes with SP are capable of converting into MC
polymersomes upon UV irradiation, and this transition can
reversibly regulate the polymeric membranes from imperme-
able to permeable (Fig. 21a).?” A hydrophilic anticancer drug, 2"
deoxy-5-fluorouridine (5-dFu) was encapsulated into the poly-
mersome aqueous lumen, and the release behavior of 5-dFu
from polymersomes was monitored by UV-vis spectroscopy.
Over 90% of 5-dFu was released from MC polymersomes after
8 h UV irradiation, while the released 5-dFu from SP polymer-
somes was less than 10%. Under dark conditions, MC poly-
mersomes reverted to SP polymersomes and the release of drugs
could be actuated by short UV irradiation (Fig. 21b). Effective
release of 5-dFu was observed when SP polymersomes were
converted to MC polymersomes upon UV light irradiation, while
the release of 5-dFu was almost prohibited upon visible light
irradiation (Fig. 21c). Thus, on-demand and switchable release
of drugs from polymersomes was obtained via alternate UV/vis
light irradiation.

Recent studies have demonstrated that polymersome nano-
reactors are emerging as a powerful vehicle to be utilized in the
biomedical field.”**"*® For example, enzyme-loaded polymer-
some nanoreactors are able to convert model prodrugs into
active drugs in situ for tumor therapy. For instance, semi-
permeable, biodegradable and biocompatible nanoreactors
with effective cellular integration have been coined artificial
organelles with therapeutic potential in vitro. Van Hest et al.
developed semi-permeable polymersomes containing PEG-
PCLgTMC block copolymers. The polymersomes were
prepared via a direct hydration methodology which facilitated
molecular encapsulation and avoided the use of an organic
solvent (Fig. 22a)."** The surface of the polymersomes was
decorated with cell-penetrating peptides (CPPs), which can

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 20 (a) Schematic representation of poly(N,N’-dimethylacrylamide)-block-poly(o-nitrobenzyl acrylate) (PDMA-b-PNBA) polymersomes for
the release of drugs. (b) NR release spectra without UV irradiation. (c) NR emission spectra under UV irradiation. (d) DOX release upon UV
irradiation at different times. Reprinted from ref. 123. Copyright 2020, Multidisciplinary Digital Publishing Institute.

effectively promote cellular uptake of the nano-reactor. Their influenced the cell uptake of polymersome nanoreactors. Flow
studies showed that TAT, a CPP derived from human immu- cytometry revealed that peptide-modified polymersomes dis-
nodeficiency virus (HIV), and the cyclic variant of TAT (cTAT) played a higher cell uptake efficiency compared with
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Fig. 21 (a) Schematic representation of SP-to-MC photochromic transition. (SP-to-MC: the transition from impermeable SP polymersomes to
permeable MC polymersomes. SP: Spiropyran. MC: Zwitterionic merocyanine.) (b) The release of 5-dFu from SP and MC polymersomes upon UV
irradiation. (c) Ladder-type controlled release profiles of 5-dFu from polymersomes under alternated UV-vis light irradiation. Reprinted from ref.
87. Copyright 2015, American Chemical Society.
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Copyright 2018, American Chemical Society.

unmodified polymersomes. In addition, cellular uptake of
cTAT-modified polymersomes was higher than TAT-modified
polymersomes when the % cell-penetrating peptide was up to
5% (Fig. 22b). Next, they assessed the function of polymersome
nanoreactors in vitro by catalytic decomposition of reactive
oxygen species. Catalase was encapsulated inside the TAT-
polymersomes, to obtain an antioxidant nanoreactor (AON).
To examine the ROS-shielding ability of those AONs, cells were
pulse-treated with the specified concentration of AONs followed
by washing and subjecting to an external H,0,. The crystal
violet analysis showed that AONs containing catalase could
protect the cell against the deleterious consequence of external
H,0, (Fig. 22¢). In addition, AONs also displayed a shielding
effect in human-complex-I-deficient fibroblasts against the
detrimental effects of H,0,, highlighting their therapeutic
potential in bio-relevant applications.

Kataoka et al. prepared semipermeable and enzyme-loaded
polyion complex vesicles (PICsomes) by a facile vortex and

7432 | Chem. Sci, 2023, 14, 7411-7437

self-assembly method.'” PEG-based aniomers (PEG-b-PAsp),
catiomers (homo-P(Asp-AP)), and B-gal were simply mixed
together to obtain B-gal-loaded PICsomes (B-gal@PICsomes)
with a diameter of 100 nm (Fig. 23a). B-gal@Cy5-PICsomes and
B-gal were intravenously injected into the tail vein of mice
bearing C26 tumors and a model prodrug HMDER-B-gal was
given after 96 h. The results showed that only tumor tissue of
mice treated with B-gal@Cy5-PICsomes showed significant
fluorescence corresponding to HMDER due to the delivery of B-
gal by the PICsomes and the in situ catalytic conversion of
HMDER-B-gal into HMDER. Free B-gal was cleared quickly in
vivo compared to B-gal@Cy5-PICsomes. Almost no HMDER
fluorescence was observed when HMDER-B-Gal was injected
into the mice in the absence of enzyme (Fig. 23b). Ex vivo
fluorescence imaging demonstrated that the HMDER fluores-
cence in major organs (liver, lung, spleen, kidney) was negli-
gible, which indicated that most of the HMDER fluorescence
was observed from tumor tissue (Fig. 23c).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Ding et al. reported the construction of polypeptide vesicles
self-assembled from cholesterol-decorated methoxy poly(-
ethylene glycol)-poly(r-cysteine) (mPEG-PLCC) copolymers, and
their membrane permeability was well controlled upon a ROS-
induced secondary conformational change.** The mPEG-PLCC
polymersome nanoreactors were prepared by encapsulating
glucose oxidase (GOD), and the presence of glucose triggered
the insulin secretion in vivo. (Fig. 24a). The enzyme and FITC-
labelled insulin (FITC-insulin) were loaded in the polymer-
somes (E + I@MPEG-PLCC group), which were subsequently
injected into streptozotocin (STZ)-induced type 1 diabetic and
healthy mice. The results showed that free FITC-insulin was
cleared quickly and became undetectable after 24 h, while
insulin-loaded polymersomes were slower to be cleared and
showed stronger fluorescence spreading in the mice after 24 h.
Furthermore, the insulin release from polymersomes when
exposed to a higher level of glucose in diabetic mice resulted in
faster clearance of glucose by the E + I@QMPEG-PLCC group
from diabetic mice than that from healthy mice. Subsequently,
an equivalent amount of free insulin, and E + I@MPEG-PLCC

© 2023 The Author(s). Published by the Royal Society of Chemistry

were injected into diabetic mice, which decreased blood
glucose levels quickly within 1 h. There was however no control
of blood glucose level in the free insulin group after 1 h, while
the blood glucose levels of the E + I@QMPEG-PLCC group were
kept in a normoglycemic range for 4 h (Fig. 24b). An enzyme-
linked immunosorbent assay (ELISA) indicated that mice
injected with E + I@MPEG-PLCC showed a consistently higher
plasma insulin level than the mice injected with free insulin.
This demonstrated polymersome-based vehicles displayed
a longer circulation, which is beneficial for long-term control of
blood glucose levels (Fig. 24c).

Permeable polymersomes can protect bio-active species and
drugs from degradation, achieve precise release, and increase
their bioavailability, thereby improving therapeutic efficacy and
reducing side effects. However, some challenges need to be
addressed. For example, the biocompatibility of permeable
polymersomes needs to be optimized for clinical applications.
In addition, how to improve the cellular uptake of polymer-
somes to enhance their therapeutic effect is still an urgent issue
to be addressed.

Chem. Sci., 2023, 14, 7411-7437 | 7433
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Conclusion and outlook

Compartmentalization inside living systems allows a high
degree of control over a range of complex biological processes
via various chemical/enzymatic networks. This has inspired
scientists to create synthetic analogues that mimic biological
complexity to yield desirable functions. The past decades have
witnessed great progress in utilizing polymersomes as a facile
platform for the engineering of biomimetic
compartments. The development of functional polymersomes
requires a multi-interdisciplinary approach, which integrates
synthesis, self-assembly, catalysis, nanoscience, and medicine
to provide novel functionalities.

In this review, we have summarized various strategies for the
formation of permeable polymersomes, such as utilizing

nano-

7434 | Chem. Sci, 2023, 14, 74M-7437

specific amphiphilic copolymers (PEG-b-PLA, PMOXA-b-
PDMSPMI, PS-b-PIAT), inserting transmembrane proteins in
the polymersome membranes, and developing stimuli-
responsive polymers. These approaches to engineering perme-
able polymersomes enable membrane permeability control
while also allowing maintaining their structural integrity. We
also discussed the application of permeable polymersomes as
nanoreactors, biomimetic artificial organelles, and drug-
delivery vehicles. The recent promising applications of perme-
able polymersomes in in vivo biomedical applications are
highlighted.

Although exciting progress has been made in the field of
permeable polymersomes and numerous applications, specifi-
cally in the fields of nanomedicine and artificial organelle
research, have been shown, challenges still exist in the
construction of functional permeable polymersomes (Fig. 25).
Firstly, increasing attentions should be paid to the biocompat-
ibility of the degradation products of these building blocks,
which would be a key aspect governing the success to apply
polymersomes as drug delivery systems. To meet the funda-
mental criteria for in vivo application, the degradation products
of polymersomes must not have cytotoxicity or cause immune
responses, inflammations and carcinogenesis. In principle, the
use of biodegradable components for the construction of
permeable polymersomes should be ubiquitously considered
due to the need for biocompatibility. For instance, PLA and
PLGA are commonly used to fabricate non-ionic polymersomes

© 2023 The Author(s). Published by the Royal Society of Chemistry
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because of their good biocompatibility and degradability.
PEGylation is often incorporated into charged polymersomes,
where PEG can cover the positively charged surface thus
improving the biocompatibility and overcoming toxicity issues.
More in vitro and in vivo experiments are needed to evaluate the
safety and efficacy of permeable polymersomes. Secondly, the
incompatibility of reaction cascades with selective mass trans-
port across the polymersome membranes is still a substantial
challenge. The reaction cascade requires multiple transfers
between the inside and outside of polymersomes, and the
uncontrolled interactions and interferences in these processes
may affect the structure and performance of polymersomes. In
this regard, the selective mass transfer on the polymersome
membranes needs to be carried out in different chemical
environments. Furthermore, the low encapsulation efficiency of
bioactive species hinders their utility as more effective nano-
reactors. Most importantly, the mechanism of permeable poly-
mersomes as polymer nanomedicine and artificial organelles
when implanted in complex in vivo microenvironments has not
been fully understood and investigated, which can also be
considered an important task for future researchers.
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