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Recent advances in permeable polymersomes:

i") Check for updates‘
fabrication, responsiveness, and applications

Cite this: Chem. Sci., 2023, 14, 7411

Yanyan Zhu,1? Shoupeng Cao, & +° Meng Huo, & *¢ Jan C. M. van Hest & *¢
and Hailong Che & *2

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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responsive polymersomes. Then, we highlight the applications of permeable polymersomes in the fields
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Open Access Article. Published on 21 2023. Downloaded on 5/20/2026 2:17:25 PM.

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

(cc)

rsc.li/chemical-science

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
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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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“Hy CH,

N, N poly(dimethylsiloxane)-block-(2-methyl-2-oxazoline) ~ PMOXA
0.
\L/\O/}"
® & Polyethyleneoxide-block-polyethylethylene PEO-PEE
[}
,{/ OV\I\O‘PK( 0\”)\0/]' " Poly(ethylene glycol)-block-poly(lactic acid) PEG-b-PLA
m n
o
o
Poly(ethylene glycol)-block-poly(e-caprolactone) PEG-b-PCL
~ OMO O\lhﬂ
/tBu
N
|
! 1] 'n ¥ o m Polystyrene-block-poly(r-isocyanoalanine (2-thiophen-
o, N 1 ysty poylirisocy PREN™ ps p-praT
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e
S

/)
Poly(ethylene glycol)-block-poly(styrene) PEG-b-PS
o 0
Br " \/{/\0/\]:/ ~
o

Poly(ethylene oxide)-block-poly[2-(diethylamino)ethyl

methacrylate-stat-3-(trimethoxysilyl)propyl TMSPMA)
N methacrylate]
.,
\0/ ;O/

Q . IR E]

e Poly(ethylene glycol)-block-poly[(2-(piperidin-1-yl)ethyl PEG-b-P(PEMA-co-
methacrylate)-co-(7-(3-methacryloyloxyethoxy)-4-

: CMA)

methylcoumarin)]
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Cationic ring

PMOXA-b-PDMS-b- opening living

polymerization
(CROP)

Anionic

polymerization (AP)

Ring opening
polymerization
(ROP)

ROP

Atom transfer radical
polymerization
(ATRP)

ATRP

ATRP

Reversible addition-
fragmentation chain
transfer (RAFT)
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Table 1 (Contd.)
Polymerization
Polymer structures Names Abbreviations method
(o]
P
moO’ n
o
o
ON 8 Poly(ethylene oxide)-block-PSPA, (SPA is spiropyran-
2 NH based monomer containing a unique carbamate PEO-b-PSPA RAFT
Oﬁ/ linkage)
(0}
\_/° S
N
0\[\/\ /],H
n 0" lm . .
Poly(ethylene oxide)-block-poly(butadiene) PEO-b-PB AP
o
0 Br
,[/ \/\l:o " !
o
o
" ly(ethylene oxide)-block-poly(o-azidomethyl benzoyl
Poly(ethylene oxide)-block-poly(o-azidomethyl benzoy! PEO-b-PAGMA RAFT
glycerol methacrylate)
o
o
N3
Poly[N-isopropyl acrylamide]-co-poly[N-(2- P(NIPAM-co- RAFT
aminophenyl)methacrylamide] NAPMA)
Poly[N-isopropyl acrylamide]-co-2-[3-(2-aminophenyl) P(NIPAM-co- RAFT
- ureido)ethyl methacrylate] APUEMA)
o
CIHH,N
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Polymerization
Polymer structures Names Abbreviations method
(0]
0 Br
e B¢
[} 1
HN Poly(eth'ylene glycol)-block-poly(N-amidino)dodecyl PEG-B-PAD RAFT
acrylamide
N
12 \
)\NH
[
H
\04/\/0.}"‘\/\?{ »‘?/N\L\
S
NH
0=§
PEG-PLCC ROP

% Methoxy poly(ethylene glycol)-poly(r-cysteine)

o

o Br
\0,{/\/ 1\/\0 il
Poly(ethylene glycol)-block-poly(styrene boronic acid) PEG-b-PSBA ATRP

Poly(N-isopropylacrylamide)-block-poly[2-
(diethylamino)ethyl methacrylate-co-2-hydroxy-4-
(methacryloyloxy)benzophenone]-block-poly(N-
isopropylacrylamide)
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PNIPAM-b-
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Table 1 (Contd.)
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
trimethylene carbonate)
Poly(oligo(ethylene glycol)monomethyl' ether P(OEGMA-co-EOS)-
methacrylate-co-eosin Y)-block-poly(2-nitrobenzy ATRP
. b-PNBOC
loxycarbonylaminoethylmethacrylat)
Po'ly(trlmethylene carbonate)-block-poly(L-glutamic PTMC-B-PGA ROP
acid)
/ Pf)ly(N,N’ -dimethylacrylamide)-block-poly(o- PDMA-5-PNBA RAFT
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
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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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Fig. 5 (a) DASA-functionalized visible light-responsive nanoreactors.
Reprinted from ref. 62. Copyright 2018, American Chemical Society.
(b) Amphiphilic poly(ethylene oxide)-block-poly(spiropyran) (PEO-b-
PSPA) diblock copolymers self-assemble into polymersomes with
hydrophobic bilayers containing carbamate-based hydrogen bonding
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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Fig. 6 (a) Schematic representation of UV-responsive nanoreactors.
(b) HRP activity test. (I-1ll) HRP-filled polymersomes before photore-
action with 2-hydroxy-4'-2-(hydroxyethoxy)-2-methyl-
propiophenone (PP-OH) and (IV-VII) after photoreaction with PP-OH.
(IV) A-PMOXA-b-PDMS-b-PMOXA-A-HRP-PP-OH. (V) PMOXA-b-
PDMS-b-PMOXA-HRP-PP-OH. 