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Abstract

Self-assembly of amphiphilic block copolymers into polymersomes continues to be a hot topic in modern research on biomi-
metics. Their well-known and valued mechanical strength can be increased even further if they are cross-linked. These additional
bonds prevent a collapse or disassembly of the polymersomes and open the way towards smart nanoreactors. A variety of
chemistries have been applied to obtain the desired cross-linked polymersomes, and therefore, the chemical approaches per-
formed over time will be highlighted in this mini-review. Due to the large number of studies, a selected set of photo-cross-linked
and pH-sensitive polymersomes will be specifically highlighted. This system has proven to be a very potent candidate for the
formation of nanoreactors and drug delivery systems, and even for the formation of functional multicompartment cell mimics.
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Introduction

Self-assembly of amphiphilic block copolymers into nanopar-
ticles continues to be of great interest among chemists and
biologists [1-3]. Nanoparticles that are around 20-200 nm
in size have advantages in overcoming cellular barriers; hence,
they are more easily internalized into cells, which explains the
large focus on smaller polymeric self-assemblies in the scien-
tific community [4-6]. Among them, the so-called
polymersomes, polymeric analogues of liposomes, attracted
great attention due to their higher mechanical and chemical
stability over liposomes. Polymersomes are also of interest
due to the ability to transport or host different kinds of
bio(macro)molecules. Polymersomes host hydrophilic mole-
cules in their aqueous lumen and hydrophobic molecules
within the membrane enclosing them [7, 8].

Polymersomes can be oriented towards different fields in bio-
medicine as they have been designed and multifunctionalized
using different strategies according to the desired application.
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For instance, the decoration of the polymersome surface with
targeting moieties allows their specific uptake by different cell
lines. In order to apply polymersomes as therapeutic artificial
organelles, drugs or functional enzymes are encapsulated in the
vesicles, which are then delivered to the cellular environment.
This is a promising strategy to increase intracellular enzyme
activity, to replace malfunctioning proteins or even treat a disease
(Fig. 1) [9-13]. Moreover, large variety of stimuli-responsive
polymers have been designed, a class of “smart” polymers that
can sense minimal changes in the environment (pH, light, tem-
perature, enzymes, redox agents, ions, gas, mechanical force or
electrochemistry) leading to physical or chemical structural
changes in the final polymersome [12, 14-25]. These kinds of
polymersomes receive internal or external stimuli to control the
capture and release of drugs and chemicals and for the perfor-
mance of enzymatic reactions. Also, self-regulated
polymersomes have been constructed recently that show tempo-
rally programmable biocatalysis induced by a chemical fuel or
systems even with autonomous movement using a biocompati-
ble fuel [14, 20, 26-28]. Going a step further, multicompartment
vesicles have been produced to mimic the complexity of cells
even better. Due to their cell-mimicking nature, such systems are
called “protocells”. The integration of molecularly crowded
micro-environments into membrane-enclosed protocell models
represents a step towards more realistic representations of cellular
structure and organization (Fig. 1) [9-12, 19].
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Fig. 1 Scheme representation for the polymersome nanoreactors and their applications as therapeutic artificial organelles or protocells

For nanoreactors hosting an active catalyst, membrane per-
meability plays an important role with regard to the applica-
bility of the polymersomes. They should retain the catalytical-
ly active species, e.g. enzymes, inside and let only small mol-
ecules permeate through the membrane. Appropriate ap-
proaches hence need to create membranes with controllable
permeability to gate the diffusion of substrates and products
across the bilayer. In the past decade, significant efforts have
been made to development this kind of polymersomes
[29-31]. That includes the use of slightly hydrophilic poly-
mers as the hydrophobic part, inclusion of transmembrane
proteins as pores [32, 33] and also the use of directional or
specific transporters like proteorhodopsin or gramicidin [24,
34-36]. In order to control permeability in case of unspecific
pores, a responsive cover can be attached to the transmem-
brane protein (e.g. OmpF) [37].

In order to increase the mechanical stability even further
and to increase the options for membrane permeability, the
possibility of cross-linking the membrane has become a viable
option. Such polymeric vesicles, besides being robust and
presenting high stability due to their cross-linking, present
the ability to encapsulate active enzymatic species which
makes them well suited as biocatalytic nanoreactors [1,
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14-19, 38]. In this mini-review, we will focus on such cross-
linked polymersomes with a strong focus on the chemistry of
the cross-linking which is an essential feature but often con-
sidered a minor detail and mentioned only in the supporting
information. We will cover the used chemistry from historical
milestones up to the most outstanding current pathways in an
effort to compare the methods between each other. The chem-
istries of cross-linking will be discussed with a focus on the
reaction conditions (time and temperature) as these values are
reported in most examples. How cross-linking was proven in
each of these systems will be discussed as well. The specific
approaches to proof cross-linking do vary greatly, and we will
show the large variety of analytical tools that can be used for
this purpose. Starting with UV-aided radical cross-linking, we
will then go to more mild reactions including methods that do
not require an external reagent or an external initiator. A meth-
od to cross-link the hydrophilic layer of the vesicles will be
shown as well.

Following this overview, we will highlight the systematic
design and various functionalizations which could be
achieved with the photo-cross-linked pH-sensitive
polymersomes reported by the group of Appelhans and Voit.
This research group has combined the stability of its cross-
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linked polymersomes with pH responsiveness, being able to
generate on-off states for enzymatic reactions by obtaining
temporally controlled, cyclic and adaptive membrane
responsiveness.

Historic milestones

Cross-linking has been introduced to polymersomes shortly
after they were invented. Discher et al. used a PEO,4s-b-PBss
(long names see Table 1) block copolymer to introduce cross-
linking by radical polymerization of the residual double bonds
of PB (Fig. 2 top) [39, 40]. Adding potassium peroxodisulfate
to the formed polymersomes allowed for a radical polymeri-
zation within the membrane after the vesicles had been
formed. Cross-linking temperature or time has not been men-
tioned. These vesicles then retained their shape in a good
solvent for the block copolymer, here chloroform, and did
not dissolve or lose any of the encapsulated sucrose solution.
A transfer back to water again yielded an unchanged
polymersome. Transferring the cross-linked polymersome to
air yielded deflated vesicles, which rehydrated completely in
water. The cross-linking efficiency has been calculated to be

between 30 and 75% and the authors noted that a complete
cross-linking was not necessary as long as the gel point has
been reached. As soon as no free polymer chain was still
present, the polymersome was viewed as cross-linked [39].
Following these first efforts, the next important milestone
was reached by Armes et al., who combined cross-linking
with an additional functionality [41]. By using a PEO,s-b-
PDEA4o--PTMSPMA 4 (long names see Table 1) polymer,
pH sensitivity was introduced by PDEA and PTMSPMA en-
sured cross-linking of the membrane (Fig. 2 bottom). The
effort was remarkable since cross-linking happened in situ
during vesicle formation and did not require any additional
chemical or external activation. Hydrolysis of the siloxane
bonds led to a cross-linked membrane, which had been brand-
ed as “self-cross-linking”. The reaction was facilitated by
amines; the presence of PDEA thus self-catalysed the reaction.
Although the reaction continued for more than 200 h at room
temperature (RT), cross-linking was reached within a few
hours. Without PDEA in the polymer, cross-linking was
reached only after 1 month. Similar to the first cross-linked
vesicles, efficient cross-linking was achieved after converting
30-35% of the functional groups. If a large portion of cross-
linker was used, i.e. a 1:1 ratio of PDEA and PTMSPMA, the

Table 1 Long names and

acronyms of all polymers Polymer Acronym(s)

mentioned in this mini-review
Poly(ethylene oxide) PEO (=PEG)
Poly(propylene oxide) PPO
Poly(butadiene) PB
Poly(diethylaminoethylmethacrylate) PDEA
Poly(trimethylsiloxylpropylmethacrylate) PTMSPMA
Poly(vinylsilyl-random-dimethyl)siloxane PVSDM
Poly(2-hydroxyethyl-co-2-methacryloxyethyl-co-octadecyl aspartamide) PHEA-MA
Poly(trimethylcarbonate) P(TMC)
Poly(coumarin-functionalized cyclic carbonate) PMUM)
Poly(isoprene) PI
Poly(glycerol monomethacrylate) PGMA
Poly(hydroxypropyl methacrylate) PHPMA
Poly(glycidyl methacrylate) PGIlyMA
Poly(caprolactone) PCL
Poly(N-isopropyl-acrylamide) PNIPAAmM
Poly(N-aminopropoyl-methacrylamide) PNAPMAm
Poly(N-aminopropoyl-methacrylamide, Ru(bpy); functionalized) PNAPMAmRu(bpy)
Poly(N-aminopropoyl-methacrylamide, methacryl functionalized) PNAPMAmMMA
Poly(dimethylmaleinimidobutylmethacrylate) PDMIBM
Poly(dimethylmaleinimidohexylmethacrylate) PDMIHM
Poly(allylamine) PAH
{3-cyclodextrin-modified poly(methacrylate) acid; PMA(B-CD)
Poly(N-isopropyl acrylamide)-block-poly(methacrylic acid-co-3,4 dimethyl maleic PNMD

imidobutyl methacrylate)

PEG-modified polymethacrylate acid) PMA(PEG)
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Fig. 2 Top: PEO-b-PB was cross-linked by adding the radical starter
potassium peroxodisulfate. Bottom: PEO-b-PDEA--PTMSPMA was
cross-linked by hydrolysis of the siloxane bonds, creating Si—-O-Si

polymersomes retained their size in acidic conditions, a good
solvent for the block-copolymer. Lowering the amount of
cross-linker to reach a 3:1 ratio of PDEA and PTMSPMA
(i.e. PEO4s5-b-PDEA4--PTMSPMA,) led to vesicles with
a defined swelling in acidic media as the positive charges from
the protonated PDEA repelled each other and were not held
back by a dense cross-linking. Fluorescence studies then indi-
cated a permeable membrane in the swollen state [41].

Modern cross-linking of polymersomes

Following the early works of Discher et al. [39], radical cross-
liking was also used in more recent examples of cross-linked
polymersomes. Kim et al. used a (PEO;,)3-b-PVS;33DM 46
(long names see Table 1) block copolymer, which partially
contained double bonds in the siloxane side chains (Fig. 3
top) [42]. After self-assembly, the resulting giant vesicles
were treated with the photoinitiator for radical polymeriza-
tions 2-hydroxy-4'-(2-hydroxyethoxy),-
methylpropiophenone (Irgacure 2959), which lead to cross-
linking. The double bonds of the vinylic side groups polymer-
ized, leading to stabilized, cross-linked vesicles (Fig. 3 top). In
contrast to an initiation via peroxodisulfate, photoinitiation
had the great advantage of working at room temperature and
that the hydrophobic initiator could be allowed to diffuse into
the membrane. Cross-linking was finished after 5 h of irradi-
ation at RT and proven by transfer of the polymersomes to
THF, where they remained stable. An increased mechanical
stability was found as extrusion through a 0.2-pm filter did not
alter the size of cross-linked polymersomes, while non-cross-
linked ones reduced their size over the process. Similarly,
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cross-linked polymersomes did not lose cargo during extru-
sion, while their non-cross-linked counterparts did. Measuring
the E-modules of the giant polymersomes revealed an increase
from 18.7 mN/m to 224.1 mN/m through cross-linking, re-
sembling a twelvefold increase.

Radical photo-cross-linking facilitated by using Irgacure
2959 was also used by Kong et al. to cross-link polymersomes
from PHEA-MA (long names see Table 1) (Fig. 3 bottom)
[43]. Cross-linking occurred at RT for an unreported time.
Despite their naming, these vesicles were not traditional
polymersomes since the polyamide backbone showed a ran-
dom substitution with hydrophilic hydroxyethyl and hydro-
phobic octadecyl and ethyl methacrylate units. However, the
polymer self-assembled into vesicles and UV-light started the
cross-linking by polymerizing the methacrylate units. Again,
cross-linking was shown to reduce the leakage of cargo from
the vesicles. The hydroxyl group from the hydrophilic part of
the polymer was then used to conjugate a fluorescent probe to
the polymer in order to track them inside a mouse body. These
vesicles were studied towards cancer treatment where a re-
duced leakage of cargo was shown to be advantageous.

Denkova et al. cross-linked polymersomes without adding
any reagent, but applied harsh, yet effective gamma radiation.
These polymersomes were made from a similar polymer as
Discher et al. used, namely PEO,;-b-PB33 but with different
block lengths as compared with the original publication
(structure of the repeating units in Fig. 2) [39, 44]. Gamma
radiation caused the formation of radicals, which then started
the cross-linking reaction within the membrane of the
polymersome. The authors noted that very harsh radiation of
59 kGy over 40 h at RT was the minimal amount to reach
cross-linking and also led to a decrease in the hydrodynamic
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Fig. 3 Top: Radical cross-linking using Irgacure 2959 leads to a poly-
merization of vinylic side chains of the polysiloxane. Bottom: polymer-
ization of the methacrylic side chain of the corresponding polymers. The

diameter compared with non-cross-linked polymersomes.
This is notable since cross-linking did not change the hydro-
dynamic diameter of polymersomes in the reports discussed
so far. Cross-linking was proven by immersing the
polymersomes into THF, which did not disassemble the
cross-linked vesicles as it did with non-cross-linked ones. In
contrast to the reports discussed so far, the polymersomes did
swell in THF, so the cross-linking was not as dense as for
those of Discher et al. Although this approach is arguably
not feasible for any biological application, including the use
of enzymes, it proved to be effective in this instance.
Cross-linking just by irradiation and without the addition of
chemicals could also be achieved using UV light as a less
harsh irradiation. Amsden et al. used it to cross-link
cinnamoyl residues in their polymersomes made from
PEO,7-b-P(TMC3--MUMg 5) (long names see Table 1)
(Fig. 4 top) [45]. Applying a wavelength of 365 nm for
10 min at RT, the cinnamoyl residues cross-linked by forming

Cross-linking through
the formation of a
polymethacrylate

A

cross-linking moieties are highlighted with boxes and examples for a
complete reaction are shown.

a 4-membered ring. Stability was probed by immersing the
samples into a solution of 33 vol% THF followed by centri-
fugation. DLS then revealed that non-cross-linked polymers
showed aggregation, which decreased considerably the longer
the polymersomes were irradiated (5 min and 10 min of irra-
diation). Confocal microscopy was used to differentiate be-
tween aggregates and vesicles in the corresponding samples,
since only vesicles would appear as hollow structures rather
than filled circles. DLS data was backed up by fluorescence
imaging which again showed the aforementioned aggregation
as well as retention of polymersomes after irradiation. While
an increased stability was proven, it remained unclear whether
10 min of irradiation was enough to achieve complete cross-
linking of the polymersomes.

Hickey et al. also used a UV-initiated approach, but had to
add an external cross-linker to their membranes from PEO-b-
PI and PI-b6-PEO-b-PI (long names see Table 1) (Fig. 4
bottom) [46]. Although the block length was not defined, the
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volume fraction of PEO was determined to be 0.46 for the AB
as well as for the ABA block-copolymer. 4 mol% of
pentaerythritol tetra(3-mercaptopropionate) was used as
cross-linking agent. The thiol units cross-linked the polymer
by reacting with the residual double bonds of PI while being
irradiated with UV light of 365 nm (Fig. 4). After 45 min of
cross-linking time at RT, no further reaction of the double
bonds was detected by FTIR, showing that the maximum
cross-linking was reached. Stability of the final membrane
was not investigated further. Chen et al. also applied thiol-
based cross-linking recently. Thiol-containing polymers
formed disulphide bonds during self-assembly and cross-
linked the newly formed structures [47].

Armes et al. produced cross-linkable vesicles from
PGMAs5-b-P(HPMA ,47-r-GlyMAg,) (long names see
Table 1) from polymerization-induced self-assembly (PISA)
(Fig. 5) [48]. Using bifunctional amines, these vesicles were
then cross-linked through a ring-opening reaction of the ep-
oxide. Together with a work from O’Reilly et al. [49] on
PEO 13-b-P(HPMA3,-r-GlyMAy,), a large variety of cross-
linkers were used, ranging from bifunctional PEO, PPO (i.e.
“Jeffamine™) to small aliphatic amines like ethylenediamine,
butyldiamine or similar (Fig. 5). Cross-linking with these bi-
functional molecules was reached at 20 °C overnight (app.
18 h) and held an interesting twist, as adding them to vesicles
with no epoxide functionality caused disassembly of the ves-
icles. Since bifunctional amines are surfactants, this is no sur-
prise but showed that the cross-linking reaction was faster than
the surfactant-induced disassembly process. Cross-linking
was then proven as no disassembly occurred upon adding
surfactants. O’Reilly et al. discovered that small-molecule
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amines cause a vesicle to shrink in diameter (180 to 125 nm)
while bifunctional PEO amines caused a swelling of the mem-
brane and result in diameters of about 240 nm (also from
180 nm). The authors reasoned the shrinking with a more
compact membrane in case of short cross-linkers. In contrast,
the swelling was reasoned with the space required of the
(hydrated) PEO chains as cross-linkers and the generally in-
creased hydration of the more hydrophilic membrane due to
the hydrophilic cross-linker. Both findings were especially
remarkable as the works discussed so far showed no or limited
differences in diameter before and after cross-linking.

A combination of two cross-linking approaches was used
by Yoshida et al. to stabilize their polymersomes [50]. In a
PEO;;3-b-P(NIPAAmMs49-r-NAPMAmM,5-r-
NAPMAmRu(bpy),3-»-NAPMAmMMA,) (long names see
Table 1) system, a photopolymerization of the methacrylic
units formed irreversible cross-linking bonds within the
polymersome membrane (Fig. 6 top). Irradiating the sample
for 15 min at 30 °C with the photo-initiator 2,2'-azobis(2-
methylpropionamidine) dihydrochloride yielded cross-linked
polymersomes. In addition, the ruthenium complex acted as
cross-linker through intermolecular ligand exchange, which
eventually interconnected two polymer chains. However, the
Ru complex mainly acted as redox-responsive unit to create
“beating” polymersomes [50]. Since the polymeric system
was also temperature-sensitive, stability could be shown
exploiting that fact. Without cross-links, the polymersomes
dissolved into unimers at 18 °C and did form polymersomes
at 25 °C only. After cross-linking, the polymersomes were
present at both temperatures, but were of a larger diameter at
lower temperatures due to the hydration of the polymer.
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All cross-linking efforts discussed so far have been
achieved in the hydrophobic part of the membrane enclosing
the polymersome. Zhu et al. chose a different approach with
vesicles from PEO;3-b-PCL,;5, (long names see Table 1)
which were cross-linked in the PEO domain by introducing
Mo 54 polyoxometalates (POM) (Fig. 6 bottom) [51]. After
adding the metal complex, the polymersomes were incubated

Fig. 6 Top: Dual cross-linking
through a ligand exchange in the e}
ruthenium complex and photo-

cross-linking through the PEO11s ~0
methacrylamide side chain.

Bottom: Poly(oxymetalates)

based on molybdenum act as

cross-linkers between PEO chains

due to hydrogen bond formation

Ligand exchange leads
to partial cross-linking

at RT for 15 min. POM is negatively charged and induced a
shrinkage of the polymersomes, which was measured by DLS.
This implied not only a shrinking of the PEO corona but also a
dissociation of polymersome aggregates due to electrostatic
repulsion. Stability of the complex-stabilized polymersomes
was proven by AFM as they were now able to withstand the
mechanically rather disturbing contact mode and even after

PEO,43-b-P(NIPAAMS,o-r-NAPMAM 5--NAPMAMRU(bpy);5-r-NAPMAMMA,)

Complete cross-linking
through photoinitiated
polymerisation as shown
in figure 2
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air-purging and drying. A spherical shape was maintained
throughout while polymersomes without the metal complex
disintegrated under these harsh conditions.

Photo-cross-linked and pH-sensitive
polymersomes

Until now, we have focused on the cross-linking chemistries
employed. Cross-linked vesicles bearing responsive mem-
branes to different stimuli have led to interesting and promis-
ing works in recent years [42, 52—-58]. One of the cross-linked
polymersomes, which have been studied very intensively over
the last 10 years, are the photo-cross-linked and pH sensitive
ones from Voit et al. first reported in 2011 [59]. We will now
focus on this polymer and the application of the corresponding
polymersomes as functional nanoreactors as single compart-
ment and novel contribution in the field of multicompartments
[9, 17, 60-67].

The underlying “standard” block copolymer (BCP) was
synthesized by atom transfer radical polymerization (ATRP)
[68]; it had methoxy end groups at the hydrophilic poly(eth-
ylene oxide) (PEO) segment, while the hydrophobic part
consisted of the polymerized pH-sensitive DEA like Armes
et al. used and the photo-cross-linker, 3,4-dimethyl maleic
imidobutyl methacrylate (DMIBMA). A typical composition
was PEO,s-b-PDEAg,-r-PDMIMBA,,. Polymersomes were
typically fabricated by the self-assembly of BCPs, using the
so-called pH switch method (Fig. 7A) [69]. Cross-linking was
performed with UV light at pH >8 with the deprotonated
PDEA at RT between 90 and 180 s, a time that ensured that
the vesicles were thoroughly cross-linked. Thanks to the
cross-linking, these vesicles now showed a pH-dependent
swelling and deswelling. Upon protonation of PDEA, the ves-
icles exhibited a defined swelling and returned back to their
original size upon deprotonation. A stable swelling-
deswelling behaviour over at least 5 cycles was reported as a
proof of thorough cross-linking. These polymersomes have
the advantage of being mechanically tough and small (be-
tween 90 and 150 nm) which made them excellent candidates
for application in biomedicine as nanocarriers [61, 70].
Similar pH-sensitive block copolymers were prepared using
a commercial cross-linker (2-hydroxy-4-(methacryloyloxy)
benzophenone, BMA) facilitating the synthesis of precursors
and introducing various end groups (N3, NH,, adamantane
groups) [9, 65, 66]. These end groups allowed further
functionalization using different approaches such as click
chemistry or host-guest interactions and were used to obtain
multifunctionalized polymersomes by pH switch and subse-
quent photo-cross-linking [9, 65, 66]. It is important to men-
tion that BMA facilitated the polymer synthesis, but it was
more sensitive to light, i.e. showed slow self-cross-linking,
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and the cross-linking times were longer (around 30-min
irradiation).

Photo-cross-linked and pH-sensitive polymersomes pro-
vided a basis for pH-controlled enzymatic reactions with no
transmembrane protein needed for transmembrane diffusion
[17]. This is a key advantage of such polymersomes [71, 72].
In other systems, significant efforts were required to solve this
problem, including the creation of vesicle-templated porous
nanocapsules with a precise control of pore size and selective
permeability [29-31], or the incorporation of
bio(macro)molecules (enzymes, proteins, protein complexes,
nanoparticles, etc.) into the membranes [73—79]. For the pH-
sensitive photo-cross-liked polymersomes, control was
exerted using a switch between an off (pH 8, deswollen) and
on (pH 6, swollen) state. Only the on state allowed for diffu-
sion across the membrane to reach an encapsulated enzyme
within the polymersomes (Fig. 7C). Examples included a sin-
gle type of enzyme and different enzymes in one
polymersome or in two different polymersomes. This pH-
tunable gate was used to investigate their use in sequential
enzymatic reactions (glucose oxidase, myoglobin and horse-
radish peroxidase). Transmembrane diffusion and overcom-
ing the space distance between polymersomes were shown
successfully, meaning that educts and products were ex-
changed between enzyme-hosting polymersomes for success-
ful enzymatic cascade reactions (Fig. 7D) [17]. Besides their
ability to regulate enzymatic reactivity, the polymersomes
showed also a considerable stabilization effect on enzymes.
A free enzyme in solution rapidly lost its catalytic activity,
while polymersome-encapsulated enzymes retained their abil-
ity to catalyse reactions at the same level for at least 10 days.
The exact reason for this behaviour was not investigated
further.

To expand the biomedical applications of these pH-
responsive polymersomes, it was necessary to adjust the pH
and solution conditions (salt concentration etc.) to obtain a
semi-swollen or fully swollen state depending on the desired
application. Therefore, adjusting the pH* (pH-triggered tran-
sition of the membrane permeability/turning point) parameter
was studied in-depth (Fig. 7B) [64]. Fine-tuning the shift of
the pH* of the standard photo-cross-linked polymersomes in
the pH range of 5.1 and 6.8 was established by adjusting the
composition of the hydrophobic block. The pH-
responsiveness of these polymersomes was associated with
the protonation of the tertiary amino groups of the
DEAEMA units. Shifting the critical pH response value of
the standard polymersomes (Fig. 7B, pH 6.6) towards more
acidic conditions was achieved by replacing the pH-
responsive monomer DEAEMA successively by non-
responsive n-butyl methacrylate (nBMA). Using PEOys-b-
PDEA 44--PDMIBMA,;--PBMA;g, a pH* of 5.1 could be
reached in 1 mM NaCl. On the another hand, to move the pH-
induced swelling towards neutral pH, the responsive
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A Functional block copolymers and their self-assembly into
polymersomes
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Fig.7 (A) Chemical structure of the “standard” block copolymer (BCP);
(B) DLS titration curves of the assembled vesicles are shown accompa-
nied by the determination of the critical pH value (pH*) by fitting of the
DLS data; (C) General protocol for preparation in situ enzyme-containing

DEAEMA monomer (pKg 5.2) was partly substituted by its
dimethylamino analogue (DMAEMA), which possessed a
slightly larger pKg of 5.7. A shift to 6.8 was reached with
PEO45-b-PDEA,,-7-PDMIBMA,5-»-PDMAEMA 4 in
10 mM NaCl. Besides the interplay of composition of BCPs
for tuning pH*, the salt concentration (mainly the NaCl) was
identified as an important key parameter to influence pH*. It
rose with increasing salt concentration from 6.5 for | mM
NacCl for the standard BCP to 7.2 for 150 mM NaCl [64].

In the biomedical field, it is important to design polymeric
vesicles with versatile and adequate properties, but moreover,
it is crucial to fabricate biologically active materials of desir-
able quality that retain their physico-chemical characteristics
after a long time under adequate storage conditions [9, 17,
60—67]. The cross-linked vesicles have been shown to be very
good in this respect due to the demonstrated reconstitution of
biologically active polymersomes from the frozen or solid
state. Plain polymersomes, surface-functionalized (HSA) ones

C Preparation of enzyme-containing polymersomes

B,
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BN b) Self-assemblyat pH = 8 -
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c) UV crosslinking
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E Reconstitution of enzyme-containing polymersomes
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polymersomes; (D) Scheme of sequential enzymatic reaction; (E)
Reconstitution of enzyme-containing polymersomes using SM-1 (—
20 °C) and SM2 (lyophilization in presence of inulin)

and enzyme-containing ones (Myo), were cryogenically fro-
zen (—20 °C) or freeze-dried in presence of a lyoprotectant
(inulin (0.1% w/v)) and stored for a defined time period up to
1 month (Fig. 7E). Reconstituting those polymersomes in so-
lution by thawing or redispersing revealed that they retained
their original physical properties (diameter, membrane
thickness and cyclic pH-switches) as well as their function
as a pH-switchable enzymatic nanoreactor [9, 17, 60-67].
This study has allowed for easy handling, reproducibility
and storage of polymersomes between experiments and safe
transport making them suitable for external collaborations.
These pH-responsive polymersomes could be suitable as
mimics of cell compartments. Understanding the parameters
which define the crossing of the polymersome membrane is an
important prerequisite on this pathway. Several nanoparticles
(gold, glycopolymer protein mimics, and the enzymes myo-
globin and esterase) were investigated in situ and post-loading
processes. In this case, we focused on the extraction
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Fig. 8 Left: Schematic representation of the in situ loading and post-loading strategy and simplified visualization of possible locations of encapsulated
cargo within the vesicle membrane. Right: Study on main location of enzyme-loaded Psome using the scaling parameters determined by AF4 [63]
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information about the loading efficiency and potential loca-
tions of the cargo (enzymes) using asymmetrical flow field-
flow fractionation (AF4) as a sophisticated analytical tool with
multiple detectors [63]. Enzymes such as myoglobin and es-
terase were studied, and empty polymersomes were used as a
reference. Myoglobin was a small protein with number aver-
age molar mass of 16 kg mol™" and 5 nm in diameter, while
esterase was characterized by 185 kg mol ' and 10 nm in
diameter (Fig. 8). The slope of the scaling plot corresponded
to the exponent v in the scaling law R, = K-M" (R, = radius of
gyration, K = cross-section, M =molar mass and v = scaling
parameter) and enabled the interpretation of shape and con-
formation of the particles. A high slope indicated a more stiff
and rod-like conformation. A low slope (close to 0.33), on the
other hand, indicated a compact (spherical) conformation.
Studying the conformation of the membrane of the
polymersomes after enzyme loading showed a clear depen-
dency on the type of loaded protein and used encapsulation
method (Fig. 8).

According to the loading efficiency, the post-loading of
myoglobin was more effective than in situ strategy. Loading
esterase, however, showed the opposite behaviour, since in
situ loading proved more effective. This difference could be
attributed to role of the size, since the smaller enzyme myo-
globin could cross the membrane to the lumen in the swollen
state. Deeper analysis of the vesicle’s conformation (R, and v
parameter were more influenced) revealed that substantial

Fig. 9 Studied sequential
docking and undocking processes
at the inner and outer spheres of
polymersomes’ membrane using
host-guest interactions. Block co-
polymers BC1 (90%, MeO end
group) and BC2 (10%,
adamantane end group) used for
polymersome formation and
characterization of
polymersomes. Reproduced with
permission from John Wiley and
Sons [66]

1.

membrane

excess

Le:e

non-permeable

2. Displacement

v B-cyclodextnin

Host-guest interaction

non-permeahle

amounts of esterase were incorporated into the hydrophobic
membrane if post-loading was used (Fig. 8, location 2). In the
case of post-loading of esterase, R, and v were similar to
empty polymersomes, which suggested light interaction with
the surface, which would mean location 1 (on the membrane).
In case of myoglobin, the opposite behaviour was observed;
the structural parameters were more influenced using post-
loading. It allowed to postulate that the enzyme was mainly
in the lumen or on the surface (location 1 or 4), or that the
incorporation in the membrane (location 2) did not influence
the properties of the membrane [63]. It is important to high-
light that this study has established AF4 as a powerful char-
acterization method which allowed determining key parame-
ters of the loaded nanoreactors, which will be useful for the
design of the next generation of enzyme-loaded
polymersomes.

Transmembrane diffusion was probed using selective com-
plexation via the cyclodextrine-adamantane interaction since
it was a key parameter. Cross-linked pH-sensitive
polymersomes decorated with adamantane groups were fabri-
cated and used for non-covalent docking processes with
cyclodextrin-modified molecules (small molecules as well as
a nanometre-sized-modified glycodendrimer (&~ 6 nm)).
Host-guest interactions between adamantane (belong to the
polymersomes) and cyclodextrin groups as well as non-
covalent interactions between PEO tails and cyclodextrin
group were used to achieve selective and dynamic

4. Dual functionalization by
selective displacement
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Fig. 10 Cell mimics equipped
with pH-switchable organelle
mimics and temperature- and pH-
responsive biomimetic cell mem-
brane with PEG surface
functionalization. Enzymatic cas-
cade reactions using glucose oxi-
dase (GOx), myoglobin (Myo)
and catalase (Cat) for metabolism
mimicry. Reproduced with per-
mission from John Wiley and
Sons [80]

Outer Cell Membrane
* pH-andT-responsive

= steadlypermeable forsmall
metabolites (pH 4-8)

PEG Corona At Outside
Of Cell Membrane

= excluding post-encapsulatior
of protein/enzyme

functionalization of both the inner and outer leaflet of the
polymersome membrane (Fig. 9) [66]. For that, the following
steps were studied: (1) a selective outer complexation using
the cyclodextrine-adamantane complex during a collapsed
state (non-permeable membrane); (2) displacement of the pre-
vious cyclodextrine-adamantane complex using excess of cy-
clodextrin showing a dynamic functionalization; (3) an inner
and outer complexation using the cyclodextrine-adamantane
complex during swollen state (permeable membrane) using
one kind of cyclodextrin-modified molecule, this step showed
the potential transmembrane diffusion using biomolecules
with different sizes; (4) outer displacement using another kind
of cyclodextrin-modified molecule during the collapsed state
(non-permeable membrane) obtaining the desired dual
functionalization. This study gave insights on how to control
the selective functionalization of both surfaces of the
polymersome membrane, and on the post-encapsulation of
nanometre-sized biological entities into the cavities of the
polymersomes [66]. Also, post-encapsulation of cargo, i.c.
loading without changing the morphology of these
polymersomes, was exemplified and proved to be a valuable
tool for the implementation of cell-like functions within
polymersomes.

While these vesicles have been mainly used as
nanoreactors, their functionalization for use in drug deliv-
ery was also reported. Polymersomes decorated with
adamantane and azide groups were prepared by mixed
self-assembly of suitably end-modified block copolymers.
A subsequent post-modification of the polymersome sur-
face was achieved using covalent (azide-alkyne click reac-
tion, similar to Fig. 9) and non-covalent approaches
(adamantane-3-cyclodextrin host-guest complex). All re-
active groups showed sufficient accessibility as well as
selective and orthogonal reactivity. Moreover,
doxorubicin-loaded multifunctional polymersomes were
prepared for an efficient pH-controlled drug release [65].
Using this methodology, functionalized polymersomes
with folate targeting antennae have also been reported
[9].Thus, these pH-responsive polymersomes could
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effectively prohibit the premature release of chemothera-
peutic agents such as doxorubicin in physiological condi-
tions. However, they promoted drug release once they are
triggered (i.e. swollen) in the acidified endosomal com-
partment. The membrane served as a gate which undergoes
“on” and “off” cycles in response to pH stimuli [9].

Compartmentalization is a fundamental requirement for
many biochemical processes and also targeted using this
kind of polymersomes. Multicompartmentalization in eu-
karyotic cells allows the positional assembly and spatial
separation of biomolecules and processes in different
compartments inside the cell, which provides the cell with
spatiotemporal control over metabolic reactions [81, 82].
This exquisite level of organization has been an inspira-
tion to develop novel vesicle-within-vesicle systems that
are capable of mimicking cell functions as catalysis, trans-
port, communication, interaction, self-replication or even
autonomous movement [12, 26, 82-90]. Recently, a step
further was taken by designing a highly effective route for
constructing structural and functional eukaryotic cell
mimics. As a first step, assembly of the enzyme-loaded
(using Myo and GOx), pH-responsive and photo-cross-
linked adamantyl-modified polymersomes (& 100 nm)
was carried out. It was proven that the enzyme-loaded
polymersomes could be used as pH-switchable organelle
mimics (Fig. 10). A layer-by-layer assembly of [PAH/
PMA(B-CD)],/[AdaPsome/PMA(B-CD)],/[PAH/
PNMD)];/[PAH/PMA (PEG)]; multilayers was then con-
ducted on spherical silica particles, followed by dissolv-
ing the silica core forming pH- and temperature-
responsive and PEG-functionalized capsules (@ 1.1-
1.3 um) (long names see Table 1). After a complex syn-
thesis and characterization route, an excellent synthetic
multicompartmentalized system was eventually obtained.
These pH-sensitive polymeric vesicles were used as free-
floating organelle mimics into a biomimetic cell mem-
brane (Fig. 10). This biomimetic approach could be used
in fields such as biomedicine, biocatalysis and systems
biology [80].
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Conclusions

It is evident that scientists have used a broad range of available
chemistries to achieve cross-linked polymersomes. Radical
cross-linking, UV-based thiol-ene reactions, photochemical
reactions and even the use of metal complexes have been
depicted here. All of these efforts have increased the mechan-
ical stability of polymersomes compared with their respective
non-cross-linked analogues. The cross-linking reaction
avoided the disassembly of the polymersomes, but unfolded
even greater potential when it was successfully combined with
pH sensitivity. Using pH as trigger, the photo-cross-linked
polymersomes from the Voit and Appelhans group have mul-
tiple applications as nanoreactors. Substrates for the enclosed
enzymes reached the vesicles in an acidic (swollen) state but
not in their native collapsed state. Several studies have clari-
fied the location of the enzymes and the pH control of the
permeability of the membrane. It was even possible to fine-
tune the pH* value of such polymersomes. Moreover, a so-
phisticated multicompartment system as a functional cell-
mimicking system has been designed. Due to their advanced
stability, robustness, easy handing and multiple possible uses,
we are certain that these systems will develop further and
continue to play an important role in modern research on
biomimetic systems.
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