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Cell-Derived Vesicles with Increased Stability and
On-Demand Functionality by Equipping Their Membrane

with a Cross-Linkable Copolymer

Xinan Huang, Dimitri Hiirlimann, Hendrik T. Spanke, Dalin Wu, Michal Skowicki,

lonel Adrian Dinu, Eric R. Dufresne, and Cornelia G. Paliva

Cell-derived vesicles retain the cytoplasm and much of the native cell
membrane composition. Therefore, they are attractive for investigations of
membrane biophysics, drug delivery systems, and complex molecular
factories. However, their fragility and aggregation limit their applications.
Here, the mechanical properties and stability of giant plasma membrane
vesicles (GPMVs) are enhanced by decorating them with a specifically
designed diblock copolymer, cholesteryl-poly[2-aminoethyl
methacrylate-b-poly(ethylene glycol) methyl ether acrylate]. When
cross-linked, this polymer brush enhances the stability of the GPMVs.
Furthermore, the pH-responsiveness of the copolymer layer allows for a
controlled cargo loading/release, which may enable various bioapplications.
Importantly, the cross-linked-copolymer GPMVs are not cytotoxic and
preserve in vitro membrane integrity and functionality. This effective strategy
to equip the cell-derived vesicles with stimuli-responsive cross-linkable
copolymers is expected to open a new route to the stabilization of natural
membrane systems and overcome barriers to biomedical applications.

”l\

1. Introduction

The inherent complexity of biological mem-
branes and compartments has inspired
the development of a variety of simpli-
fied model systems with tailored structures,
components, and specialized functions.[!!
Various synthetic or purified lipids have
been used for the formation of vesicu-
lar architectures such as liposomes or gi-
ant unilamellar vesicles (GUVs), whose
membrane mimics the cell membrane in
terms of permeability, fluidity, and dy-
namic behavior.>8] However, there are ma-
jor limitations of lipid-based vesicles (li-
posomes, GUVs), including the lack of
the complex composition of cell cytosol,
the lack of the protein density and lipid
diversity of the living cell membranes,
and the difficulty in reconstitution of
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properly oriented multiple transmembrane

proteins.[*1% In addition, as lipid-based

vesicles cannot be created with similar
lipid diversity and protein density as the membrane of liv-
ing cells, a particularly appealing alternative is the produc-
tion of natural cell-derived vesicles, such as extracellular vesi-
cles (EVs) and giant plasma membrane vesicles (GPMVs). Cell-
derived vesicles inherit from the donor cells the cytoplasm (with-
out internal organelles) and the cell membrane, which embeds
to a significant extent the naturally occurring proteins, lipids,
and glycocalyx.''"16] The advantage of being close-to-nature
makes cell-derived vesicles more appealing for complex appli-
cations than artificial lipid-based vesicles. Extracellular vesicles
with nanometer sizes obtained from prokaryotic and eukaryotic
cells retain—inside their cavity—DNA, RNA, and proteins.!17:18]
Therefore, they are good candidates for biological applications,
e.g., as diagnostic biomarkers of prostate,['11% lung, 2% breast,!?!]
colorectal,[??! ovarian,!®¥) and pancreatic cancer.**! Additionally,
EVs have been also intensely investigated as delivery vehicles for
therapeutic agents, such as miRNA,[?] siRNA,[2627] tumor anti-
genic peptides,??! doxorubicin,?%3 and paclitaxel.’?) How-
ever, their use in biomedical applications is still limited because
of difficulties in production (e.g., isolation and purification)!334]
and poor stability.3>%] On the contrary, GPMVs, which are
micrometer-size vesicles, can be easily produced and purified
from intact living donor cells®**] and then analyzed by direct
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microscope visualization.*”] GPMVs are most commonly gen-
erated by chemically induced blebbing of the cell plasma mem-
brane using vesiculation solution containing N-ethylmaleimide
(NEM)*1 or dithiothreitol (DTT)/paraformaldehyde (PFA).[*4]
Less conventional approaches are based on the chloride salt
solution treatment!*!) and laser irradiation of the cells.*] GP-
MVs have been frequently used as a model system to in-
vestigate membrane properties, such as reversible addition—
fragmentation chain transfer-associated phenomena,!*34¢ mem-
brane penetration of amphiphilic quantum dots,!*] and viral
membrane fusion.*¥] Recently, GPMVs have been reported for
the first time to serve as artificial cells by internally equipping
them with nanometer-sized artificial organelles, which retained
their integrity and functionality in vivo, in a zebrafish model.[*’!
However, their membrane, similarly to that of EVs, has a lower
stability and therefore disruption might occur over time un-
der physiological conditions, limiting their long-term in vivo
applications.P]

The most common approach to increase the stability of lipid-
based vesicles (liposomes, GUVs) is to incorporate various hy-
drophilic polymers (e.g., polyethylene glycol), as steric stabiliz-
ers within the lipid bilayer either by covalent bonding to the
head group of lipids (PEGylation) or by adsorption onto the outer
surface.’=¢ Although effective in the case of simple synthetic
lipid membranes, this concept is incompatible for stabilization
of cell-derived vesicles. To date, the modification of EVs surface
has been only focused on tuning their chemical and biological be-
havior. For example, cholesterol was inserted in their membrane
to change its fluidity and rigidity,>”] proteins were grafted on
EVs surface to provide functionality,®®! and nucleic acids were at-
tached for targeted delivery.>! Nevertheless, their bioapplication
range is drastically narrowed down by the poor membrane stabil-
ity and disruption in biological environments.*¢37] To broaden
their usage in biomedical applications, a key requirement is to
improving the EVs stability.?>%] Thus, the use of polymers to
strengthen the membrane of cell-derived vesicles is a concept
that still needs to be explored. In a few very recent findings, the
surface of EVs was modified with DNA, considered as a linker
to attach polymers,?8 or by sequential deposition of a polyelec-
trolyte multilayer."] While the DNA tethering method to attach
polymers at the surface of EVs is effective as a model to stabilize
their membrane in solution,!*®] the risk of polymer detachment
in vitro, due to DNA cleavage by DNases, has still to be overcome.
On the other hand, slight changes in the delicate balance of elec-
trostatic interactions governing the layer-by-layer deposition of a
polyelectrolyte multilayer on the exterior of the EVs membrane
might induce the disassembly of the multilayer and the rupture
of the EVs membrane. For bioapplication of cell-derived vesicles,
the development of approaches to stabilize their membranes over
prolonged timeframes (i.e., days) is of a key importance. In addi-
tion, there are no reports implementing EVs with emerging prop-
erties, as for example stimuli-responsiveness, which are essential
for biomedical applications.

We present here a strategy to improve the stability of vesi-
cles derived from living cells, by insertion of a specifically de-
signed block copolymer in their membrane and subsequent
cross-linking without affecting the architecture or composition of
the vesicles. We chose GPMVs since they preserve the lipid com-
position and a variety of membrane proteins of the intact plasma
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cell membranes together with the cytoplasm of the donor cells
(except organelles). In addition, they have been reported to al-
low being loaded with desired molecules and nanoobjects prior
up taken by the donor cells.[*! The membrane of GPMVs con-
tains a variety of membrane proteins, receptors, etc., that are
inducing more complex conditions and interactions, eventually
resulting in a completely different stability and flexibility com-
pared to a simple liposome membrane. First, we synthesized
a cholesteryl-poly[2-aminoethyl methacrylate-b-poly(ethylene gly-
col) methyl ether acrylate] (Chol-PAEMA-b-PEGMA) diblock
copolymer, which displays three domains, each with a specific
function: i) a hydrophobic cholesteryl moiety serving as an an-
chor to be inserted into the vesicles membrane, ii) a hydrophilic
PAEMA block providing a plethora of pendant amino groups as
cross-linking sites to form the stable, external polymer shell on
the surfaces of vesicles, and iii) a PEGMA block to improve the
biocompatibility (Figure 1). The second step was to generate GP-
MVs from the donor cells by cell-treatment with a vesiculation so-
lution followed by their isolation.[*) GPMVs were then combined
with different amounts of Chol-PAEMA-b-PEGMA under mild
conditions, aiming to obtain copolymer-supplemented GPMVs
with a hybrid membrane based on the cell membrane with in-
serted diblock copolymers. Finally, the copolymer has been cross-
linked to increase the mechanical stability of GPMVs.

The stability of the cross-linked-copolymer GPMVs was eval-
uated by surfactant resistance and dye permeation studies us-
ing confocal laser scanning microscopy (CLSM). Vesicle fluctu-
ation analysis served to determine the bending rigidity of cross-
linked-copolymer GPMVs and evaluate the membrane mechan-
ical stability against bending deformations. To further advance
their application, we investigated their stability over time under
specific storage conditions and evaluated their toxicity in a Hela
cell line. Moreover, we extended the strategy for two other cell
lines to prove the versatility of our approach. We expect the ex-
cess of amine groups in the PAEMA block to allow for protona-
tion and swelling of the polymer layer in slightly acidic condi-
tions (pH 6.0-6.5). We have thus studied the effect of pH changes
on the diffusion of molecules into and out of the cross-linked-
copolymer GPMVs to evaluate their potential for application in
biosensing and drug delivery. In addition, we explored the ac-
cessibility of membrane biomolecules after GPMVs modification
by immunofluorescent staining of the membrane receptors. Our
study introduces cell-derived vesicles endowed with an improved
stability and “on-demand” functionality. Such hybrid biomateri-
als benefit from the combination of a cell-derived compartment
with a synthetic polymer tailored both to solve the issue of re-
duced membrane stability and to induce emerging properties
such as stimuli-responsiveness. We believe that our work opens
new avenues for obtaining stable biomembranes with stimuli-
triggered permeability, highly in need for biological applications.

2. Results and Discussion

2.1. Synthesis and Characterization of Chol-PAEMA-b-PEGMA
Diblock Copolymer

Physical cross-linking (hydrogen bonding or electrostatic inter-

actions) of liposome membranes with cholesteryl-conjugated
polymers has been previously employed for a shortterm
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Figure 1. Schematic representation for preparation of cross-linked-copolymer GPMVs. First, GPMVs are generated and isolated from cells (left), then the
Chol-PAEMA-b-PEGMA diblock copolymer is inserted into the GPMVs membrane (middle) and finally, the cross-linked polymer shell is formed around

GPMVs (right).

stabilization of lipid membranes.[®*63] By contrast, we propose
here a covalent cross-linking approach to preserve the archi-
tecture and composition of cell-derived vesicles over prolonged
timeframes (i.e., days). As the cross-links formed by covalent
bonds between polymer chains are stronger than physical in-
termolecular interactions,[%#%] this approach has been selected
to combine the nature-derived GPMV membrane with a cross-
linkable copolymer to render the membrane more mechani-
cally stable. To this end, we designed a water-soluble diblock
copolymer, Chol-PAEMA-b-PEGMA, that can be easily inserted
in the membrane of GPMVs due to the cholesteryl anchor-
ing moieties.[**%¢] In addition, the amine groups of PAEMA
block allow for cross-linking, whereas the PEGMA block serves
as hydrophilic domain to improve the biocompatibility of the
copolymer shell.”] As not all amine groups from the PAEMA
blocks are involved in the cross-linking procedure, their ex-
posure to acidic conditions will induce polymer swelling and
stretching due to the charge repulsion between the proto-
nated amine groups. Chol-PAEMA-b-PEGMA copolymer was
synthesized starting from a cholesteryl-terminated RAFT agent
via RAFT polymerization (Figure 2), which allows the facile
cholesteryl end functionalization of the polymer chains.[%] Syn-
thesis of cholesteryl-terminated RAFT agent was achieved via
Steglich esterification of the cholesterol hydroxyl group with 4-
cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPDB) in the
presence of N,N’-dicyclohexylcarbodiimide (DCC) as coupling
agent and 4-(dimethylamino)pyridine (DMAP) as catalyst.[%]
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The successful synthesis of cholesteryl-terminated RAFT agent
was established by 'H nuclear magnetic resonance (‘"H NMR)
spectroscopy (Figure S1, Supporting Information). The proton
signals in the 7.3-8.0 ppm range were assigned to the aro-
matic protons of CPDB, whereas the signal at § = 3.53 ppm,
corresponding to the indicated protons of cholesterol (Figure
S1A, Supporting Information), was shifted to 6 = 4.64 ppm in
the 'H NMR spectrum of cholesteryl-terminated RAFT agent
(Figure S1C, Supporting Information), after the reaction with
CPDB."071

Cholesteryl-terminated RAFT agent was then used as a chain
transfer agent (CTA) to polymerize the Boc-protected aminoethyl
methacrylate monomer (BocAEMA). The chemical structure of
Chol-PBocAEMA,; was established by the appearance in the 'H
NMR spectrum of a proton signal at § = 1.4 ppm assigned to
the Boc-protective group (Figure S2A, Supporting Information).
The number average molecular weight (M,) of 5676 g mol™!
and a narrow dispersity (D) of 1.14 were determined for Chol-
PBocAEMA,, by gel permeation chromatography (GPC) (Fig-
ure S3, Supporting Information). The polymerization of EGMA
was performed using Chol-PBocAEMA, as a macroinitiator. The
chain extension of the PEGMA block was followed by "H NMR
spectroscopy, where the peak at § = 3.6 ppm was attributed to
the O-CH,—CH, protons (Figure S2B, Supporting Information).
After the formation of the second block, the GPC trace (Fig-
ure S3, Supporting Information) shifted to a higher molecular
weight (M, = 9211 g mol~!, D of 1.35), which also indicates a

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85UB017 SUOWILWIOD aA 181D 3[cedl|dde auy Aq peusenol a1e sajoliie YO ‘8SN JO Sa|nJ 0} AeIq1T 8UlUO /8|1 UO (SUORIPUOD-PUE-SWLBIAL00" A3 IM A TeIq 1jBul [UO//SdNL) SUOTIPUOD pue SWie 1 84} 88S *[2202/2T/ST] uo AkeiqiTauliuo A8]IM ‘fesed euiol|qicsiIseAIuN Ad 00TZ02202 WUPe/Z00T 0T/I0p/W0d A8 | Akeiq | puljuo//:sdny wouy papeojumod ‘€2 ‘2202 ‘65922612



ADVANCED
SCIENCE NEWS

HEALTHCARE

www.advancedsciencenews.com

N
S'T\/\r(
OH
e SRS il

o CHCI;, RT, 12 h

Cholesterol

EGMA

\
DCC / DMAP.
—_—

www.advhealthmat.de

\
N
s It ( ﬁ,l ;
©)Ls’|\/\rf° B BocAEMA
o

AIBN, DMF, 70 °C, 12 h

Cholesteryl-terminated RAFT agent

AIBN, DMF, 70 °C, 12 h

Chol-PBocAEMA

EGMA BocAEMA

\
S
CN
S
O
oA
0 NH
S
% s ’/\
Chol-PBocAEMA-b-PEGMA
TFA | DCM,RT, 4 h \
S
CN
S - 3 o H

Chol-PAEMA-b-PEGMA

Figure 2. Synthesis of Chol-PAEMA-b-PEGMA diblock copolymer via sequential RAFT polymerization of BocAEMA and EGMA monomers, starting from

a cholesteryl-terminated RAFT agent.

successful synthesis of Chol-PBocAEMA,-b-PEGMA,,. Finally,
Boc protective groups were removed by treatment with trifluo-
roacetic acid (TFA) to yield Chol-PAEMA,,-b-PEGMA,, contain-
ing free amines.l’?! After deprotection, the signal at § = 1.4 ppm
assigned to the methyl protons of Boc groups completely disap-
peared in the 'H NMR spectrum of Chol-PAEMA,;-b-PEGMA,
(Figure S2C, Supporting Information). Besides this, a PAEMA-
b-PEGMA diblock copolymer was also synthesized to allow the
comparison between the cholesteryl-terminated copolymer and
the cholesterol-lacking copolymer (Figure S4, Supporting Infor-
mation). The polymerization of PBocAEMA,, was conducted us-
ing CPDB as a CTA, and the analysis by '"H NMR spectroscopy
revealed the presence of the peak at § = 1.4 ppm, correspond-
ing to the Boc protecting groups (Figure S5A, Supporting In-
formation). The further chain extension with PEGMA yield to
the diblock copolymer, when the appearance of a strong peak at
5 = 3.6 ppm in the 'H NMR spectrum proved the addition of
PEGMA block (Figure S5B, Supporting Information). After de-
protection, the chemical structure of final PAEMA,4-b-PEGMA,
diblock copolymer was confirmed by the disappearance from the

Adv. Healthcare Mater. 2022, 11, 2202100 2202100 (4 of 17)

'"H NMR spectrum of the proton signal (6§ = 1.4 ppm) assigned
to the Boc groups (Figure S5C, Supporting Information).

2.2. Modification of the GPMV Membrane by Insertion and
Cross-Linking of the Diblock Copolymer

The formation of cross-linked-copolymer GPMVs involves three
steps (Figure 1). First, we generated GPMVs by treating HepG2
cells with vesiculation solution containing DTT and PFA. After
2 h, homogeneous vesicles with a size ranging from 5 to 14 ym
were obtained and collected by centrifugation. In the second step,
a low amount of dye (Atto-488-NHS-ester) has been added to
the Chol-PAEMA-b-PEGMA copolymer (initial molar fraction of
0.41%) to label a minor fraction of the polymer chains and to
preserve the free amine groups for cross-linking after insertion
in the membrane of GPMVs. The dye labeling efficiency was cal-
culated to be 54% and the final molar fraction of labeled poly-
mer chains was 0.22%. The mixture of labeled and unlabeled
polymer chains was added in increasing concentrations (0.1, 0.2,
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0.25 mg mL™!) to a solution of GPMVs in GPMV buffer (10 mm
HEPES, 150 mm NaCl, 2 mm CaCl,, pH 7.4). After 20 min, the
Atto-488 labeled copolymer-supplemented GPMVs were washed
with GPMV buffer and the insertion of copolymer into the mem-
brane of GPMVs was evaluated by CLSM (Figure 3).

In order to establish whether cholesterol is responsible for
the insertion of copolymer into the GPMV membrane, we in-
vestigated by CLSM the interaction of GPMV membrane with
Atto-488 labeled PAEMA-b-PEGMA and Chol-PEG5000-FITC, re-
spectively (Figures S6 and S7, Supporting Information). The
low fluorescence signal detected when Atto-488 labeled PAEMA-
b-PEGMA was added to GPMVs (Figure S6, Supporting In-
formation) indicates no insertion and a weak interaction with
the GPMV membrane. On the contrary, the bright fluores-
cent ring observed when Chol-PEG5000-FITC was added to GP-
MVs, clearly shows that cholesteryl moieties served as anchor-
ing groups for the insertion of diblock copolymer into the GPMV
membrane (Figure S7, Supporting Information).[**] The hetero-
geneous fluorescence intensity of the GPMVs membrane after
the insertion of the copolymer (Figure 3B,D) can be explained
by the variable composition of the GPMV membrane in terms
of lipid diversity and protein distribution.[**! In addition, the in-
crease of the cholesterol content in the GPMV membrane can
induce lipid phase separation and formation of more liquid-
ordered phase fractions,”*! which will determine a heteroge-
neous distribution of the inserted copolymer. In the third step,
the copolymer-supplemented GPMVs were treated with a PFA
solution in GPMV buffer at room temperature (RT), resulting
in cross-linked-copolymer GPMVs. The cross-linking effect was
assessed by addition of PFA to a solution of Chol-PAEMA-b-
PEGMA dissolved in GPMV buffer. The copolymer solution be-
came turbid (Figure S8, inset image, Supporting Information).
The average hydrodynamic diameter (Dy) of 30 + 8 nm deter-
mined by dynamic light scattering for the cross-linked Chol-
PAEMA-b-PEGMA was substantially larger than the Dy; of the
polymer chains before cross-linking, in solution (4 + 1 nm),
which indicated the successful cross-linking of copolymer (Fig-
ure S8, Supporting Information).

To optimize the concentration of the diblock copolymer used
for insertion into the GPMV membrane, three different copoly-
mer concentrations (0.1, 0.2, 0.25 mg mL™!) were evaluated af-
ter the copolymer anchoring and its subsequent cross-linking
(Figure 3). Both copolymer-supplemented GPMVs and cross-
linked-copolymer GPMVs preserved the membrane morphology
at lower copolymer concentration (0.1 and 0.2 mg mL™'). When
the copolymer concentration increased to 0.25 mg mL™!, the
GPMV membrane was deformed into an irregular shape (Fig-
ure 3C, right panel). It is apparent that the membrane defor-
mation is caused by an increase in the surface area of the ex-
ternal leaflet (upper side of the bilayer) when the copolymer
concentration is too high (Figure 3A-C, images on the right
side), which is in agreement with other reports on protein pen-
etration into a bilayer membrane.”*7% The incorporation of an
amphipathic protein helix into the interfacial section of a bi-
layer induces membrane deformation due to the bilayer surface-
area discrepancy.”*7>! As consequence, 0.2 mg mL™! represents
the optimum copolymer concentration that counterbalanced the
copolymer density required for the cross-linking reaction with
the preservation of GPMVs membrane morphology. Therefore,
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this copolymer concentration has been applied for stabilization
of the membrane of GPMVs.

To quantify the content of copolymer chains inserted into
the GPMV membrane, we used the fluorescence intensity of
the labeled-Chol-PAEMA-b-PEGMA fraction inserted into the
GPMV membrane. After insertion, we solubilized the copolymer-
supplemented GPMVs by the addition of sodium cholate hydrate
(50 um) and measured the fluorescence intensity of the solution.
We calculated the total number of copolymer chains per unit
of surface area based on the molar fraction of labeled polymer
chains and the initial concentrations of the copolymer mixture:
0.1, 0.2, and 0.25 mg mL! (Figure S9 and Table S1, Supporting
Information). The values of the polymer density inside GPMV
membranes of 0.13 + 0.01, 0.21 + 0.02, and 0.32 + 0.02 copoly-
mer chains per nm? are significantly smaller than the density of
lipid molecules within a cell membrane (about 5 lipid molecules
per nm?).7¢] The polymer chains density inside the GPMV mem-
branes is intentionally very low to preserve the membrane in-
tegrity and architecture. This translates to a molar copolymer
content below 6% of the total membrane composition of GPMV
membrane, which is comparable to the content of cholesteryl-
conjugated polymers reported for stabilization of liposome mem-
branes by physical cross-linking (2.9%!°2 and 491%%)).

To evaluate whether the insertion of diblock copolymer and
its cross-linking affected the GPMVs, we calculated the average
size and size distribution of GPMVs, copolymer-supplemented
GPMVs and cross-linked-copolymer GPMVs based on the CLSM
images of more than 400 vesicles/GPMYV type (Figure 3; Figure
S10, Supporting Information). The average size of GPMVs
was calculated as 6.1 + 1.8 pm, while the values of the average
size of copolymer-supplemented GPMVs were slightly smaller
58 + 1.7, 56 + 1.7, and 5.2 + 1.6 um, for applied copolymer
concentrations of 0.1, 0.2, 0.25 mg mL™!, respectively. The cor-
responding values for the cross-linked-copolymer GPMVs (5.7
+2.0,5.6 = 1.9, and 5.1 + 1.5 pm) indicate that the copolymer
cross-linking process did not affect the size of copolymer-
supplemented GPMVs for the same copolymer concentrations.
Based on the Student’s t-test analysis, for an initial copoly-
mer concentration of 0.1 mg mL™!, no significant difference
was observed between the size of copolymer-supplemented
GPMVs/cross-linked-copolymer ~ GPMVs  and  GPMVs
(P> 0.1).

In order to investigate if our stabilization strategy can be ex-
tended to GPMVs from other cell lines, we produced and modi-
fied GPMVs derived from HeLa and MDA-MB-468 cells (Figure
S10 and Videos S1-S3, Supporting Information). The successful
membrane modification and the preserved integrity of these GP-
MVs is indicated by the bright fluorescent ring. In addition, their
size is not significantly affected by copolymer insertion and cross-
linking. The average sizes of GPMVs derived from Hela and
MDA-MB-468 were determined as 5.1 + 1.6 and 4.9 + 2.0 um, re-
spectively. After modification and cross-linking, the average GP-
MVs sizes were 4.9 + 1.4 um (HeLa) and 4.7 + 1.7 yum (MDA-MB-
468). These results demonstrate that our strategy could be applied
for stabilization of GPMVs generated by different cell lines. How-
ever, HepG2 cells lacking of the membrane protein caveolael are
particularly well suited for GPMV formation.l’””) Therefore, we
chose the GPM Vs harvested from HepG2 cells as models to study
the characteristics of cross-linked-copolymer GPMVs.

© 2022 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH

85UB017 SUOWILWIOD aA 181D 3[cedl|dde auy Aq peusenol a1e sajoliie YO ‘8SN JO Sa|nJ 0} AeIq1T 8UlUO /8|1 UO (SUORIPUOD-PUE-SWLBIAL00" A3 IM A TeIq 1jBul [UO//SdNL) SUOTIPUOD pue SWie 1 84} 88S *[2202/2T/ST] uo AkeiqiTauliuo A8]IM ‘fesed euiol|qicsiIseAIuN Ad 00TZ02202 WUPe/Z00T 0T/I0p/W0d A8 | Akeiq | puljuo//:sdny wouy papeojumod ‘€2 ‘2202 ‘65922612



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

HEALTHCARE

www.advhealthmat.de

Copolymer concentration

0.1 mg mL" 0.2 mg mL"

0.25 mg mL"

120

5.6+ 1.7 ym 5.2+1.6 um
[ 120 E'
80 PR T
§ H 3 ‘_'80 7 ;
c 3 2| gl I F
a0 B 8
T el
S . Fe.. e
2 4 6 8 10 12 14 2 4 6 8 10 12 2 4 6 8 10

Diameter (um)

Diameter (um)

120{ 5.7+2.0pum 120 561.9um 160

01/ %
40 r
o | —— 0 ) o r ...
4 6 8 10 12 14 2 4 6 8 10 12 14 2 4 6 8 10
Diameter (um) Diameter (um) Diameter (um)

Figure 3. A) Schematic representation of possible membrane deformations with an increase of copolymer concentration (0.1, 0.2, and 0.25 mg mL™").
CLSM images with the green fluorescent Atto-488 labeled copolymer B) copolymer-supplemented GPMVs and D) cross-linked-copolymer GPMVs (scale
bar = 5 um). Size distribution of C) copolymer-supplemented GPMVs and E) cross-linked-copolymer GPMVs obtained by analysis of CLSM images
(400-500 GPMVs per sample). Statistical analysis: Student’s t-test was performed to evaluate the effects of cross-linking on the size of GPMVs. Obtained
two-sided p-values (a = 0.05) were higher than 0.05, indicating nonsignificant differences between the studied samples (P =0.18, 0.99, and 0.24 for 0.1,
0.2, and 0.25 mg mL~" of copolymer concentration, respectively).
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Figure 4. Influence of detergent (NP-40, 0.1%) on GPMV membrane morphology at various time points. Left column: schematic representation of
GPMV membrane in the presence of NP-40. CLSM fluorescence images displayed in green (Atto-488 labeled copolymer) and red (CellMask Orange) of
A) GPMVs, B) copolymer-supplemented GPMVs, and C) cross-linked-copolymer GPMVs. Scale bar = 5 pm. All experiments were performed in triplicate

on different batches of GPMVs.

2.3. Resistance of the Cross-Linked-Copolymer GPMV
Membranes to Surfactants

The efficiency of the cross-linking process on the mem-
brane of GPMVs was investigated by addition of a surfactant,
nonylphenyl-polyethylene glycol (NP-40), commonly used for cell
membrane permeabilization.l’8] To evaluate the stability of the
GPMV membrane after the treatment with surfactant, we stained
the membrane of native cells with CellMask Orange (5 ug mL™,
10 min) before the GPMV formation. By addition of NP-40, GP-
MVs changed within 120 s from a round vesicular architecture

Adv. Healthcare Mater. 2022, 11, 2202100 2202100 (7 of 17)

to a deformed structure (Figure 4A; Video S4, Supporting In-
formation), which then started to disintegrate. After 60 min,
only small dot-shaped objects were observed, indicating that NP-
40 induced the complete GPMV membrane rupture over time.
Membrane disruption occurred due to the insertion of surfac-
tants into the phospholipid bilayer causing curvature stress and
eventually lysis.l”?! Similarly, membrane shrinking of copolymer-
supplemented GPMVs occurred within 4 min from the addi-
tion of NP-40 (Figure 4B; Video S5, Supporting Information).
After 60 min, only small, irregular vesicles remained. However,
no significant difference in size and shape was observed for the
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Figure 5. Effect of the membrane modification on the GPMV permeability. CLSM fluorescence images of A) GPMVs, B) copolymer-supplemented
GPMVs, and C) cross-linked-copolymer GPMVs after incubation with Alexa Fluor-633-NHS-ester (0.05 mg mL™") at room temperature and pH 7.4. Left
column: schematic representation. Middle: CLSM images of green and red fluorescence of Atto-488-labeled copolymer and Alexa Fluor-633, respectively.
Right: plot profiles of red fluorescence across GPMVs diameter. Scale bar = 2 um. Experiments were performed in triplicate on different batches of
GPMVs. D) Mean fluorescence intensity of Alexa Fluor-633-NHS-ester dye permeated into the GPMVs, copolymer-supplemented GPMVs and cross-
linked-copolymer GPMVs. One-way analysis of variance (ANOVA) test showed significant difference among all groups (p-values < 0.0001; n > 50). Mean
fluorescence intensity and the plot profiles were obtained using the software Image].

cross-linked-copolymer GPMVs after 60 min (Figure 4C; Video
S6, Supporting Information). The preserved integrity of the
cross-linked-copolymer GPMVs membrane after addition of the
surfactant clearly shows that the membrane is sufficiently stabi-
lized to resist rupture. This is not the case when the copolymer
is inserted in the GPMV membrane without being cross-linked:
the PEG side chains might entangle with each other but not in
a stable manner which indicates copolymer cross-linking as the
crucial step for membrane stabilization.

2.4. Effect of the Copolymer Cross-Linking on the GPMVs’
Permeability
To study the effect of the copolymer cross-linking on the perme-

ability of the GPMV membrane, we studied the permeation of

Adv. Healthcare Mater. 2022, 11, 2202100 2202100 (8 of 17)

molecules from the environment for all three kinds of GPMVs.
Specifically, a hydrophilic dye, Alexa Fluor-633-NHS-ester, was
added at pH 7.4 to GPMVs, copolymer-supplemented GPMVs
and cross-linked-copolymer GPMYV dispersions. CLSM images
and fluorescence profile of GPMVs show that Alexa Fluor-633-
NHS-ester permeates through the membrane and exhibits ho-
mogeneous high red fluorescence intensity inside of the GPMVs
due to the NHS coupling to internal proteins (Figure 5A; Fig-
ure S11A, Supporting Information).[®% In the case of copolymer-
supplemented GPMVs, Alexa Fluor-633-NHS-ester permeates
inside GPMVs and, in addition, is interacting with the copoly-
mer, as observed by the highly intense fluorescent ring associated
with the GPMV membrane (Figure 5B; Figure S11B, Support-
ing Information). Dye accumulation on the GPMV membrane
can be explained by reaction of Alexa Fluor-633-NHS-ester with
the free amine groups of the copolymer. On the contrary, after
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cross-linking, Alexa Fluor-633-NHS-ester did not permeate
through the membrane of the cross-linked-copolymer GPMVs
and remained only in the GPMV membrane due to the pos-
sible interaction with the remaining free amino groups of the
copolymer (Figure 5C; Figure S11C, Supporting Information).
The cross-linked polymer shell at the external interface of GP-
MVs prohibits the dye permeation and therefore serves to retain
the original GPMV cargo composition as an important step for
further development of applications. The results represent the
statistical analysis of the mean fluorescence intensity for more
than 50 vesicles from each type of GPMVs (Figure 5D). Besides
this, the interaction of cross-linked-copolymer GPMVs with Alexa
Fluor-633-NHS-ester indicates that the cross-linking procedure
does not involve all free amino groups exposed on the copoly-
mer, which allows their usage for further conjugation in more
advanced systems.

Then, we investigated the leakage of molecules from GP-
MVs and cross-linked-copolymer GPMVs using Atto-633, a water-
soluble fluorescent dye as a “reporting” molecule. First, GPMVs
were mixed with an Atto-633 solution (0.025 mg mL™!) for 10 min
followed by washing out the excess dye. Next, we inserted the
Atto-488-labeled Chol-PAEMA-PEGMA copolymer into Atto-633-
loaded GPMVs, and cross-linked the copolymer. The fluores-
cence intensity of Atto-633 inside the cross-linked-copolymer GP-
MVs was measured over time and compared with that inside the
GPMVs. Whilst the relative fluorescence intensity of Atto-633 in-
side GPMVs decreased by 63%, in cross-linked-copolymer GP-
MVs, this decreased only by 18% under the same conditions (Fig-
ure S12A-C, Supporting Information). In order to evaluate the
reduction of the fluorescence intensity caused by photobleach-
ing of the dye, we measured the fluorescence intensity of Atto-
633 in GPMVs under similar laser power conditions and took
it into account for a background correction (Figure S12D, Sup-
porting Information). As the relative fluorescence intensity of
Atto-633 was reduced by 12% in the same exposure time, it indi-
cates that a significant fluorescence reduction is caused by pho-
tobleaching. Therefore, the decrease in fluorescence intensity of
the dye when encapsulated inside cross-linked-copolymer GP-
MVs is mainly due to photobleaching of the dye, and not to a dye
release. Although, encapsulated molecules can diffuse across the
GPMV membrane through membrane protein channels,®! the
cross-linking step can effectively reduce molecule leakage from
GPMVs. Insertion and cross-linking of the diblock copolymer not
only enhanced the stability of GPMVs but also significantly re-
duced the permeation of molecules from the environment into
their cavity or the escape of encapsulated molecules. Taken to-
gether, our approach provides a promising platform for prepar-
ing cell-derived vesicles with reduced membrane permeation at
neutral pH that can be further developed for cell mimics or drug
delivery applications.

2.5. Stability of GPMVs at 4 °C and Physiological Temperature

Stability is one of the most important factors for controllable
in vitro and in vivo therapeutic applications of cell-derived
vesicles.®?] To get more details regarding the stability of cross-
linked-copolymer GPMVs, we investigated their ability to main-
tain the membrane integrity under different storage and en-
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vironment conditions. Specifically, we analyzed the stability
of GPMVs, copolymer-supplemented GPMVs and cross-linked-
copolymer GPMVs at 4 °C (Figure 6). Initially, all types of
GPMVs preserved their morphology without any aggregation.
Then, GPM Vs slowly aggregated after 14 days, while cross-linked-
copolymer GPMVs still preserved their integrity without aggrega-
tion for at least 28 days. As expected, the presence of the PEGMA
block at the exterior of the GPMVs effectively prevents the aggre-
gation of GPMVs. Extracellular vesicles were also reported to suf-
fer from aggregation and flocculation in physiological saline solu-
tions, which limits their long-term storage.!®! The polymer mod-
ification of the cell membrane in vesicles generated by donor cells
represents an elegant and straightforward manner to increase the
stability and quality of stored membranes while preserving their
morphology.

The membrane of GPMVs was reported as less rigid at phys-
iological temperature (37°C) than at RT,®* as higher temper-
atures induce fluidization of membranes and eventually disin-
tegrates the lipid bilayers.®] In order to investigate the mem-
brane morphology of GPMVs, copolymer-supplemented GP-
MVs and cross-linked-copolymer GPMVs at physiological tem-
perature (37 °C), we stored all GPMVs (stained with CellMask
Green) at 37 °C for one week. The CLSM images revealed that
the GPMV membrane and the copolymer-supplemented GP-
MVs membrane ruptured: the former into small fragments (Fig-
ure 7A), while the copolymer-supplemented GPMVs formed ag-
gregates (Figure 7B). Interestingly, the cross-linked-copolymer
GPMVs preserved their membrane integrity after one week of
storage at physiological temperature (Figure 7C). This demon-
strates that the cross-linked polymer shell effectively improves
the stability of the GPMV membrane for periods of time
longer than required for in vivo applications and thus over-
comes the limitation of inherently fragile GPMVs use in in vivo
studies.

2.6. Mechanical Properties of Cross-Linked-Copolymer GPMVs

Investigation of the mechanical properties of GPMVs is essen-
tial to gain a deeper understanding of the fundamental biolog-
ical mechanisms, which could facilitate their technological ap-
plications such as diagnostics and therapeutics. To calculate the
mechanical properties, we used vesicle fluctuation analysis. This
method is generally applied to extract information about physi-
cal properties of membranes.[®] To measure the thermal shape
fluctuations of giant lipid vesicles, we captured images with a
high frame rate by CLSM and processed them, yielding the mean
amplitude of the Fourier fluctuation modes spectrum. By com-
parison with a theoretical model of an expected Boltzmann dis-
tribution, it allows to determine the bending rigidity (k) of the
membrane. The bending rigidity is highly sensitive to membrane
changes as the bending elastic modulus depends strongly on the
membrane thermodynamic state and composition.** To investi-
gate if the copolymer cross-linking process affected the bending
rigidity of GPMVs, we stained the GPMV membranes with a hy-
drophobic fluorescent dye (BODIPY 630/650-X Succinimidyl Es-
ter). Then, we recorded the fluctuations of the membrane by us-
ing CLSM (Videos S7-S9, Supporting Information). The CLSM
images of membrane fluctuations obtained for GPMVs display
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Figure 6. Stability of GPMVs upon storage at 4 °C. CLSM images display green fluorescence of Atto-488 labeled Chol-PAEMA-b-PEGMA (Atto-488) and
transmission light. A) GPMVs, B) copolymer-supplemented GPMVs, and C) cross-linked-copolymer GPMVs stored for 0, 14, and 28 days. Scale bar =
5 um.
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Figure 7. Stability of GPMVs at 37 °C. A) GPMVs, B) copolymer-supplemented GPMVs, and C) cross-linked-copolymer GPMVs. Top: schematic repre-
sentation of the influence of storage at elevated temperature on the membrane of GPMVs. Bottom: CLSM fluorescence images of GPMVs after 7 days
of storage at 37 °C. A) Cell Mask Green, B,C) Atto-488 labeled copolymer. Scale bar = 5 um.
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Figure 8. Bending rigidity measurements of cross-linked-copolymer GPMVs by analysis of thermally induced membrane fluctuation. A) Time lapse
CLSM images of a cross-linked-copolymer GPMV fluctuation. Red: BODIPY 630/650-X Succinimidyl Ester. Scale bar = 2 um. B) The detected membrane
contour (red) is shown as overlay on the CLSM image. The bending rigidity k, of this cross-linked-copolymer GPMV is 30.5 + 3.0 kg T. C) Bending rigidity
values for unmodified and modified GPMVs. One-way analysis of variance (ANOVA) test showed significant difference among all groups (p-values <

0.0001).

significant fluctuation of the vesicles (Figure 8A). We analyzed
membrane fluctuations around the mean spherical shape (Fig-
ure 8B), then extracted both the decay time and a decay con-
stant, L, of each Fourier fluctuation mode (Figure S13, Sup-
porting Information). The bending rigidity values were obtained
by analyzing 8-9 vesicles for each sample (Figure 8C). Polymer
incorporation stiffened the membrane, the bending rigidity of
copolymer-supplemented GPMVs increased almost twofold com-
pared to that of GPMVs, from «, = 13.8 + 2.4 k; T to k) = 24. 6
+ 1.9 k3 T. Cross-linking the copolymer resulted in even more ro-
bust membranes with a bending rigidity value of 29.3 + 2.3 k, T.
The material property of bending rigidity describes the energetic
cost of membrane deformations and its resistance to bending.[34]
After the modification and cross-linking of copolymer, the GPMV
membranes show a higher bending rigidity, indicating a high en-
ergetic cost for membrane deformation and a larger resistance
to bending. Given the experimental errors, polymer insertion
and cross-linking effectively improved the stability of GPMVs.
The bending rigidity is corelated to membrane fluidity which de-
scribes the diffusion of lipids and proteins in the membrane.®”]
A more rigid membrane is associated with a lower membrane
fluidity.8*#8] In biology, the membrane fluidity refers to the vis-
cosity of the lipid bilayer of a cell membrane.®! Thus, we expect
that cross-linking of the copolymer on the GPMV membrane not
only increases the bending rigidity but also reduces the mem-
brane fluidity.

Interestingly, the bending rigidity value significantly increased
after the insertion of Chol-PAEMA-b-PEGMA diblock copoly-
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mers into the GPMV membrane, whereas the covalent cross-
linking of the copolymer had a lower effect. The insertion of
cholesteryl anchors has been reported to contribute to the in-
crease of lipid membrane stiffness.[®* In addition, as the density
of tethered polymer chains is affected by interpolymer chains in-
teractions, interactions with the surface, and with the solvent,!*°!
it is necessary to analyze the possible conformation of the an-
chored copolymer chains. To model the possible conformations
of the PAEMA-b-PEGMA chains, we estimated the length of
the copolymer brushes exposed at the surface of GPMVs using
Flory approximation.®!] This model evaluates changes in con-
formation of an ideal random-walk polymer by the presence of
solvent molecules, the constraint induced by tethering one end
of the polymer chain on a surface and the increase in grafting
density.°'=3] PEG side chains of the hydrophilic PEGMA block
are expected to adopt a stretched brush conformation in aque-
ous solution (Figure S14, Supporting Information) due to for-
mation of hydrogen bonds, which favor local overlapping and
entanglement. This interaction between the relatively long PEG
side chains will induce a physical cross-linking of the polymer
layer that induces a significant increase in the bending rigidity
of the copolymer-supplemented GPMVs. On the other hand, the
PAEMA block tends to adopt an elongated coil conformation due
to the spatial restrictions determined by both the anchoring of
the cholesteryl terminal groups into the GPMV membrane and
the connection of the other chain end to the PEGMA block (de-
tails in the Supporting Information). Therefore, the access of
PFA to the amine groups of PAEMA is affected by the decreased
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accessibility of the moieties available for interaction and the dis-
tance between the adjacent copolymer chains. While contribut-
ing to bending rigidity of the copolymer-supplemented GPMV
membrane, the physical cross-linking of the PEGMA block af-
fects the covalent cross-linking density, which might explain the
moderate increase in membrane bending rigidity. However, the
covalent cross-linking process plays an essential role in the sta-
bility and permeability of the GPMVs membrane. The covalent
bonds formed by chemical cross-linking are sufficient to make
the GPMV membrane impermeable for small molecules (e.g.,
dyes) and significantly more resistant against surfactants.

Synthetic lipid membranes are considered to be more ro-
bust than GPMV membranes as the high membrane protein
content in GPMVs has been reported to reduce the bending
rigidity.*%%! In fact, their bending rigidity values not only de-
pend on the measuring technique but also on the environmental
conditions (i.e., immersing medium and the presence of various
molecules and salts).®”] To minimize the effect of the environ-
ment on bending rigidity, we selected the 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosophocholine (POPC) lipid membranes, which
were measured under conditions similar to those of GPMV
membranes. We compared the bending rigidity of POPC lipid
membranes!®®*! with that of GPMV membranes and as ex-
pected, the bending rigidity of GPMV membranes was lower than
that of pure POPC GUVs (Table S2). Our cross-linked-copolymer
GPMV membranes were more robust than the native GPMV
membranes, resulting in a bending rigidity of 29.3 + 2.3 k; T,
similar to that of pure POPC membranes.

2.7. Effect of the Cross-Linked-Copolymer GPMVs on Cell Viability

To assess the bioapplicability of obtained vesicles, we investi-
gated the influence of GPMVs, copolymer-supplemented GP-
MVs, cross-linked-copolymer GPMVs and various concentrations
of block copolymer on the viability of Hela cells (Figure S15,
Supporting Information). As expected, GPMVs, as cell-derived
vesicles, were not cytotoxic. Interestingly, neither the copolymer-
supplemented GPMVs nor the cross-linked-copolymer GPMVs
displayed cell toxicity after the removal of PFA.

Together with their intrinsic complex composition compris-
ing of a variety of lipids and proteins as inherited from the
donor cells, the cross-linked-copolymer GPMVs represent an
ideal candidate for both fundamental studies and advanced ap-
plications. Although the equipment of GPMVs with cholesteryl-
functionalized PEG chains has been previously reported by our
group,!*’! here we go one step further: we achieved an improved
mechanical stability of the membrane by cross-linking the specif-
ically designed copolymer. In addition, we preserve both the GP-
MVs integrity and the lack of toxicity as key aspects for the in vitro
and in vivo application of GPMVs.

2.8. pH-Triggered Membrane Permeabilization of
Cross-Linked-Copolymer GPMVs

To evaluate the “on-demand” GPMYV functionality after the cross-
linking of the copolymer, we investigated the molecular trans-
port across the GPMV membrane at slightly acidic pH values
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(6.0-6.5). First, we studied the permeation of molecules from the
environment both for GPMVs and cross-linked-copolymer GP-
MVs. Specifically, a hydrophilic dye, Alexa Fluor-633-NHS-ester,
was added to GPMVs and cross-linked-copolymer GPMYV disper-
sions at pH 7.4. The CLSM images and the fluorescence pro-
file of cross-linked-copolymer GPMVs indicate no dye perme-
ation through the membrane (Figure 5A). However, when the
pH value decreased to 6.0, the mean fluorescence intensity of
Alexa Fluor-633-NHS-ester inside of GPMVs and cross-linked-
copolymer GPMVs increased significantly, and a homogeneous
red fluorescence intensity was observed (Figure S16, Support-
ing Information) indicating that the dye molecules could easily
permeate the membrane. At acidic pH, the cross-linked polymer
layer swells due to the electrostatic repulsion between the pro-
tonated primary amine moieties, which favors the access of the
dye molecules to the transmembrane proteins of GPMVs. By con-
trast, the membrane of native GPMVs ruptured after 3 h of incu-
bation at pH 6.0 (Figure S17, Supporting Information).

We further investigated the release of a hydrophilic dye, Atto-
633, from the cross-linked-copolymer GPMVs. The dye was prior
loaded into the native GPMVs at pH 7.4 (before copolymer in-
sertion and cross-linking). The CLSM images clearly showed
that the cross-linking step is of a key importance in prevent-
ing the leakage of encapsulated molecules from GPMVs (Fig-
ure S12, Supporting Information). In response to the decrease
of pH down to 6.5, the dye was released very fast in the first 10
s (Video S10, Supporting Information), and after 1 h, no fluores-
cence was observed anymore inside of GPMVs (Figure S18, Sup-
porting Information). The results provide significant evidence for
the pH-induced permeation/release of molecules into and from
the cross-linked-copolymer GPMVs while preserving their archi-
tectural integrity.

2.9. The Functionality of Cross-Linked-Copolymer GPMVs

We considered essential for further applications to investigate the
accessibility of surface membrane molecules of GPMVs (i.e., re-
ceptors, cell markers) to the interaction with ligands or antibod-
ies, after modification of GPMVs with the copolymer and cross-
linking. We followed the immunofluorescent detection of epider-
mal growth factor receptor (EGFR) on the membrane of native
GPMVs and cross-linked-copolymer GPMVs, respectively. We
used GPMVs derived from MDA-MB-468 cells (with a high EGFR
expression)1%] and compared with GPMVs generated by HepG2
cells (with a low EGFR expression)['°! as a negative control. The
difference of EGFR expression between these two cell lines was
firstindicated by the antibody staining performed on the fixed cell
samples (Figure S19, Supporting Information). Then, we used
the antibody staining on the corresponding GPMVs and cross-
linked-copolymer GPMVs to show the accessibility of receptors
after the membrane modification and cross-linking (Figure 9;
Figure S20, Supporting Information).

The intensity of the fluorescence signal from the GPMVs and
cross-linked-copolymer GPMVs, derived from highly EGFR ex-
pressing cell line serves to observe the antibody binding. The
stabilization of GPMV membrane with the cross-linkable block
copolymer does not block the interaction with the antigens or
receptors present on the surface of cell membrane. Therefore,
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Cross-linked-copolymer GPMVs

Atto-488

Alexa Fluor-647  Transmission Light

Figure 9. Immunofluorescent staining of EGFR on GPMVs membrane. CLSM images of fluorescently stained native GPMVs (left panel) and cross-linked-
copolymer GPMVs (right panel) derived from A) MDA-MB-468 cells and B) HepG2 cells. Channels represent the green fluorescence of Atto-488 stained
copolymer (Atto-488), the red fluorescence of immunofluorescently stained EGFR (Alexa Fluor-647), and the transmitted light. Scale bars = 2 um.

our strategy supports further bioapplications involving specific
receptor-ligand or antigen—antibody interactions.

3. Conclusions

The evolution of biomedical applications, including drug delivery
or molecular factories, relies on the development of cell-derived
vesicles as they provide ideal bioinspired platforms to construct
cell mimics, develop advanced therapeutic carriers or study the
lipid/protein behavior of cell membranes. Here, we introduce
an elegant strategy to overcome the major limitations associ-
ated with the inherent fragility and aggregation of cell-derived
vesicles, including GPMVs, by the insertion of a specifically de-
signed copolymer into the membrane and the subsequent cross-
linking of the copolymer. In addition, the specific selection of the
copolymer inserted in the GPMVs membrane and cross-linked
served to induce an emerging property: stimuli-responsiveness
of the membrane. RAFT polymerization allowed for the synthe-
sis of a well-defined Chol-PAEMA-b-PEGMA diblock copolymer,
which was successfully inserted into the membrane of GPMVs
due to the cholesteryl terminal groups acting as anchoring moi-
eties. The unique advantages of equipping GPMVs with a cross-
linkable, pH-responsive copolymer are the significant improve-
ment in membrane stability, avoiding their aggregation over
time, and stimuli-responsive permeability of the GPMV mem-
brane. Indeed, by combining surfactant-induced membrane dis-
ruption and dye permeation assays, we observed that the cross-
linked-copolymer GPMVs were more stable at neutral pH than
the native GPMVs and significantly hindered molecular trans-
port through the membrane. Both qualities are key aspects for
further development of bioapplications. Interestingly, the inser-
tion of Chol-PAEMA-b-PEGMA diblock copolymer into the mem-
brane has a higher effect on the bending rigidity than the cova-
lent cross-linking of the PAEMA blocks. We explained this dif-
ference by the increased hydrophilicity of PEGMA blocks that in-
troduce hydrogen bonds between the PEG side chains favoring
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local overlapping and entanglement of the chains. The higher in-
teraction between the PEG side chains leads to a physically cross-
linked polymer layer inducing an increase in the bending rigid-
ity of the copolymer-supplemented GPMVs membrane. On the
other hand, the covalent cross-linking is additionally increasing
the GPMV membrane integrity and represents the real factor pre-
venting both the membrane leakage and rupture in the presence
of surfactants. Importantly, both copolymer-supplemented GP-
MVs and cross-linked-copolymer GPMVs showed no cytotoxic-
ity. Together with their cytoplasm and membrane composition
inherited from the donor cells, cross-linked-copolymer GPMVs
are ideal candidates to support advanced application by com-
plex reactions in a nature-like manner. To the best of our knowl-
edge, this is the first example of copolymer-stabilized cell-derived
giant vesicles capable to trigger the permeation of molecules
across their membrane in a pH-mediated manner. In addition,
as the membrane stability and architectural integrity were pre-
served for more than two weeks of storage under different con-
ditions, including room temperature, our strategy produces ro-
bust biomimetic membranes endowed with a stimuli-triggered
functionality. Taken together, the cross-linked-copolymer GPMVs
have a high potential in developing new solutions for advanced
therapies.

4. Experimental Section

Materials: CPDB (95%), DCC (99%), DMAP (>99%), (2-boc-amino)
ethyl methacrylate (99%), 2,2’-azobis(2-methylpropionitrile) (AIBN)
(98%), PEGMA (M,, = 480), Atto-488-NHS-ester (>80%), PFA powder
(95%), and the organic solvents used in the project were purchased from
Sigma-Aldrich. The AIBN was recrystallized twice from methanol before
use. Dialysis membranes were obtained from Spectrum Laboratories, Inc.
CellMask Green Plasma Membrane Stain, Alexa Fluor 633 Carboxylic Acid
Succinimidyl Ester, Atto-633 and BODIPY 630/650-X Succinimidyl Ester,
WGA-Alexa Fluor 555 conjugate and Alexa Fluor 647 donkey antimouse
1gG polyclonal antibody were purchased from ThermoFisher, anti-EGFR
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monoclonal antibody was purchased from BD Biosciences. GPMV buffer
(10 mm HEPES, 150 mm NaCl, 2 mm CaCl,, pH 7.4) was filtered and
stored at 4 °C.

Synthesis of Cholesteryl-Terminated RAFT Agent:  Cholesterol (500 mg,
1.3 mmol), CPDB (433.5 mg, 1.6 mmol), DCC (400 mg, 1.9 mmol),
and DMAP (2 mg, 0.02 mmol) were mixed and stirred overnight in dry
CHCl; at room temperature, under argon atmosphere. The solid precipi-
tate was separated by filtration and the solvent was removed by evapora-
tion. The residue was purified by silica gel column chromatography using
hexane/ethyl acetate (12/1) as eluent to afford a pink oil (0.393 g) with a
yield of 46.7%.

Synthesis of Chol-PBocAEMA: Chol-PBocAEMA was synthesized via
RAFT polymerization. Briefly, (2-Boc-amino) ethyl methacrylate (1.0 g,
4.36 mmol), cholesteryl-terminated RAFT agent (96.8 mg, 0.14 mmol),
and AIBN (4.8 mg, 0.03 mmol) were dissolved in DMF (5 mL). The so-
lution was deoxygenated for 30 min by bubbling with argon and then im-
mersed in a 70 °C bath for 12 h under argon atmosphere. The resulting
copolymer was dropped into ethyl ether to precipitate and then filtered.
The filtrate was concentrated and dissolved in DCM, then the solution was
dried to afford a pink solid (0.797 g) with a yield of 73%. "H NMR spec-
troscopy indicated a mean degree of polymerization of 20 for the Chol-
PBocAEMA (calculated by comparing the integrated signals correspond-
ing to the aromatic protons at 7.2-8.0 ppm with those assigned to the
Boc-protective group at 6 = 1.4 ppm).

Synthesis of Chol-PBocAEMA-b-PEGMA:  Chol-PBocAEMA (150 myg,
0.028 mmol), PEGMA (190 mg, 0.39 mmol), and AIBN (2 mg,
0.072 mmol) were dissolved in DMF (5 mL). The solution was deoxy-
genated via bubbling with argon for 30 min, and then placed in an oil bath
at 70 °C for 12 h. The resulting diblock copolymer was collected and fil-
tered by precipitation from ethyl ether. The filtrate was transferred to DCM
and dried to get a pink product (0.301 g) with a yield of 84%. The block
ratio was determined by integrating the BocPAEMA side chain (Boc) at §
= 1.4 ppm as a reference and the peaks of the PEGMA side chain at § =
3.6 ppm attributed to the O—-CH,—CH, protons.

N-Boc Deprotection: TFA (5 mL) was added to a solution of Chol-
PBocAEMA-b-PEGMA (221 mg, 0.02 mmol) in DCM and the mixture was
stirred for 4 h at RT. After evaporation of the solvent, the mixture was dis-
solved in MilliQ water and dialyzed against NaOH solution (0.1 m) using
a dialysis membrane with a molecular weight cut-off of 3.5 kDa (the solu-
tion was exchanged four times). Finally, Chol-PAEMA-b-PEGMA (0.103 g)
was obtained after freeze-drying with a yield of 58%.

Atto-488 Labeled Chol-PAEMA-b-PEGMA: To label the copolymer,
Chol-PAEMA-b-PEGMA (100 mg), Atto-4838-NHS-ester (50 ulL, 1 mg
mL™1), and triethylamine (10 pL) were dissolved in DMSO and stirred
overnight at RT. The mixture was purified by dialysis in MilliQ water using a
3.5 kDa molecular weight cut-off membrane (the solution was exchanged
four times), and the dye-labeled polymer was obtained after freeze-drying.
Atto-488 labeled Chol-PAEMA-b-PEGMA (10 mg) was dissolved in GPMV
buffer to prepare a stock solution.

1H Nuclear Magnetic Resonance Spectroscopy: 'H NMR spectra were
recorded in deuterated solvents CDCl3, CD,Cl,-d or D,O (purchased from
Cambridge Isotope Laboratories USA) on a Bruker Avance Ill NMR spec-
trometer operating at a frequency of 500 MHz. Chemical shifts () are re-
ported in ppm, whereas the chemical shifts were calibrated to the main sol-
vent residual peaks. The collected spectra were analyzed using MestReN-
ova (v9.1) (Mestrelab Research S.L.).

GPC: GPC calibrated with narrow-distributed polystyrene standards
was applied to determine the average molecular weight and dispersity (D)
of the diblock copolymer. GPC measurements using chloroform as eluent
were recorded on an Agilent infinity 1200 system (Polymer Standard Ser-
vices, Germany) equipped with a refractive index detector and a series of
linear-S SDV columns. The temperature of all columns was set to 35 °C
and a flow rate of 1.0 mL min~" was used.

Confocal Laser Scanning Microscopy: CLSM measurements were per-
formed using an LSM 880, inverted microscope ZEISS Axio Observer
(Carl Zeiss, Germany) with a water immersion objective (C-Apochromate
40x/1.2 W korr FCS M27). Samples containing Atto-488 were excited
with a 488 nm argon laser collecting the fluorescence in the range of

Adv. Healthcare Mater. 2022, 11, 2202100 2202100 (14 of 17)

www.advhealthmat.de

499-629 nm. Atto-633, Alexa Fluor-633-NHS-ester, and BODIPY 630/650-
X Succinimidyl Ester were excited with a 633 nm HeNe-laser collecting
fluorescence in a range of 638-759 nm. Each sample was scanned unidi-
rectionally using 512 x 512 pixels with a Bit depth of 8 Bit. Images were
processed using Image] (1.53c).

Cell Culture and GPMV Formation: HepG2 and Hela cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium and MDA-MB-469 cells
were cultured in RPMI-1640. Culture media were supplemented with 10%
fetal bovine serum and 1% penicillin—streptomycin. Cell cultures were
maintained in an incubator at 37 °C with 5% CO,. GPMVs were produced
and isolated from the cells, as previously described.3*#%771 To produce
GPMVs, cells were seeded in a 6-well cell culture plate with a density of
1.5 x 10° cells per well. After growing the cells to a confluency of 70% to
90%, cells were washed three times with GPMV buffer. Membrane vesic-
ulation was then induced by incubation of cells with vesiculation buffer
consisting of PFA (25 mm) and DTT (2 mm) in GPMV buffer for 2 h at
37 °C. Then, the supernatant (500 pL) from each well was transferred to
an Eppendorf tube and centrifuged at 0.1 rpm for 10 min to remove cells,
then twice at 16 100 X g for 1 h at 4 °C to collect and wash GPMVs with
GPMV buffer. GPMVs were dipersed in a concentration of 1.6 x 10® mL™!
and transferred to a plasma activated 8-well chambers slide (Nunc Lab-
Tek Chamber Slide System, Thermo Fisher Scientific). The concentration
of GPMVs was estimated by CLSM. Specifically, GPMVs solution (200 uL)
was added to an 8-well chamber (area per well: 0.7 cm?) and left two days
for sendimentation. Five images with a size of 212.5 um x 212.5 um were
taken using CLSM and the average number of GPMVs per image area was
determined. Total number of GPMVs mL~" = (average number of GPMVs
per image/image area) X area of a well (0.7 cm?) x 5.

Modification of GPMV Membranes by Insertion of Atto-488 Labeled Chol-
PAEMA-b-PEGMA and Cross-Linking the Diblock Copolymer: Copolymer-
supplemented GPMVs were prepared by addition of Atto-488 labeled Chol-
PAEMA-b-PEGMA (final concentration: 0.1, 0.2, and 0.25 mg mL™") to
the GPMVs solution (200 pL) in an 8-well chambers slide (around 3.2 x
10° GPMVs per well). After 20 min, the copolymer-supplemented GPMVs
were washed five times with GPMV buffer to remove unbound copoly-
mer. Copolymer-supplemented GPMVs were cross-linked by addition of
PFA (0.4%). After 30 min, the resulting GPMVs were washed five times
with GPMV buffer to remove the free PFA. Copolymer-supplemented GP-
MVs and cross-linked-copolymer GPMVs were prepared using a copoly-
mer concentration of 0.2 mg mL™" in the next experiments, while in the
dye permeation study, the GPMVs were modified with a copolymer con-
centration of 0.1 mg mL™".

Surfactant Resistance Study: Surfactant resistance was performed by
addition of nonylphenyl-polyethylene glycol (NP-40). Before GPMV forma-
tion, cell membrane was stained with CellMask Orange (5 ug mL™", Invit-
rogen, USA) for 10 min. Then, GPMVs, copolymer-supplemented GPMVs
and cross-linked-copolymer GPMVs were formed using the method men-
tioned above. Subsequently, the NP-40 solution was added to the three
kinds of GPMVs to reach a final concentration of 0.1%. CLSM images were
taken immediately after the addition of NP-40.

Dye Permeation Study: Dye permeation was investigated by addition
of Alexa Fluor-633-NHS-ester (final concentration: 0.05 mg mL™") to GP-
MVs, copolymer-supplemented GPMVs, and cross-linked-copolymer GP-
MVs. All GPMVs were washed five times with GPMV buffer after a treat-
ment of 30 min and CLSM images were taken afterward. All permeation ex-
periments were performed at room temperature. Images were processed
with Image)2. GPMVs were only considered if their diameter was more
than 5.2 um. An overlay diameter of 4.8 um was applied to each GPMV to
measure the mean fluorescence intensity inside.

Dye Leakage Assay: GPMVs were incubated for 10 min with water-
soluble fluorescent dye-Atto-633 (final concentration: 0.025 mg mL~") and
subsequently washed five times with GPMV buffer to remove the free
dye. The cross-linked-copolymer GPMVs were prepared in three steps.
First, GPMVs were incubated with Atto-633 solution (final concentration:
0.025 mg mL™") for 10 min and washed once with GPMV buffer to re-
move excess of the dye. Second, Atto-488 labeled Chol-PAEMA-b-PEGMA
copolymer was added to reach a final concentration of 0.2 mg mL™1. Af-
ter 20 min of incubation, the unbound polymer was removed by washing
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twice with GPMV buffer. Third, PFA (final concentration: 0.4%) was used
for polymer cross-linking and incubated for 30 min with subsequent wash-
ing of free PFA by GPMV buffer. CLSM images of all samples were taken
every 5 min for 100 min. Fluorescence intensity was measured for indi-
vidual GPMVs using ZEN black (v2.3). To determine the photobleaching
effect of the fluorescent dye, Atto-633-loaded GPMVs were imaged using
the same laser power but continuously without break intervals between
the time points (100 s in total). The leakage assay was performed at room
temperature.

Stability of GPMVs under Storage at 4 °C and Physiological Temperature
(37 °C): GPMVs, copolymer-supplemented GPMVs, and cross-linked-
copolymer GPMVs were stored at 4 and 37 °C in GPMV buffer to inves-
tigate their stability: CLSM images were taken before storage, after 14 and
28 days of storage (4 °C) or after 7 days (37 °C).

Membrane Bending Rigidity: Membrane bending rigidity was mea-
sured by fluctuation analysis of the thermally induced motion of the GPMV
membrane. Statistical analysis was performed in MATLAB using an ap-
proach described by Spanke et al.[3¢] GPMVs, copolymer-supplemented
GPMVs, and cross-linked-copolymer GPMVs were prepared with unla-
beled Chol-PAEMA-b-PEGMA and then incubated with BODIPY 630/650-X
Succinimidyl Ester (final concentration: 12.5 um). After washing five times
with GPMYV buffer, sucrose (final concentration: 75 mm) was added to GP-
MVs solution for optically resolvable membrane fluctuation, and then a
video of 5000 images was recorded at 51 frames per second (fps). Sub-
sequently, bending rigidity values were analyzed with an ANOVA test to
assess the statistical significance of the differences.

Cell Viability Test: Cytotoxicity was evaluated by MTS (3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-
2H-tetrazolium) assay. Briefly, Hela cells were seeded into a 96-well
flat-bottom microtiter plate (3000 cells per well), incubated overnight,
and then treated with GPMVs, copolymer-supplemented GPMVs, cross-
linked-copolymer GPMVs, and various concentrations of copolymer for
24 h. The medium was then discarded and replaced with fresh medium
(100 pL per well). MTS reagent (20 uL per well) was added to each well
and incubated at 37 °C for 2 h. Next, the absorbance was measured
at 490 nm and the background signal of the wells without cells was
subtracted. Cell viability was calculated as the ratio of the absorbance
of the sample-treated wells to that of the control wells (untreated) and
expressed as a percentage. Tests were performed in quadruplicate.
Each point represents the mean + SD (bars) of replicates from one
representative experiment.

pH-Triggered Dye Permeation at pH 6.0: The pH value of GPMVs,
copolymer-supplemented GPMVs, and cross-linked-copolymer GPMVs
dispersions was first adjusted down to 6.0 with HCl (0.5 m) and then the
samples were left for 1h to reach the equilibrium. Afterward, a solution of
Alexa Fluor-633-NHS-ester (final concentration: 0.05 mg mL~') was added
into all GPMVs samples with pH 6.0 and, after 1 h of incubation, the GP-
MVs were washed five times with GPMV buffer and the CLSM images were
recorded.

pH-Induced Dye Release at pH 6.5: The cross-linked-copolymer GP-
MVs loaded with Atto-633 were prepared according to the method men-
tioned above for the dye leakage assay. The pH values of all samples were
adjusted down to 6.5 with HCI (0.5 m) and the CLSM imaging of GPMVs
was performed after 1 h of incubation.

All permeation and releasing experiments were conducted at room tem-
perature. The mean fluorescence intensities were applied with the same
method as given above in “Dye Permeation Study” section.

Antibody Staining: Cells: Cells were plated on 8-well chamber glass
slide (IBIDI) in a density of 75 000 cells per well (MDA-MB-468) and 50 000
cells per well (HepG2). The plate was incubated for 48 h, then the culture
medium was discarded, the cells were washed three times with PBS and
fixed with 4% paraformaldehyde for 15 min. Cells were washed three times
with PBS, blocked with 3% BSA in PBS for 1 h and stained with Hoechst
33342 at a concentration of 0.25 pg mL™" for 20 min. Cells were washed
again three times with PBS, and cell membranes were stained with WGA-
Alexa Fluor 555 conjugate at a concentration of 5 uyg mL™! for 5 min in
PBS at room temperature. Cells were washed three times with PBS and
incubated overnight at 4 °C with mouse monoclonal antibody anti-EGFR
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diluted 1:100 in PBS with 3% BSA. Next day cells were washed with PBS
and incubated for 2 h at room temperature with fluorescently labeled sec-
ondary antibody (Alexa Fluor 647 donkey anti-mouse IgG) diluted 1:200
in PBS with 3% BSA. Finally, cells were washed three times with PBS and
imaged using CLSM.

GPMVs: GPMVs were placed in 8-well chamber glass slide (IBIDI) and
incubated in PBS containing 3% BSA for 1 h at room temperature. Then
GPMVs were incubated overnight at 4 °C with mouse monoclonal anti-
body anti-EGFR diluted 1:100 in PBS with 3% BSA. Next day GPMVs were
washed with PBS and incubated for 2 h at room temperature with sec-
ondary antibody (Alexa Fluor 647 donkey anti-mouse IgG) diluted 1:200 in
PBS with 3% BSA. Finally, GMPVs were washed three times with PBS and
imaged using CLSM.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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