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ABSTRACT: Block copolymer vesicles can be turned into
nanoreactors when a catalyst is encapsulated in these hollow
nanostructures. However the membranes of these polymer-
somes are most often impermeable to small organic molecules,
while applications as nanoreactor, as artificial organelles, or as
drug-delivery devices require an exchange of substances
between the outside and the inside of polymersomes. Here,
a simple and versatile method is presented to render
polymersomes semipermeable. It does not require complex
membrane proteins or pose requirements on the chemical nature of the polymers. Vesicles made from three different amphiphilic
block copolymers (α,ω-hydroxy-end-capped poly(2-methyl-2-oxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyl-2-
oxazoline) (PMOXA-b-PDMS-b-PMOXA), α,ω-acrylate-end-capped PMOXA-b-PDMS-b-PMOXA, and poly(ethylene oxide)-
block-poly(butadiene) (PEO-b-PB)) were reacted with externally added 2-hydroxy-4′-2-(hydroxyethoxy)-2-methylpropiophe-
none under UV-irradiation. The photoreactive compound incorporated into the block copolymer membranes independently of
their chemical nature or the presence of double bonds. This treatment of polymersomes resulted in substantial increase in
permeability for organic compounds while not disturbing the size and the shape of the vesicles. Permeability was assessed by
encapsulating horseradish peroxidase into vesicles and measuring the accessibility of substrates to the enzyme. The permeability
of photoreacted polymersomes for ABTS, AEC, pyrogallol, and TMB was determined to be between 1.9 and 38.2 nm s−1. It
correlated with the hydrophobicity of the compounds. Moreover, fluorescent dyes were released at higher rates from
permeabilized polymersomes compared to unmodified ones. The permeabilized nanoreactors retained their ability to protect
encapsulated biocatalysts from degradation by proteases.

■ INTRODUCTION

Some amphiphilic block copolymers self-assemble in aqueous
solution into vesicles, also called polymersomes. These
nanocapsules enclose a pool of water that is delimitated by a
membrane similar to the lipid bilayer membrane in liposomes
and living cells. Compared to their lipid-based counterparts,
block copolymer membranes are more stable and therefore
more robust against, e.g., mechanical shear forces or
disassembly upon dilution.1 Moreover, their surface function-
ality, the chemical properties of the membrane, and its
thickness can easily be tailored through the synthesis of the
polymers.2,3 Thus, block copolymer vesicles have gathered
much interest as drug-delivery vehicles in nanomedicine, for in
vivo imaging purposes, or as artificial organelles.1,4,5 When
catalytically active guests are encapsulated within the inner
compartment of polymersomes, they can be used as nanoscale
reactor vessels, i.e., as nanoreactors.5−8 Within the confined
space provided by the vesicle, reactions can occur with higher
selectivity or less side reactions.9 Furthermore, reactions and

proteins can be monitored on the single molecule level using
nanoreactors.10,11 Cascade reactions of two or more catalytic
species become more efficient due to the close spatial proximity
and precise positioning of the catalysts.12−14 Apart from
confining reactions into nanoscale volumes, nanoreactors also
protect the encapsulated guest from degrading agents and
enzymes outside of the vesicles.15 This is especially important
for biomedical applications of nanoreactors, where an
encapsulated enzyme produces a drug or scavenges toxic
substances in intra- or extracellular fluids.1,5,14,16 The physical
and chemical stability of polymeric vesicles is of great
importance for nanoreactor applications. However, the main
advantage of the polymersomes is at the same time a
disadvantage due to the difficulty to exchange substances
between the interior and the exterior through the polymer
membrane barrier.17 A molecule entering or leaving a
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polymersome would have to permeate a hydrophilic, a
hydrophobic, and again an hydrophilic layer of membrane.
With an increase in the molecular weight of the molecules that
form the membrane of vesicles, it becomes less permeable.3

While liposomes are permeable for cations and small molecules
(e.g., glycerol, urea, ethylene glycol),18 the shell of most
polymersomes is virtually impermeable to small hydrophilic
molecules but is permeable to gases.19,20 For example, water,
calcium ions, and many organic molecules cannot permeate
through the membrane of the well-studied poly(2-methyl-2-
oxazoline)-block-poly(dimethylsiloxane)-block-poly(2-methyl-2-
oxazoline) (PMOXA-b-PDMS-b-PMOXA) block copolymer
vesicles.21−23 However, for chemical reactions to take place
inside of nanoreactors, substrates must be able to enter the
interior of the polymersomes, e.g., by diffusion through the
membrane or through pores in the membrane. Also, most other
applications of polymersomes require at some point the
diffusion of small molecules toward the inner confined space
or a release of content from the polymersomes.4,6,8

The permeability of polymersomes can be enhanced by using
organic cosolvents.24 Some block copolymers, such as poly-
(styrene)-block-polyisocyanoalanine(2-thiophene-3-yl-ethyl)-
amide, form intrinsically porous membranes that allow free
passage of small organic molecules.15,25 Other permeable
polymersomes are based on copolypeptides26 or boronic acid-
based block copolymers.27 The permeability of polymersomes
can be tuned by using photocross-linkable block copolymers
that contain photocross-linkers as monomers in their hydro-
phobic block.28−30 Another approach was explored by Meier
and co-workers, who reconstituted channel proteins (e.g.,
OmpF, aquaporins) within membranes of PMOXA-b-PDMS-b-
PMOXA copolymers.5,21−23,31 Channel proteins render the
polymersomes permeable to those molecules that can pass
through the porins and therefore enable the effective design of
nanoreactors.4,6 All these approaches can only be applied in
particular cases and are not very versatile. They either require
the synthesis of special polymer blocks or need membrane
proteins that are difficult to handle and expensive.
Here we present a simple, adaptable and easy-to-use method

of introducing permeability into polymersomes. An α-
hydroxyalkylphenone, 2-hydroxy-4′-2-(hydroxyethoxy)-2-meth-
ylpropiophenone (PP-OH), was added to solutions of
polymeric vesicles and was allowed to react with the polymer
membranes under UV-irradiation. This type I photoninitiator is
water-soluble.32 UV-irradiation causes it to form two primary
radicals (ketyl and alcohol).33 In its common application, these
radicals would start a radical polymerization. However, in the
absence of monomers, the radicals can recombine or attack
other organic compounds,33 similar to the well-studied
benzophenone derivatives.34 In our case, the radicals react
with block copolymers in the polymersome membranes,
causing chemical modification of the polymers with the
hydrophilic PP-OH and therefore increase the permeability of
the membranes toward hydrophilic molecules. The concen-
tration of PP-OH was low enough to avoid cross-linking
reactions between polymer chains. In order to explore the
versatility of this permeabilization method, we chose three
block copolymers that form vesicles but differ in their chemical
properties: an α,ω-hydroxy-terminated PMOXA-b-PDMS-b-
PMOXA block copolymer, an α,ω-acrylate-end-functionalized
PMOXA-b-PDMS-b-PMOXA (A-PMOXA -b-PDMS-b-
PMOXA-A), and a poly(ethylene oxide)-block-poly(butadiene)
with a carboxylic acid end group (PEO-b-PB) (see Chart S1 for

structures). While the first polymer does not bear any
functional group that specifically reacts with radicals, the two
latter polymers contain double bonds at the chain ends or in
the PB block, respectively. These polymers are prone to be
attacked by radicals and could potentially undergo cross-linking
reactions in the presence of radicals. However, under the
chosen reaction conditions, attachment of PP-OH to the
polymer chains is favored over cross-linking reactions (vide
inf ra).
Polymersomes that encapsulated the enzyme horseradish

peroxidase (HRP) were used to show that permeability can be
induced by photoreaction with PP-OH. To this end, access of
various chromogenic substrates from the outside of such
nanoreactors to the encapsulated biocatalysts was monitored,
and the permeability correlated to structural features of the
substrates. HRP is a 44 kDa heme enzyme that uses hydrogen
peroxide to oxidize electron-rich aromatic compounds.35,36 It
finds applications in immunoassays, as a catalyst for
biotransformations, in wastewater treatment, and as a polymer-
ization catalyst.36−39

As a second method to prove the increase in membrane
permeability upon PP-OH treatment, fluorescent dyes were
encapsulated in self-quenching concentrations into the
polymersomes, and the release of the dyes from the
permeabilized polymersomes was measured.

■ RESULTS AND DISCUSSIONS

Morphology and Dimensions of Empty and HRP-
Loaded Polymersomes. Polymersomes were generated by
self-assembly of A-PMOXA-b-PDMS-b-PMOXA-A, PMOXA-b-
PDMS-b-PMOXA, and PEO-b-PB, using the film rehydration
method in phosphate buffer at pH 6.5.40 In order to
encapsulate HRP, film rehydration was carried out in an
aqueous solutions of this biomolecule. The loaded vesicles were
purified by size exclusion chromatography to remove non-
encapsulated enzyme. The final concentration of encapsulated
HRP into the polymersomes was quantified by UV−vis
spectroscopy. The total concentration varied from 5.4 μM for
HRP encapsulated in A-PMOXA-b-PDMS-b-PMOXA-A
vesicles, to 18.6 μM for PMOXA-b-PDMS-b-PMOXA vesicles,
and to 3.45 μM for PEO-b-PB vesicles.
The morphology and size of self-assembled structures were

characterized by TEM and LS. In the absence of encapsulated
HRP, TEM micrographs of A-PMOXA-b-PDMS-b-PMOXA-A
show spherical structures with diameters ranging from 80 to
160 nm (Figures S1a). Similar structures with diameters of ∼90
nm were obtained with PMOXA-b-PDMS-b-PMOXA (Figure
S1b), while TEM of self-assembled PEO-b-PB revealed tubular
structures (Figure S1c). Light-scattering allows measuring the
radii of gyration (Rg) and the hydrodynamic radius (Rh) of the
self-assembled objects (Table 1). The ratio Rg/Rh (ρ-
parameter) then reveals the morphology of the structures.
The objects formed by A-PMOXA-b-PDMS-b-PMOXA-A have
an average Rg of 127 nm, for PMOXA-b-PDMS-b-PMOXA
present an average Rg of 108 nm, while PEO-b-PB forms much
larger structures that could not be extruded through a 200 nm
filter. ρ was 0.96 for A-PMOXA-b-PDMS-b-PMOXA-A, and
1.04 for PMOXA-b-PDMS-b-PMOXA. These values are close
to the theoretical ρ of hollow spheres (1.0), indicating the
presence of vesicles.41,42 For PEO-b-PB a ρ-parameter of 1.3
was measured, which shows that the sample contained worm-
like structures.42
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In the presence of HRP, all three copolymers formed
spherical structures with diameters ranging from 50 to 240 nm,
as visualized by TEM (Figure 1). No worm-like micelles or
giant vesicles were observed in the case of PEO-b-PB
copolymers. Rg was determined to be 162 nm for A-
PMOXA-b-PDMS-b-PMOXA-A, 119 nm for PMOXA-b-
PDMS-b-PMOXA, and 147 nm for PEO-b-PB (Table 1). In
all cases, ρ was slightly below 1.0. The combination of LS and
TEM data indicates that, when hydrated in the presence of
HRP, the three copolymers self-assemble into polymersomes.
The difference in self-assembling behavior of PEO-b-PB in the
absence and the presence of the enzyme indicate that the guest
induces vesicle formation.
Photoreactions within the Polymersome Membrane.

Polymersomes were photoreacted with PP-OH in order to
increase their permeability. To this end, PP-OH was added to
solutions of polymersomes. Oxygen could interfere with the
radicals that form upon activation of PP-OH. Thus, the
mixtures were purged with argon. Then they were irradiated for
30 s with an UV-A lamp and purified by size-exclusion
chromatography.
In a first set of experiments the optimal concentration of PP-

OH was determined with HRP-loaded A-PMOXA-b-PDMS-b-
PMOXA-A polymersomes. Vesicles of the acrylate-end-capped
block copolymer were chosen, as they are most susceptible to

cross-linking reactions that could interfere with the permeabi-
lization. The concentration of PP-OH was varied between 0.1
and 5 mg mL−1. PP-OH concentrations up to 1 mg mL−1 did
not disturb the size and morphology of HRP-loaded vesicles
(Figure S2). Exemplarily, the results for vesicles reacted with 1
mg mL−1 PP-OH are reported in Figure 1 and in Table 1.
Spherical structures similar in size to those of HRP-loaded
vesicles prior to PP-OH treatment were detected by TEM and
LS. The ρ-parameters indicate that these objects are vesicles.
Higher concentrations of the photoactive compound during
UV-irradiation decreased the size of the polymersomes, as
determined by TEM (Figure S2). Vesicles with an average
diameter of 200 nm were obtained at a PP-OH concentration
of 1.1 mg mL−1. A PP-OH concentration of 1.5 mg mL−1

resulted in vesicles with a diameter of ∼70 nm and micelles.
Higher PP-OH concentrations lead to the aggregation of the
polymers: At a PP-OH concentration of 2 mg mL−1, almost no
nanostructures were visible in TEM images (except for
micelles), and at concentrations of 2.5 mg mL−1 or above, no
self-assembled structures could be detected in TEM, probably
due to inter- and intravesicle cross-linking. PP-OH concen-
trations below 1 mg mL−1 PP-OH did not render the vesicles
permeable, as determined by the 2,2′-azino-bis(3-ethylbenzo-
thiazoline-6-sulfonic acid) (ABTS) assay for encapsulated HRP
(data not shown). A concentration of 1 mg mL−1 PP-OH,
however, resulted in a substantial increase in permeability of the
vesicles. These findings will be reported in detail below.
Concluding, a PP-OH concentration of 1 mg mL−1 resulted in
permeable vesicles with undisturbed size. Therefore, this PP-
OH concentration was chosen for all further experiments.
Photoreaction of PP-OH with polymersomes should result in

the incorporation of the photoreactive compound into the
polymersome membrane. Thus, it was investigated by UV−vis
spectroscopy if size exclusion chromatography (SEC)-purified
vesicles showed the absorption band that is characteristic to PP-
OH and its derivatives. Figure 2 compares UV−vis spectra of
HRP-loaded A-PMOXA-b-PDMS-b-PMOXA-A, PMOXA-b-
PDMS-b-PMOXA, and PEO-b-PB polymersomes before and
after PP-OH treatment. The spectra of the photoreacted
vesicles show an absorption band with a maximum at 280 nm.
It is absent in the spectra of the vesicles that were not treated
with PP-OH. This band can be attributed to the hydroxyethoxy
phenyl ketone, as similar spectra were reported for PP-OH and

Table 1. LS Data for Polymersomes and Self-Assembled
Nanostructures

system
Rg,
nm

Rh,
nm

ρ = Rg/
Rh

A-PMOXA-b-PDMS-b-PMOXA-Aa 127 131 0.96
A-PMOXA-b-PDMS-b-PMOXA-A-HRPb 162 173 0.93

A-PMOXA-b-PDMS-b-PMOXA-A-HRP-PP-
OHc

151 158 0.95

PMOXA-b-PDMS-b-PMOXAa 108 103 1.04
PMOXA-b-PDMS-b-PMOXA-HRPb 119 121 0.98

PMOXA-b-PDMS-b-PMOXA-HRP-PP-OHc 124 137 0.90
PEO-b-PBa 576 443 1.3

PEO-b-PB-HRPb 147 165 0.89
PEO-b-PB-HRP-PP-OHc 127 131 0.96

aSelf-assembled in the absence of enzyme. bSelf-assembled in the
presence of HRP. cSelf-assembled in the presence of HRP and
photoreacted with 1 mg mL−1 PP-OH.

Figure 1. TEM micrographs of HRP-filled polymersomes before and after photoreaction with PP-OH. (A) A-PMOXA-b-PDMS-b-PMOXA-A, (B)
PMOXA-b-PDMS-b-PMOXA, and (C) PEO-b-PB.
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some of its derivatives in the literature (e.g., the absorption
maximum of PP-OH in acetonitrile is at 276 nm).43 The UV−
vis data were complemented by gel permeation chromatog-
raphy (GPC) of the polymers. A number-average molecular
weight (Mn) of 6000 g mol−1 was measured for A-PMOXA-b-
PDMS-b-PMOXA-A. PP-OH-treated vesicles were disrupted by
solvent exchange to THF and then analyzed by GPC. A-
PMOXA-b-PDMS-b-PMOXA-A now had aMn of 7230 g mol

−1.
Similar results were obtained for PEO-b-PB (4900 g mol−1

before and 6400 g mol−1 after PP-OH treatment). These results
indicate that no cross-linking occurred upon photoreaction of
the double-bond bearing polymersomes with PP-OH, as it
would have led to a much higher increase in molecular weight.
Instead, the slightly increased Mn can be explained by the
attachment of small molecules to the polymers. Possibly, the
reaction of PP-OH with the polymersomes increases the
hydrophilicity of the membrane and therefore renders it
permeable for hydrophilic substances.
Encapsulation Efficiency. In order to determine if the

heme protein is stable under the photoreaction conditions and
whether the reaction has an effect on the encapsulation
efficiency of the enzyme, UV−vis spectra of encapsulated HRP
were recorded before and after PP-OH treatment and
compared to the spectrum of nonencapsulated, native HRP
(Figure 3). All spectra show HRP’s characteristic Soret band
with a maximum at 403 nm,35,44 indicating that the enzyme’s
active site was not modified by PP-OH. UV−vis spectra also
allow quantifying the concentration of HRP. In the A-PMOXA-
b-PDMS-b-PMOXA-A-PP-OH system the enzyme’s concen-
tration was 2.5 μM (0.12 mg mL−1), in the solution of

PMOXA-b-PDMS-b-PMOXA-PP-OH vesicles it was 17 μM,
and with PEO-b-PB-PP-OH vesicles it was 2.6 μM. Therefore,
the concentration of HRP in the PMOXA-b-PDMS-b-PMOXA-
based vesicles did only decrease slightly upon photoreaction
with PP-OH. The double-bond containing polymersomes,
however, lost between 54% (A-PMOXA-b-PDMS-b-PMOXA-
A) and 25% (PEO-b-PB) of their enzyme load. Most likely, the
additional purification step by SEC removed some aggregated
vesicles as well as enzyme released from polymersomes during
the reaction with PP-OH. Nevertheless, sufficient amounts of
the peroxidase were retained in all types of vesicles upon PP-
OH treatment to allow for permeability measurements and to
use the PP-OH treated vesicles as nanoreactors for
biotransformations.

Permeability Studies in the PP-OH-Treated Polymer-
somes. The changes in membrane permeability of polymer-
somes upon PP-OH treatment were investigated by kinetic
assays of the encapsulated HRP. To this end, HRP-filled
vesicles were exposed to solutions of hydrogen peroxide and
four different chromogenic HRP substrates: ABTS,45,46 3-
amino-9-ethyl carbazole (AEC),47 pyrogallol,48 and 3,3′,5,5′-
tetramethylbenzidine (TMB)49 (Chart 1). These four sub-
strates were chosen because they are all small organic
molecules, but they differ in their hydrophilicity. This is
expressed by their solubility in water. It ranges from 0.1 g L−1

for AEC to 400 g L−1 for pyrogallol (Table 2).50−53 Thus, a
correlation between their hydrophilicity and their ability to
diffuse into PP-OH-treated vesicles might be possible. All
substrates are converted by the enzyme into colored products,
so that these reactions can be monitored by UV−vis

Figure 2. UV spectra of HRP-loaded polymersomes before and after photoreaction with PP-OH. (A) A-PMOXA-b-PDMS-b-PMOXA-A, (B)
PMOXA-b-PDMS-b-PMOXA, and (C) PEO-b-PB. All samples were purified by SEC prior to recording of the spectra in order to remove small
molecules that are not bound to the polymersomes.

Figure 3. Normalized UV−vis spectra of free HRP and of HRP in polymersomes before and after photoreaction with PP-OH. (A) A-PMOXA-b-
PDMS-b-PMOXA-A, (B) PMOXA-b-PDMS-b-PMOXA, and (C) PEO-b-PB. The spectra were normalized to 1 at maximal absorbance in order to
facilitate the comparison of the spectra.
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spectroscopy. As the HRP-catalyzed oxidation reactions are fast
(e.g., for ABTS a rate constant of 8 × 108 M−1 s−1 has been
reported54), a calculation method to determine permeabilities
of polymersomes introduced by Battaglia and Ryan can be
employed.55

HRP catalyzes a one-electron oxidation of ABTS to yield a
metastable radical cation with blue-green color.45,46 As
expected, the reaction with free HRP resulted in an increase
in absorbance at 414 nm over time (Figure 4). In contrast, HRP
encapsulated in A-PMOXA-b-PDMS-b-PMOXA-A, PMOXA-b-
PDMS-b-PMOXA, and PEO-b-PB vesicles gave no colorimetric
reaction within at least 50 min. However, when PP-OH-treated
vesicles were used, the substrate was converted to its colored
form, and absorbance at 414 nm increased. In control reactions
it was ruled out that PP-OH in the membrane catalyzes the
conversion of the substrates. Activity assays with empty, PP-
OH-treated PMOXA-b-PDMS-b-PMOXA vesicles did not
develop color (Figure S3). Furthermore, it was tested whether
UV-irradiation was necessary to induce permeability with PP-
OH, or if a mere dissolution of PP-OH in the membrane was

enough to render the polymersomes permeable. To this end,
HRP-filled PMOXA-b-PDMS-b-PMOXA vesicles were incu-
bated with PP-OH but not irradiated. Activity assays with these
vesicles did not show any color formation (Figure S3). These
findings allow concluding that the enzyme was active inside of
the polymersomes and that the substrate was only able to
access HRP when the vesicles had been photoreacted with PP-
OH. Thus, the light-induced reaction of the α-hydroxyalkyl-
phenone with A-PMOXA-b-PDMS-b-PMOXA-A, PMOXA-b-
PDMS-b-PMOXA, and PEO-b-PB rendered the vesicles
permeable for the HRP substrate. Similar results were obtained
for AEC, pyrogallol, and TMB (Figure S3), and the
permeabilization results for all four substrates are summarized
in Table 2. Permeability for ABTS across the PP-OH-modified
block copolymer membranes was calculated to be 14.4 nm s−1

(A-PMOXA-b-PDMS-b-PMOXA-A-PP-OH), 8.07 nm s−1

(PMOXA-b-PDMS-b-PMOXA), and 3.5 nm s−1 (PEO-b-PB-
PP-OH), respectively. The permeability of PP-OH-treated
polymersomes toward the more hydrophobic substrate TMB is
1.4- to 4.2-times higher. AEC, the most hydrophobic
compound of the four tested ones, permeates the polymersome
membranes 2.3- to 23.6-fold better than ABTS. On the other
hand, the permeability of the polymersomes to the much more
hydrophilic pyrogallol is significantly lower than the values
determined for ABTS, TMB, or AEC. Thus, these four
compounds diffuse more easily through the blockcopolymer
membranes the more hydrophobic they are.

Protection of Encapsulated Enzyme against an
Externally Added Degrading Agent. Many of the
experimental results presented above, including the coelution
of enzyme and polymersomes in the same fraction of size
exclusion chromatography, and the accessibility of externally
added substrates to the biocatalyst, indicate that PP-OH-treated
polymersomes encapsulated HRP in their inside. However, a
second scenario cannot be ruled out completely by these
experiments. PP-OH treatment could result in the release of
enzyme from some of the polymersomes, followed by an
attachment or adsorption of the HRP to the outside of intact
vesicles. This would challenge our hypothesis that the UV-
induced reaction of PP-OH with polymersomes causes an

Chart 1. HRP Substrates Used in Permeability Studies

Table 2. Permeability of PP-OH-Treated Polymersomes for
HRP Substrates

substrate
solubility of substrate
in water at 20 °C/g·L polymersome

permeability,
nm·s−1

pyrogallol 400a A-PMOXA-b-PDMS-b-
PMOXA-A-HRP-PP-

OH

12.2 ± 0.6

PMOXA-b-PDMS-b-
PMOXA-HRP-PP-OH

3.03 ± 0.2

PEO-b-PB-HRP-PP-OH 1.9 ± 0.02

ABTS 20b A-PMOXA-b-PDMS-b-
PMOXA-A-HRP-PP-

OH

14.4 ± 0.7

PMOXA-b-PDMS-b-
PMOXA-HRP-PP-OH

8.07 ± 0.1

PEO-b-PB-HRP-PP-OH 3.5 ± 0.2

TMB 1c A-PMOXA-b-PDMS-b-
PMOXA-A-HRP-PP-

OH

20.8 ± 0.2

PMOXA-b-PDMS-b-
PMOXA-HRP-PP-OH

18.9 ± 0.8

PEO-b-PB-HRP-PP-OH 14.7 ± 0.3

AEC 0.1d A-PMOXA-b-PDMS-b-
PMOXA-A-HRP-PP-

OH

32.4 ± 0.6

PMOXA-b-PDMS-b-
PMOXA-HRP-PP-OH

38.2 ± 0.9

PEO-b-PB-HRP-PP-OH 27.1 ± 0.09
aRef 50. bRef 51. cRef 52. dRef 53.

Figure 4. HRP activity assays with ABTS as substrate to determine the
increase in polymersome permeability upon photoreaction with PP-
OH. (1−3) HRP-filled polymersomes before photoreaction with PP-
OH. (4−6) HRP-filled polymersomes after photoreaction with PP-
OH: (4) A-PMOXA-b-PDMS-b-PMOXA-A-HRP-PP-OH, (5)
PMOXA-b-PDMS-b-PMOXA-HRP-PP-OH, (6) PEO-b-PB-HRP-PP-
OH. (7) Free HRP. The initial slope of such kinetic measurements was
used to calculate permeabilities.
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increase in membrane permeability. Thus, control experiments
were carried out in which proteinase K was added to solutions
of HRP-loaded and PP-OH-treated A-PMOXA-b-PDMS-b-
PMOXA-A polymersomes as well as to solutions of free
HRP. The rationale of these experiments is that the protease
digests and deactivates all HRP that is accessible from the
external aqueous phase, while HRP that resides inside of
polymersomes is protected against proteolytic attack and
therefore retains its activity. After incubation at 40 °C for 24
h, activity assays with ABTS were carried out. Apparent
activities were determined from initial slopes in absorbance vs
time plots. Figure 5 shows the results of such digestion

experiments. For comparison, the activity assays of samples that
were not treated with the protease are also shown. The
peroxidase in the PP-OH-treated vesicles retained 80% of its
activity. In contrast, enzymatic digestion of free HRP resulted
in a complete deactivation of the enzyme. These results confirm
that HRP is encapsulated in the PP-OH-treated polymersomes
and show that the polymersomes have the ability to protect the
enzyme from the digestive action of the protease. Thus, the PP-
OH-modified polymer membrane is semipermeable for small
organic molecules, while the investigated biomacromolecules
are too large to cross the membrane of the vesicles.
Release Kinetics of Low Molecular Weight Molecules.

In the previous paragraphs we have shown that UV-induced
modification of polymersomes with PP-OH allows organic
molecules to penetrate the block copolymer polymer
membrane from the external aqueous phase into the vesicles.
However, the flux of molecules in the reverse direction, from
the inside of vesicles into the solution medium, is essential for
many applications, ranging from drug-producing nanoreactors
to controlled release drug-delivery systems. In order to test the
ability of polymersomes to release a molecular cargo upon
treatment with PP-OH, two fluorescent dyes, calcein and
fluorescein, were encapsulated into A-PMOXA-b-PDMS-b-
PMOXA-A polymersomes in concentrations high enough to
induce self-quenching of fluorescence. Release of dye from the
polymersome into solution causes dilution of the dye and
therefore an increase in fluorescence intensity, so that the
release kinetics can be followed by fluorescence spectroscopy.
Figures 6 and S4 show the results of calcein release from A-

PMOXA-b-PDMS-b-PMOXA-A vesicles. The nonmodified
vesicles only caused a minor increase in fluorescence emission
over time, indicating a slow leakage of the dye from the
polymersomes. However, when the vesicles were reacted with
PP-OH prior to the release experiment, the initial rate of
fluorescence increase was significantly higher. After 6 h, the
fluorescence stayed constant. Thus, PP-OH enhanced the
permeability of the block copolymer membrane toward calcein,
and the dye could diffuse at a higher rate out of the
polymersomes, until equilibrium of dye concentration inside
and outside of the polymersome was reached at 6 h. Similar
observations were made for the release of the second dye,
fluorescein, from A-PMOXA-b-PDMS-b-PMOXA-A vesicles
(Figures 6 and S4). Reaction of PP-OH with the polymersomes
resulted in the dye diffusing out of the polymersomes at a
higher rate compared to polymersomes that were not reacted
with the photoactive compound. However, the difference in
release rate is less pronounced than in the case of calcein, due
to the fact that vesicles that were not treated with PP-OH are
already considerable leaky for fluorescein under the tested
conditions at pH 6.5. The latter result is in agreement with the
finding that fluorescein is able to cross amphiphilic bilayer
membranes, such as artificial lipid membranes at this pH.56

■ CONCLUSIONS
Photoreaction of PP-OH with polymersomes is a versatile way
to induce permeability in polymer vesicles. The permeabiliza-
tion method was successfully tested with three different block
copolymers (A-PMOXA-b-PDMS-b-PMOXA-A, PMOXA-b-

Figure 5. Protection of HRP in PP-OH-treated A-PMOXA-b-PDMS-
b-PMOXA-A polymersomes against an externally added protease.
Samples of free HRP and of encapsulated HRP were incubated for 24
h at 40 °C in a solution of proteinase K. Then, the activity of HRP was
probed with the ABTS assay. For comparison, kinetic runs of samples
without proteinase K digestion are also shown.

Figure 6. Release of fluorescent dyes from A-PMOXA-b-PDMS-b-
PMOXA-A polymersomes and from PP−OH-treated A-PMOXA-b-
PDMS-b-PMOXA-A polymersomes. A) Increase in calcein fluores-
cence at 520 nm over time. B) Increase in fluorescein (FL)
fluorescence at 520 nm over time.
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PDMS-b-PMOXA, and PEO-b-PB) and proved to be
independent of the presence of specific functional groups.
This suggests a broad applicability of the method. At a PP-OH
concentration of 1 mg mL−1 neither the morphology, the size,
nor the stability of the polymeric vesicles is affected by the
photoreaction. The modification of the polymers with PP-OH
resulted in a selective permeability of the membranes for
various small organic compounds, while keeping the ability of
the polymersomes to retain an enzyme in their interior.
Therefore, photoreaction with PP-OH is a well-suited method
to turn enzyme-filled polymersomes into nanoreactors without
the need of membrane proteins or specially designed polymer
blocks. Modification with PP-OH does not affect the ability of
the nanoreactors to protect the encapsulated biocatalyst against
denaturating agents outside of the vesicle. This was
demonstrated by incubation with a protease, which, under
similar conditions, induced the inactivation of free HRP.
Permeability of nanoreactors for various substrates was between
1.9 and 32.4 nm s−1 and depends upon the hydrophobicity of
the compounds. To put these numbers into perspective, it is
useful to compare them to the permeability of a compound
known to easily permeate block copolymer membranes due to
its less hydrophilic character: 5,5′-dithiobis(2-nitrobenzoic
acid) has a permeability across poly(ethylene oxide)-b-poly-
(butylene oxide) block copolymer vesicle membranes of 0.43
nm s−1.40 Thus, the PP-OH induced permeability in the tested
PMOXA-b-PDMS-b-PMOXA and PEO-b-PB polymersomes is
rather high. Photoreaction of polymersomes with PP-OH does
not only yield nanoreactors but is also a useful method to
increase the release rate of encapsulated organic compounds
from vesicles, allowing the slow diffusion of low molecular
weight compounds out of polymersomes for up to six hours.
This in turn could lead to novel controlled release systems, e.g.,
for drug delivery.

■ EXPERIMENTAL SECTION
Materials. A-PMOXA-b-PDMS-b-PMOXA-A; Mn = 6000 g mol−1,

polydispersity index (PDI) = 1.2 (determined by GPC), ratio
MOXA:DMS:MOXA 14:33:14 (determined by 1H NMR) was
purchased from Polymer Source (Quebec) and used as received.
PMOXA-b-PDMS-b-PMOXA; Mn = 4500 g mol−1, PDI = 1.4
(determined by GPC), ratio MOXA:DMS:MOXA 5:20:5 (determined
by 1H NMR) was synthesized according to a previously published
protocol.57 The synthesis of poly(ethylene oxide)-block-poly-
(butadiene) bearing a succinic acid group at the PEO chain end
(PEO-b-PB; Mn = 4900 g mol −1, PDI = 1.12 (determined by GPC),
ratio of EO:B of 34:60 (determined by 1H NMR)) was described
elsewhere.58 Fluorescein, calcein, HRP (highly stabilized, essentially
salt-free, lyophilized powder, 200−300 units/mg solid), PP-OH (also
known as Irgacure 2959), AEC, ABTS, TMB (Elisa test kit), Sepharose
2B, and proteinase K were obtained from Sigma-Aldrich and used as is.
Phosphate buffer (10 mM, pH 6.5, 136 mM NaCl, 2.6 mM KCl) was
prepared by solving 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g
of KH2PO4 in 800 mL ddH2O, adjusting the pH with HCl and
completing the volume to 1 L.
Preparation of Polymersomes. Polymersomes were formed

using the film rehydration method.40 For this, a solution of polymer (4
mg mL−1) in chloroform (1 mL) was slowly evaporated in a 5 mL
round-bottom flask by means of a rotary vacuum evaporator at
reduced pressure until the solvent evaporated completely and a film
formed on the flask wall. In a second step, the polymer film was
rehydrated under magnetic stirring for 12 h at room temperature with
either: (1) 1 mL of phosphate buffer to form empty vesicles; (2) 1 mL
of a solution of HRP (2 mg mL−1) in phosphate buffer to form
enzyme-loaded vesicles; or (3) 1 mL of a 100 mM solution of
fluorescent dye (fluorescein or calcein) in phosphate buffer. The

solutions were extruded through 200 nm polycarbonate filters
(Whatman), and the polymersomes containing HRP were separated
from the free enzyme by SEC using a Sepharose 2B column and
phosphate buffer as mobile phase. In the case of polymersomes that
encapsulated fluorescein or calcein, the samples were dialyzed
overnight against 800 mL phosphate buffer, due to the high
concentration of dye used for sample preparation, and purified
thereafter by SEC as described above.

Photoreactions within the Polymersome Membrane. To 1
mL of loaded polymersomes, 0.1−5 mg PP-OH was added. The
mixture was deoxygenated by bubbling with argon for 30 min and then
irradiated for 30 s with UV light (315−405 nm) using a 400W UV
flood lamp (UV Light Technology Limited, U.K.) fitted with an iron-
doped metal halide UV bulb 230 V/50 Hz (Hamamatsu LC4) and a
UV-A black filter glass. PP-OH-treated vesicles were separated from
the free compound by SEC (Sepharose 2B, phosphate buffer as mobile
phase) thereafter. For control experiments empty PMOXA-b-PDMS-b-
PMOXA polymersomes were treated with 1 mg mL−1 PP-OH in
oxygen free conditions and were subsequently UV-irradiated. More-
over, HRP- encapsulating PMOXA-b-PDMS-b-PMOXA polymer-
somes were treated with 1 mg mL−1 PP-OH in the same oxygen
free conditions but were not UV irradiated in order to check the
possible influence of the presence of unreacted PP-OH on the
permeability.

Activity Assays of HRP and Determination of Polymersome
Permeability. The permeability of the membrane of HRP-loaded
vesicles was determined by means of activity assays for HRP using four
different substrates (ABTS,45,46 TMB,49 AEC,47 and pyrogallol48). To
this end, the chromogenic substrates and hydrogen peroxide were
added to an aqueous polymersome solution. The substrates have to
permeate into the vesicles to be converted by the enzyme to colored
products. The formation of these oxidized products was monitored by
UV−vis spectroscopy. The ABTS assay was carried out at room
temperature in 1 cm silica glass cuvettes by mixing 0.1 mL solution of
the HRP-containing polymersomes with 0.5 mL aqueous ABTS
solution (concentrations ranging from 0.2 to 6 μM) and 0.35 mL
distilled H2O. The reaction was started by the addition of 0.05 mL of
20 mM H2O2. Absorbance at 414 nm was recorded every 300 s.

Reference kinetic assays with nonencapsulated HRP were carried
out in the same way, replacing the polymersome solution with 0.1 mL
solution of HRP (0.2 mg mL−1, 4.5 μM) in phosphate buffer.

The AEC and pyrogallol assays were carried out in way similar to
the ABTS test, using 0.5 mL aqueous AEC solution (concentrations
ranging from 22 to 46 nM), and 0.5 mL aqueous pyrogallol solution
(concentrations ranging from 0.4 nM to 1.9 μM), respectively.
Absorbance was monitored at 410 nm (AEC) or 420 nm (pyrogallol).

For the TMB assay, 0.1 mL free HRP or polymersomes that
encapsulated HRP were mixed with 0.5 mL TMB-Elisa test solution
(concentration 6.6−46%) and 0.4 mL H2O. The reaction was started
by the addition of 20 mM H2O2, and the increase in absorbance at 652
nm was measured over time.

First, a set of activity assays was carried out under variation of
substrate concentration in the ranges stated above in order to
determine at which concentrations the maximal velocity of substrate
conversion Vmax was achieved (Vmax at c(ABTS) ≥ 1.5 μM, c(AEC) ≥
11 nM, c(pyrogallol) ≥ 0.41 μM, c(TMB) ≥ 13%). Then, those kinetic
assays that resulted in conversion rates up to Vmax were selected to
calculate permeabilities of substrates across vesicle membranes. To this
end, a published equation was adapted.55 From the initial linear
increase of absorbance over time in these assays, the change of product
concentration over time dc(t)/dt was determined. In combination with
the hydrodynamic diameter of the vesicles D (determined by DLS),
the encapsulation efficiency of HRP e(HRP) defined as the ratio in
between concentration of encapsulated HRP and HRP-concentration
used for encapsulation (determined by UV−vis spectrometry), and the
substrate concentration at trxn = 0 s (c(substrate)0), permeabilities p
were calculated according to:

=
· ·

·p
D

e c
c t

t6 (HRP) (substrate)
d ( )

d0
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The mean values of five kinetic assays are reported. Error ranges are
the standard deviations.
In control experiments the activities of empty PP-OH-treated

PMOXA-b-PDMS-b-PMOXA polymersomes and of HRP-encapsulat-
ing PMOXA-b-PDMS-b-PMOXA polymersomes that were incubated
with PP-OH but not irradiated were assessed using the maximal
concentration of each substrate considered in our study.
Digestion of HRP with Proteinase K. 0.5 mL of a 200 μg mL−1

proteinase K solution in phosphate buffer was added to 0.5 mL sample
solution (0.12 mg mL−1 HRP-filled vesicles treated with PP-OH or 2
mg mL−1 HRP solution) in 1 mL phosphate buffer. The reaction
mixtures were incubated at 40 °C for 24 h. Then, the residual HRP
activity was evaluated by the ABTS assay (with c(ABTS) = 1.5 μM) as
described above. Activities were determined from the initial slope of
absorbance vs time plots.
Release of Fluorescent Dyes from Vesicles. The vesicles were

prepared in the presence of fluorescent dyes (fluorescein, calcein) and
purified by SEC as described above. The release of dye from
polymersomes that were not photoreacted with PP-OH was followed
at room temperature by fluorescence spectroscopy (on a LS55
spectrometer, Perkin-Elmer). To this end, freshly purified polymer-
some solution (1.2 mg mL−1 in 5 mL phosphate buffer) was placed in
a 1 cm quartz cuvette into the spectrometer and analyzed for 8 h in
scan mode, taking emissions scans every hour with the excitation slit
set to 10 nm and the emission slit set to 3 nm. The excitation
wavelength was set to 494 nm, and the emission spectra were recorded
from 500 to 650 nm. The release of dye from PP-OH-treated
polymersomes was followed in the same way, using dye-loaded
polymersomes that had been purified by size exclusion chromatog-
raphy, photoreacted with PP-OH, and purified a second time by a SEC
as detailed above.
Methods. The dimensions of the extruded vesicles were

determined by dynamic and static light scattering (DLS, SLS). The
measurements were performed on an ALV goniometer (Langen,
Germany), equipped with an ALV He−Ne laser (λ = 632.8 nm) using
serial dilutions to produce polymer concentrations ranging from 0.08
to 0.3 mg mL−1. LS was measured in 10 mm cylindrical quartz cells at
angles between 30 and 150° at 293 K. The photon intensity auto
correlation function g2(t) was determined with an ALV-5000E
correlator at scattering angles between 30° and 150°. The obtained
data were processed using ALV static and dynamic fit and plot
software (version 4.31 10/01). SLS data were processed according to
the Guinier-model and DLS data by using a Williams−Watts function.
The morphology as well the size of the formed polymersomes were
characterized by TEM on a Philips EM400 electron microscope which
was operated at 100 kV. Polymersome dispersions were deposited on a
carbon-coated copper grid and negatively stained with 2% uranyl
acetate solution. UV−vis spectroscopy was measured on a Specord
210 plus spectrometer (Analytik Jena, Jena, Germany) with a slit width
of 4 nm in 1 cm quartz and silica glass cuvettes (Hellma). In order to
determine HRP concentration in samples of enzyme-loaded polymer-
somes (with and without treatment with PP-OH) the Soret absorption
at 403 nm was measured. An extinction coefficient of 0.9 × 105 M−1

cm−1 was used. It was determined experimentally with a dilution series
of the enzyme in phosphate buffer. Gel permeation chromatography
was used in order to determine the polymer’s molecular weight
variations induced by the reaction of polymersomes with PP-OH. Mn
and PDI were determined using a Viscotek GPC max system equipped
with four Agilent PLgel columns (10 μm guard; mixed C; 10 μm, 100
Å; 5 μm, 103 Å), using THF as eluent at a flow rate of 1 mL min−1 at
40 °C. Signals were recorded with a refractive-index detector and
calibrated against polystyrene standards (Agilent).
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