
  1.     Introduction 

 Vesicles that are formed by self-assembly of amphiphilic 
blockcopolymers, so-called polymersomes, are intriguing 

 Polymersomes that encapsulate a hydrophilic polymer are prepared by conducting biocata-
lytic atom transfer radical polymerization (ATRP) in these hollow nanostructures. To this 
end, ATRPase horseradish peroxidase (HRP) is encapsulated into vesicles self-assembled from 
poly(dimethylsiloxane)- block -poly(2-methyl-2-oxazoline) (PDMS- b -PMOXA) diblock copoly-
mers. The vesicles are turned into nanoreactors by UV-induced permeabilization with a 
hydroxyalkyl phenone and used to polymerize poly(ethylene glycol) methyl ether acrylate 
(PEGA) by enzyme-catalyzed ATRP. As the membrane of the polymersomes is only permeable 
for the reagents of ATRP but not for macromolecules, the polymerization occurs inside of the 
vesicles and fi lls the polymersomes with poly(PEGA), as evidenced by  1 H NMR. Dynamic and 
static light scattering show that the vesicles transform from hollow spheres to fi lled spheres 
during polymerization. Transmission electron microscopy 
(TEM) and cryo-TEM imaging reveal that the polymersomes 
are stable under the reaction conditions. The polymer-fi lled 
nanoreactors mimic the membrane and cytosol of cells and 
can be useful tools to study enzymatic behavior in crowded 
macromolecular environments.  
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nanostructures for drug delivery, [ 1 ]  for sensing, [ 2 ]  for 
the use as nanoreactors, [ 2,3 ]  or as mimics of cells and 
organelles. [ 3b , 4 ]  They enclose a pool of water with an 
amphiphilic polymer bilayer and can therefore encapsu-
late various hydrophilic guests, such as enzymes, [ 2,3 ]  or 
drugs. [ 1 ]  Of particular interest for the fi eld of biomimicry 
are polymer- or hydrogel-fi lled vesicles, because the encap-
sulated polymer mimics the dense cytosol or viscoelastic 
cytoskeleton in cells. [ 4,5 ]  This provides (polymer- and lipid-
based) vesicles with an enhanced mechanical stability, [ 6 ]  
improves their robustness against disassembly, [ 7 ]  and 
yields composite nanoparticles with distinct properties 
of their shell and their core. Moreover, polymers within 
polymersomes can infl uence the activity of co-encapsu-
lated catalysts by providing a crowded, viscous reaction 
medium, [ 8 ]  and could stabilize encapsulated enzymes 
against deactivation. 
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 There are two main routes towards polymer-fi lled vesi-
cles. The fi rst one is to encapsulate preformed polymers, 
such as poly( N -isopropylacrylamide) (poly(NiPAAm)), [ 9 ]  
poly(ethylene glycol)diacrylate, [ 10 ]  or alginate, [ 11 ]  into 
polymersomes, e.g., during the vesicle formation process. 
This can optionally be followed by a gelation step. [ 10,11 ]  
However, it can become diffi cult to encapsulate high 
concentrations of polymers [ 6c , 6d , 7 ]  and the polymer might 
interfere with the self-assembly of the polymersome-
forming block copolymers. [ 4 ]  A second route is to syn-
thesize polymers in-situ inside of fully assembled 
polymersomes, e.g., by enzyme-catalyzed ring-opening 
polymerization of lactones [ 12 ]  or by UV-initiated free rad-
ical polymerization of vinyl monomers, such as NiPAAm 
or acrylamide. [ 6a , 6c , 6d , 7  ,  13 ]  The rationale behind this 
strategy is that small organic molecules, i.e., monomers, 
can enter vesicles that are intrinsically porous [ 12 ]  or that 
have been permeabilized, e.g., by the incorporation of 
channel proteins [ 1a , 3a , 14 ]  or by photo-permeabilization. [ 15 ]  
As the generated macromolecules are bulky, they will be 
retained within the vesicles. Polymerization within vesi-
cles (and other nanoreactors systems [ 16 ] ) allows choosing 
from a wide palette of monomers, and it opens possibili-
ties to tailor the properties of the polymer core, e.g., if it 
forms a fi lm that is attached to the inside of the vesicle 
membrane, or if it spreads throughout the entire cavity 
of the vesicle. [ 7 ]  Free radical polymerizations have been 
successfully used for the preparation of polymer-fi lled ves
icles. [ 6a , 6c , 6d , 7 ,   13 ]  However, given the advent of controlled/
living radical polymerizations (CRP) and the possibilities 
that these techniques offer with respect to the synthesis 
of polymers with defi ned molecular weight, architecture, 
and end-group functionality, [ 17 ]  it would be desirable 
to conduct CRP within polymersomes. To this end, the 
reaction has to be confi ned into the inner cavity of poly-
mersomes. Atom transfer radical polymerization (ATRP) 
requires transition metal complexes as catalysts. [ 17 ]  The 
commonly used copper complexes are similar in size to 
monomers. Therefore, it is diffi cult to entrap these cata-
lysts within polymersomes that are permeable for small 
molecules. Enzymes, on the other hand, are large enough 
to be retained within such polymersome nanoreactors 
and can maintain their activity for extended periods of 
time. [ 18 ]  Recently, we described that the heme proteins 
horseradish peroxidase (HRP) [ 19 ]  and hemoglobin [ 20 ]  are 
biological catalysts for ATRP. Similar results were reported 
for other metalloenzymes. [ 21 ]  Thus, these ATRPases are 
ideally suited to conduct ATRP in the inside of polymer-
somes. Moreover, the resulting enzyme-containing and 
polymer-fi lled polymersomes could be interesting cata-
lytic systems for biotransformations in demanding condi-
tions, such as nonaqueous solvents. 

 Here, we report the HRP-catalyzed polymerization of 
poly(ethylene glycol) methyl ether acrylate (PEGA) under 

conditions of activators regenerated by electron-transfer 
(ARGET) ATRP within the lumen of polymersome nano-
reactors (Figure  1 ). Polymersomes were self-assembled 
from poly(dimethylsiloxane)- block -poly(2-methyl-2-ox-
azoline) (PDMS- b -PMOXA) diblock copolymers in the 
presence of HRP so that the enzyme was encapsulated 
into the polymersomes during the process of vesicle 
formation. Then, the membrane of the polymersomes 
was rendered permeable for small organic molecules by 
photoreaction with 2-hydroxy-4′-2-(hydroxyethoxy)-2-
methylpropiophenone (PP-OH) according to our previ-
ously published protocol. [ 15a ]  The reagents of the poly-
merization, i.e., initiator, reducing agent, and monomer, 
were added to solutions of these permeabilized poly-
mersomes and converted by the enzyme into hydrophilic 
polymers that fi lled the interior of the polymersomes.   

  2.     Experimental Section 

  2.1.     Materials 

 The synthesis and characterization of hydroxyl end-capped 
PDMS 65 - b -PMOXA 14  (Mn  = 6180 g mol −1 ) was published previ-
ously. [ 22 ]  HRP (highly stabilized, essentially salt-free, lyophilized 
powder, 200–300 units mg −1  solid), PP-OH, 2-hydroxyethyl-2-bro-
moisobutyrate (HEBIB), sodium ascorbate (NaAsc), ethanol, 

 Figure 1.    Filling of polymersomes with polymers by biocata-
lytic ATRP. Self-assembly of amphiphilic block copolymers in 
the presence of HRP yielded enzyme-loaded vesicles, which 
were subsequently permeabilized by photoreaction with an 
α-hydroxyalkylphenone. Polymerization reagents (monomer 
PEGA, ATRP-initiator HEBIB, and reducing agent NaAsc) diffused 
into the vesicles where the enzyme catalyzed ATRP. As the poly-
mersome membrane was only permeable for small molecules but 
not for macromolecules, the formed poly(PEGA) stayed within the 
polymersome and fi lled it.
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tetrahydrofuran (THF; GPC grade), and deuterated chloroform 
(CDCl 3 ) were obtained from Sigma–Aldrich and were used as 
is. PEGA with a number-average molecular weight Mn  of 
480 g mol −1  was purchased from Sigma–Aldrich and passed 
over neutral aluminum oxide prior to use in order to remove 
the inhibitor. Dulbecco's phosphate-buffered saline solution 
(PBS) (134 × 10 −3   M  NaCl, 2.7 × 10 −3   M  KCl, 8.1 × 10 −3   M  Na 2 HPO 4 , 
1.9 × 10 −3   M  KH 2 PO 4 ) at pH 7.4 was purchased from Sigma–Aldrich.  

  2.2.     Preparation of Polymersome Nanoreactors 

 A solution of PDMS- b -PMOXA (5 mg mL −1 ) in ethanol (2 mL) was 
slowly evaporated to dryness in a 5 mL round-bottom fl ask at 
reduced pressure using a rotary vacuum evaporator. A polymer 
fi lm formed on the wall of the fl ask. It was rehydrated for 24 h at 
room temperature under magnetic stirring with 2 mL of an HRP 
solution (2 mg mL −1 ) in PBS to form enzyme-loaded vesicles. The 
experimental procedures for the removal of free, i.e., nonencap-
sulated enzyme, and for the photoreaction-induced permeabi-
lization of the polymersome membrane with PP-OH have been 
reported previously. [ 15a ]  A PP-OH concentration of 1 mg mL −1  
was used. The permeabilized HRP-loaded polymersomes were 
purifi ed by size-exclusion chromatography (SEC) as described 
previously. [ 15a ]   

  2.3.     Polymerization with Free and Encapsulated HRP 

 Polymerizations were carried out in PBS with free, i.e., nonencap-
sulated HRP and with polymersome-encapsulated HRP, respec-
tively. The initiator HEBIB (8.45 μL, 12.3 mg, 0.058 mmol) and 
the monomer PEGA (2120 mg, 4.418 mmol) were weighed into a 
two-neck, round-bottom fl ask and dissolved in 6 mL PBS buffer. 
The solution was purged for 45 min with argon. The reducing 
agent NaAsc (90 mg, 0.511 mmol) was dissolved in 3 mL deoxy-
genated PBS buffer in a two-neck, round-bottom fl ask under an 
argon atmosphere. 2 mL of 0.2 mg mL −1  free HRP, or 0.2 mg mL −1  
polymersome-encapsulated HRP (as determined by UV–vis spec-
troscopy) was purged with argon for 30 min. The polymerization 
was started by transferring 2 mL of free HRP solution or 2 mL 
polymersome-encapsulated HRP and 2 mL of NaAsc solution 
to the initiator/monomer mixture. The reactions were stirred 
at room temperature for 24 h. After 24 h of polymerization, the 
reaction mixtures were exposed to ambient air and split into two 
samples. One sample was lyophilized for 48 h, after that redis-
solved in CDCl 3  and analyzed by  1 H NMR to determine the con-
version. The other sample was purifi ed by SEC using Sepharose 
2B. The polymersome-containing fractions were taken for GPC 
and  1 H NMR analysis. GPC samples were prepared by adding 
2 mL of THF and then MgSO 4  to remove the water. Salts were fi l-
tered off, the samples were dried a second time over MgSO 4  to 
remove the last traces of water. Finally, the sample was fi ltered 
through a Millipore Millex-FG hydrophobic PTFE 0.2 μm syringe 
fi lter into a GPC vial.  1 H NMR samples were prepared by lyophi-
lization, followed by redissolving 12 mg sample in 1 mL CDCl 3 . 

 Samples for light-scattering measurements were synthesized 
as described above and purifi ed by SEC using Sepharose 2B. 
1 mL of the polymersome-containing fraction was used for light-
scattering experiments. 

 Control reactions with polymersome-encapsulated HRP that 
had not been permeabilized by photoreaction with PP-OH, as 
well with photo-permeabilized polymersomes that lacked HRP 
were carried out as described above.  

  2.4.     Methods 

 Dynamic and static light-scattering (DLS, SLS) measurements of 
serial dilutions with polymer concentrations ranging from 0.03 
to 0.5 mg mL −1  were performed on an ALV goniometer (Langen, 
Germany) that was equipped with an HeNe laser ( λ  = 632.8 nm). 
Light-scattering samples were fi ltered (Millex-LH syringe fi lters, 
Hydrophilic, PTFE, 0.45 μm; Millipore) into 10 mm cylindrical 
quartz cells and measured every 10° at angles between 30° and 
150°. Cells were placed in the measuring chamber that was ther-
mostated at 293 K. The photon intensity autocorrelation func-
tion g 2 (t) was determined using an ALV-7004/USB correlator. The 
refractive index increment for PDMS- b -PMOXA (d n /d c  = 0.188) 
was taken from Nardin et al. [ 23 ]  The apparent hydrodynamic 
radius from DLS (cumulant analysis) and the radius of gyration 
from SLS (Guinier analysis) were calculated according to con-
ventional methods. [ 24 ]  Transmission electron microscopy (TEM) 
images were acquired on a Philips EM400 electron microscope 
that was operated at 80 kV. Polymersome dispersions were depos-
ited on a carbon-coated copper grid and negatively stained with 
2% uranyl acetate solution. Polymersomes were additionally vis-
ualized under native conditions by cryo-TEM. 5 μL of sample solu-
tion was deposited on a carbon-coated copper grid (Lacey carbon 
fi lm grids, Plano GmbH). Excess liquid was carefully blotted 
away with fi lter paper (Whatman qualitative fi lter paper, grade 
1) before plunging the sample into a liquid ethane bath cooled 
by liquid nitrogen. The vitrifi ed specimens were then kept for 
storage in liquid nitrogen and investigated the following day. All 
grids were investigated with a FEI Tecnai F20 cryo-transmission 
electron microscope operating at 200 kV. Images were recorded 
under low-dose conditions with an UltraScan 1000 CCD sensor 
(Gatan, Inc.) with an image resolution of 2048 × 2048 pixels. UV–
vis measurements were performed on an Analytik Jena Specord 
210 plus spectrometer (Jena, Germany) with a slit width of 4 nm 
in 1 cm quartz cuvettes (Hellma). In order to determine HRP con-
centrations in samples of enzyme-loaded polymersomes (before 
and after photoreaction with PP-OH), the Soret absorption at 403 
nm was measured. An extinction coeffi cient of 0.9 × 10 5  M −1  cm −1  
was used. [ 15a ]  GPC was performed on an Agilent Technologies 
1200 HPLC system instrument equipped with Polymer Labora-
tories/Agilent 5 μm guard column and two PLgel 5 μm MIXED-C 
GPC columns. THF was used as eluent at a fl ow rate of 1 mL min −1  
at 30 °C. Signals were recorded with a refractive-index detector 
( λ  = 658 nm, 30 °C, Optilab REX interferometric refractometer; 
Wyatt Technology Corp.), calibrated against polystyrene stand-
ards (Agilent) and analyzed using ASTRA software from Wyatt 
Technology. Proton nuclear magnetic resonance ( 1 H NMR) was 
used to investigate the conversion of PEGA.  1 HNMR spectra were 
recorded on a Bruker DPX-400 spectrometer in CDCl 3  and pro-
cessed with MestReNova software. Conversion of PEGA was cal-
culated from baseline-corrected spectra using the integrals of the 
peaks at 6.41, 6.15, and 5.84 ppm (3H of monomer, C H C H2 ) 
and at 3.37 ppm (3H of monomer and polymer, OC H3 ) 
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(Figure S1, S2, S3, and S4, Supporting Information). The peak at 
3.37 ppm is on the “tail” of the bigger peak next to it. In order to 
quantify the peak correctly, a baseline correction that subtracts 
the component coming from the tail was carried out using multi-
point baseline correction in MestReNova software. The option 
“Pick baseline points” was used to set baseline markers at the 
right and left of the peak of interest, i.e., at the edges of peak 
integration.   

  3.     Results and Discussion 

 For this study, a PDMS- b -PMOXA diblock copolymer was 
selected whose self-assembly properties have recently been 
extensively characterized. [ 22,25 ]  It robustly forms polymer-
somes. The PMOXA block is hydroxyl-terminated (Figure  1 ) 
and the block copolymer does not have any unsaturated 
functional groups. Therefore, the block copolymer will be 
inert in enzyme-catalyzed radical polymerizations within 
the vesicles. Enzyme-loaded polymersomes were prepared 
by self-assembly of the block copolymers in PBS (pH 7.4) 
containing 2 mg mL −1  HRP using a fi lm rehydration 
method. [ 26 ]  In order to remove nonencapsulated enzyme, 
samples were purifi ed by size-exclusion chromatography. 
Then, PP-OH was added to the polymersome-containing 
fraction and the sample was briefl y (30 s) irradiated with 
UV light. The photoreaction of PP-OH with PDMS- b -PMOXA 
in the polymersome membrane results in an increased per-
meability for organic molecules, turning the polymersomes 
into nanoreactors. [ 15a ]  They were purifi ed from the reaction 
mixture in a further size-exclusion chromatography step. 
The concentration of HRP in the purifi ed polymersome 
solution was measured as 0.2 mg mL −1  by UV–vis spectros-
copy, which corresponds to an encapsulation effi ciency of 
10% compared to the initial enzyme concentration. The 
size and morphology of the enzyme-containing polymer-
somes were determined by light scattering (LS), TEM, and 
cryo-TEM (Table  1 , Figure  2 , Figure  3 ). SLS and DLS allow 
measuring the radius of gyration ( R  g ) and the hydrody-
namic radius ( R  h ) of self-assembled objects. The ratio  R  g / R  h  
( ρ -factor) reveals their morphology. Hollow spheres result 
in a  ρ -factor of 1.0, while hard spheres give  ρ  = 0.77. [ 13a , 24 ]  
PDMS- b -PMOXA polymersomes showed a  R  g  of 249 ± 4 nm 
before and 258 ± 4 nm after PP-OH treatment. The  ρ -factor 

was close to 1.0 for untreated polymer vesicles and for 
nanoreactors after photoreaction with PP-OH (Table  1 ), 
indicating the presence of vesicles. TEM images of the sam-
ples before and after photoreaction with PP-OH show large 
spherical objects with diameters between 120 and 450 nm 
(Figure  2 a,b). cryo-TEM revealed that these spherical struc-
tures are hollow spheres, i.e., polymersomes (Figure  3 a,b). 
The PP-OH-treated polymersomes have a constant mem-
brane thickness of 19.4 ± 1.0 nm (average ± SD,  n  = 20). 
These images and the LS data prove that the block 
copolymer self-assembled into polymersomes in the pres-
ence of HRP and show that the polymersomes were not 
harmed by the photoreaction with PP-OH. The TEM images 
also reveal the presence of a few (smaller) micelles in these 
samples. Micelles have a hydrophobic core and do not encap-
sulate enzymes. Thus, these micelles will have no effect on 
the HRP-catalyzed polymerization within polymersomes.    

 In order to fi ll polymersomes with a hydrophilic 
polymer, HRP-catalyzed ATRP of PEGA was conducted 
with the encapsulated enzyme in vesicles. To this end, 
the monomer, the hydrophilic initiator HEBIB and the 
reducing agent NaAsc were added to suspensions of 
HRP-loaded, permeabilized polymersomes; the hypoth-
esis being that the reagents would penetrate into the 
polymersomes and encounter the biocatalyst therein. 
Indeed, polymerization of PEGA catalyzed by encapsu-
lated HRP resulted in an overall conversion of 40% after 
24 h of reaction, as determined by  1 H NMR (Table  2 ). The 
polymersomes were purifi ed by SEC. The  1 H NMR spec-
trum of the polymersomes shows peaks that correspond 
to PDMS- b -PMOXA and to poly(PEGA) (Figure  4 ). Thus, 
the polymersomes contained poly(PEGA). GPC revealed 
an elution peak with a polystyrene-apparent Mn  of 
3000 g mol −1  and a dispersity ( Ð ) of 1.55 (Table  2 , Figure S5, 
Supporting Information). For comparison, biocatalytic 
ATRP was also carried out with free, i.e., nonencapsu-
lated HRP in the absence of polymersomes. Poly(PEGA) 
in a yield of 12% was obtained after 24 h. This polymer 
had a polystyrene-apparent Mn  of 3430 g mol −1  and a 
 Ð  of 1.18. Thus, HRP-catalyzed ATRP can result in relative 
narrowly dispersed polymers. However, when carried out 
in the polymersome nanoreactors, the biocatalytic poly-
merization resulted in polymers with a higher dispersity. 
This could be a result of variations of enzyme content 

  Table 1.    Light scattering data for PDMS- b -PMOXA polymersomes.  

System  R  g  a)  
[nm]

 R  h  b)  
[nm]

 ρ  =  R  g / R  h 

PDMS- b -PMOXA(HRP) 249 ± 4 249 ± 2 1.00

PDMS- b -PMOXA(HRP) + PP-OH 256 ± 6 258 ± 4 0.99

PDMS- b -PMOXA(HRP) + PP-OH + ATRP 180 ± 5 235 ± 2 0.77

    a) Derived from SLS;  b) derived from DLS.   
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between individual vesicles, since the number of propa-
gating radicals per nanoreactors infl uences the dispersity 
of polymers. [ 16a ]  Enzyme encapsulation into polymer-
somes under similar conditions resulted in an average of 
4 to 8 enzymes per polymersome, [ 27 ]  i.e., it is likely that 
the number of enzymes per vesicle differs between indi-
vidual vesicles of the same batch.   

 Control reactions were carried out with HRP-fi lled 
polymersomes that had not been permeabilized by 
photoreaction with PP-OH, as well with photo-perme-
abilized polymersomes that lacked HRP. Both reactions 
did not yield poly(PEGA) (Table  2 ). The fi rst control reac-
tion shows that the ATRPase in the polymersomes could 
only be reached by reagents if the polymersome had 
been treated with PP-OH, i.e., native PDMS- b -PMOXA 
membranes were impermeable for the monomer, the 
initiator, and the reducing agent. The second control 
reaction proves that the polymerization was catalyzed 
by the enzyme and not caused by self-initiation of the 
monomer. 

 TEM of HRP-loaded, permeabilized 
PDMS- b -PMOXA polymersomes after 
24 h of ATRP (Figure  2 c and Figure S6, 
Supporting Information) showed spher-
ical structures with diameters between 
75 and 275 nm, indicating that 
nanoreactors stayed intact during 
polymerization. Cryo-TEM images 
show vesicles that range in diameter 
from 77 to 465 nm (Figure  3 d–f and 
Figure S7, Supporting Information). 
Although poly(PEGA) does not gen-

erate enough contrast to be readily visible by cryo-elec-
tron microscopy (i.e., due to the lack of heavy atoms), 
we observed a slightly enhanced contrast within small 
polymer-fi lled vesicles (Figure  3 c–e and Figure S7, Sup-
porting Information). Optical effects, the thickness of 
the vitreous ice layer or the enclosure of micelles may be 
contributing actors. However the observed aberrancies 
are atypical for any of them. It thus might be speculated 
that a high intrapolymersomal poly(PEGA) concentra-
tion was suffi cient—especially in the small vesicles—to 
generate the additional contrast in the polymersomes. In 
addition, a defi ned thin layer of reduced contrast (thick-
ness 5.9 ± 1.3 nm; average ± SD,  n  = 20) can be observed on 
the inside of the membrane of these small vesicles. This 
might be attributed to the hydrophilic PMOXA block of 
the block copolymers that is otherwise not observable in 
cryo-TEM. [ 22 ]  

 As the polymersomes were purifi ed from the reaction 
mixture by SEC, the formed poly(PEGA) in these samples 
is most probably located inside of the polymersomes, 

 Figure 2.    TEM images of HRP-loaded PMOXA- b -PDMS polymersomes before photo-
reaction with PP-OH (A) and after permeabilization by photoreaction with PP-OH (B). 
Poly(PEGA)-fi lled polymersomes obtained by HRP-catalyzed ATRP within the permeabi-
lized polymersomes (C).

 Figure 3.    cryo-TEM images of HRP-loaded, photo-permeabilized PMOXA- b -PDMS polymersomes before (A, B) and after HRP-catalyzed ATRP 
within the polymersomes (D, E, F). Intensity profi les were plotted from representative small vesicles of both categories (C), highlighting the 
variation in lumen contrast between them.
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otherwise the polymer would have been separated from 
the vesicles during chromatography. The presence of 
poly(PEGA) within the lumen of the polymersomes was 
proven by light scattering (Table  1 ). DLS yielded an hydro-
dynamic radius of 235 ± 2 nm for PDMS- b -PMOXA(HRP)-
PP-OH polymersomes post-polymerization, which is 
slightly lower than the hydrodynamic radius of the vesi-
cles before polymerization. However, the radius of gyra-
tion (as measured by SLS) was markedly lower than the 
 R  g  of the HRP-fi lled polymersomes prior to ATRP. Taken 
together, these results refl ect a shift in the polymer-
somes’ center of mass towards the middle of the poly-
mersomes, most likely caused by the fi lling of the vesicles 
with polymer and shrinking of the polymersomes due 
to the polymerization. As a result, the  ρ -factor decreased 
from 0.99 to 0.77, which corresponds to a shift in mor-
phology from hollow spheres to fi lled spheres. [ 13a , 24a ]  In 
other words, the polymerization within the nanoreactors 

resulted in the formation of polymersomes with a 
polymer core.  

  4.     Conclusion 

 Encapsulation of enzymes into polymersomes allows con-
fi ning biocatalytic reactions into the aqueous lumen of 
these nanoreactors. We took advantage of this concept in 
order to fi ll polymersomes with a hydrophilic polymer. 
To this end, HRP, an ATRPase that catalyzes ATRP, was 
enclosed into PDMS- b -PMOXA polymersomes. They were 
made permeable for ATRP reagents by UV-induced reac-
tion with PP-OH. This treatment did not disturb the ability 
of polymersomes to retain macromolecules within their 
interior, i.e., polymers that were synthesized within the 
vesicles remained there and fi lled the polymersomes. Bio-
catalytic ATRP of PEGA yielded polymers with a relatively 

  Table 2.    Biocatalytic ATRP of PEGA catalyzed by HRP in solution and by HRP within polymersome nanoreactors. 

Polymerization system PEGA conversion a)  
[%]

MMnn b)  
[g mol −1 ]

MMww b)  
[g mol −1 ]

 Ð 

Free HRP 12 3430 4060 1.18

PDMS- b -PMOXA(HRP) + PP-OH photoreaction 40 3000 4660 1.55

PDMS- b -PMOXA(HRP), no PP-OH photoreaction 0 – – –

PDMS- b -PMOXA + PP-OH photoreaction 0 – – –

    a) Calculated after a reaction time of 24 h from  1 H NMR spectra presented in Figures S1 to S5 (Supporting Information);  b) from GPC curves 
presented in Figure S5 (Supporting Information), calibrated against PS standards.   

 Figure 4.     1 H NMR spectrum of poly(PEGA)-fi lled PDMS- b -PMOXA polymersomes purifi ed by SEC.
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low polydispersity index. TEM and cryo-TEM revealed that 
polymersomes remained intact during polymerization.  1 H 
NMR of polymersomes that were purifi ed by SEC proved 
the presence of poly(PEGA) in polymersomes. Light scat-
tering showed the formation of structures with a  ρ -factor 
of 0.77, which is characteristic for fi lled spheres, i.e., for 
polymersomes with a swollen core. 

 Packing polymers into polymersomes via biocatalytic 
ATRP is a useful route to create vesicles that mimic two 
key aspects of cells: the cellular membrane and a viscous 
cytosol. Controlled radical polymerizations allow tailoring 
the properties of polymers in a much better way than, 
e.g., free radical polymerizations. Therefore, biocatalytic 
ATRP within polymersomes could be used to tune the 
properties of the bio-mimetic cytosol, e.g., by choosing 
the molecular weight of the formed polymer or by the 
synthesis of polymers with advanced architectures, such 
as block copolymers and star-shaped polymers. Polymer-
containing polymersomes could fi nd applications as arti-
fi cial organelles and nanoreactors. In such systems, the 
polymer core would infl uence the activity and stability 
of encapsulated biocatalysts by providing a crowded 
environment, similar to the dense cytosol. Polymer-fi lled 
nanoreactors can represent model systems to study the 
behavior of enzymes in crowded microenvironments. 
Moreover, the polymer core provides a hydrophilic micro-
environment that could be used as a nanoscopic reaction 
space for biotransformations in organic solvents.  
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