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ABSTRACT: Nanoscopic artificial vesicles containing 
functional protein transporters are fundamental for synthetic 
biology. Energy providing modules, such as proton pumps, are 
a basis for simple nanoreactors. We report on the first 
insertion of a functional transmembrane protein into 
asymmetric polymersomes from an ABC triblock-copolymer. 
The polymer with the composition poly(ethylene glycol)-
poly(diisopropylaminoethyl methacrylate)-poly(styrene 
sulfonate) (PEG-PDPA-PSS) was synthesized by sequential 
controlled radical polymerization.  PEG and PSS are two 
distinctively different hydrophilic blocks, allowing for a 
specific orientation of our protein, the light-activated proton 
pump Proteorhodopsin (PR), into the final 
proteopolymersome. A very interesting aspect of the PEG-
PDPA-PSS triblock copolymers is that it allowed for 
simultaneous vesicle formation and oriented insertion of PR 
simply by adjusting the pH. The intrinsic positive charge of 
PR’s intracellular surface was enhanced by a His-tag, which 
aligns readily with the negative charges of the PSS on the 
outside of the polymersomes. The directed insertion of PR was 
confirmed by a light-dependent pH change of the 
proteopolymersome solution, indicating the intended 
orientation. We have hereby demonstrated the first successful 
oriented insertion of a proton pump into an artificial 
asymmetric membrane. 

Keywords: Self-Assembly, Vesicles, Triblock-Copoly-
mers, Asymmetric Membranes, Proteopolymersomes, 
Proteorhodopsin 

Amphiphilic block-copolymers and their self-assemblies have 
proven to be useful assets in synthetic biology, particularly as 
nanoreactors or as drug-delivery systems.1-2 A wide range of 
amphiphilic AB block-copolymers has been shown to self-
assemble into polymersomes (i.e. polymer vesicles) over the 
last two decades.3-6 These vesicles can be highly responsive to 
a range of external triggers,1, 7-10 but are limited to symmetric 
membranes. Introducing a third block into the self-
assembling block-copolymer considerably increases the 
complexity of the system, hence the possible membrane 
structus.11-14 In the simplest way, an AB and a BC block-
copolymer are mixed, where A and C are hydrophilic. These 

systems are well known to form vesicles with domains on their 
surface if A and C are immiscible.15-19 When a linear ABC 
block-copolymer is used, the formation of domains can be 
prevented and the polymers separate themselves to the inner 
and outer surface of the membrane. For steric reasons, the 
longer hydrophilic block prefers the outside of the membrane, 
while the shorter one is forced to the inner side. Such vesicles 
then possess a distinctively different inner and outer surface 
and are usually called asymmetric polymersomes.12, 20-22 These 
vesicles are of special interest for synthetic biology since they 
allow for a preferred orientation of a directional membrane 
transport protein (e.g. ion channels or pumps). Preferential 
interactions between the asymmetric membrane of the 
vesicle, and the intra- and extracellular domains of the 
integral protein enable a guided insertion (Figure 1). If the 
integral protein is used to create a concentration gradient over 
the vesicle membrane, a preferred orientation is paramount to 
avoid a functional short-circuit, where the substrate is 
transported in and out simultaneously.23 

 

Figure 1: An ABC triblock copolymer is self-assembled to-
gether with PR (shown in red). The final asymmetric poly-
mersome then contains PR with a preferred orientation in the 
vesicle membrane. A simplified model shows the proton 
transport across the membrane from the outside to the inside 
of the vesicles upon illumination. The gradient equilibrates af-
ter illumination stops.  

A predominant orientation of the membrane transporter 
would allow for establishing gradients of specific molecules or 
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ions across the membrane. Such gradients are commonly used 
in biological processes, like the transport of nutrients or 
synaptic signals.24-25 Synaptic processes, for example, rely on a 
gradient of sodium and potassium ions to propagate electrical 
signals along the axons of neuronal cells.25 One of the most 
prominent biological processes, photosynthesis, relies on a 
proton gradient created across the membrane to convert light 
energy into chemical energy and eventually biomass.26 
Recreating such a gradient in an artificial asymmetric 
polymeric system would mark a significant milestone in 
polymersomes and their role in synthetic biology. Exploiting 
membrane asymmetry to guide protein insertion rather than 
engineering the proteins allows the use of their native form. It 
keeps synthetic steps to a minimum and potential further 
applications as broad as possible. These would include the use 
of microbial rhodopsins to pump selected ions that could be 
exploited by co-reconstituted secondary active transporters.27 
Possible applications would be even broader if more polymers 
other than poly(dimethylsiloxane) (PDMS) could be used for 
proteopolymersomes. However, membrane protein 
reconstitution is a tedious process that requires highly 
optimised procedures for each system.28-29 A simpler 
reconstitution mechanism other than integrating the protein 
after vesicle formation is required to overcome this 
shortcoming and is addressed in work presented. 

Figure 2: Steglich-esterification transforms PEG-OH into a 
PEG-RAFT macro-CTA, which is then used to make PEG-
PDPA (E-D). Using acidic aqueous conditions, PEG-PDPA is 
then extended with PSS to E-D-S. The final block-copolymer 
has the shown chemical structure. GPC traces show the distri-
butions of the diblock (E-D polymers, in THF) and the triblock 
copolymers (in HFIP) E-D-S1 and E-D-S2, which contain some 
remaining diblock co-copolymer. 

The heptahelical transmembrane protein proteorhodopsin  
(PR, Figure 1) is an ideal candidate to be used as a model 
system in such an asymmetric polymersome.28, 30-33 The proton 
pumping activity of PR is light-dependent, allowing for 
controlled activation, and is easily detectable in vesicles by 
simply measuring the extravesicular pH upon illumination.30, 

34 Since protons can be transported easily via various means 
over time, the pH gradient can equilibrate in the dark. Most 
importantly, the protein has a distinct polarity,35 which 
potentially allows to predict its orientation after insertion into 
the asymmetric polymersome membrane. The intracellular 
side of PR has a slight positive charge whereas its extracellular 
side is slightly negative (Figure S 8). This polarity was further 
increased by engineering a decahistidine tag (His-tag) at its 

intracellular C-terminus.30 PR could thus specifically align 
with a negatively charged polymer. Since the majority of 
proteins can be engineered to contain a His-tag, the results 
from PR have the high potential to be transferred to other 
membrane proteins. A comparable principle was applied on 
symmetric charged liposomes and led to a directed insertion 
of PR (up to 90% preferred orientation).36 We used 
asymmetric polymersomes made of a poly(ethylene glycol)-
poly(diisopropylaminoethyl methacrylate)-poly(styrene 
sulfonate) (PEG-PDPA-PSS) ABC triblock-copolymer to guide 
the directed insertion of PR. The negatively charged PSS can 
align PR within the asymmetric membrane, creating the 
desired light-dependent proton gradient (Figure 1).  

ABC triblock copolymers exist, but are rare in comparison to 
AB diblock copolymers, since the synthetic demands are 
increased considerably if a third block is to be added.12 Special 
attention towards the synthetic procedure is thus crucial for 
this kind of polymers. PEG-PDPA is already a well-known 
polymer and was previously reported to be accessible using 
atom transfer radical polymerization (ATRP) and reversible-
addition fragmentation transfer radical polymerization 
(RAFT).37-39 The same is true for PSS, usually present as a 
sodium salt. This salt is soluble in water and water/methanol 
(up to 50/50 vol-% ratio), but any less polar solvents do not 
solubilize the polymer. PEG is soluble in any of these solvents, 
but PDPA is only soluble in less polar solvents. However, 
being pH-sensitive, the polymer becomes water-soluble if 
protonated, making a PEG-PDPA diblock copolymer also 
soluble in acidic water (as PEG-PDPA+). In contrast to classic 
ATRP, RAFT is feasible under these conditions. Due to the 
mechanism of a RAFT polymerization, impurities of 
homopolymers cannot be avoided, but are kept to a minimum 
with proper purification. We prepared a chain transfer agent 
(CTA) for RAFT from MeO-PEG-OH using the Steglich-
esterification (PEG-RAFT macro-CTA, Figure S 1) (Figure 2).40 
The macro-CTA was then used for a polymerization of PDPA 
in chloroform, yielding PEG-PDPA with a low dispersity (1.18-
1.30) after purification. We prepared a control diblock 
copolymer PEG45-PDPA48 (E-D, Figure S 2) and PEG45-PDPA59 
(E-D’) and PEG45-PDPA85 (E-D’’) precursors for the 
subsequent triblock copolymers (GPC traces in Figure 2). The 
diblock copolymers were designed to support different 
lengths of the following PSS chain. A longer PSS part is 
preferred for a directional reconstitution as a long PSS chain 
would avoid the inner surface of the vesicle for sterical reasons 
(see introduction). In order to maintain the hydrophilic-to-
hydrophobic balance, a longer PSS chain also meant using a 
longer PDPA chain to avoid the formation of micelles. 
Performing an aqueous RAFT polymerisation on the 
prepolymer with styrene sulfonate yielded the final PEG-
PDPA-PSS. The procedure yielded PEG45-PDPA59-PSS12 (E-D-
S1, 17 kg/mol, Figures 2 and S 7) and a PEG45-PDPA85-PSS22 (E-
D-S2, 24.5 kg/mol Figures 2 and S 7). GPC of the triblocks had 
to be conducted on a different solvent/column system for 
solubility reasons, but the final traces (Figure 2) showed the 
formation of the triblock copolymers with small impurities of 
the starting diblock. The latter were expected and are unlikely 
to impact the polarity of the self-assemblies as they are not 
charged. Both triblock copolymers were designed to have a 
block-length ratio between the hydrophilic and hydrophobic 
parts that favors the formation of nanoscopic polymer 
vesicles.41-42 We also prepared a PDPA50-PSS10 (D-S, Figure S 5) 

Page 2 of 7

ACS Paragon Plus Environment

Nano Letters

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

block-copolymer for comparison (see section 2c and 2d of the 
SI for details). 

Self-assembly of the block-copolymers was performed in 10 
mM phosphate buffered saline (PBS) at a concentration of 1 
mg/ml of polymer. Due to the protonation of PDPA after the 
synthesis, the polymer is completely soluble under these 
conditions. Adding 0.1 mM NaOH solution to adjust the pH to 
7.5 induced self-assembly of the polymer as proven by 
transmission electron microcopy (TEM) and dynamic light 
scattering (DLS) (for E-D-S2 in figures 3a/3b, for E-D-S1 in the 
SI (Figure S 10)). The measurements indicated the expected 
formation of nanoscopic vesicles with an average diameter of 
about 200 nm, a typical size-range for polymersomes.2, 43-44. 
Cryo-TEM revealed an aqueous interior and the presence of a 
unilamellar membrane, proving the existence of 
polymersomes (Figure 3c). It also gave an average membrane 
thickness of 13.9 nm (5% error, more details in section 4b of 
the SI). E-D is already reported to form vesicles1, 18, 45-46, which 
was confirmed by our DLS data (see Figure S 11). Zeta potential 
measurements then clarified the arrangement of the triblocks 
in the vesicle membrane (Figure 3d). While nanoparticles of 
E-D (PEG is the only hydrophilic component) have a zeta 
potential of -4.6 V and a mobility of -0.31 cm2V-1s-1, both values 
became significantly more negative with the addition of PSS 
in the triblock copolymers. The zeta potentials decreased to -
59.7 V and -47.9 V, and mobility values to -4.7 cm2V-1s-1 and -
3.8 cm2V-1s-1 for E-D-S1 and 2, respectively (Figure 3d). These 
results are strong indicators that PSS is present on the outside. 
Pure D-S block-copolymer gave -46.0 V as zeta potential and 
-3.6 cm2V-1s-1 as mobility, underlining the assumption that PSS 
is by far the main component present on the outside of the 
vesicle. This constitutes the prerequisite for PR to be 
integrated into the membrane with a preferred orientation. It 
should also be noted that for E-D-S2 the shorter block (PEG), 
is on the inside of the membrane and the longer charged PSS 
block is on the outside of the vesicle, agreeing with previous 
reports.12, 21, 47 For E-D-S1, however, PSS is the shorter block, 
but still remains on the outside due to repulsion of the 
negatively charged sulfonate groups. The repulsion is 
sterically hindered on the concave inside of the vesicle. 

Figure 3: a) Negative stain TEM image of the self-assemblies 
from E-D-S2, b) including the corresponding DLS traces and 
c) the cryo-TEM image. Zeta potential measurements revealed 
a negatively charged surface of the D-S, E-D-S1 and E-D-S2 
polymersomes (d). 

After verification and characterization of the vesicles, 
reconstituting PR into the membrane was the next step. All 
experiments with the protein were performed in 10 mM PBS. 
Protein insertion was done adapting a procedure from 
Messager et al, who inserted DNA nanopores into pH sensitive 
polymersomes.48 This in-situ approach notes a major 
difference to the common reconstitution after membrane 
formation and allows for the application of less fluid 
polymers.8, 49-50 We were thus able to introduce the new and 
much simpler reconstitution mechanism required in the field. 
Dissolving the polymer in protein buffer (20 mM potassium 
phosphate pH 7.5, 150 mM NaCl, see section 3a of the SI) and 
then adding the purified protein ensured solubility of both 
components. Diluting the protein buffer with a weak base ten 
times made the protein solution instable and resulted in a pH 
increase to 7.5. The change in pH induced the self-assembly of 
the triblock-copolymer by making PDPA hydrophobic. As a 
result, the hydrophobic parts of PR aligned with the 
membrane-forming polymer during the formation of the 
proteopolymersomes. Centrifugation and resuspension in 
buffer yielded purified vesicles with a protein-polymer ratio of 
about 1:400 (see section 4c of the SI for details). 
Proteopolymersomes using symmetric membranes used a 
protein-to polymer ratio of 1:100. Interestingly for 
proteoliposomes, PR:lipid ratios of 1:100 up to 1:1000 were 
reported.28, 34 Using a rough estimation of the amount of 
polymer chains per vesicle, this yields about 100-135 PR per 
vesicle (see section 4d of the SI). PR has only one solvent 
accessible thiol unit, i.e. cysteine residue C175, located on the 
intracellular side (see Figure S 9). Thus, the amount of 
directed inserted protein can be estimated by determining the 
amount of accessible thiol groups in comparison to the whole 
amount of protein present. An assay using Ellmann’s reagent51-

52 revealed the orientation of the protein in the polymersome 
membrane. Normalizing these values to the total protein 
content gave the percentages of the intracellular side of PR on 
the outside of the polymersome. Vesicles made from E-D-S2 
yielded 85% with this orientation compared to 70% with E-D-
S1 vesicles. The same assay resulted in 35% for the vesicles 
from AB block copolymer (Table S 1). Since faulty insertions 
cannot be avoided, the value for vesicles AB diblock 
copolymer represents an approximation to a statistical 
insertion. Furthermore, the assay allows to quantify the 
amount of PR found in the vesicles, which correlates exactly 
to amount of protein added beforehand (see section 4d of the 
SI for details). This correlation strongly underlines the 
numbers of directed insertion just discussed. Altoghether, the 
assay proved that the triblock copolymer, especially E-D-S2 
leads to a directional insertion of PR. Therefore, both triblock-
copolymers should lead to a proton transport into the 
proteopolymersomes.  

PR pumps protons from the intracellular side towards the 
extracellular side (Figure 4a).27, 30, 34 Our PR is reversely 
oriented as the native intracellular side is aligned with the PSS 
on the outside of the vesicles. Protons will thus be pumped 
into the proteopolymersomes due to the inside-out oriented 
PR (Figure 4b), possibly protonating some tertiary amines of 
PDPA. Measuring the pH change of the extravesicular solution 
upon illuminating E-D-S2 proteopolymersomes confirmed the 
functional protein insertion. Light absorption by the PR 
containing polymersomes induced proton pumping into the 
vesicles. This resulted in a rising extravesicular pH, which 
receded after putting the solution back into the dark. 
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Irrespective of the polymer, a maximal amplitude of 0,08 units 
was reached. Proteoliposomes with PR reached twice the 
amplitude,30, 34 but used longer cycles, indicating that our 
proteopolymersomes operate at a similar range than 
liposomes. Repeating the pumping cycle was possible multiple 
times (see cycles shown in Figure 4c). Osmosis during the dark 
periods lead to an equilibration of the pH gradient. This 
exponential nature of the decay means that it becomes slower 
over time, explaining why no initial pH value was reached. 
Proteopolymersomes of the second triblock copolymer, E-D-
S1, also exhibited pumping activity, although less prominent 
(see Figure S 12). Controls with no PR gave no pH response 
(Figure S 13). The proton pumping measurements support that 
the protein has been inserted with a preferred orientation and 
retained its functionality in the polymeric membrane.  

Figure 4: a) PR pumps protons from its intracellular to its ex-
tracellular side. b) Alignment of PR with the asymmetric pol-
ymersome membrane leads to directional insertion (0.75 mg 
polymer and 3 µg PR in 0.1 mL protein buffer and 0.9 mL of 10 
mM PBS) and results in a light-dependent proton gradient 
(higher concentration inside). c) Proton pumping activity of 
PR-functionalized polymersomes from E-D-S2 over three illu-
mination (10 minutes) and darkness cycles (24 minutes) using 
1 ml of the sample (0.75 mg/ml polymer). 

Sequential RAFT polymerization led to a narrowly dispersed 
amphiphilic ABC triblock copolymer (PEG-PDPA-PSS), which 
self-assembled into the desired asymmetric polymersomes. 
Due to the negatively charged PSS, the inserted PR aligned its 
positively charged end with the PSS, promoting a directional 
protein insertion. The insertion exploiting a pH switch marks 
a significant improvement for proteopolymersomes as it is a 

much simpler reconstitution mechanism that is not available 
for proteoliposomes. Pumps like PR require a defined 
orientation to enable an oriented exchange of solutes. Since 
all pumps can be equipped with a positive charge at the 
desired terminus, e.g. by an engineered His-tag, our research 
is transferable to other directional pumps like 
bacteriorhodopsin and microbial rhodopsins in general. Due 
to applying a pH sensitive hydrophobic block, this is the first 
asymmetric nanoreactor which is built completely during self-
assembly. Here we have demonstrated that polymersomes 
with an asymmetric membrane are suitable to achieve a 
directional and functional insertion of a vectorial membrane 
transport protein such as PR. We are confident that these 
results will mark an important milestones in the field of 
synthetic biology, especially concerning the engineering of 
energy-dependent protein nanoreactors. 
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