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1. Introduction

The compartmentalization effect of the cellular membrane is 
undeniably at the heart of all life forms. The plasma membrane 
is, however, more than a simple shell to protect biomolecules 
from the extracellular environment. In particular, the cell mem-
brane exhibits a lateral heterogeneity composed of domains 
rich in glycophingolipids and cholesterol.[1] These lipid rafts 
were determined to have many biological purposes such as 
intracellular signaling, membrane trafficking and to be essen-
tial for protein function. Consequently, mimicking membranes’ 
lateral homogeneity has become an important quest in under-
standing membrane’s inherent properties and behaviors.[2]

In lipidic giant unilamellar vesicles (GUVs), microdomains 
formation can be obtained at a given temperature by mixing a 
lipid in the gel state with a fluid lipid often with cholesterol.[3] 
The state of the lipids is determined by their gel transition tem-
perature (Tm). The Tm is mostly dependent on the lipids’ ali-
phatic chain length and their saturation and not on their head 
groups.[4] High Tm lipids are commonly saturated, while low Tm 
lipids are short and/or unsaturated with double bonds, which 

Cell membranes exhibit elaborate lipidic patterning to carry out a myriad 
of functions such as signaling and trafficking. Domain formation in giant 
unilamellar vesicles (GUVs) is thus of interest for understanding fundamental 
biological processes and to provide new prospects for biocompatible soft 
materials. Lipid rearrangements in lipidic GUVs and lipid/polymer GUVs are 
extensively studied whereas polymer/polymer hybrid GUVs remain evasive. 
Here, the focus is on the thermodynamically driven phase separation of 
amphiphilic polymers in GUVs. It is demonstrated that polymer phase sepa-
ration is entropically dictated by hydrophobic block incompatibilities and that 
films topology can help to determine the outcome of polymeric phase separa-
tion in GUVs. Lastly, Janus-GUVs are obtained and GUVs exhibit a single large 
domain by using a compatibilizing hydrophobic block copolymer.

prevent them from tight packing. In the 
presence of cholesterol, the cholesterol 
itself can phase separate from the lipid 
phases, creating its own cholesterol-rich 
liquid-ordered phase.[2a]

Further studies of phase separation 
within GUVs have been carried out in 
lipid/polymer hybrid vesicles. Here, the 
physical basis for domain formation is the 
chemical and geometrical incompatibility 
between lipids and polymers.[2b] If the 
hydrodynamic radius difference between 
polymer and lipid is large, the formation 
of domains would be entropically favored 
in order to minimize exposure of hydro-
phobic moieties to water. Nonetheless, due 
to lipid and polymer incompatibility, these 

vesicles also suffer from their kinetic tendency to undergo fis-
sion forming distinct liposomes and polymersomes rather than 
phase separating within a single GUV.[5]

Despite the success of lipid/lipid and lipid/polymer phase 
separation in GUVs, few examples of polymer/polymer phase 
separation in vesicles of all size have been reported.[2d,6] In 
contrast to lipids, which mostly rely on acyl chain variation for 
phase separation, polymersomes’ studies used polymers with 
an identical hydrophobic block and different hydrophilic blocks. 
In 2009, Discher and co-workers described one of the rare com-
pelling example of microdomains in mixed polymer GUVs.[6b] 
These domains were induced by cations (Ca2+ or Cu2+) cross-
bridging of poly(butadiene)-block-poly(acrylic acid) (PB-b-PAA) 
and poly(butadiene)-block-poly(ethylene oxide) (PB-b-PEO). As 
acrylic acid has a pKa value of 4.25, PAA is anionic at this pH 
value, chelating to the Ca2+ cation, phase separating from the 
neutral PB-b-PEO.

Here, we want to explore the formation of microdomains in 
GUVs by using thermodynamic polymer immiscibility[6c,7] rather 
than demixing from a chemical or thermal stimulus.[2a,4,6b,8] 
Immiscible polymer blends based on the Flory–Huggins 
parameter χ (degree of block incompatibility) and their com-
patiblizing have been extensively studied.[7] In particular, the 
driving force behind the self-assembly of amphiphilic block 
copolymer into vesicles originate from the hydrophobic and 
hydrophilic block immiscibility and their rearrangement  
into an ordered entropically favored structure in water.[9] 
Immiscibility is however not limited to the hydrophobicity 
differences in polymers and hydrophobic block such as PB, 
polydimethylsiloxane (PDMS), and polystyrene (PS) have been 
shown to be immiscible in blends.[10] The χ parameter of for 
PB are under-reported but can be correlated to values obtained 
for polyisoprene (PI). Thus the χ value of PB-b-PDMS is 
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estimated to be χ  ≈ 0.07 at 25  °C like PI-b-PDMS,[11] PB-b-PS 
to be χ  ≈ 0.088 at 25  °C like PI-b-PS,[12] and PS-b-PDMS was 
reported to be χ = 0.26 at 25 °C.[13] Based on their χ values, all 
our hydrophobic blocks are incompatible to varying degrees 
and thus in this study, we will examine the effect of polymer 
incompatibility in the hydrophobic and hydrophilic blocks on 
the overall GUV’s surface topology. As such, we would like to 
understand polymer blends in vesicles and control the engi-
neering of membrane domains.

2. Results and Discussion

2.1. Polymer Synthesis and Unipolymeric GUVs

We recently developed a novel block copolymer, polybutadiene-
block-poly(ethylene ethyl phosphate) (PB-b-PEEP), which hydro-
philic block PEEP resembles natural phospholipids.[14] This 
novel polymer reproducibly and rapidly self-assembles into 
a large number of GUVs with 20  µm in diameter by sponta-
neous hydration of its dry film (Table 1, entries 1 and 2). In the 
past it was thought that polymers always require a large input 
of energy to force their self-assemble into GUVs by electrofor-
mation[15] or by coswelling with a hydrophilic polymer [16] or 
by double emulsion techniques.[17] We showed that PB-b-PEEP 
behave differently to the traditionally used polymeric amphi-
philes because they are entropically favored to form GUVs in 
aqueous media similarly to lipids. We thus decided to synthe-
size other PEEP-based amphiphilic block copolymers, which 
had not been reported (entries 3 and 4).[18]

The direct polymerization of ethylene ethyl phosphate (EEP) 
onto hydroxyl-terminated PDMS (PDMS-OH) was impaired 
by the proximity of the anionic polymerization initiation site 
to Si. The simple lengthening of the end group on PDMS to 
PDMS–(CH2)3–O–(CH2)2–OH resulted in the successful polym-
erization of EEP to form the block copolymer PDMS-b-PEEP 
(entry 3, see the Supporting Information). Although the starting 
PDMS–(CH2)3–O–(CH2)2–OH polymer has a molar mass dis-
persity (Ð) of 1.13 and 1H NMR analysis suggests a high level 
of terminal functionalization, we obtained PDMS-b-PEEP with 
slightly higher dispersity (Ð = 1.29) than for other hydrophobic 
macroinitiators for the polymerization of ethylene ethyl phos-
phate (EEP) despite multiple synthesis attempts. PS-b-PEEP 
(entry  4) was also successfully synthesized from hydroxyl-ter-
minated PS (PS-OH) in low Ð  = 1.16. PB-b-PEO (entry  5) was 
obtained commercially as a mean to compare our method and 
polymers to typically used polymer in vesicle self-assembly.[19]

Subsequently, we proceeded in labeling the amphiphilic 
polymers described in Table 1. The fluorescent tagging of these 
polymers was carried out by Steglich esterification between the 
hydroxyl-terminated amphiphilic block copolymers and carbox-
ylic acid-terminated boron-dipyrromethene (4,4-difluoro-4-bora-
3a,4a-diaza-s-indacene (BODIPY)) dyes (see the Supporting 
Information).[20] We also covalently attached BODIPY dyes on 
the hydrophobic homopolymers PB-OH, PDMS–(CH2)n–OH 
and PS-OH to respectively labeled PB-b-PEEP, PDMS-b-PEEP, 
and PS-b-PEEP GUVs in order to control for any artefact in the 
vesicles patterning arising from the capping of the hydrophilic 
end of amphiphilic polymers with a small hydrophobic moiety. 
The end group functionalization of our polymers and their purity 
was determined by high-performance liquid chromatography 
(HPLC). The high purity of the fluorescent polymers from the 
free BODIPY dye was found to be imperative for the correct visu-
alization in GUV of polymer phase separation. Any remaining 
free BODIPY dye resulted in the apparent compatibility of all 
poly mers. For PDMS-b-PEEP, a fraction of our labeled polymers 
was unfunctionalized as the esterification did not undergo full 
conversion. This only meant that higher concentrations of the 
partially functionalized polymer were used for better fluorescent 
resolution (5 mol% rather than 0.5 mol% for PB-b-PEEP).

We then proceeded in forming GUVs with our polymer library 
by nonassisted film hydration. This mild technique helps to 
minimize phase separation artefacts caused by the method of 
self-assembly rather than pure physicochemical immiscibility. 
Indeed, other techniques such as electroformation, gel-assisted 
hydration and double emulsion might force the mixing of the 
polymers as it has been shown for hybrid liposomes.[21] We modi-
fied our original procedure14 by letting the film hydrate overnight 
rather than 1 h in order to maximize the number of vesicles, to 
diminish artefacts and variability caused by short hydration times 
and to observe the GUVs in their thermodynamic state.

Both PB-b-PEEP (entries 1 and 2) and PDMS-b-PEEP (entry 3) 
formed vesicles in high yield. PS-b-PEEP (entry 4) did not self-
assemble into GUV, despite a similar hydrophilic ratio to PB-
b-PEEP and PDMS-b-PEEP, which empirically should form vesi-
cles.[22] Similar failure to form GUVs by nonassisted film hydra-
tion was also observed with a commercially available PS-b-PEO 
(Mn  = 5000, f  = 0.30). The high glass transition temperature 
(Tg) of PS43 (86 °C) compared to the low Tg of PB73 (−97 °C) and 
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Table 1. Block copolymers’ characteristics.

Entry Polymer Mn
a) f b ) Ðc) GUVd)

1 PB73-b-PEEP12 6000 0.32 1.14 Yes

2 PB73-b-PEEP21 7000 0.45 1.19 Yes

3 PDMS61-b-PEEP12 7000 0.35 1.29 Yes

4 PS43-b-PEEP17 7000 0.37 1.16 No

5e) PB46-b-PEO23 3000 0.29 1.11 No

a)The degree of polymerization and Mn was determined by NMR; b)Hydrophilic 
fraction defined as f  = Mn(hydrophilic block)/Mn(block copolymer); c)Đ, the 
molar mass dispersity, was determined by GPC; d)Observed by confocal laser 
scanning microscopy (CLSM); e)Commercially available. Below the table, 3D ren-
dering of typical GUV using BODIPY-FL (503/512  nm) on the left and BODIPY 
630 (630/650 nm) on the right is shown. Abbreviations: PB: polybutadiene; PEEP: 
poly(ethylene ethyl phosphate); PDMS: polydimethylsiloxane; PS: polystyrene; 
PEO: poly(ethylene oxide); b: block.



www.advancedsciencenews.com www.small-journal.com

1905230 (3 of 7) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

PDMS61 (Tg = −126 °C, Tm = −42 °C) (differential scanning calo-
rimetry (DSC) measurements in the Supporting Information) 
seemingly affects the formation of GUVs by this mild hydration 
method. Presumably because of the glassy aspect of PS, the thin 
films of PS-b-PEEP require a larger input of energy to swell than 
PDMS-b-PEEP and PB-b-PEEP similarly to other commonly 
used polymers as previously discussed and remain attached to 
the glass surface. The commonly used PB-b-PEO (entry 5) also 
gave no vesicles or very few numbers (2–3 per samples) using 
this mild hydration technique, as reported previously.[14]

We did not observe any difference in terms of vesicle forma-
tion and appearance when using the amphiphilic or the cor-
responding hydrophobic homopolymer fluorescent tags. This 
observation suggests that neither the incorporation of hydro-
phobic polymers into membranes nor the hydrophobic capping 
of amphiphilic polymers disrupts the self-assembly process of 
polymers into GUVs.

2.2. Binary Polymer Mixture in GUVs

We then investigated polymer mixing in GUVs using our 
polymer library from Table  1. Each combination of two poly-
mers was tested at three different ratios: 30:70, 50:50, and 70:30. 
The polymers were mixed in CHCl3 prior to film formation and 
subsequent hydration. In order to differentiate the polymers in 
the GUVs, we elected to use BODIPY-FL (λEx/Em 503/512 nm) 
and BODIPY 630 (λEx/Em 630/650  nm). Using unipolymeric 
GUVs, we checked that no cross-talk could be observed between 
the channels on the confocal laser scanning microscopy (CLSM) 
therefore demonstrating that each channel corresponds to a 
uniquely labeled polymer (see the Supporting Information). If 
the polymers are colocalized, the vesicles would appear yellow 
as a result of the overlapping green and red channels.

When mixing equal amounts of PB-b-PEEP A and B of dif-
ferent Mn (A 6000  g mol−1 (Table  1, entry  1) in green and B 
7000  g mol−1 (entry  2) in red) with identical PB73 block, we 
obtained only GUVs composed of both polymers (Figure  1A, 
GUV). Therefore, even though both PB-b-PEEP A and B can 
separately yield a large number of GUVs, when hydrating 
the polymers together, solely homogenously mixed GUVs 
are formed. We do not observe any domain formation at the 
micrometer scale. At nonequal ratios of polymers (30:70 and 
70:30), the GUV were still composed of both PB-b-PEEP A and 
B but color gradients (green to orange) between GUVs could 
be observed (Figure S4, A). These color moduli are due to dif-
ferent composition of the GUVs in terms of polymeric ratios 
and highlight the challenge to obtain uniform GUV population 
when raising the complexity of these micrometer-sized soft 
materials even when swelled from the same film.

When mixing PB-b-PEEP (green) with PB-b-PEO (red) we 
also obtained fully mixed (yellow) GUVs in good numbers 
(Figure  1B). In this case, despite the use of different hydro-
philic blocks PEEP and PEO, the PB block dictates the favorable 
mixing of the two polymers during self-assembly. In correlation 
to results obtained with PDMS-b-PEEP/PB-b-PEEP mixtures 
discussed below, the homogeneity of PB-b-PEEP/PB-b-PEO 
GUVs emphasizes that membrane demixing is governed by 
the favored or unfavored interactions of the hydrophobic blocks 

of the amphiphiles rather than their hydrophilic blocks. Inter-
estingly, this example also shows that despite the poor self-
assembly of PB-b-PEO alone, the co-self-assembly of PB-b-PEEP 
and PB-b-PEO promotes the incorporation of the challenging 
polymer in GUVs. As such, we have shown that polymers can 
be expressed in membranes by nonassisted film hydration 
even if they themselves would not form vesicles. The diversi-
fication of membranes by incorporating various polymers was 
also proven by doping the GUVs with the tagged homopolymer. 
We observed no disruption in the self-assembly in the same 
way that small hydrophobic molecules can be added to mem-
branes.[14,23] In membrane tagging, we added only 1  mol% of 
the hydrophobic homopolymer. Further studies showed that 
larger quantities of hydrophobic polymers can be used notably 
as described later with hydrophobic PDMS-b-PB as long as the 
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Figure 1. Polymer films on glass slides and hybrid GUVs observed under 
confocal laser scanning microscopy in their overlaying channels. The 
CLSM images are shown as the overlay channel of the BODIPY-FL fluo-
rescence, excited at 496 nm and detected at 520–540 nm and BODIPY-
630/650 fluorescence, excited at 633 nm and detected at 650–700 nm.
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polymers used are of similar length (in this case ≈5 kDa). PB-
b-PEEP vesicles are thus robust enough to express other enti-
ties with minimal disruption to their self-assembly process. 
This observation is particularly advantageous for future works 
that aim to explore more complex systems toward cell mimicry.

In the case of PDMS-b-PEEP (green) and PB-b-PEEP (red), 
we obtained two cohabitating monochromatic GUV popula-
tions (Figure  1C). The physical incompatibility of the hydro-
phobic blocks[10a,b] resulted in a full phase separation of the 
polymers in GUVs regardless of the ratio used. Neither the 
identical hydrophilic PEEP block nor the common entropically 
driven unfavorable interaction of the hydrophobic blocks with 
the aqueous solvent suffices to assemble both PDMS-b-PEEP 
and PB-b-PEEP in a single GUV.

When mixing PB-b-PEEP (red) and PS-b-PEEP (green), 
we obtained monochromatic red GUVs thus comprising of 
PB-b-PEEP GUVs only (Figure  1D). Similarly, the mixing of 
PDMS-b-PEEP (green) and PS-b-PEEP (red) gave PDMS-b-
PEEP GUVs only (Figure  1E). As PS-b-PEEP cannot form 
GUVs by this hydration method, presumably due to its high 
Tg (Table 1, entry 4), only the polymer which can self-assemble 
into GUVs are obtained. It appears that the thermodynamic 
immiscibility of PS with PB and PDMS[24] did not lead to the 
incorporation of PS-b-PEEP into the PB-b-PEEP or PDMS-b-
PEEP GUVs. Our study however showed that the integration 
of troublesome polymers into GUVs is possible by coswelling 
with the appropriate block copolymers if the hydrophobic 
blocks are miscible, even if the polymers themselves might not 
be prone to self-assembly due to a poor physicochemical profile 
as we observed for PB-b-PEO and hydrophobic polymers (PB 
and PDMS). In contrast, PS-b-PEEP could not be integrated 
into GUVs due its high Tg and incompatibilities with block 
copolymers which can form GUVs by mild film hydration.

Finally, we tested the hydration of PB-b-PEEP A films in 
the presence of PB-b-PEEP B preformed GUVs in the aqueous 
medium and vice versa (Figure  S5, Supporting Information). 
Here, despite the already established miscibility of PB-b-PEEP 
A and PB-b-PEEP B when hydrating the mixed polymeric films 
(Figure 1A), we observed cohabitating populations of green (PB-
b-PEEP A) and red (PB-b-PEEP B) GUVs and no mixed (yellow) 
GUVs. This experiment shows the underlying principle behind 
GUV formation. Even if the mixing of PB-b-PEEP A and PB-b-
PEEP B is thermodynamically allowed when both polymers are 
coswelling to form vesicles, once formed, GUVs do not interact 
with the self-assembly of other amphiphiles. As such, polymeric 
mixed GUVs can only be obtained when mixing polymers prior 
to their self-assembly.

We observed no discrepancy in results when using the 
homopolymer or amphiphile tags in binary polymeric mixtures. 
Therefore, we have demonstrated that the hydrophobic cap-
ping of amphiphilic polymers by hydrophobic fluorescent tag 
like BODIPY does not cause artefacts in the GUV membranes 
patterning and polymer miscibility. Both the hydrophobic 
homopolymer and the amphiphile appear equally adequate for 
GUV membranes labeling.

In summary, by mixing our library of amphiphilic block 
copolymers described in Table 1, we have shown that polymer 
mixing in membrane is entropically dictated by hydrophobic 
block incompatibility only and that PB-b-PEEPs can be used as 

a self-assembly platform for other polymers with any desired 
functionality.

2.3. Polymer Film Topology

We then studied the topological aspect of the dry drop-casted 
film on glass as generated in the prehydration step of GUV 
formation in order to try to rationalize the phase separation 
behavior of the polymers in GUVs. We observed that the poly-
mers mixing/demixing behavior in the assembled state gen-
erally correlates to the mixing and demixing behavior of the 
polymers in their dry state (Figure 1, thin film).

For PB-b-PEEP A/PB-b-PEEP B and PB-b-PEEP/PB-b-PEO 
(Figure  1A,B), we observed the formation of homogenously 
mixed films (Figure  1A,B). The polymers appear to be mis-
cible in their neat state as both fluorescent tags overlap even 
at higher resolution (up to 40×). The swelling of these well-
blended polymer films yielded homogenously mixed GUVs.

In the case of the PB-b-PEEP/PDMS-b-PEEP film (Figure 1C), 
this film clearly exhibits a phase separation of the two poly-
mers. The films are patterned with PDMS-b-PEEP domain of 
typically 50  µm within a PB-b-PEEP continuous phase. In the 
center of the film, the PDMS-b-PEEP polymer constitutes the 
continuous phase with some PB-b-PEEP domains. In the PB/
PDMS homopolymer mixtures, we observed an even stronger 
phase separation where both polymers almost completely seg-
regated forming large continuous domains on the opposite pole 
of the film (Figure  S8, Supporting Information). Therefore, 
the hydrophilic PEEP block present in each amphiphile pro-
vides a compatibilizing effect on the polymer films resulting 
in improving polymer miscibility. However, we know that the 
GUVs formed from this film result in two distinct populations of 
GUVs rather than domain formation. The weak compatibilizing 
effect of PEEP is thus not strong enough to form patterned GUV 
but shows that a degree of miscibility (larger interacting surface) 
is allowed between PDMS and PB. The polymer domains in 
the films are larger than the diameters of the GUVs and thus 
the two distinct GUV populations can swell from their mixed 
films entropically favoring unipolymeric populations, reducing 
entropically unfavored immiscibility interactions.

The analysis of the PB-b-PEEP/PS-b-PEEP film (Figure  1D) 
also exhibited phase separation of the polymers. However, the 
PB-b-PEEP/PS-b-PEEP demixing was on a smaller scale than 
the PDMS-b-PEEP/PS-b-PEEP mixtures as observed when 
increasing the resolution scale. Indeed, most domains had 
a diameter of <5  µm. However, we know that PB-b-PEEP/PS-
b-PEEP films form PB-b-PEEP GUVs only. Thus, although 
the apparent higher miscibility of PB-b-PEEP/PS-b-PEEP in 
comparison to PB-b-PEEP/PDMS-b-PEEP in the film state, the 
entropic self-assembly of these amphiphilic polymers still plays 
a primary role in polymer demixing in membranes.

The mixing of PDMS-b-PEEP and PS-b-PEEP exhibited a 
significant demixing in the film state (Figure  1E). A PDMS-
based core was surrounded by a PS-b-PEEP corona. This film 
morphology is coherent with the formation of PDMS-b-PEEP 
only GUVs. These results however clearly contrast with the film 
behavior of PB-b-PEEP/PS-b-PEEP mixture despite a similar 
outcome in the GUVs.

Small 2020, 1905230
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Therefore, film morphology can help to assess GUV 
demixing behavior rapidly. However, the degree of polymer 
demixing does not directly correlate to the patterning of GUVs.

Analysis of film topology across different ratios similarly to 
the ratio used for the GUV formation (30/70, 50/50, and 70/30) 
did not exhibit any trend in the phase separation behavior of 
the polymers based on the polymeric ratio (Figure S7, Sup-
porting Information). The exact topology of the films is affected 
by experimental variability (order of mixing, surface coverage, 
drying speed, etc.). These variabilities in the film only have a 
low impact on the polymers mixing/demixing outcomes in the 
GUVs as we reproducibly obtained the same GUVs popula-
tions. We also noticed that when using polymer mixtures com-
prising of PDMS-b-PEEP, the CHCl3 droplet dried in a smaller 
surface area (2  mm in diameter) compared to other mixtures 
(8  mm in diameter) regardless of the ratio used (Figure S9, 
Supporting Information).

2.4. Ternary Polymer Mixed GUVs

Based on our comparison of mixed polymer GUV and film, we 
wanted to investigate whether immiscible polymers could be 
compatibilized. Using the mixture of PB-b-PEEP/PDMS-b-PEEP, 
we doped our mixture with the hydrophobic block copolymer 
PDMS-b-PB (Mn = 3.3 kDa) in various ratios (Figure 2).

The vast majority of these mixtures gave monochromatic 
PDMS-b-PEEP and PB-b-PEEP GUVs (blue in Figure  2) as 
observed in the absence of a compatibilizer (Figure 1C). Below a 
10  mol% threshold, single population of GUVs (PDMS-b-PEEP 
only or PB-b-PEEP only) could be observed; presumably as sta-
tistically, the number of GUVs formed with the other polymer 
is very low. Additionally, even when using large quantities of the 
hydrophobic copolymer PDMS-b-PB, we never observed black 
domains within GUVs. Presumably, as PDMS-b-PB hydropho-
bicity and similarity to both amphiphiles dictates a statistical dis-
tribution of the polymer within the bilayer. For some ternary mix-
tures (orange in Figure 2), we observed the formation of GUVs 
comprising both amphiphilic polymers. In general, a threshold 
of 10 mol% of PDMS-b-PB seemed to be required for compatibi-
lizing the otherwise immiscible polymers. The GUVs population 
in these complex ternary polymeric mixtures was not uniform 
and included both monochromatic GUVs and GUVs expressing 
domains of different sizes. This heterogeneity was not surprising 
as the thin film of PDMS-b-PEEP and PB-b-PEEP mixtures 
already showed heterogeneous demixing of the polymers across 
the film (Figure 1C). Moreover, as discussed previously even when 
using a simpler system with the miscible PB73-b-PEEP12 and PB73-
b-PEEP21 we observed that GUVs differ in polymeric ratios.

In terms of aspect, these GUVs were mostly Janus-type GUVs 
(Figure 3A,B), where the vesicles exhibit two large domains of 
similar size. Here the surface functionality difference is fluo-
rescent tagging; however, we could consider simply modifying 
the tags to chemically relevant moieties such as alkyne or azide 
for asymmetrical click chemistry and obtained GUV asymmet-
rically functionalized. Other GUVs exhibited a single domain 
(green in red (Figure 3C) or red in green (Figure 3D)).

When checking the films of mixtures yielding hybrid vesi-
cles (Figure  S10, Supporting Information), we did not detect 
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Figure 2. Ternary phase diagram. Diagram of PB-b-PEEP/PDMS-b-PEEP/
PDMS-b-PB polymersomes with corresponding CLSM typical images. PB-
b-PEEP was labeled green with PB-BDPFL and PDMS-b-PEEP was labeled 
red with PDMS-BDP630. PDMS-b-PB was left unlabeled. Red data points 
represent the observation of PDMS-b-PEEP GUV only, green points to 
PB-b-PEEP GUV only, blue to a mixture of PDMS-b-PEEP GUV and PB-
b-PEEP GUV, and orange to the observation of hybrid PDMS-b-PEEP/PB-
b-PEEP GUV.

Figure 3. 3D projections of PB-b-PEEP/PDMS-b-PEEP/PDMS-b-PB hybrid 
GUV. These 3D projections were compiled from Z-stack measurements 
on the CLSM. (A,C,D) show the GUV as observed from the side and (B) is 
the seen from above with PB-b-PEEP/PDMS-b-PEEP/PDMS-b-PB ratio of 
40/40/20 mol% for (A,B) and 36/36/28 mol% for (C,D). Scale bars: 5 µm.
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any significant difference in the film topology. The number 
and size of domains were similar to the compatibilizer-free 
PDMS-b-PEEP/PB-b-PEEP films. Only when using >60  mol% 
of PDMS-b-PB, we could observe complex patterning with 
different degrees of miscibility across the film (Figure  S10, 
top left). Here we could witness the compatibilizing effect of 
PDMS-b-PB as the PDMS-b-PEEP and PB-b-PEEP domains 
were smaller (<10  µm) in diameter and interconnected with 
nonfluorescent PDMS-b-PB domains.

Contrary to incompatibility issues in lipid/polymer hybrid 
GUVs,[2b] which are commonly only observable for a short 
period of time prior to fission, our hybrid polymer/polymer 
GUVs did not undergo fission. PDMS-b-PB therefore acts as a 
true compatibilizer of PDMS-b-PEEP and PB-b-PEEP despite 
the strong immiscibility of those polymers. This compatibi-
lizing strategy could be used in lipid/polymer GUVs to obtain 
stable hybrid vesicles and limit their fission.

3. Conclusion

In this study, we showed that novel PEEP-based block copolymers 
PDMS-b-PEEP and PS-b-PEEP could be synthesized and that 
PDMS-b-PEEP could readily self-assemble into GUVs in a similar 
fashion to PB-b-PEEP by simple hydration (no external forces). We 
also successfully fluorescently tagged amphiphilic polymers by 
end group functionalization. Then when mixing different block 
copolymers we observed the complete phase separation of hydro-
phobically incompatible amphiphiles (PB/PDMS, PB/PS, and 
PDMS/PS) into distinct monochromatic GUV population. In con-
trast, identical hydrophobic block based amphiphiles (PB) formed 
homogenously mixed GUVs regardless of the hydrophilic block 
used (PEEP or PEO). Thus, we have shown that polymer mixing 
in membrane is entropically dictated by hydrophobic block incom-
patibility. Furthermore, we analyzed the aspect of the films of 
binary polymeric mixtures prior to self-assembly. We observed that 
the film morphology grossly corresponds to the obtained phase 
separation in GUVs. Finally, due to the high immiscibility of our 
polymer hydrophobic blocks, we used a PDMS-b-PB compatibi-
lizer to form GUVs comprising both immiscible PDMS-b-PEEP 
and PB-b-PEEP polymers. At certain ratios, we obtained Janus 
vesicles where each GUV half comprised of a different polymer or 
vesicles with a single circular domain of the immiscible polymer.

4. Experimental Section
Amphiphilic Block Copolymer Synthesis: The hydroxy-terminated 

hydrophobic polymer (P-OH) and N-[3,5-bis(trifluoromethyl)phenyl]-
N′-cyclohexyl-thiourea (TU) were dried under reduced pressure from 
toluene. EEP and 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) were 
distilled and stored under inert atmosphere. To a solution of P-OH 
(100  mmol, 1.0  eq.) and TU (500  mmol, 5.0  eq.) in dry THF (2.0  mL) 
under inert atmosphere, EEP (n mmol, n eq.) was added. After cooling 
the solution to 0 °C, DBU (75 µL, 500 mmol, 5.0 eq.) was added. The 
polymerization was carried out for 30 min and terminated using acetic 
acid in THF (300  µL, 5.0  mmol, 1.0  m, 50  eq.). The colorless solution 
mixture was dialyzed against H2O in a 1000  molecular weight cut-off 
(MWCO) regenerated cellulose dialysis tube for 24 h. The resulting white 
suspension was dissolved in THF and dried under reduced pressure to 
obtain the desired polymer.

Block Copolymer Fluorescent Labeling: According to a modified 
procedure,[20] the polymer (10 µmol, 1.0 eq.) was dissolved in anhydrous 
CH2Cl2 (100  µL). The carboxylic acid terminated BODIPY fluorescent 
dye (BDP630 and BDPFL) (12  µmol, 1.2  eq.) was then added to the 
polymeric solution and rinsed with further CH2Cl2 (100  µL), followed 
by the addition of 4-dimethylaminopyridine (DMAP) (10 µmol, 1.0 eq.). 
After cooling to 0  °C, N,N′-dicyclohexylcarbodiimide (DCC) (20  µmol, 
2.0 eq.) was added and stirred for a further 15 min at this temperature. 
The reaction mixture was then stirred at room temperature overnight. 
The resulting solution was washed with THF/acetic acid and dialyzed 
against EtOH with acetic acid multiple times (regenerated cellulose 
MWCO 1 kDa) for 72 h to yield the desired labeled title polymer.

GUV Film Hydration: Form a modified nonassisted film hydration 
procedure,[14] a solution of block copolymer in CHCl3 (20 µL, 4.0 mg mL−1) 
was loaded in a glass vial and dried at reduced pressure (10 −3 mbar) for 
15 min to form a thin film at the bottom of the vial. The vial was filled 
with a sucrose solution (200 µL, 100 × 10−3 m in MilliQ H2O) and let to 
hydrate overnight. The sucrose solution (50  µL) was then diluted into 
an equiosmotic glucose solution (100 × 10−3 m in MilliQ H2O, 200 µL) 
for facilitating visualization of the vesicles at the bottom of the well due 
to density differences. The fluorescently labeled block copolymers were 
mixed at 0.5–5 mol% into the nonlabeled corresponding polymer prior 
to loading. The polymer–polymer hybrid GUVs were obtained by mixing 
the block copolymer in the desired ratio preloading in CHCl3.
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