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Abstract

Polymersomes are being widely explored as synthetic analogs of lipid vesicles based on
their enhanced stability and potential uses in a wide variety of applications in (e.g., drug
delivery, cell analogs, etc.). Controlled formation of giant polymersomes for use in mem-
brane studies and cell mimetic systems, however, is currently limited by low-yield produc-
tion methodologies. Here, we describe for the first time, how the size distribution of giant
poly(ethylene glycol)-poly(butadiene) (PEO-PBD) polymersomes formed by gel-assisted
rehydration may be controlled based on membrane fluidization. We first show that the aver-
age diameter and size distribution of PEO-PBD polymersomes may be readily increased by
increasing the temperature of the rehydration solution. Further, we describe a correlative
relationship between polymersome size and membrane fluidization through the addition of
sucrose during rehydration, enabling the formation of PEO-PBD polymersomes with a
range of diameters, including giant-sized vesicles (>100 um). This correlative relationship
suggests that sucrose may function as a small molecule fluidizer during rehydration,
enhancing polymer diffusivity during formation and increasing polymersome size. Overall
the ability to easily regulate the size of PEO-PBD polymersomes based on membrane fluid-
ity, either through temperature or fluidizers, has broadly applicability in areas including tar-
geted therapeutic delivery and synthetic biology.

Introduction

Giant unilamellar vesicles (GUVs) are biological membrane models created through the self-
assembly of amphiphilic molecules[1]. While lipid GUVs are excellent mimics of bio-mem-
brane systems, they have inherent limitations, including short shelf life and degradation from
various environmental perturbations. To overcome these restrictions, the use of polymer vesi-
cles, or polymersomes, is being widely explored as synthetic analogs of lipid vesicles. Polymer-
somes are created through the self-assembly of amphiphilic block copolymers[2-4], and are
renowned for their stability[5], robustness[2], chemical versatility[6,7], barrier properties[2,8],
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and tunable physical attributes[9-11]. Engineering versatile polymer combinations with addi-
tional alterations through surface modification, changes of pH[12], and/or heat[12] allows
polymersomes to be used in a wide range of applications.

As polymersomes continue to both supplement and supplant lipid vesicles in many applica-
tions, the production and characterization of cell-sized, giant (>4 um) vesicles becomes
increasingly important[13]. Such giant polymer vesicles (polymersomes) are important for,
among other things, characterizing the properties of the polymer bilayer[2,5], forming and
studying polymer nanotubes by manipulation of the polymer bilayer[3,14], and investigating
protein stabilization[15]. In addition to understanding these valuable physical characteristics,
polymersomes are excellent candidates for use in developing stable, synthetic biomimetic cells
(e.g., protocells)[14] and for controlled biological drug targeting and release[ 16-18]. Unfortu-
nately, the production of giant polymersomes, necessary for probing properties of polymer
membranes[19,20], is currently limited to a few labor-intensive and/or low-yield techniques
such as electroformation[2] and templated rehydration[21]. Further, giant polymersomes have
recently been used to encaspsulate enzymes capable of triggering release of the vesicle contents
[22], and for mimicking human red blood cells for the treatment of malaria[23]. In such appli-
cations, the ability to control the size of polymersomes enables loading variable concentrations
of biomolecules and tuning vesicles to mimic different endogenous cell sizes.

Recently, a new technique has been developed to create lipid GUVs via gel-assisted rehydra-
tion[24]. This method involves depositing an organic solution of lipids onto a dehydrated aga-
rose gel, which, when rehydrated, forms lamellar structures that eventually coalesce into GUVs.
Aside from being very convenient and simple, gel-assisted rehydration also enables giant vesicles
to be created in physiological salt conditions, an important distinction from other techniques
[24,25] and allows for easy reconstitution of membrane proteins in lipid vesicles[26]. Herein we
investigated (i) the formation of giant polymersomes from amphiphile block copolymers using
gel-assisted rehydration, and (ii) characterized the role of membrane fluidization on the ability to
tune the size of the resulting polymersomes. We further demonstrated polymersomes that may
be formed using block copolymers with different physical and chemical properties, as well as
with a variety of rehydration solutions including physiological buffers.

Results and Discussion
Formation of Polymersomes Using Gel-Assisted Rehydration

Polymersome formation using the gel-assisted rehydration method outlined in Fig A in S1 File
was directly compared to traditional electroformation. The first polymer tested was a poly(eth-
ylene glycol)-poly(butadiene) diblock copolymer or PEO-PBD, with a total molecular weight
of 2,950 Daltons and the following block composition: EO,,-BDs; (Table 1 and Table A in S1

Table 1. Summary of the different polymers tested, their abbreviations used in the text and the molec-
ular weight (M,,).

Polymer Abbreviation M,, (Da)*
Poly(ethylene glycol)-poly(butadiene) PEO-PBD 2,950
Poly(ethylene glycol)-poly(butadiene)-NH3* PEO-PBD (+) 2,950
Poly(ethylene glycol)-poly(butadiene)-COO" PEO-PBD (-) 2,950
Poly(ethylene glycol)-poly(ethylethylene) PEO-PEE 3,050
Poly(ethylene glycol)-poly(propylene oxide)- poly(ethylene glycol) PEO-PPO-PEO 8,350

*For further details on the polymer characteristics, see Table A in S1 File. Note that the standard diblock
copolymer used throughout this work is abbreviated as PEO-PBD (first entry in the table).

doi:10.1371/journal.pone.0158729.1001
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File). Positively and negatively charged PEO-PBD polymers (functionalized with an amine and
carboxyl group, respectively) were also evaluated to determine if the charged functional groups
affected polymersome formation. Electroformation of polymersomes using the neutral or
charged PEO-PBD copolymers did not reliably result in unilamellar vesicles (Fig 1A). Rather,
the vesicles that did form had processes protruding from the membrane surface or were asym-
metric; reproducibility was likewise problematic. In contrast, formation of polymersomes
using gel-assisted rehydration significantly increased the yield, reproducibility and symmetry
of polymersome formation with neutral and both charged polymers (Fig 1B). Large popula-
tions consisting of several hundred intact neutral PEO-PBD polymersomes formed with an
average diameter of 5.8 um + 2.5 (Fig 1). Time-lapse photomicrographs showed that polymer-
some formation begins as early as 25 min post-rehydration (Fig B in S1 File), starkly contrast-
ing the lengthy periods for electroformation and templated rehydration (i.e. several hours).

Traditional methods of polymersome formation are typically limited to rehydration in
sucrose solutions such as in electroformation protocols[2]. In contrast, PEO-PBD polymersomes
were successfully formed in a variety of physiologically-compatible buffer solutions (Fig 2A)
using gel-assisted rehydration. Polymersomes were even successfully formed in a mammalian
cell culture medium, collectively rendering this technique useful for studies investigating the crea-
tion of artificial cell-like systems, which require biologically-compatible solutions [14,27]. Addi-
tionally, polymersomes were stable upon transfer to different media post-formation, though they
did respond to alterations in osmotic pressure as expected. Specifically, polymersomes swelled
when transferred to a hypotonic solution (S1 Movie), and shrank when transferred to a hyper-
tonic solution (S2 Movie), demonstrating the plasticity of the polymersomes.

Polymersomes were also successfully formed from several different polymer compositions
including different diblock copolymers such as poly(ethylene glycol)-poly(ethylethylene)
(PEO-PEE) (Fig 2B, Table 1 and Table A in S1 File). As described above, charged PEO-PBD
polymers also robustly formed polymersomes (Figs 1B and 2B), and are important synthetic
analogs to naturally-occurring charged lipids. Polymersome formation was also attempted

a

PEO-PBD PEO-PBD (+ PEO-PBD (-

T~ Electroformation

PEO-PBD PEO-PBD (+) PEO-PBD (-)

Gel Formation

Fig 1. Comparison of polymersomes formed by electroformation and gel-assisted rehydration. (a)
Representative epifluorescence photomicrographs depicting PEO-PBD, positively-charged PEO-PBD
(NH3*) and negatively-charged PEO-PBD (COO") polymersomes formation using platinum wire
electroformation. (b) Epifluorescence photomicrographs depicting polymersome formation using gel-assisted
rehydration after 1 h on an agarose gel at 40°C. Scale bar =10 ym.

doi:10.1371/journal.pone.0158729.g001
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Fig 2. Polymersomes were formed in different buffers and from a variety of polymers following
rehydrated with water at 40°C for 1 h on an agarose gel. (a) Epifluorescence photomicrographs of
PEO-PBD polymersomes formed using various different rehydration solutions, or (b) with different polymer
compositions (See Table 1 and Table A in S1 File for more details on the different polymers). Scale

bars =10 ym.

doi:10.1371/journal.pone.0158729.9002

with a commercially available triblock co-polymer, poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) (PEO-PPO-PEO), with partially formed vesicle-like structures
resulting (Fig 2B and Table A in S1 File). Together these data demonstrate that gel-assisted
rehydration is an improved alternative for producing polymersomes with polymer composi-
tions that are more challenging to the formation of polymersomes by other methods.

Characterization of Polymersomes

To characterize the integrity of the polymersomes, the fluidity of the polymer membranes was
measured using fluorescence recovery after photobleaching (FRAP). Representative photomi-
crographs of FRAP on a neutral PEO-PBD polymersome are shown in Fig 3A. A region of a
polymersome membrane containing a small percentage of Liss-rhodamine-labeled lipid was
bleached with a laser and the fluorescence recovery was monitored over several minutes (see
circled region in the images). The fluorescence in the different polymer compositions recovered
over time, as shown in Fig 3B, and plateaued after ~5 min (Fig C in S1 File), indicating that the
polymer membranes are fluid. All of the polymersomes tested were fluid across expected time-
scales, and indeed were similar in their individual recovery rates. FRAP curves were fit to a sin-
gle component exponential decay according to published methods[28,29] and diffusion
coefficients were calculated (see Methods for further details). Diffusion coefficients of the dif-
ferent polymer membranes fell within expected ranges of polymer membrane diffusion|[3,30]
(Table 2 and Fig D in S1 File), suggesting that the polymersomes formed through gel-assisted
rehydration possess properties similar to those formed by traditional methods.

Controlling Polymersome Size with Temperature

While methods such as extrusion can mediate size distribution of small polymer vesicles

(<0.5 pm), it is generally challenging to control the size of giant polymer vesicles. Using gel-
assisted rehydration, size control of the PEO-PBD polymersomes was easily attained by alter-
ing the temperature during the rehydration step. As the temperature increased, the average size
of the polymersomes concomitantly increased (Fig 4A and 4B). ANOVA analysis of the aver-
age diameter of the polymersomes confirmed that temperature significantly affects
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Fig 3. Fluorescence recovery after photobleaching (FRAP) analysis shows that polymersome
membranes are fluid. (a) Epifluorescence imaging of a representative PEO-PBD polymersome pre-, during
and post-fluorescence bleaching. The region of the membrane that was bleached is circled. Scale

bar =10 pm. (b) Time-dependent fluorescence recovery profiles for different polymers.

doi:10.1371/journal.pone.0158729.9003

polymersome size (P < 0.001; Table B in S1 File). Furthermore, pairwise comparisons of these
data reveal significant differences in polymersome size among all of the temperatures

(P < 0.03), except between the 60°C and 70°C samples in which the average sizes were not sig-
nificantly different (P = 0.069). Frequency distributions for the polymersome populations also
indicated an increase in the dispersity as temperature increased (Fig 4C). Furthermore, increas-
ing the temperature consequently increased the rate of formation, with large intact vesicles
being formed in less than 10 min at the higher temperatures. The increased rate of formation
and size upon heating is likely due to an increase in PEO-PBD diffusivity, resulting in greater
membrane fluidity (and thus acting as a physical membrane fluidizer). Similar effects have
been reported with hybrid polymer-lipid membranes[31]. Temperature-dependence of poly-
mersome size provides a predictable, simple and more rapid approach for regulating PEO-PBD
polymersome size as compared to other techniques[21,32].

We examined the phase transition of agarose in water in order to evaluate whether its solu-
bilization during hydration may have affected polymersome formation. A melting point appa-
ratus equipped with an optical density filter indicated that the gel undergoes a phase transition
and begins to solubilize at 62°C. Thus, the presence of soluble agarose in solution and potential
intercalation in polymersome membranes likely has a minimal effect at temperatures lower
than the melting point, but cannot be entirely ruled out.

Table 2. Diffusion coefficients (mean * standard error) estimated from FRAP data for polymersomes
formed from different polymers.

Polymer Diffusion Coefficient (um?/s)
PEO-PEE 0.0287 + 0.009
PEO-PBD 0.0144 + 0.006
PEO-PBD (-) 0.0244 +0.003
PEO-PBD (+) 0.0142 £ 0.007

doi:10.1371/journal.pone.0158729.t002

PLOS ONE | DOI:10.1371/journal.pone.0158729 July 13,2016 5/183



el e
@ : PLOS ’ ONE Membrane Fluidization Aids in the Formation of Giant Polymersomes

20+
£
=
154
g T
]
£
.S 104
o
()
o
S 54
()
>
<
0' T
24 40 50 60 70
Temperature °C
Cc
60+
9 B 24°C
N— o
> B 40°C
%40_ B 50°C
o
- B 60°C
2 _ 0 70°C
(=
_g 204
Rt
K
[}
14
0 L] T L]
0 10 20 30

Polymersome Diameter (um)

Fig 4. Dependency of vesicle size on different rehydration temperatures. PEO-PBD polymersomes
were generated in water on 1% agarose gels for 30 min at varying temperatures on a hot plate. (a)
Epifluorescence photomicrographs (scale bar = 10 um), (b) average diameters ( standard error of the
mean), and (c) frequency distribution plots for polymersomes formed at different temperatures.

doi:10.1371/journal.pone.0158729.9004

Controlling Polymersome Size with a Small Molecule Fluidizer

Previous reports using gel-assisted rehydration to form lipid GUVs suggest that formation con-
sists of vesicle swelling upon rehydration, followed by their fusion due to mechanical crowding
[24]. Specific conditions (e.g. addition of salts and agitation[11]), however, are necessary to
facilitate fusion of polymer vesicles, suggesting that formation of giant polymersomes by gel-
assisted rehydration likely relies on different interactions. The relationship between tempera-
ture and polymersome size, shown in Fig 4, was attributed to the increased membrane fluidity
during rehydration. To further explore the role of membrane fluidization, we tested the effect
of adding a small molecule membrane fluidizing agent, sucrose, on the formation of PEO-PBD
polymersomes and diftusivity of the polymersome components.

Sucrose solutions were added at various steps during the gel-assisted rehydration method:
(i) agarose gels were prepared in a sucrose solution, (ii) sucrose was present in the rehydration
solution and (iii) sucrose was used in both the agarose gel preparation and in the rehydration
solution. The addition of sucrose in the gel, with either water or sucrose rehydration resulted in
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Fig 5. Effects of membrane fluidization on the formation of polymersomes. (a) Epifluorescence photomicrographs of
PEO-PBD polymersomes formed on either agarose gels in water (left two images) or agarose gels in sucrose (right two
images) and rehydrated in either water or sucrose as indicated at the top of the image. Scale bar = 10 um. (b) Correlation of
polymersome size (measured for over 80 polymersomes) and diffusion coefficients (calculated for at least five different
polymersomes). X-error bars are standard error of the mean for the polymersome diameters. Y-error bars are standard error of
the mean for the diffusion coefficients.

doi:10.1371/journal.pone.0158729.9005

increased vesicle size from vesicles formed on a gel made in water (Fig 5 and Fig E in S1 File).
Diftusion coefficients of PEO-PBD polymersomes were measured as described above for each
of the different conditions in which sucrose was added (Fig E in S1 File). Plotting the measured
diffusion coefficients against the average vesicle size for each condition revealed a strong corre-
lation (Fig 5B), strongly supporting that membrane fluidization aids in the formation of giant
polymersomes.

The largest diameter and the broadest size distribution of PEO-PBD polymersomes were
formed by hydrating a gel prepared with sucrose and using a sucrose rehydration solution; the
fastest rate of formation (<5 min) was also observed under this condition. Here, populations
of giant-sized polymersomes measuring 100 um or greater in diameter were formed (Fig 5 and
Fig E in S1 File) supporting the idea that fluidization greatly aids in PEO-PBD polymersome
formation. Furthermore, this trend was consistent with the formation of charged PEO-PBD
polymersomes at either high temperatures or on an agarose gel made in sucrose and rehydrated
in sucrose in which polymersomes were significantly larger than in the control condition (Fig
G in S1 File). Finally, sucrose was added in the gel and rehydration solution coupled with heat-
ing during rehydration (70°C), but did not result in larger vesicles compared with those formed
at 40°C.
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The addition of sucrose can also exert an osmotic pressure during vesicle formation, as
reported in the formation and detachment of lipid vesicles from the surface[33,34]. While the role
of osmotics on the polymersome formation cannot be discounted, our data suggest that mem-
brane fluidization is sufficient to aid in the formation of giant PEO-PBD polymersomes based the
similar effects of increasing temperature and adding sucrose. Furthermore, the direct correlation
of polymersome size and diffusivity (Fig 5B) suggests that sucrose is indeed fluidizing the polymer
membrane, which in turn enhanced the rate of formation and size of polymer vesicles.

To further test the fluidizing effect of sucrose, sucrose was added to high molecular weight
polymers that did not initially form polymersomes using gel-assisted rehydration (i.e., using a
gel prepared in water, and rehydrated with water; Table A in S1 File). Here the lack of forma-
tion may be attributed to potential entanglement of the polymers, which has been reported to
increase with increased molecular weight and result in membranes with lower fluidity and per-
meability[3,35]. The addition of sucrose to the rehydration solution successfully enabled the
formation of polymersomes from PEO-PBD polymers with varying block compositions
(Table A and Fig F in S1 File). In all cases, polymersome diameter was limited to around
1-5 pm upon addition of sucrose, which further support the importance of membrane fluidiza-
tion in the formation of polymersomes.

Conclusion

In summary, we have shown that gel-assisted rehydration is a convenient method for producing
cell-sized and considerably larger polymersomes from PEO-PBD block copolymers. In addition to
the simple and robust nature of this technique, we describe the ability to modulate membrane
fluidity of low molecular weight PEO-PBD polymersomes using temperature and small-molecule
fluidizers during rehydration, resulting in an easy means of tuning vesicle size. Based on these obser-
vations, we propose that membrane fluidization may be critical to the formation of polymersomes
by gel-assisted rehydration, and should be considered particularly when using high molecular block
copolymers to form polymersomes. Lastly, we demonstrate the application of gel-assisted rehydra-
tion for the formation of polymersomes from charged PEO-PBD, enabling increasingly complex
synthetic polymer membranes that better mimic biological plasma membranes[36].

Methods
Formation of Agarose Films on Glass Slides by Deposition

The original protocol detailing the formation of agarose films for giant lipid vesicle formation
[24] was adapted to the formation of polymersomes. Briefly, 1% (w/v) molecular biology aga-
rose (Sigma-Aldrich, St. Louis, MO; product number A9539) was dissolved in deionized water
by boiling. The agarose solution (300 uL) was deposited onto a 25 mm square #1 glass coverslip
(VWR, Radnor, PA). The long edge of another pipette tip was used to spread the agarose solu-
tion evenly on the coverslip surface. Agarose films were dried by incubating at 40°C for >1
hour and stored at room temperature until use.

Formation of Polymer Films on the Prepared Agarose Films

All polymers were prepared in chloroform at a 5 mg/mL concentration with 0.5 mol% of either
Lissamine Rhodamine B PE lipid (Invitrogen, Inc., Carlsbad, CA) or 0.5 mol% NBD-PC lipid
(Avanti Polar Lipids, Inc., Alabaster, AL) for epifluorescence imaging purposes. 30 pL of poly-
mer solution was deposited onto the agarose films and spread evenly across the dried agarose
using the long edge of a needle. Polymer films were placed under vacuum at room temperature
overnight to fully remove any solvent residues.
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Formation of Polymersomes

Unless otherwise stated, all polymersomes were generated using the following method (Fig A
in S1 File): PDMS wells were adhered to the agarose/polymer films and 500 pL deionized water
was deposited into the well. Films were incubated for 60 min on a 40°C hotplate prior to imaging
directly on the surface. For the buffer compatibility experiments, polymer films were rehydrated
in 500 pL of 1x PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO, pH 7.4),
1x tris buffered saline (50 mM Tris-Cl, pH 7.5, 150 mM NaCl), 100 mM sucrose in water, or full
cell culture media (Dulbecco’s Modified Eagle Medium [Life Technologies, Grand Island, NY],
supplemented with 10% fetal bovine serum and 10 mM L-glutamine). Polymersome diameter
size was measured using Fiji imaging software[37] (>>100 polymersomes/condition) and size dis-
tributions were plotted using GraphPad Prism statistics software (La Jolla, CA) (see Table B in S1
File). ANOVA analysis was performed using SigmaPlot (San Jose, CA).

Optical Characterization of Polymersomes

Polymersomes were imaged using an inverted microscope (Olympus IX81) in epifluorescence
with either a 40x or 100x objective (as noted in the text). Images were captured using an Orca-
Flash 4.0 cMOS camera (Hamamatsu Photonics, San Diego, CA) and processed using Fiji
imaging software[37]. Polymersomes were imaged either directly on the agarose film surface or
removed from the agarose surface and adhered to a clean glass substrate.

Fluorescent Recovery after Photobleaching (FRAP) Analysis of
Polymersomes

To characterize fluidity of the polymer membranes, FRAP imaging was performed on a FV-
1000 Olympus IX-81 Confocal Laser Scanning Microscope, with FV10-ASW software. A 60x
oil objective or 40x air objective was used depending on polymersome size. A multi-line argon
laser was used for excitation at 488 nm and 543 nm for NBD and Lissamine Rhodamine dyes
respectively. Fluorescence data processing was performed using standard protocols of single
component exponential decay as shown below[28,29]. Briefly, a small circular region of the
membrane was bleached for approximately 3-5 sec for the NBD dye and ~10-30 seconds for
the Lissamine Rhodamine dye at 100% laser power. Fluorescence recovery was imaged over the
course of 5-10 min. FRAP data were fit to a single component decay model. The equation used
was:

F(t) = A(1 —exp ™) (1)

A is the recovery intensity of the mobile fraction as t— o0, generally bounded with a lower
limit of last recorded intensity, T is the characteristic diffusion time and t is the time at which
intensity was recorded. The diffusion constant was then calculated using a previously published
equation[28].

0.88 x w?
D=—+— (2)
4z, P

w is the radius of the circular bleach region and the half-life, t,,,, was calculated using Eq 3

for single component exponential decay[28].

LN(0.5)

(3)

Ty =
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Supporting Information

S$1 File. Supporting Information File. Supporting figures mentioned in the text and detailed
materials and methods (including polymer synthesis) may be found in the material supplied as
Supporting Information.

(DOCX)

S2 File. Excel Data Spreadsheets. Zip file archive containing Microsoft Excel spreadsheets
with raw data collected from photomicrographs.
(ZIP)

S3 File. Raw FRAP Images. Zip file archive containing original photomicrographs obtained in
Fluorescence Recovery After Photobleaching (FRAP) experiments.
(Z1P)

$4 File. Polymersome Formation by Sucrose Rehydration on Gels Prepared with Sucrose.
Zip file archive containing original photomicrographs of polymersomes formed following
rehydration with sucrose and on gels prepared with sucrose.

(Z1P)

S5 File. Polymersome Formation by Sucrose Rehydration on Gels Prepared with Water.
Zip file archive containing original photomicrographs of polymersomes formed following
rehydration with sucrose and on gels prepared with water.

(ZIP)

S6 File. Polymersome Formation by Sucrose Rehydration on Gels Prepared with Water.
Zip file archive containing original photomicrographs of polymersomes formed following
rehydration with sucrose and on gels prepared with water.

(Z1P)

S7 File. Polymersome Formation by Sucrose Rehydration on Gels Prepared with Water.
Zip archive containing original photomicrographs of polymersomes formed following rehydra-
tion with water and on gels prepared with water.

(Z1P)

S8 File. Polymersome Formation at 24°C. Zip file archive containing original photomicro-
graphs of polymersomes formed following rehydration at 24°C.
(ZIP)

S9 File. Polymersome Formation at 40°C. Zip file archive containing original photomicro-
graphs of polymersomes formed following rehydration at 40°C.
(Z1P)

$10 File. Polymersome Formation at 50°C. Zip file archive containing original photomicro-
graphs of polymersomes formed following rehydration at 50°C.
(ZIP)

S11 File. Polymersome Formation at 60°C. Zip file archive containing original photomicro-
graphs of polymersomes formed following rehydration at 60°C.
(Z1P)

S12 File. Polymersome Formation at 70°C. Zip file archive containing original photomicro-
graphs of polymersomes formed following rehydration at 70°C.
(ZIP)
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S1 Movie. Exposure of PEO-PBD-COO™ polymersomes to a hypotonic solution. Time-lapse
epifluorescence photomicrographs depicting PEO-PBD-COO" polymersomes formed on a gel

prepared in sucrose and rehydrated with sucrose for 1 h at 40°C. The solution was switched to

water and images were acquired every 3 seconds. Movie is 5x faster than real time. Scale

bar = 10 um.

(AVI)

$2 Movie. Exposure of PEO-PBD-COO™ polymersomes to a hypertonic solution. Time-
lapse epifluorescence photomicrographs depicting PEO-PBD-COQO™ polymersomes formed on
a gel prepared in sucrose and rehydrated with water for 1 h at 40°C. The solution was switched
to PBS and images were acquired every 3 seconds. Movie is 5x faster than real time. Scale

bar = 10 um.

(AVI)

Author Contributions

Conceived and designed the experiments: ACG IMH AG VV WFP GDB. Performed the exper-
iments: ACG IMH AG. Analyzed the data: ACG GDB. Contributed reagents/materials/analysis
tools: ACG IMG AG WFP GDB. Wrote the paper: ACG IMH GDB.

References

1.  Wesolowska O, Michalak K, Maniewska J, Hendrich AB. Giant unilamellar vesicles—a perfect tool to
visualize phase seperation and lipid rafts in model systems. Acta Biochim Pol. 2009; 56: 33—39.
20091772. PMID: 19287805

2. Discher BM, Won Y-Y, Ege DS, Lee JC-M, Bates FS, Discher DE, et al. Polymersomes: Tough vesicles
made from diblock copolymers. Science. 1999; 284: 1143—1146. doi: 10.1126/science.284.5417.1143
PMID: 10325219

3. LeeJCM, Santore M, Bates FS, Discher DE. From membranes to melts, rouse to reptation: Diffusion in
polymersome versus lipid bilayers. Macromolecules. 2002; 35: 323—-326. doi: 10.1021/ma0112063

4. Discher DE, Ahmed F. Polymersomes. Annu Rev Biomed Eng. 2006; 8: 323-341. doi: 10.1146/
annurev.bioeng.8.061505.095838 PMID: 16834559

5. Bermudez H, Brannan AK, Hammer DA, Bates FS, Discher DE. Molecular weight dependence of poly-
mersome membrane structure, elasticity, and stability. Macromolecules. 2002; 35: 8203-8208. doi: 10.
1021/ma020669

6. Amos RC, Nazemi A, Bonduelle CV, Gillies ER. Tuning polymersome surfaces: Functionalization with
dendritic groups. Soft Matter. 2012; 8: 5947-5958. doi: 10.1039/c2sm25172h

7. Egli S, Nussbaumer MG, Balasubramanian V, Chami M, Bruns N, Palivan C, et al. Biocompatible func-
tionalization of polymersome surfaces: A new approach to surface immobilization and cell targeting
using polymersomes. J Am Chem Soc. 2011; 133: 4476—4483. doi: 10.1021/ja110275f PMID:
21370858

8. Rodriguez-Garcia R, Mell M, Lépez-Montero |, Netzel J, Hellweg T, Monroy F. Polymersomes: smart
vesicles of tunable rigidity and permeability. Soft Matter. 2011; 7: 1532—1542. doi: 10.1039/
c0sm00823k

9. KimKT, Cornelissen JJLM, Nolte RJM, Van Hest JCM. A polymersome nanoreactor with controllable
permeability induced by stimuli-responsive block copolymers. Adv Mater. 2009; 21: 2787-2791. doi:
10.1002/adma.200900300

10. Paxton WF, Price D, Richardson NJ. Hydroxide ion flux and pH-gradient driven ester hydrolysis in poly-
mer vesicle reactors. Soft Matter. 2013; 9: 11295-11302. doi: 10.1039/c3sm51575¢

11. Henderson IM, Paxton WF. Salt, shake, fuse—giant hybrid polymer/lipid vesicles through mechanically
activated fusion. Angew Chemie—Int Ed. 2014; 53: 3372—-3376. doi: 10.1002/anie.201309433

12. Schmaljohann D. Thermo- and pH-responsive polymers in drug delivery. Adv Drug Deliv Rev. 2006;
58: 1655—-1670. doi: 10.1016/j.addr.2006.09.020 PMID: 17125884

13. Walde P, Cosentino K, Engel H, Stano P. Giant vesicles: Preparations and applications. ChemBio-
Chem. 2010; 11: 848-865. doi: 10.1002/cbic.201000010 PMID: 20336703

PLOS ONE | DOI:10.1371/journal.pone.0158729 July 13,2016 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158729.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158729.s014
http://www.ncbi.nlm.nih.gov/pubmed/19287805
http://dx.doi.org/10.1126/science.284.5417.1143
http://www.ncbi.nlm.nih.gov/pubmed/10325219
http://dx.doi.org/10.1021/ma0112063
http://dx.doi.org/10.1146/annurev.bioeng.8.061505.095838
http://dx.doi.org/10.1146/annurev.bioeng.8.061505.095838
http://www.ncbi.nlm.nih.gov/pubmed/16834559
http://dx.doi.org/10.1021/ma020669
http://dx.doi.org/10.1021/ma020669
http://dx.doi.org/10.1039/c2sm25172h
http://dx.doi.org/10.1021/ja110275f
http://www.ncbi.nlm.nih.gov/pubmed/21370858
http://dx.doi.org/10.1039/c0sm00823k
http://dx.doi.org/10.1039/c0sm00823k
http://dx.doi.org/10.1002/adma.200900300
http://dx.doi.org/10.1039/c3sm51575c
http://dx.doi.org/10.1002/anie.201309433
http://dx.doi.org/10.1016/j.addr.2006.09.020
http://www.ncbi.nlm.nih.gov/pubmed/17125884
http://dx.doi.org/10.1002/cbic.201000010
http://www.ncbi.nlm.nih.gov/pubmed/20336703

@’PLOS ‘ ONE

Membrane Fluidization Aids in the Formation of Giant Polymersomes

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Paxton W, Bouxsein NF, Henderson |, Gomez A, Bachand G. Dynamic assembly of polymer nanotube
networks via kinesin powered microtubule filaments. Nanoscale. 2015; 7: 10998—11004. doi: 10.1039/
C5NR00826C PMID: 25939271

Pata V, Dan N. The effect of chain length on protein solubilization in polymer-based vesicles (polymer-
somes). Biophys J. 2003; 85: 2111-2118. doi: 10.1016/S0006-3495(03)74639-6 PMID: 14507679

Ganta S, Devalapally H, Shahiwala A, Amiji M. A review of stimuli-responsive nanocarriers for drug and
gene delivery. J Control Release. 2008; 126: 187-204. doi: 10.1016/j.jconrel.2007.12.017 PMID:
18261822

Liu G- Y, Chen C- J, Ji J. Biocompatible and biodegradable polymersomes as delivery vehicles in bio-
medical applications. Soft Matter. 2012; 8: 8811-8821. doi: 10.1039/c2sm25721a

Moodley K, Pillay V, Choonara YE, du Toit LC, Ndesendo VMK, Kumar P, et al. Oral drug delivery sys-
tems comprising altered geometric configurations for controlled drug delivery. Int J Mol Sci. 2012; 13:
18—43. doi: 10.3390/ijms13010018 PMID: 22312236

Mabrouk E, Cuvelier D, Pontani L-L, Xu B, Lévy D, Keller P, et al. Formation and material properties of
giant liquid crystal polymersomes. Soft Matter. 2009; 5: 1870. doi: 10.1039/b815817g

Dimova R, Seifert U, Pouligny B, Forster S, Dobereiner H-G. Hyperviscous diblock copolymer vesicles.
Eur Phys J E Soft Matter. 2002; 7: 241-250. doi: 10.1140/epje/i200101032

Howse JR, Jones RAL, Battaglia G, Ducker RE, Leggett GJ, Ryan AJ. Templated formation of giant
polymer vesicles with controlled size distributions. Nat Mater. Nature Publishing Group; 2009; 8: 507—
511. doi: 10.1038/nmat2446 PMID: 19448615

Jang W-S, Park SC, Reed EH, Dooley KP, Wheeler SF, Lee D, et al. Enzymatically triggered rupture of
polymersomes. Soft Matter. Royal Society of Chemistry; 2015; 12: 1014—1020. doi: 10.1039/
C5SMO01881A

Najer A, Thamboo S, Beck H- P, Meier W. Giant host red blood cell membrane mimicking polymer-
somes bind parasite proteins and malaria parasites. Chim Int J Chem. 2016; 70: 288-291.

Horger KS, Estes DJ, Capone R, Mayer M. Films of agarose enable rapid formation of giant liposomes
in solutions of physiologic ionic strength. J Am Chem Soc. 2009; 131: 1810-1819. doi: 10.1021/
ja805625u PMID: 19154115

Tsai FC, Stuhrmann B, Koenderink GH. Encapsulation of active cytoskeletal protein networks in cell-
sized liposomes. Langmuir. 2011; 27: 10061-10071. doi: 10.1021/1a201604z PMID: 21707043

Hansen JS, Thompson JR, Hélix-Nielsen C, Malmstadt N. Lipid directed intrinsic membrane protein
segregation. J Am Chem Soc. 2013; 135: 17294—17297. doi: 10.1021/ja409708e PMID: 24180248

Streicher P, Nassoy P, Barmann M, Dif A, Marchi-Artzner V, Brochard-Wyart F, et al. Integrin reconsti-
tuted in GUVs: A biomimetic system to study initial steps of cell spreading. Biochim Biophys Acta—Bio-
membr. Elsevier B.V.; 2009; 1788: 2291-2300. doi: 10.1016/j.bbamem.2009.07.025

Axelrod D, Koppel DE, Schlessinger J, Elson E, Webb WW. Mobility measurement by analysis of fluo-
rescence photobleaching recovery kinetics. Biophys J. Elsevier; 1976; 16: 1055—1069. doi: 10.1016/
0002-9610(76)90409-8 PMID: 786399

Jonsson P, Jonsson MP, Tegenfeldt JO, Ho6k F. A method improving the accuracy of fluorescence
recovery after photobleaching analysis. Biophys J. 2008; 95: 5334—5348. doi: 10.1529/biophysj.108.
134874 PMID: 18567628

Christian DA, Tian A, Ellenbroek WG, Levental |, Rajagopal K, Janmey PA, et al. Spotted vesicles,
striped micelles and Janus assemblies induced by ligand binding. Nat Mater. Nature Publishing Group;
2009; 8: 843—-849. doi: 10.1038/nmat2512 PMID: 19734886

Ding L, Chi EY, Schanze KS, Lopez GP, Whitten DG. Insight into the mechanism of antimicrobial conju-
gated polyelectrolytes: Lipid headgroup charge and membrane fluidity effects. Langmuir. 2010; 26:
5544-5550. doi: 10.1021/1a9038045 PMID: 20000327

Hickey RJ, Koski J, Meng X, Riggleman RA, Zhang P, Park S-J. Size-controlled self-assembly of super-
paramagnetic polymersomes. ACS Nano. 2014; 8: 495-502. doi: 10.1021/nn405012h PMID:
24369711

Weinberger A, Tsai FC, Koenderink GH, Schmidt TF, Itri R, Meier W, et al. Gel-assisted formation of
giant unilamellar vesicles. Biophys J. 2013; 105: 154—164. doi: 10.1016/j.bpj.2013.05.024 PMID:
23823234

Tsumoto K, Matsuo H, Tomita M, Yoshimura T. Efficient formation of giant liposomes through the gentle
hydration of phosphatidylcholine films doped with sugar. Colloids Surfaces B Biointerfaces. 2009; 68:
98-105. doi: 10.1016/j.colsurfb.2008.09.023 PMID: 18993037

Discher DE, Eisenberg A. Polymer vesicles. Science. 2002; 297: 967-973. doi: 10.1126/science.
1074972 PMID: 12169723

PLOS ONE | DOI:10.1371/journal.pone.0158729 July 13,2016 12/13


http://dx.doi.org/10.1039/C5NR00826C
http://dx.doi.org/10.1039/C5NR00826C
http://www.ncbi.nlm.nih.gov/pubmed/25939271
http://dx.doi.org/10.1016/S0006-3495(03)74639-6
http://www.ncbi.nlm.nih.gov/pubmed/14507679
http://dx.doi.org/10.1016/j.jconrel.2007.12.017
http://www.ncbi.nlm.nih.gov/pubmed/18261822
http://dx.doi.org/10.1039/c2sm25721a
http://dx.doi.org/10.3390/ijms13010018
http://www.ncbi.nlm.nih.gov/pubmed/22312236
http://dx.doi.org/10.1039/b815817g
http://dx.doi.org/10.1140/epje/i200101032
http://dx.doi.org/10.1038/nmat2446
http://www.ncbi.nlm.nih.gov/pubmed/19448615
http://dx.doi.org/10.1039/C5SM01881A
http://dx.doi.org/10.1039/C5SM01881A
http://dx.doi.org/10.1021/ja805625u
http://dx.doi.org/10.1021/ja805625u
http://www.ncbi.nlm.nih.gov/pubmed/19154115
http://dx.doi.org/10.1021/la201604z
http://www.ncbi.nlm.nih.gov/pubmed/21707043
http://dx.doi.org/10.1021/ja409708e
http://www.ncbi.nlm.nih.gov/pubmed/24180248
http://dx.doi.org/10.1016/j.bbamem.2009.07.025
http://dx.doi.org/10.1016/0002-9610(76)90409-8
http://dx.doi.org/10.1016/0002-9610(76)90409-8
http://www.ncbi.nlm.nih.gov/pubmed/786399
http://dx.doi.org/10.1529/biophysj.108.134874
http://dx.doi.org/10.1529/biophysj.108.134874
http://www.ncbi.nlm.nih.gov/pubmed/18567628
http://dx.doi.org/10.1038/nmat2512
http://www.ncbi.nlm.nih.gov/pubmed/19734886
http://dx.doi.org/10.1021/la9038045
http://www.ncbi.nlm.nih.gov/pubmed/20000327
http://dx.doi.org/10.1021/nn405012h
http://www.ncbi.nlm.nih.gov/pubmed/24369711
http://dx.doi.org/10.1016/j.bpj.2013.05.024
http://www.ncbi.nlm.nih.gov/pubmed/23823234
http://dx.doi.org/10.1016/j.colsurfb.2008.09.023
http://www.ncbi.nlm.nih.gov/pubmed/18993037
http://dx.doi.org/10.1126/science.1074972
http://dx.doi.org/10.1126/science.1074972
http://www.ncbi.nlm.nih.gov/pubmed/12169723

el e
@ : PLOS ‘ ONE Membrane Fluidization Aids in the Formation of Giant Polymersomes

36. Marquardt D, Geier B, Pabst G. Asymmetric lipid membranes: towards more realistic model systems.
Membranes (Basel). 2015; 5: 180-96. doi: 10.3390/membranes5020180

37. Schindelin J, Arganda-Carreras |, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source
platform for biological-image analysis. Nat Methods. 2012; 9: 676-82. doi: 10.1038/nmeth.2019 PMID:
22743772

PLOS ONE | DOI:10.1371/journal.pone.0158729 July 13,2016 13/13


http://dx.doi.org/10.3390/membranes5020180
http://dx.doi.org/10.1038/nmeth.2019
http://www.ncbi.nlm.nih.gov/pubmed/22743772

