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HIGHLIGHTS

e Phospholipid (DPPC)-copolymer (PBD-PEO) hybrid assemblies are investigated at
different lengthscales

e Micron-sized hybrid assemblies are giant vesicles characterized by phase-segregated
domains

e The domains strongly affect the morphological and viscoelastic properties of GUVs

e Nano-sized hybrids are preferentially arranged into worm-like shapes

e It is possible to tune the physicochemical-mechanical features of nano- and micro-
hybrids

ABSTRACT



In recent years, there has been a growing interest in the formation of copolymers-lipids hybrid
self-assemblies, which allow combining and improving the main features of pure lipids-based
and copolymer-based systems known for their potential applications in the biomedical field. In
this contribution we investigate the self-assembly behavior of dipalmitoylphosphatidylcholine
(DPPC) mixed with poly(butadiene-b-ethyleneoxide) (PBD-PEO), both at the micro- and at the
nano-length scale.

Epifluorescence microscopy and Laser Scanning Confocal microscopy are employed to
characterize the morphology of micron-sized hybrid vesicles and the presence of fluid-like
inhomogeneities in their membrane has been evidenced in all the investigated range of
compositions. Furthermore, a microfluidic set-up characterizes the mechanical properties of the
prepared assemblies by measuring their deformation upon flow: hybrids with low lipid content
behave like pure polymer vesicles, whereas objects mainly composed of lipids show more
variability from one vesicle to the other. Finally, the structure of the nanosized assemblies is
characterized through a combination of Dynamic Light Scattering, Small Angle Neutron
Scattering and Transmission Electron Microscopy. A vesicles-to-wormlike transition has been
evidenced due to the intimate mixing of DPPC and PBD-PEO at the nanoscale. Combining
experimental results at the micron and at the nanoscale improves the fundamental understanding
on the phase behavior of copolymer-lipid hybrid assemblies, which is a necessary prerequisite to

tailor efficient copolymer-lipid hybrid devices.

KEYWORDS liposomes; polymersomes; GUVs; microfluidics; self-assembly; surfactant;

polymer



1. INTRODUCTION

Since their first description by Disher and Eisenberg [1], polymersomes have raised the interest
of the scientific community because of their mechanical stability and tunable chemical design.
Their possible applications span from nanocarriers for drug delivery, medical imaging, advanced
nanoreactors or electronics to protocells mimicking cell structure and functions [2]. On the other
hand, the structural membrane components, lipids, are biocompatible but their long-term stability
is limited. Hybrid lipid/polymer vesicles combine the inherent advantages of their components:
the biocompatibility of lipids and the mechanical stability and chemical versatility of
copolymers. The research on this topic is still in its infancy, and most of it deals with giant
vesicles [3] in the effort to understand their phase diagram, miscibility and stability limits, and
tune their morphology and structural features within the bilayer. The few examples about hybrid
nanovesicles [4-10] mainly deal with the assessment of their dual nature, possible applications to
drug delivery and recently the existence of phase separation at the nanoscale. The parameters
influencing their morphology and phase separation are far from being understood. Moreover,
studies concerning hybrid systems leading both to nano-objects and giant vesicles are very scarce
[6,9]. With respect to giant vesicles, polydimethylsiloxane (PDMS), polybutadiene (PBD) and
polyisobutylene (PIB) are the most thoroughly investigated hydrophobic blocks, as they do not
crystallize at room or body temperature and possess a glass transition temperature below 0°C,
which guarantees a sufficient flexibility of the polymer chains during the commonly used
electroformation process (i.e. electric field-assisted film hydration). The observed hybrid vesicles
can be homogeneous or inhomogeneous with lateral domains. PDMS and PBD based block
copolymers with different molecular weights have been studied in blends with lipids in the liquid

(POPC, 2-Oleoyl-1-palmitoyl-sn-glycero-3-phosphocholine) and gel (DPPC,



dipalmitoylphosphatidylcholine) phase. The effects of size mismatch of the hydrophobic blocks
and lipid fluidity on giant vesicle homogeneity have started to be systematically investigated for
PDMS based copolymers. In this case, it was demonstrated that the hydrophobic mismatch is an
important parameter for lipids in the fluid phase. Indeed, when the block copolymer molecular
weight increases, homogeneous vesicles form in a larger range of compositions in the region of
low lipid content [5,11]. At higher lipid content phase-separated vesicles form, and budding is
observed; phase-separated vesicles are not stable and budding degenerates in vesicle fission for
copolymers of higher molecular weights. In this case, a high percentage of pure lipid or polymer
vesicles is always observed, resulting from fission phenomena. This also explains the
experimental results on PBD based block copolymers in the case of high hydrophobic mismatch.
In this case, homogeneous hybrid vesicles form in the polymer-rich domain; and in the lipid-rich
domain homogeneous hybrid vesicles form together with vesicles of the pure components. POPC
gives rise to homogeneous giant vesicles in a restricted range of compositions [12] for PBD
based copolymers, while for PDMS based triblock copolymers, vesicles always form. On the
other hand, DPPC always form inhomogeneous systems with domains independently of the
hydrophobic mismatch in the case of PDMS copolymers [11]. Homogeneous GUVs (Giant
Unilamellar Vesicles) are also observed for PIB block copolymers in the lipid-rich and polymer-
rich regions (below 18 mol% and above 30 mol% DPPC), while phase separation occurs only for
intermediate compositions [13]. For DPPC hybrid systems, electroformation is conducted above
lipid melting temperature and phase separation occurs after cooling down to room temperature.
The cooling rate affects domains size and shape, fast cooling producing round domains whereas
slow cooling produces flower-like or irregular shape domain. For higher mismatches, round

domains formed, irrespectively of the cooling rate. In the case of PIB and PDMS based block



copolymers, hybrid vesicles form in all the range of composition, for PBD based copolymers
only one composition has been reported. As mentioned above, small unilamellar vesicles were
also investigated for a few systems, composed of lipids both in the gel and liquid phase. The
vesicles’ hydrodynamic radius [6—8] and permeability together with changes in the thermal
properties of the bilayer [7,8] are used as an indication of the hybrid nature of the vesicles.
Hybrid vesicles are more stable than liposomes and the effect was related to literature results on
the higher stability of pegylated liposomes [7]. Vesicles permeability always decreases in the
presence of the block copolymers. On the other hand, the effect on the hydrodynamic size is
difficult to rationalize due to the lack of systematic studies using copolymer with different
molecular weight and above all it is not always in agreement with the effects on the bilayer
properties. In the case of PDMS based triblock copolymers [7], for example, the copolymer with
the highest mismatch induced the largest effect on permeability and melting temperature of
hybrid DPPC-polymer vesicles, but less impact on the vesicles’ size. Very recently Dao et al.
[11] underlined the need for more detailed investigations on the morphology of the
nanostructures, the distributions of the components in the bilayers in order to understand the
important parameters (i.e. chemical nature, curvature and hydrophobic mismatch) involved. This
could also shed some light on the correlation between behaviors at the micro and nano scales if it

exists.

Here we report a study on vesicles, both at the micro- and nanoscales, formed by PBD43-PEO»
and DPPC. Although PBD per se is not biodegradable, the conjugation with PEO makes PBD-
PEO block copolymer biocompatible [14]. In addition, it is well established that PEO improves
the pharmacokinetic properties of nanodrugs and drug delivery nanodevices, due a stealth effect

hindering the recognition by the mononuclear phagocyte system (MPS) [15,16] Thus, PBD-PEO



based systems have been recently proposed for biomedical applications as drug carriers, and
investigated both in vitro and in vivo [17,18]. Concerning the lipid building block DPPC, though
generally not present in biological membranes, is fully biocompatible and thus of general interest
for biomedical applications. In particular, due to the fully saturated nature of the hydrophobic
chain, pure DPPC assemblies are characterized by a relatively high melting temperature (41°C,
[19]), of particular relevance for the design and development of smart temperature responsive
drug delivery systems [20]. We have established the phase diagram in all the range of
compositions by microscopy techniques (epifluorescence and scanning confocal microscopy) in
the case of GUV obtained by electroformation, and by scattering techniques in the case of

nanovesicles obtained by film rehydration and extrusion.
2. MATERIALS AND METHODS
2.1 Materials

PBD-PEO (PBD(2300)PEO(900) ((polybutadiene (Mw 2300)-b-polyethyleneoxide (Mw 900)))
was purchased from Polymer Source Inc. (Dorval Montréal, Canada) and characterized by 'H
NMR and Size Exclusion Chromatography. DPPC (dipalmitoylphosphatidylcholine) and -
Bodipy 2-(4,4-diuoro-5,7-dimethyl-4-bora-3a,4adiaza- sindacene- 3-pentanoyl)-1 hexadecanoyl-
sn-glycero-3-phosphocholine were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
Dil-C20 (1,1'-dieicosanyl-3,3,3’,3'-tetramethylindocarbocyanine perchlorate) was purchased
from Molecular Targeting Technologies (Westchester, PA), OG-DHPE (Oregon Green™ 488
1,2-Dihexadecanoyl-sn-Glycero-3-Phosphoethanolamine) was purchased from Invitrogen Life
Technologies (Saint Aubin, France). D,O, MeOH, CHCI;, sucrose were provided by Sigma-

Aldrich (St. Louis, MO).



2.2 Preparation of Giant Unilamellar Vesicles

Giant Unilamellar Vesicles (GUVs) were prepared on a Vesicles prep pro instrument produced
by Nanion. It is based on the well-known electroformation method described for the first time by
Angelova et al. [21] for lipid-based GUVs. Briefly, 5 ul of a 1 mg/ml solution of the polymer in
chloroform, lipid or their blend was deposited (approximately 1 cm?) on an ITO-coated glass
slide and dried under vacuum. Then an electroformation chamber was built-up by surrounding
the dry film with a 1 mm o-ring and it was subsequently filled with 250 ul of a 240 mM sucrose
solution. The chamber was closed with another ITO-coated glass slide and connected to an
alternate current generator through electrodes connected with the ITO-coated glass slides. A
peak-to-peak voltage of 3 volts and 10 Hz was then applied at 50 °C for one hour to form the
GUVs. The temperature and the voltage were then slowly decreased and the vesicles were

collected with a pipette.

2.3 Preparation of Small Unilamellar Vesicles

Nano-sized vesicles were prepared by the method of film rehydration. Briefly, 1 mg/mL
solutions of pure lipid, pure polymer or lipid/polymer blend were prepared in chloroform. A dry
film from 1 ml of solution was obtained in a glass tube by evaporating the solvent on a rotavapor
for at least for 3 hours. Then, 1.5 ml of MilliQ water were added and the film was bath-sonicated
at 50 °C for 15 minutes. The obtained dispersions were then extruded 11 times at 50 °C through
a 100 nm-pore sized polycarbonate membrane. For SANS investigations the procedure adopted

was similar except that D,O was used instead of H,O.



2.4 Optical Microscopy

Optical microscopy images were acquired on an Olympus Microscope 100W BX 53 using a

20x objective and then analysed with Image].

2.5 Confocal Laser Scanning Microscopy

Confocal Microscopy experiments were carried out with a Leica TCS SP2 Confocal
Microscope (Leica Microsystems).[22] The fluorescent dyes B-Bodipy and Dil-C20 were excited
respectively at 488 nm, with an Ar laser, and 561 nm, with DPSS 561 laser, and the fluorescence
was collected with PMTs in the wavelength ranges 498-530 nm and 571-630 nm, respectively. It
must be noted that in order to facilitate the formation of PBD-PEO GUVs of sufficient size and
their detachment from the film, which is necessary for confocal microscopy visualization, for the
preparation of pure copolymer-based vesicles, PBD-PEO was mixed with 20 mol % PBD-PEO-

COOH.

2.6 Microfluidics

Microfluidic chips fabrication and design. Polydimethylsiloxane (PDMS) - glass microfluidic
chips were fabricated using standard soft-lithography techniques [23]. The mold (50 um thick)
was prepared by lamination and photolithography of a dry film on a silicon wafer, as described
in [24]. PDMS / crosslinking agent (Sylgard 184) 10:1 mixture was casted on the mold and cured
for 1 hour and 30 min at 80°C. After unmolding, holes for fluid access were punched (biopsy
punch, Ted Pella, Imm diameter). Chip bonding was achieved by putting the PDMS in contact
with a glass coverslip after exposing both surfaces to oxygen plasma for 30s. Chips were finally

cured 10 min at 70°C to improve the sealing. The geometry (designed with Clewin software)



consisted in 1 cm-long straight channels, with rectangular cross section (350 um x 50 pm),
including U-shaped structures distributed along the channel to trap the vesicles and measure their

deformation. Lateral opening of the traps ranged from 10 to 20 um.

Microfluidics experiments. In order not to inject too many vesicles, 50 uL of the solution
obtained by electroformation was diluted to 1 mL with a 240 mM aqueous sucrose solution,
filtered at 0.2 pm. The obtained solution was injected at a fixed pressure, ranging from 0.5 to 50
mBar, thanks to a fluid reservoir (Flowell, Fluigent) connected to a pressure controller (MFCS,
Fluigent) by standard tubing (1/16°° OD, 0.81mm ID). Chips were put at least 20 min under
vacuum before the experiments to help eliminating possible bubbles trapped during filling. Prior
to the injection of the solution containing the GUV, a 2% BSA (Bovine Serum Albumin)
aqueous solution was flown within the chip for 10 min in order to avoid vesicle adhesion on
channel’s walls. Characterization was achieved by imaging, either by standard epifluorescence
microscopy (Olympus 1X70 microscope, 50x objective) connected to an EMCCD video camera

(Andor Ixon), or by Confocal Laser Scanning Microscopy CLSM (Leica TCS SP2).

2.7 Dynamic Light Scattering and Multi-angle Dynamic Light Scattering

DLS measurements were performed with an instrument from Malvern (Orsay, France)
Zetasizer NanoZS at an angle of 173°. The samples were measured after the preparation without
dilution and at 25 °C. Multiangle dynamic light scattering was performed with a LS
Spectrometer (LSinstruments) measuring the scattering from 15° to 150° each 5°. The curves
were analysed with a home-made program [25]. The autocorrelation function has been fitted
using the Non-Negatively constrained Least Squares (NNLS) described in Supporting

Information. The polydispersity index (PDI) is the ratio between the variance of the distribution



and the square of the mean value of the decay rate. Then T obtained from the autocorrelation
function at angles between 20° and 150° is plotted as a function of g® in order to obtain the mean
diffusion coefficient and, from Stokes-Einstein equation, the mean hydrodynamic radius

according to equation I'=Dg?
2.8 Small Angle Neutron Scattering

Small angle neutron scattering measurements were carried out at the KWS-1 diffractometer
[26] located at the Maier-Leibnitz Zentrum, Garching, Germany. Neutrons with an average
wavelength of A = 5.0 A and wavelength spread A 1/ A < 0.10 were used. A two-dimensional 128
x 128 pixel-based array scintillation detector set at three different collimation (C)/sample-to-
detector (D) distances (namely CyoD,, Cy9Ds, and CyD,, with all distances in meters) measured
neutrons scattered from the samples. These configurations allowed collection of data in a range
of the scattering vector modulus Q = 4m/A-sin(0/2) between 0.00201 and 0.439 A™', 0 being the
scattering angle. The investigated samples were contained in a closed quartz cell, in order to
prevent the solvent evaporation, and were kept under measurements for a period such as to have
at least 2 million counts of neutrons. Temperature was controlled by means of a Peltier-based
thermostat, within a range of = 0.05 °C. The obtained raw data were corrected for background
and empty cell scattering, and then radially averaged. Detector efficiency corrections and
transformation to absolute scattering cross sections were executed with a secondary Plexiglas
standard [27]. Obtained data have been analysed through the software Sasview, using suitable
theoretical models: unilamellar vesicles; multilamellar vesicles; homogeneous cylinders, or a

combination of them, where appropriate.

2.9 Transmission Electron Microscopy
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TEM experiments were performed with a Hitachi HT7700 (Hitachi High Tech, Hitachinaka,
Japon) microscope (accelerating voltage of 75 kV). A small drop of aqueous vesicle solution was
deposited onto a discharged copper grid coated with a carbon membrane, left few minutes and
gently dried with absorbing paper. A drop of uranyl acetate solution was deposited onto the grid
for 10 seconds, and the grid was then dried under a lamp for at least 5 minutes. Images were then

analysed with Imagel.

3. RESULTS AND DISCUSSION

3.1. Micron-sized copolymer-lipid hybrid assemblies

Figure 1 presents the structures of the components for the copolymer-lipid hybrid assemblies.
The self-assembly behavior in water of both copolymers and lipids is dependent on their
structural characteristics, namely, on the relative steric hindrance of the hydrophobic moiety with
respect to the hydrophilic one. For lipids, this is described by the packing parameter [28] p (p =
v/apl), which compares the volume (v) and length (/) of the hydrophobic moiety with the
equilibrium surface area of the hydrophilic part (ay) to predict the shape of self-assemblies,
yielding spherical micelles for low values of p (p<1) and then, upon increasing p, elongated
micelles, planar structures (p=1) and inverse assemblies (p>1). For copolymers, a qualitative
similar trend is found in self-assemblies in water, as a function of the asymmetry between the
hydrophilic and the hydrophobic units. Disher and Eisenberg proposed to use the hydrophilic
ratio, fuydrophilic, defined as the ratio between the mass of the hydrophilic block and the total mass,
as a measure of block copolymer asymmetry influencing the preferred self-assembly geometry.
For our systems, DPPC is characterized by a packing parameter p close to 1, while the value of
Jnydrophilic of PBD(2300)PEO(900) is roughly 28% in the range where vesicular assemblies are

expected for PBD based block copolymers [1,29].
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Figure 1. Structure of hybrid vesicles components. Structure of PBD(2300)PEO(900)

(polybutadiene (Mw  2300)-b-ethylencoxide (Mw 900)) copolymer and DPPC
(dipalmitoylphosphatidylcholine) lipid. Both building blocks have structural features (steric
hindrance balance between the hydrophobic and the hydrophilic moieties) consistent with the
self-assembly into vesicular structures.

First, GUVs were formed from different PBD-PEO/DPPC mixtures according to the well-
established electroformation method [21,30,31] performed as described in the experimental
section. In Figure 2 the morphology of the obtained micro-objects is summarized by
representative optical microscopy images. Concerning pure PBD-PEO, it hardly formed vesicles
of size higher than 5 um and difficult to detach from the film (see Figure 2a). This experimental
finding is common to other neutral PBD based block copolymers with different molecular
weights.[32] Even if we cannot readily demonstrate it, it is possible to hypothesize that the low
polarity of the PBD-PEO limits the penetration of water in the dry film and the full hydration and
detachment of copolymer layers. As a matter of fact, the addition of a low amount (20 mol %) of
the same copolymer carrying a carboxylic acid unit and of similar molecular weight promotes the
formation and detachment of the vesicles from the film, possibly thanks to an increased repulsive
contribution between the polymer units (see SI Figure S1). DPPC GUVs were polydisperse in

size, ranging roughly from 10 pm to 25 pm (see SI Table S1) that easily detached from the lipid
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film (Figure 2i). Even a small amount (9 mol %) of DPPC added to PBD-PEO strongly promoted
the formation of GUVs (Figure 2b) and the presence of GUVs was observed over the whole
investigated range of PBD-PEO/DPPC mole ratios. One could argue that phase separation
between the copolymer and the lipid might occur and that the GUVs characterized by a higher
diameter might be made of pure DPPC. However, it can be observed that the GUVs originating
from PBD-PEO/DPPC mixtures are clearly of irregular, not perfectly rounded shape and that
regions of slightly different contrasts within the GUVs membranes can be recognized (see Figure
2b-h, insets). Both these effects are evidence of the presence of the two components, lipid and
copolymer, in the GUVs. In particular, this ragged surface is reminiscent of the ’bulging out’’
domains observed by Nam et al. for other PBD-PEO copolymers mixed with DPPC [33] and has
been attributed to the formation of GUVs formed by PIB-PEO in the presence of DPPC [13]. In
fact, the slight contrast variation within the membrane could be related to the slight different
refractive index of PBD-PEO-rich and DPPC-rich regions. Besides, the membrane thicknesses of
the copolymer-based vesicles are generally two to three times higher than those of lipid-based
ones [6]. The packing behavior of lipid molecules is probably affected by the presence of the
copolymer, in particular at the phase borders, which might give rise to the shape irregularities

highlighted in the optical microscopy images.

13



PBD-PEO e o : 9% DPPC 22% DPPC
Rl 13 0 ‘f'-‘ ¢

=t A5 o R SRs Nz

" ; Q?

P Ry S L YA

LT s e u.%;.. N “fﬁ A

35% DPPC . 50% DPPC 65% DPPC
78% DPPC 91% DPPC 100% DPPC
DPPC

Figure 2. Phase diagram of PEO-PBD/DPPC hybrid GUVs: optical microscopy.
Representative optical microscopy images of: (a) PBD-PEO and (i) DPPC pure GUVs; (b-1)
PEO-PBD/DPPC mixed GUVs with increasing DPPC mole percentage, (b) 9%, (c) 22%, (d)
35%, (e) 50%, (f) 65%, (g) 78%, (h) 91%; scale bar 20 pm.

In order to get further insight into the nature of the formed vesicles and to highlight the
partition of the two different components, lipid and copolymer, within the GUVs, we performed
a confocal microscopy investigation. Two different lipid fluorescent probes were selected,
Bodipy (excitation 488 nm, emission 498-530 nm, green) and DilC20 (excitation 561 nm,
emission 571-650 nm, red) with preferential partition for the fluid and the gel phases,
respectively. The rigidity of the copolymer is related to its glass transition temperature, which,
for PBD-PEO, is well below room temperature; thus, in our experimental conditions the
copolymer phase is relatively fluid and preferentially hosts Bodipy molecules. Conversely, as

already pointed out, the melting temperature of pure DPPC is around 41°C. Thus, in our
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experimental conditions pure DPPC assemblies are arranged in Lg phase with the saturated
hydrophobic chains orderly packed, resulting in a rigid structure, which preferentially hosts
DilC20 molecules. Figure 3 shows representative confocal microscopy images of GUVs made of
pure copolymer (Figure 3a-c) and pure lipid (Figure 3d-f), respectively, containing both Bodipy
and DilC20 dyes embedded in the membrane. Pure copolymer vesicles were prepared as a blend
of PBD-PEO mixed with 20% mol/mol PBD-PEO-COOH, as a control sample. Both GUVs

made of pure copolymer and of pure DPPC are characterized by a homogeneous distribution of

the two fluorescent dyes within the membrane, as expected for a monophasic system where no

partition occurs.

PBD-PEO

DPPC

Figure 3. PEO-PBD and DPPC pure GUVs: confocal microscopy. Representative CLSM
images of (a-c) PBD-PEO vesicles (PBD-PEO mixed with 20% mol/mol PBD-PEO-COOH)

(2D) and (d-f) DPPC vesicles (3D reconstructions); (a, d) first channel with DiIC20 fluorescence
(red, excitation 561 nm, emission 571-650 nm), (b, e) second channel with Bodipy fluorescence

(green, excitation 488 nm, emission 498-530 nm), (c, ) overlay of the first and second channel
(yellow). Scale bar 10 pum.

In Figure 4, representative confocal microscopy images are displayed for PBD-PEO/DPPC
hybrid GUVs containing 35 mol % DPPC (Figure 4a-b) and 65 mol % DPPC (Figure 4c-e),
respectively. In these samples, a clear inhomogeneous distribution of the two dyes is observed,
with micron-sized domains where DiIC20 fluorescence (red) is concentrated, clearly separated

from Bodipy fluorescence (green). Small copolymer-rich domains always form in a lipid-rich
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GUYV independently of the blend composition. As the polymer alone difficultly forms GUVs, it is
probably prone to insert in GUVs mainly constituted by DPPC. This kind of hybrid GUVs,
characterized by phase separated domains, has already been reported on copolymer/DPPC
systems [13,33] and for hydrophobic mismatches as high as those of the investigated systems,
they are spherical. Besides, it has been observed that size of the domains is influenced by the
cooling rate after electroformation because DPPC undergoes a phase transition from a liquid-like
phase to a gel phase. High cooling rate induces the formation of small round domains in a similar
way as a nucleation phenomenon. As we did not control the cooling rate we cannot comment on
the domains size distribution. Nevertheless, we can observe that the overall GUV surface
covered by domains is not homogeneously distributed within different GUVs, probably
indicating that the composition of each GUV does not necessarily correspond to the initial one in
the blend. Given that GUVs are not thermodynamically stable assemblies, it can be
hypothesized that the amount of phase segregated copolymer-rich fluid phase (where Bodipy is
concentrated), with respect to lipid-rich rigid phase (where DilC20 preferentially partition), is
connected to the variability in the composition of the film from which the GUVs are
electroformed. Nevertheless, confocal microscopy data fully confirm optical microscopy data,
highlighting that PBD-PEO and DPPC can be mixed in a broad range of molar ratios to form

hybrid micron-sized vesicular assemblies.
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Figure 4. PEO-PBD/DPPC mixed GUVs: confocal microscopy. Representative CLSM
images of PEO-PBD/DPPC mixed vesicles containing (a-c) 35% and (d-i) 65% DPPC with
respect to PEO-PBD (mol%). For each image DilC20 fluorescence (red, excitation 561 nm,
emission 571-650 nm), (b, ) and Bodipy fluorescence (green, excitation 488 nm, emission 498-
530 nm) are both displayed as separate channels and as overlay (yellow). Scale bar 10 um.

In order to better investigate the properties of the obtained hybrid systems, a home-built
microfluidic set-up was employed to get insights on the viscoelastic properties of the hybrid

GUVs with respect to the purely lipid-composed or copolymer-composed vesicles.

Figure 5a presents the microfluidic set-up: briefly, constrictions (U-shaped traps, opening width
10 to 20 um) placed along linear microfluidic channels blocked individual GUVs larger than trap
width, injected in the channel. The traps were used to probe the mechanics of each GUV: the
way an increase of the flow (controlled here by the pressure difference between inlet and outlet)

affected GUV shape determined a qualitative relationship between mechanical stress and vesicle
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deformation. The mechanical stress is a combination of (i) the pressure difference
upstream/downstream the trap and (ii) the drag force due to remaining fluid flow around the
object. A quantitative description is out of the scope of the present paper and will be described in

a future work.

a)

e
0% DPPC (100% PEO-PBD) 100% DPPC

d)

35% DPPC 65% DPPC

Figure 5. PEO-PBD/DPPC mixed GUVs: microfluidics. a) Representative microfluidic set-
up: design showing several single channels on a 24x32mm chip, close-up of the channel zone
including U-shape traps, microphotograph of a single trap with 14 pm opening. b) Progressive
deformation of a vesicle with pure PEO-PBD composition, upon pressure increase from 1 mBar
(top left) to 31 mBar (bottom right) at which the vesicle escapes. ¢) Deformation modes observed
with pure polymer vesicles (longitudinal, along the flow) and pure lipid vesicles (transverse,
perpendicular to the flow). d) Deformation modes observed with hybrid GUV: all GUV

18



containing 35 mol % DPPC deform along the flow, whereas for 65 mol % DPPC, different
behaviors are observed. Scale bar 10 pm.

In Figure 5b, the typical progressive deformation for pure polymer GUV is shown, with pressure
difference (inlet to outlet) increasing from 1 mBar to 31 mBar at which point the GUV escapes
the trap (flow is from left to right). As visualized by the thick yellow arrow, this vesicle deforms
in the longitudinal (flow) direction, whereas its dimension in the transverse direction (white thin
arrow) is almost unchanged. This behavior is observed for all GUVs with pure polymeric
composition, as shown in left panel of Figure 5c¢ (100% PEO-PBD, equivalent to 0% DPPC),
which we interpret as a quite fluid-like behavior of the polymeric GUV membrane, which starts
“flowing” within the trap. This is consistent with the fact that the polymer is well above its glass
transition temperature, leading to mobile chains within the polymersome. On the contrary, pure
lipid DPPC GUVs deform in a transverse way while the flow intensity is increased (Figure Sc,
right panel), more in an “elastic-like” behavior, the GUV being flattened out on the trap. We
attribute such a deformation mode resembling that of a solid to the fact that DPPC is in the gel
phase at room temperature. For hybrid vesicles, shown in Figure 5d, we observe two main
features. First, GUVs mainly composed of polymer (35 mol % DPPC) all experience a
longitudinal, liquid-like, deformation: this is an indication that their properties are governed by
the polymers, in spite of domain formation. Second, hybrid objects at 65 mol % DPPC show
much more variability from one GUV to the other: some show longitudinal deformation like pure
polymer, whereas others are more comparable to transverse flattening typical of DPPC GUVs.
This could be due to a variability in GUV composition, which is plausible since each object
originates from a different zone of the film, consistently with the CLSM observations. Note
however that we observe micron-sized domains in trapped objects for both types of behaviors

(see for example the last image in Figure 5d).
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3.2. Nano-sized copolymer-lipid hybrid assemblies
As already discussed, one of the main applications of lipid-based and copolymer-based
assemblies is the development of drug delivery systems for Nanomedicine. In this respect, hybrid
systems have been receiving a lot of attention recently, due to the inherent possibilities they offer
to combine and modulate the characteristics of lipid-based and copolymer-based assemblies in

order to strongly enhance their performances.

Hybrid PBD-PEO/DPPC nano-objects were prepared through dry film rehydration and extrusion
through a 100 nm polycarbonate membrane, according to a well-established procedure for the
formation of nanometric liposomes, [34] as described in the experimental section. The as-
prepared dispersions were characterized through multiangle dynamic light scattering. In Figure
6a, representative DLS curves of the pure PBD-PEO and DPPC vesicles’ dispersion are
displayed together with those obtained for PBD-PEO/DPPC hybrid systems (with 35 mol % and
65 mol % DPPC, respectively) acquired at 150°. From the comparison of the autocorrelation
functions of the scattered intensity (ACF) profiles, it is apparent that hybrid systems are
characterized by lower decay times with respect to the pure assemblies. The mean hydrodynamic
radius and polydispersity of the nano-objects were obtained with the NNLS analysis of the ACF
and are reported in Table 1. As anticipated from the observation of DLS curves, the
hydrodynamic radii of hybrid self-assembled objects are lower than those obtained from the pure
objects. In particular, for the PBD-PEO/DPPC 65% hybrid, a low value of the hydrodynamic
radius is estimated that, together with a very high polydispersity, suggests that the composition
and shape of the objects must be more complex than vesicles. Moreover, their size is lower than

the polycarbonate membrane pores employed for extrusion.
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Figure 6. PEO-PBD/DPPC mixed LUV: DLS and SANS. (a) Representative normalized DLS
curves of PBD-PEO (yellow markers), PBD-PEO/DPPC 35 mol % (blue markers), PBD-
PEO/DPPC 65 mol % (green markers), DPPC (red markers) nano-assemblies dispersions,
acquired at 150° (b) representative SANS curves of PBD-PEO (yellow markers), PBD-
PEO/DPPC 35 mol % (blue markers), PBD-PEO/DPPC 65 mol % (green markers), DPPC (red
markers) nano-assemblies dispersions in D,O and curve fitting (continuous black lines) of the
experimental curves, according to a combined vesicle and cylinder form factor model; (b, inset)
intermediate g-range of the same curves: the curves are displayed with a suitable offset and [ = q"
>and 1= q' trends are displayed, to facilitate the slope analysis of the curves.

In order to obtain more detailed information on the shape of hybrid nano-objects, the same
samples prepared in D,O were analyzed through Small-Angle Neutron Scattering (SANS). In

Figure 6b the SANS profiles obtained for the different systems are compared, while in the inset
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the intermediate g-range is displayed. Interestingly, a different slope is observed for the different
systems at intermediate q range: in particular, PBD-PEO and DPPC pure nano-objects are
characterized by a q* trend (see Figure 6b, inset), which is typical for 2D assemblies, as vesicles;
the trend of both DPPC 35 mol % and DPPC 65 mol % PBD-PEO/DPPC hybrids is in-between a
q" and a g™ slope, which suggests the coexistence of vesicular and cylindrical nano-assemblies.
This hypothesis is also consistent with the previously discussed DLS data. SANS curves were
analyzed according to a combined form factor of vesicles and cylinders with a Schultz
distribution in size and thickness. The resulting fitting curves are shown in Figure 6b, while the
fitting results are reported in Table 1. Consistently with the slope analysis of the SANS curves in
the intermediate q region, the hybrid systems can be described by a mixture of cylindrical and
vesicular objects, whose percentages (reported in Table 1 as v%, vesicles percentage) can be
roughly evaluated as the relative volume fraction of the two types of assemblies, as obtained
from the fitting procedure. With respect to the membrane thickness, a linear change (from around
12 nm for the pure copolymer vesicles to around 4 nm for pure lipid vesicles, see Table 1, Th,
values) is observed, which can be a first evidence of the formation of hybrid objects at the
nanoscale. Interestingly, the cylindrical assemblies are characterized by a defined radius (around
7.5 nm, see R, values in Table 1) and a very low polydispersity (see PDI (R.) values in Table 1),

irrespectively to the lipid amount.
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DLS SANS
composition Ry(nm) | PDI | v% | Thy(nm) | PDI (Th,) | R.(nm) | PDI (R,)
PBD-PEO 68 0.32 | 100 12.2 0.2
PBD-PEO/DPPC 35% 46 0.39 | 47.7 7.27 0.2 7.7 0.01
PBD-PEO/DPPC 65% 30 0.46 | 67.3 4.94 0.4 7.5 0.05
DPPC 55 0.41 | 100 39 0.2

Table 1. PEO-PBD/DPPC mixed LUV: DLS and SANS fitting results. (DLS) Hydrodynamic
radius (Rh) and polydispersity index (PDI) obtained from the analysis of the autocorrelation
functions of the scattered intensity for the colloidal dispersions of the different nano-objects;
(SANS) fitting results obtained from the analysis of SANS curves according to a combined
vesicles-cylinders form factor: relative percentage of vesicles with respect to cylinders (v%);
membrane thickness (Thy) and membrane thickness polydispersity (PDI (Thy)) of vesicles; radius
of cylinders (R.) and polydispersity of the radius of cylinders (PDI (R,)).

The SANS results are confirmed by the TEM micrographs of the different systems displayed in
Figure 7. In Figure 7a and 7b vesicles of pure PBD-PEO and pure DPPC, respectively, are
visualized. Consistently with SANS results, only vesicles of slightly polydisperse sizes are
present. In Figure 7c-f representative TEM micrographs of PBD-PEO/DPPC hybrids are
displayed. Amazingly, in this case a high amount of cylindrical micelles is present coexisting
with fewer vesicles. Interestingly in the 35 mol % sample, typical intermediate structures (inset
in Figure 7c¢), signature of the transition from vesicles to worm-like micelles, are observed. This
kind of intermediate structure has been observed in the worm to vesicle transition during
polymerization induced self-assembly which can be attributed to a decrease in the hydrophilic

ratio during polymerization [35].

The TEM and SANS investigations revealed essential in order to detect the presence of
cylindrical micelles which could not be detected by the only use of light scattering. Indeed, the

hydrodynamic radius obtained from light scattering of hybrid micellar solutions is even lower
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than that of pure copolymer and pure DPPC, which hardly suggests the presence of cylindrical
micelles. Looking at literature data, we realized that in the presence of wormlike micelles, the
usual analysis of the autocorrelation function to extract the diffusion coefficient and the size of
the equivalent sphere with the Stoke-Einstein equation leads to such underestimated values. Both
the rotational and translational components of the diffusion coefficient and their coupling [36]
should be taken into account for appropriate data analysis. Here the data analysis is even
complicated by the coexistence of both vesicles and wormlike micelles. For example in Khan et
al. [9] a 15-17 nm population is detected by light scattering while cryo-TEM images witness the
presence of both vesicles and wormlike micelles. In a similar way Fernyhough et al. [37]
describe a transition from vesicles to wormlike micelles thanks to cryo-TEM and the measured
apparent hydrodynamic radius is about 50 nm in the presence of wormlike micelles. We can then
reasonably conclude that a transition from vesicles to wormlike micelles can be accompanied by

a decrease of the apparent hydrodynamic radius of the species in solution.

As already discussed, cylindrical micelles are completely absent in both samples of pure
copolymer and pure DPPC, as highlighted both by SANS and TEM data. Thus, these wormlike
nanoassemblies are clearly hybrid assemblies. Very recently the presence of worm-like micelles
has also been observed in hybrid systems based on triblock PEO;7-PDMS7-PEO;7 mixed with
DPPC [5] and on PBD;,-PEO4 mixed with POPC [3]. For PDMS based systems, this transition
is observed only for high hydrophobic mismatch. Our results nicely confirm these reports,
bringing to the conclusion that morphological transitions are directly related to intimate

lipid/polymer mixing.

From the micron-scale investigation it has been highlighted that PBD-PEO/DPPC GUVs can

form hybrid vesicular assemblies with micron-sized domains of copolymer rich and lipid rich
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phases coexisting within the same GUV. These domains are clearly relevant features of the
hybrid GUVs' membrane, determining irregularly shaped regions and tunable viscoelastic
properties. However, this micron-sized phase segregation is not possible in nano-objects. In the
self-assembly of copolymer-lipid hybrids into wormlike assemblies we can thus hypothesize that,
due to the small size of the objects, phase segregation is energetically disfavored due to the
strong difference in their spontaneous curvature and copolymer and lipid mix at a molecular

level, to form cylindrical assemblies of high curvature.

The different protocols employed for the preparation of the objects at the micro- and nano-scale
may play a role. Even if this issue is beyond the scope of this work, it worth to underline that we
can’t exclude that the differently shaped objects at the two length-scales would result from the
interplay between thermodynamic stabilization and kinetic control, which is different according

to the preparation protocol.
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Figure 7. PEO-PBD/DPPC mixed LUV: TEM. Representative TEM micrographs of: (a)PBD-
PEO and (b) DPPC nanometric vesicles; (c-f) PBD-PEO/DPPC hybrid nanometric assemblies
containing (¢, d) 35% DPPC and (e, f) 65% DPPC molar ratios. Scale bars of 200 nm.

CONCLUSION

In this study we have explored the main physicochemical, structural and mechanical features of
lipid-copolymer hybrid assemblies composed of dipalmitoylphosphatidylcholine (DPPC) and
polybutadiene-co-polyethyleneoxide (PBD-PEO) both at the micro and at the nano lengthscales.
Concerning the microscale, optical microscopy images highlight that hybrid Giant Unilamellar

Vesicles (GUVs) are efficiently formed in a broad range of PBD-PEO/DPPC molar ratios.
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Hybrid GUVs are characterized by irregular shapes and compositional inhomogeneities. The
occurrence of lateral phase separation in lipid-rich and copolymer-rich regions was proved
through Confocal Microscopy experiments, which highlighted the coexistence of areas of higher
fluidity enriched with the copolymer, whose Tg is well below room temperature, with areas of
lower fluidity, with higher amounts of DPPC, which is below its gel-to-liquid crystalline
transition temperature. The presence and distribution of these phase-separated domains deeply
affect the mechanical and viscoelastic properties of the hybrid GUVs, as proved through
microfluidic trapping. Concerning the nano lengthscale, both pure DPPC and pure PBD-PEO self
assemble into nanosized vesicles; conversely, copolymer-lipid hybrids preferentially self-
assemble into elongated, worm-like objects with highly monodisperse cross-section. This
evidence, confirmed both by SANS and TEM results, clearly proves that the composition of
these worm-like objects is hybrid. We hypothesize that the lateral micron-sized phase separation,
which is observed for GUVs, is energetically disfavored when the lengthscale of the self-
assembled objects decreases, due to the large hydrophobic mismatch between the lipid and the
copolymer. Thus, at the nanoscale, instead of small unilamellar vesicles with nanosized domains
or fully demixed separated vesicles of pure DPPC and pure PBD-PEO, cylindrical micelles are
formed. The self-assembly pathway and the arrangement of the two components is completely
changed with respect to the micron-lengthscale. Overall, we show that the preparation
methodology, the lengthscale of the objects, the initial composition of copolymer-lipid blend can
be varied to modulate the morphology, size, shape and mechanical properties of these versatile

hybrid self-assemblies.
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