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ature has the ability to design spe-

cific surface patterns and topolo-

gies over a wide range of length
scales that relate to precise function.' For
example, phospholipids self-assemble to form
membranes that control the compartmentali-
zation of many biological components. These
membranes have been recently found to dis-
play nanometer’ and micrometer surface
domains®* called “rafts”, which are thought
to be responsible for fundamental cell pro-
cesses such as budding, fusion, internalization,
and receptor transport.>>® Similarly viral cap-
sids and envelopes are composed of different
proteins and phospholipids organized into
clusters to accomplish a number of functions
that are possible for merely random arrange-
ments,”? such as cell internalization.'®"" Giant
unilamellar vesicles (GUVs), i.e.,, micrometer-
sized vesicles composed of different phospho-
lipids, have been investigated in the past in
order to shed light on the dynamics of raft
formation in lipid membranes and their effect
on budding and fusion phenomena.”””" In
these examples, phase separation of domains
with distinct compositions is usually induced
by a mismatch within the phospholipid chains.
Recently, Discher and co-workers'® used poly-
valent cations as ionic bridges to induce phase
separation between anionic and neutral am-
phiphilic block copolymers in giant polymeric
vesicles, also known as “polymersomes”. Poly-
mersomes are enclosed membranes formed
via the self-assembly of amphiphilic block
copolymers in water.'® They show enhanced
mechanical properties and stability compared
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ABSTRACT Nature has the exquisite ability to design specific surface patterns and topologies on
both the macro- and nanolength scales that relate to precise functions. Following a biomimetic
approach, we have engineered fully synthetic nanoparticles that are able to self-organize their
surface into controlled domains. We focused on polymeric vesicles or “polymersomes”; enclosed
membranes formed via self-assembly of amphiphilic block copolymers in water. Exploiting the
intrinsic thermodynamic tendency of dissimilar polymers to undergo phase separation, we mixed
different vesicle-forming block copolymers in various proportions in order to obtain a wide range of
polymersomes with differing surface domains. Using a combination of confocal laser scanning
microscopy studies of micrometer-sized polymersomes, and electron microscopy, atomic force
microscopy, and fluorescence spectroscopy on nanometer-sized polymersomes, we find that the
domains exhibit similar shapes on both the micro- and nanolength scales, with dimensions that are
linearly proportional to the vesicle diameter. Finally, we demonstrate that such control over the
surface “patchiness” of these polymersomes determines their cell internalization kinetics for live
cells.

KEYWORDS: polymersomes - patchy nanoparticles - phase separation - endocytosis

to liposomes and can be designed to be
biocompatible both in vivo and in vitro,
offering efficient encapsulation of either
hydrophilic or hydrophobic compounds.?°~*
Polymersomes can be also decorated with
proteins or antibodies, either by attach-
ing the active moieties to the hydrophilic
brushes®2® via covalent bonds or by inserting
them across the membrane through biomi-
metic channels.”’~>° Nanometer-sized poly-
mersomes are more desirable for certain
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biomedical applications, for example, as intra-  Published online February 23, 2011
. . 10.1021/nn102455z

cellular delivery vectors for various payloads.?’
Following a biomimetic approach, we have

engineered nanometer-sized polymersomes  ©2011 American Chemical Society
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that spontaneously organize their surface into con-
trolled domains.

Exploiting the thermodynamic-driven tendency of
binary mixtures of dissimilar polymers to phase-sepa-
rate, we mixed different vesicle-forming diblock copo-
lymers to obtain polymersomes with surface domains.
Different domain patterns were obtained by system-
atically varying the relative proportions of the two
diblock copolymers. Using confocal laser scanning
microscopy to study micrometer-sized polymersomes,
and atomic force microscopy, fluorescence spectros-
copy and transmission electron microscopy to study
nanometer-sized polymersomes, we observe domain
formation on both length scales. The morphology and
dimension of these domains evolve with relatively slow
kinetics, leading to completely segregated asymmetric
particles (aka “Janus” particles) at predetermined com-
positions. Furthermore, we compare mixing three dif-
ferent pairs of amphiphilic diblock copolymers,
differing either in both hydrophilic and hydrophobic
blocks (AB/CD) or in only the hydrophilic blocks (AB/
CB) or, finally, in the hydrophobic blocks (AB/AC). These
experiments indicate significant differences in the
kinetics of coarsening and in the final domain patterns.
Finally, we decorate these polymersomes with biomo-
lecules that become confined within phase-separated
domains. The biological implications of such decorated
domains on cell internalization kinetics are discussed.

RESULTS

Polymersome Topology Analysis. To drive phase separa-
tion between two distinct diblock copolymers within the
same polymersome we exploited the behavior of a binary
mixture of two diblock copolymers differing in the chemical
structure of both the hydrophilic and hydrophobic blocks,
that is, AB/CD, and also in their molecular weight. In
particular, poly(ethylene oxide)-block-poly(butylene oxide)
(PEO16—PBO,,) (M, = 1910 Da) and poly((2-methacryloyl-
oxy)ethyl phosphorylcholine)-block-poly(2-(diisopropyl-
amino)ethyl methacrylate) (PMPC,5s—PDPA;) (M,, =
21600 Da) were mixed at different molar ratios to
produce both micrometer-and nanometer-sized hy-
brid polymersomes. The former polymersomes were
formed by electroformation (see Methods), while nan-
ometer-sized particles were produced by hydration and
mixing, according to well-established protocols.** To
visualize giant polymersomes by confocal laser scanning
microscopy (CLSM), PMPC,s—PDPA;, was fluorescently
labeled with rhodamine 6G (Rh6G) and PEO,s—PBO,,
was labeled with 7-diethylaminocoumarin-3-carbonyl
azide (DEAQ). The kinetics of formation of hybrid polymer-
somes was very slow, probably due to the relatively high
molecular weight (and hence reduced chain mobility)
of the PMPC—PDPA. Thus, polymer films were left
overnight and measurements were started after 12 h.
Experiments were carried out at 25 °C. Figure 1a
shows CLSM measurements of the fluorescence
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signals recorded from the equatorial plane of a
representative giant hybrid polymersome at x =
50 mol %, corresponding to PMPC—PDPA (yellow
channel), PEO—PBO (blue channel), these two merged
images and a 3D reconstruction, respectively. Phase-
segregated polymersomes are clearly formed after
12 h. In particular, the 3D reconstruction allows
identification of the phase-separated domains. Fur-
ther measurements taken at longer times (up to 36 h)
confirm that these “patchy” polymersomes remain
stable and that no further change occurs in their
domains (Supporting Information, Figure S1).

It is well-known that, given an appropriate balance
between the hydrophilic and hydrophobic blocks, amphi-
philic block copolymers in contact with water tend to self-
assemble into vesicles spontaneously, due to the hydro-
phobic effect?® In the present case, the addition of a
second amphiphilic block copolymer increases the com-
plexity of the system. Our CLSM measurements on giant
polymersomes confirm that, when PMPC,s—PDPA;, and
PEO;5—PBO,, are mixed at a 1:1 molar ratio, hybrid poly-
mersomes are formed and the two block copolymers tend
to phase-separate within each polymersome. Thus, in this
case, the hydrophobic interactions overcome the repul-
sion between the two different block copolymer chains,
otherwise discrete pure PMPC,s—PDPA;, and pure
PEO;5—PBO,, polymersomes would be expected.

In this work we focused our attention mainly on
nanometer-sized polymersomes, since these are extre-
mely promising in terms of their possible biomedical
applications. Polymersomes are prepared by hydration
and mixing of thin polymer films, followed by sonication
in order to obtain unilamellar vesicles.?” The intensity-
average size distribution obtained by DLS is centered at
around 200 nm (see Supporting Information). To inves-
tigate the kinetics of phase separation, polymersomes
were analyzed at different time intervals.

The first method used to characterize the nanometer-
sized polymersomes was cryogenic transmission electron
microscopy (cryo-TEM). Figure 1b shows a cryo-TEM raw
image of PMPC,5—PDPA;/PEO;s—PBO,; polymersomes
prepared at a 1:1 molar ratio (50 mol %) after 1 month
and the image manipulation required to enhance the
contrast between the different domains. The difference
in electron density between the two diblock copolymers
was sufficient to visualize the presence of phase-sepa-
rated domains on the polymersome surface when work-
ing at defocus values of between 10 and 40 um. High
magnification images were obtained for individual poly-
mersomes, filtered using a fast Fourier transform (FFT)
method in order to remove any background artifacts,*'
and then reported as a color gradient to emphasize the
contrast between the two phases (Figure 1b). To char-
acterize nanometer-sized polymersomes, conventional
TEM was also used which is a faster and more convenient
imaging method. Positive staining of polymersomes was
achieved using phosphotungstic acid (PTA) as a selective
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Figure 1. (a) Confocal laser scanning micrographs obtained for a hybrid PMPC,5—PDPA;,/PEO;6—PBO,, polymersome
prepared at a 1:1 molar ratio (50 mol %) after 12 h. From top to bottom: equatorial plane from RhgG—PMPC,5—PDPA,
channel, equatorial plane from DEAC—PEO;,—PBO,, channel, merged equatorial plane, 3D image rendering. (b) Cryo-TEM
image processing by FFT-filtering of nanometer-sized hybrid polymersomes. (c) FFT-filtered TEM image of a representative

hybrid polymersome selectively stained using PTA after 1 month. (d) Force mapping spectroscopy image of adhesive domains
(yellow) on a topographical map of a PEO,,—PBO,,/biotinylated PMPC,5—PDPA;, polymersome prepared at a 1:3 molar ratio

(75 mol %), immobilized on a surface and imaged with a streptavidin-functionalized tip after 1 month. (e) Normalized

fluorescence spectra recorded for DEAC-labeled hybrid PMPC,s—PDPA;,/PEO,s—PBO,, prepared at a 1:1 molar ratio (50 mol

%) polymersomes at different times (dashed lines) and a pure PEO,—PBO,, polymersome dispersion.

staining agent for PMPC polymers since this reacts pre-
ferentially with ester groups.3? This functionality is not
present in the PEO—PBO copolymers, hence the domains
formed by the PMPC—PDPA copolymer appear darker in
the TEM images. Figure 1c shows a representative TEM
image obtained for a PMPC,5—PDPA;y/PEO;s—PBO,,
polymersome prepared at 50 mol % after 1 month after
FFT filtering, as described for cryo-TEM images. Phase-
separated domains are also confirmed using this techni-
que. Furthermore, the domain morphologies detected by
environmental TEM and cryo-TEM are very similar. While
EM provides confirmation of phase separation, it does not
necessarily confirm the conformation or function of the
copolymer within the vesicular structure. To investigate
this, polymersomes formed by a mixture of PEO;—PBO,,
and biotinylated PMPC,5—PDPA;, were immobilized
onto an avidin-coated substrate and probed by an atomic
force microscope (AFM) tip functionalized with strepta-
vidin protein in buffer (Supporting Information, Figure
52).3® Only when the avidin coated-tip comes into con-
tact with a biotinylated region of the polymersome sur-
face can substantial binding occur and, upon retraction,
the bond ruptures to indicate an adhesion event for a
given force. In particular, Figure 1d shows an AFM
topology image of a hybrid polymersome with 75% (by
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mol) biotinylated PMPC—PDPA. The strong interaction
between streptavidin and biotin thus allows us to visua-
lize several domains formed by PMPC—PDPA copolymer
based on their adhesive interaction with the AFM tip.
These adhesion events are indicated by yellow spots
confined to the polymersome surface in the overlaid
adhesive map, which was obtained at 20 nm lateral
resolution. Since receptor—ligand binding is stochastic,
a single representative image may only show a subset of
the total number of biotin-containing regions that have
the appropriate spatial orientation to bind avidin. How-
ever, the presence of these domains demonstrates that
there is functional biotin on the surface of the polymer-
some and that it is spatially restricted.

Finally, to investigate whether the segregation is simply
confined within the hydrophilic corona of hybrid poly-
mersomes or whether it extends to the inner membrane,
hybrid polymersomes were prepared by mixing
PMPC,5—PDPA;, with DEAC-labeled PEO,s—PBO,, pre-
pared at 50 mol % and analyzed using fluorescence
spectroscopy. More precisely, DEAC is attached to the
hydrophobic block, i.e., PBO. It is well-known that amino-
coumarin derivatives undergo blue shifts in their emission
spectra as the solvent polarity is reduced3**> As PDPA
is a less polar environment for DEAC compared to

VOL.5 = NO.3 = 1775-1784 = 2011 ASN%N@

www.acsnano.org

1777



Microscale (CLSM imaging —scale bar:10um)

PMPC-PDPA mol%

Figure 2. Hybrid PMPC,5—PDPA,,/PEO;¢—PBO,, polymersomes prepared at different binary compositions. Top: the 3D
images calculated from CLSM optical slices showing the microscale morphology. Bottom: the FFT-filtered TEM images
obtained for selectively stained polymersomes showing the nanoscale morphology.

PBO, we expect a blue shift in the emission spectra of
hybrid polymersomes when the two block copolymers
are perfectly mixed in the membrane. Figure 1e shows
the normalized emission spectra of hybrid polymer-
somes excited at 380 nm over time using the pure
DEAC—PEO;4—PBO,, polymersomes as a reference. The
emission peak relative to the pure DEAC—PEO;—PBOy,
polymersomes corresponds to a wavelength of 450 nm
and is constant over time. On the other hand, the emission
peak of hybrid polymersomes presents a blue shift that
reduces over time from AA=11nmatday 1to A1=1nm
after 30 days. The reduction of this blue shift is due to an
increase in the polarity of the DEAC environment within
the membrane over time, which is likely to be related to
domain coarsening. PBO blocks, initially mixed with PDPA
blocks in the membrane, tend to face other PBO blocks so
as to form phase-separated domains. Thus, the environ-
ment for DEAC attached to PBO chains tends toward the
environment that is characteristic of pure PEO-PBO poly-
mersomes, hence the emission wavelength of hybrid
polymersomes becomes closer to the reference. Thus this
is reasonable evidence that the phase separation be-
tween the PMPC,5—PDPA;, and PEO;,—PBO,, chains
within hybrid polymersomes also occurs within the
hydrophobic membrane and evolves over a time scale
of weeks. Further and more detailed considerations
regarding the kinetics of domain-coarsening are given
in the course of the discussion.

Domain Morphology and Coarsening Kinetics. To investi-
gate the effect of composition on the morphology of
segregated domains, both micrometer-sized and nan-
ometer-sized hybrid polymersomes were prepared by
mixing PMPC,5—PDPA;, and PEO,s—PBO,, at different
molar ratios. Figure 2 shows a comparison between CLSM
images for micrometer-sized polymersomes recorded
after 12 h and TEM images of nanometer-sized polymer-
somes recorded after 2 weeks at different PMPCy5—
PDPA;o mol %, y. The surface of such hybrid polymer-
somes is typically spatially segregated at all the
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investigated compositions, with the “patches” being com-
posed of the minor copolymer component in each case.
Different morphologies are obtained by varying the relative
copolymer composition and appear similar both at the
micro- and nanoscale, suggesting that this phase separation
phenomenon has universal character. For y = 10% and y =
25% irregular spots are visible, while at y = 50% and y = 90%
a tendency to form stripes is observed. For y = 75% the
presence of regular circular spots is observed. These fea-
tures are the result of a subtle balance between several
contributions to the overall free energy, such as repulsive
interactions, loss of conformational entropy, interfacial en-
ergy, and chain stretching over a curved surface. In parti-
cular, CLSM allows the detection of shape instabilities and
surface inhomogeneities. For example, at y = 75% the
presence of circular PEO—PBO domains as well as bumpy
circular PMPC—PDPA domains is visible (Figure 2). At this
composition, the PMPC—PDPA chains act as the continuous
phase, but the difference in molecular weight between the
two hydrophilic blocks is likely to cause shape instabilities
due to the differing membrane curvatures>® In particular,
the higher molecular weight and asymmetry of the
PMPC—PDPA may lead to a higher local curvature. Com-
puter simulations carried out by Fraaije et al>” on polymer-
somes formed by generic block copolymers comprising the
same hydrophilic blocks but differing block lengths show
that, when the more asymmetric copolymer is the main
component, the formation of shape instabilities, protru-
sions, and invaginations of the polymersomes can occur so
as to minimize contact between domains. Similar phenom-
ena may explain the presence of shape “noise” of the
membrane, which is particularly emphasized when
PMPC—PDPA is the continuous phase.

Similarly, grain boundary “scars” have been predicted
by both mathematical models and also by computer
simulations of the self-assembly of various materials, 3~
due to differing local curvatures at the domain boundaries,
regardless of the particular system. Interestingly, morphol-
ogies similar to those observed for y = 25, 50, and 75%
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Figure 3. Evolution of the domain coarsening for PMPC,5—PDPA;,/PEO;6—PBO,, hybrid polymersomes prepared at different
compositions and the corresponding DEAC's emission wavelength shift and single domain to polymersome surface ratio,
Ag/Ay, over time. FFT filtered micrographs acquired by TEM using PTA as a selective stain (error bars = SD).

were predicted by simulation of the self-assembly of a
single block copolymer on a spherical surface®

TEM images obtained using negative staining (see
Methods) confirm phase separation along the mem-
brane, as shown in Figure S3 for a hybrid polymersome
prepared at y = 75 mol %. Dark regions corresponding to
a thickness of approximately 6.0 + 0.2 nm alternate with
bright regions of around 2.5 &+ 0.3 nm. These thicknesses
are very close to the membrane thicknesses already
reported for pure PMPC,sPDPA;, and PEO,sPBO,, poly-
mersomes, respectively.*'*? Similar behavior has been
theoretically described by Pata and Dan,** who derived a
model for the reduction in polymer membrane thickness
in the proximity of a relatively short protein inclusion.

To explore the coarsening kinetics of phase-separated
domains, we followed the behavior of hybrid polymer-
somes over time. For micrometer-sized polymersomes, our
observations were limited to a time window of 12—24 h
after commencing electroformation. In this interval, no
appreciable modifications of the domains were observed.
While fast coarsening kinetics (seconds to minutes) are
generally found for lipid GUVs, relatively slow kinetics were
observed for micrometer-sized polymersomes'® (up to 2 or
more days). Here we focused our attention on the coarsen-
ing kinetics of domains at the nanoscale. Nanometer-sized
hybrid polymersomes were prepared and studied at room
temperature over a time-scale of more than 1 month.

Figure 3 shows the TEM images relating to the evolu-
tion of PTA-stained PMPC,5—PDPA,/PEO;4—PBO,; hy-
brid polymersomes prepared at different copolymer
compositions over a month, as well as the corresponding
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variation in the ratio between the single domain area and
the polymersome area, Ay/Ap, and the wavelength shift,
A, of the maximum fluorescence intensity due to the
DEAC label attached to the PBO blocks. At all the analyzed
compositions, a clear coarsening of the phase-separated
domains became apparent over the observation period,
which led to a significant reduction in the total number of
domains per vesicle. This corresponds to an increase in the
A4/A; ratio (and, accordingly, a reduction in the A1) since
the contact area between PBO and PDPA in the hydro-
phobic membrane gradually reduces as the two types
of diblock copolymer undergo phase separation. After 1
month, the polymersomes prepared using y = 10, 25, and
90 mol % evolve to almost completely phase-segregated
Janus particles. In particular, for the most
asymmetric compositions, that is, y = 10 mol % and
y = 90 mol %, a change in the particle morphology
accompanies complete segregation. At the former compo-
sition, one budded domain is visible, while at the latter
composition the polymersome assumes a “mushroom-like”
shape with a cap formed by the minor component. No
further modifications in the morphology of either particles
or domains are visible after a further month of observation.
As already mentioned, a complex balance between differ-
ent energetic contributions is thought to be responsible for
the phase separation phenomena observed for these
hybrid polymersomes. In addition, the fact that surface
energy prevails over bulk energy at the nanoscale may
explain the absence of Janus particles at y =50 mol % and y
=75 mol %. For example, it has been observed for various
functional materials that, in some cases, frustrated phases
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Figure 4. Comparison between TEM images for PEO,s—PBO,,/PEO,3PDPA;,, PMPC,5—PDPA,,/PEO,¢—PBO,; and
PMPC,5—PDPA,,/PEO,3—PDPA,, hybrid polymersomes obtained after 14 days. (scale bar = 50 nm).

are visible where the phase transition is arrested below a
critical dimension.* Modification of the geometry of
phase-separated lipid vesicles has been observed' in the
past as the result of a balance between bending resistance,
lateral tension, line tension, and normal pressure as well as
elastic compression/stretching and tilt, and hydrophobic
height mismatch between the different phases. Here we
observe some variation in the polymersome morphology
at the most asymmetric compositions (y = 10 mol % and y
=90 mol %) (Figure 3). At y =90 mol % high local curvature
is visible together with the budded PEO-PBO-rich phase,
similar to the observations previously reported for phase-
separated lipid GUVs." At y = 10 mol % the “mushroom-
like” shape of polymersomes may be due to the higher
bending rigidity of PMPC,5—PDPA; chains compared to
PEO;6—PBOy;, chains, whose molecular weights are M,, =
21600 Da and M,, = 1910 Da, respectively. In the present
case the dimensions of the PMPC—PDPA rich domain is of
the order of tens of nanometers, thus it is likely that the
local membrane curvature would be too high and not
compatible with the rigidity of the PDPA membrane to give
rise to a new budded vesicle. The “mushroom-like” shape
may be the result of these effects.

On the basis of this morphological observation we
also performed a statistical analysis of the polymersome
population analyzing multiple TEM images. First of all, we
classified the polymersomes as either “patchy” or “nonpat-
chy”. The graph in Figure S4 shows that at the beginning the
percentage of polymersomes identified by TEM that pre-
sent early stage phase separation depends on their com-
position. Initially, the two phases are mixed and the
wavelength shift of the DEAC fluorescence signal, A4, is
maximized (Figure 3). Phase separation is detected in all the
polymersomes aged for both 1 and 2 weeks. After T month,
the percentage of phase-separated polymersomes is re-
duced and the A4 is almost completely recovered, indicat-
ing that the two phases become completely separated. The
“nonpatchy” polymersomes present after 1 month are very
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likely to be budded vesicles composed of one of the two
separated phases. The remaining Janus (y = 10, 25, or 90
mol %) or spotted (y = 50, 75 mol %) polymersomes appear
to be stable over at least 2 months of observation, and their
dimensions lie between 50 and 200 nm. Taking into
account that flat domains evolve and would eventually
become a complete spherical bud provided that sufficient
area is available,'* only the domains that are present in
larger polymersomes are able to bud to form new, smaller
vesicles. In all other cases, reduced domain dimensions do
not allow complete budding, giving rise to the frustrated
morphologies that are observed after 1 month (Figure 3).

Finally, we studied the effect of mixing different
pairs of polymersome-forming copolymers on the extent of
phase separation and thus on the domain morphology. In
particular, we mixed (i) PMPC,5—PDPA;, with a PEO—PD-
PA amphiphilic block copolymer (PEO,3—PDPA;o, M,, =
5600 Da) so as to obtain AB/CB hybrid polymersomes
where the two copolymer share the same hydrophobic
block, and (ii) PEO;¢—PBO,, with PEO,3PDPA as to obtain
AB/AC hybrid polymersomes where the two copolymers
share the same hydrophilic block.

Figure 4 shows a comparison between the TEM
images of the three analyzed systems prepared at
different compositions after 14 days. Different phase-
separated morphologies are formed at the same composi-
tion and same aging time when different copolymers are
mixed. In particular, the change in A1 over time for the
DEAC label (data not reported) shows that the PEO;4P-
BO,,/PEO,3PDPA, system prepared at either 50 mol % or
75 mol % PEO,s—PBO,; is fully phase-separated within 14
days. Although the PEO;5—PBO,,/PEO3PDPA; o hybrid
systems present the same hydrophilic blocks (PEO) of
similar lengths, phase separation is still clearly evident.
Thus the main driving force for phase separation confined
within polymersomes seems to be differences between
the hydrophobic blocks, either in their chemical structure
or relative block length.
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On the other hand, the various morphologies ex-
hibited by PMPCy5—PDPA,o/PEO;—PBO,, hybrid
polymersomes compared to PEO;—PBO,,/PEO,5PD-
PA1o may be mainly due to the difference in the relative
lengths of the hydrophobic blocks, but some contribu-
tion from the differing hydrophilic blocks cannot be
excluded at this stage, even if such interchain interac-
tions are expected to be attenuated by water.

When the same chemistry of the hydrophobic
blocks is maintained, such as in the case of PMPCy5—
PDPA;o/ PEO,3PDPA;, system, phase separation still
occurs. Again, this can be due to both the repulsive
interactions between the different hydrophilic blocks
and/or the mismatch between the hydrophobic block
lengths. Clearly, further characterization studies are
needed to understand the main driving force
for this complex confined phase separation phenom-
ena. Nevertheless, in this study we demonstrate that
simply varying either the chemical structure or rela-
tive block composition of binary mixtures of the co-
polymers leads to the formation of hybrid patchy
polymersomes.

Domain Effect on Polymersome Cellular Internalization.
Polymersomes are finding many applications as deliv-
ery vectors for many therapeutics and contrast
agents.”” We have recently reported that pH-sensitive
PMPC—PDPA polymersomes are particularly effective
in delivering a wide range of agents within live cells by
exploiting endocytosis.**~*° This natural biological
process occurs for most eukaryotic cells and controls
the uptake of nutrients. Many different mechanisms
lead to the controlled acidification of the internalized
material within subcellular compartments (endosomes).>
We have already demonstrated that when PMPC—
PDPA or PEO-PDPA polymersomes are internalized
via endocytosis they undergo controlled disassembly
on reaching the acidic endosomal lumen. This, in turn,
leads to local temporal endosomal membrane pertur-
bation that is sufficient to enable the polymersome
cargo to escape the endosome and diffuse within the
cell cytosol.**~*” We have also reported that such pH-
sensitive polymersomes can be used for the cellular
delivery of DNA,***® antibodies,”" small molecules*’
and a wide range of fluorescent probes, including
quantum dots.*

The endocytosis efficiency (i.e., number of polymer-
somes per cell over time) is strongly dependent on the
polymersome size and surface chemistry, as well as the
polymersome topology.*” As shown in the Supporting
Information, Figure S5, we extended our earlier studies
by assessing the rate of polymersome uptake by cells
as a function of their domain morphology and size,
focusing on biomedically relevant PMPC—PDPA/
PEO—PDPA polymersomes. We studied cell internali-
zation kinetics using primary human dermal fibroblast
(HDF) cells by both flow cytometry (using fluorescence-
activated cell sorting (FACS) analysis) and also UV/
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Figure 5. (a) Time required to reach 100% uptake as a
function of polymersomes diameter and composition. (b)
Percentage of internalized polymersome per cell after 100%
cellular uptake is achieved as a function of polymersome
diameter and composition. (c) Endocytosis efficiency cal-
culated as the ratio between the percentage of internalized
polymersomes to the time required for 100% cellular up-
take as a function of polymersome diameter and composi-
tion. (Note error bars = SD (n = 3)) Note: the polymersomes
were used after 2 weeks from preparation.

visible spectroscopy of cell lysates after various in-
cubation times with polymersomes. FACS measurements
allowed the uptake kinetics to be estimated in terms of cell
population, that is, how fast polymersomes enter a given
cell colony. Spectroscopic studies of cell lysates after
incubation with polymersomes allowed quantification of
the percentage of the internalized polymersomes applied
per cell at different times. To understand the effect
of the domain dimensions on the cellular uptake we
plotted the time required for each polymersome to
achieve 100% uptake by a given cell population
(Figure 5a), the percentage of polymersomes internalized
with respect of the total amount of the polymersomes
incubated when 100% cellular uptake is attained
(Figure 5b) and the ratio of these two parameters, which
we define as the endocytosis efficiency, as a function of
the PMPC—PDPA content (with 0% representing polymer-
somes comprising purely PEO—PDPA chains). Although
both PMPC and PEO polymers are known to be highly
protein-repellent™ %, both sets of data show that PMPC
has a very strong cellular interaction on the nanoscale,
leading to efficient and fast internalization. Polymersomes
were prepared 2 weeks in advance with respect to the cell
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incubation experiments. The polymersome size seems
to have no effect on how quickly pristine PEO and
PMPC polymersomes enter 100% of the cell population
(Figure 5a), but it has a remarkable effect on the number
of polymersomes internalized per cell (Figure 5b). This
latter parameter changes by 3 orders of magnitude on
varying the pristine PMPC polymersome diameter from
100 to 400 nm, with the smaller particles being much more
efficient. This suggests that PMPC chains have much stron-
ger affinity with the cell surface compared to PEO chains.

When the PEO—PDPA and PMPC—PDPA copoly-
mers are arranged in confined domains, the cellular
interaction and the uptake kinetics change dramati-
cally. While the large domain 50/50 (1:1) molar ratio
formulation displayed an endocytosis efficiency that
was intermediate between the two pristine formula-
tions, both smaller domain 25/75 and 75/25 formula-
tions showed considerably higher endocytosis

METHODS

PMPC,5—PDPA;o was synthesized and labeled with rhodamine
6G (Rh6G) as described elsewhere.*? PEO,s—PBO,, was synthesized
as described elsewhere®? and labeled with 7-diethylaminocoumarin-
3-carbonyl azide (DEAC) following the same approach described by
Luo et al>® Synthesis of PEO,;—PDPA;, has been described
previously.>* Atomic force microscopy-based adhesion force map-
ping was performed as detailed elsewhere Briefly, gold-coated,
pyramid-shape tips SiN cantilevers with kg, = 20 pN/nm (TR400PB;
Olympus; Center Valley, PA) were functionalized (Supporting Infor-
mation, Figure S1) with streptavidin using a previously established
ethanolamine—HCI and bis[sulfosuccinimidyl] substrate method.>®
Biotinylated polymersomes (PEO;4—PBO,, and biotinylated
PMPC,5—PDPA;) were immobilized on avidin-coated coverslips in
PBS and placed on an MFP-3D-BIO atomic force microscope (Asylum
Research; Santa Barbara, CA). Using custom software written in Igor
Pro (Wavemetrics; Portland, OR), samples indented in a regular array
of points with 20 nm lateral resolution or 2500 indentations/um?
over a scan area of 4 um? and with an indentation velocity of 5 um/s
(~100 nN/s loading rate). To promote biotin—avidin binding, a dwell
time of 3 s was added between tip indentation (Supporting
Information, Figure S1G; red) and retraction cycles (Figure S1; blue).
By knowing the resulting deflection and cantilever spring constant
and assuming Hookean behavior for the cantilever, deflection versus
cantilever position data could be converted into force—indentation
spectrographs.®® Data were then analyzed to determine the max-
imum adhesive force, that is, the greatest difference between the
retraction curve and baseline. Using each force measurement's x-
and y-position, data were then plotted on a map of the surface and
interpolated to generate a force spectroscopy map.

Giant polymersomes comprising binary mixtures of PMPCys—
PDPA;o and PEO,3—PBO;, were prepared by electroformation?®
using a TG315 (TTi) function generator and a homemade electro-
chemical cell. In particular, PMPC,5—PDPA;, and PEO,3—PDPA; o
were mixed at a predetermined molar ratio using a 2:1 v/v chloro-
form/methanol solution at 1 mg/mL total copolymer concentration
in the organic solvent. The Rh6G-PMPC,5s—PDPA;, and DEAC-
PEO,s—PBO,, were added to the above solutions at 5.0 mol %
concentration with respect to the total amounts of PMPC—PDPA
and PEO-PBO, respectively. Two ITO electrodes of 20 mm length
and 3 mm height were coated with 8 uL of the chloroform/methanol
copolymer solution and placed in a vacuum oven at 50 °C for 2 h
under dynamic vacuum. After drying, the two electrodes were placed
in a Petri dish at a distance of 5 mm, and an ac voltage of 1.4 V was
applied at 10 Hz while 6 mL of PBS buffer solution (pH 7.4) was
gradually added. After this addition, the voltage was increased up to
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efficiencies compared to the pure PMPC—PDPA
formulations. These two mixed formulations also
exhibited different endocytosis profiles: the 25/75
formulation attained 100% cellular uptake within a
very short time but the maximum amount of poly-
mersome uptake is relatively low, while the 75/25
formulation reached 100% cellular uptake slightly
slower but achieved a higher number of polymer-
somes per cells. These data suggest that the domain
sizes have a strong effect in regulating endocytosis
and possibly in controlling the cellular uptake
pathway. Further work is ongoing to shed more light
on the mechanistic details of polymersome endocy-
tosis. The important point here is that, by controlling
the topology of the polymersome surface, we can
readily fine-tune their cellular interaction. These
results are expected to have a substantial impact
on the design of next generation synthetic vectors.

5.5Vat 10 Hz and held constant until the end of the experiment. The
surface of the electrodes was analyzed with a LSM 510 Zeiss CLSM
instrument, exciting the samples at 488 nm with an argon laser and
at 543 nm with a HeNe laser, with synchronous scanning of the
sample. 3D images of the giant vesicles were reconstructed by
scanning different slices of the samples at different heights.

Nanometer-sized polymersomes were formed by the “swelling
and stirring” method.*? The appropriate block copolymers were
dissolved and premixed at different molar ratios in 2:1 v/v chloro-
form/methanol at 10 mg/mL total copolymer concentration in the
organic solvent. DEAC—PEO;s—PBO,, was added to the above
solutions at 5.0 mol % concentration with respect to the total
amounts of the PMPC—PDPA and PEO—PBO copolymers, respec-
tively. PMPCy5—PDPA;o/PEO,3—PDPA;( polymersomes were ob-
tained by drying the copolymer solutions in a vacuum oven at
50 °C overnight and adding 0.1 M PBS (pH 7.4) to the films at a
copolymer concentration of 5 mg/mL. The aqueous dispersions
were stirred with a magnetic stirrer at 2000 rpm for 24 h and finally
sonicated for 10 min. For flow cytometry experiments, polymer-
somes were extruded using a Liposofast extruder.

Cryogenic transmission electron microscopy analyses were car-
ried out using a FEl Tecnai G2 Spirit TEM microscope at 120 kV
varying the defocus between 10 and 40 um. A 3 uL portion of each
sample of polymersome/PBS dispersion was deposited onto holey
carbon grids at 80% humidity and 25 °C, blotted for 2 s with filter
paper, and vitrified in liquid ethane with a Vitrobot (FEI) system.

Polymersomes were stained for TEM imaging using a phos-
photungstic acid (PTA) solution prepared dissolving 37.5 mg of
PTA in boiling distilled water (5 mL). The pH was adjusted to 7.0
by adding a few drops of 5 M NaOH with continuous stirring.
The PTA solution was then filtered through a 0.2 um filter. Then
5 uL of polymersome/PBS dispersion diluted 10-fold (0.5 mg/
mL) was deposited onto glow-discharged copper grids. After 1
min, the grids were blotted with filter paper and then immersed
into the PTA staining solution for 20 s for negative staining and 5
s for positive staining. Then the grids were blotted again and
dried under vacuum for 1 min. TEM images were taken using a
FEI Tecnai G2 Spirit TEM microscope at 80 kV. The average
surface of the polymersome domains was measured by image
analysis using Gatan Digital Micrograph software.

Fluorescence spectra of 10-fold diluted polymersome disper-
sions containing a constant amount of DEAC-PEO;4-PBO,, were
acquired with a Cary Eclipse Varian spectrofluorimeter by
exciting the samples at 380 nm. All the spectra were zeroed at
650 nm and normalized relative to the maximum emission
wavelength.
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Primary human dermal fibroblasts (HDF) were isolated from skin
obtained from abdominoplasty or breast reduction operations
(according to local ethically approved guidelines, NHS Trust, Shef-
field, UK). Primary cultures of fibroblasts were established as
previously described.®” Briefly, the epidermal layer of the skin was
removed by trypsinization, and the remaining dermal layer was
washed in PBS. The dermis was then minced using surgical blades
and incubated in 0.5% (w/v) collagenase A at 37 °C overnight in a
humidified CO, incubator. A cellular pellet was collected from the
digest and cultured in (Dulbecco Modified Eagle Media) DMEM
(Sigma, UK) supplemented with 10% (v/v) fetal calf serum, 2 mM -
glutamine, 100 IU/ml penicillin, 100 mg/mL streptomycin and 0.625
ug/mL amphotericin B. Cells were subcultured routinely using
0.02% (w/v) EDTA and used for experimentation between passages
4 and 9. Cells were incubated with 2 week-aged polymer-
somes that varied in both size and copolymer ratio. After different
incubation times cells were washed three times in PBS to remove
all the unbound polymersomes and subsequently trypsinized
(using trypsin-EDTA). The cells were resuspended in PBS and
analyzed using a BD FACSArray (532 nm laser min: 10000 cells
per measurement).

Supporting Information Available: Additional figures as de-
scribed in the text. This material is available free of charge via
the Internet at http://pubs.acs.org.
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