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Lipid-Containing Polymer Vesicles with pH/Ca?*-
lon-Manipulated, Size-Selective Permeability

Wen-Chia Huang, Wen-Hsuan Chiang, Su-Jen Lin, Yu-Jen Lan, Hsin-Lung Chen,

Chorng-Shyan Chern, and Hsin-Cheng Chiu*

Polymeric vesicles attained from the self-assembly of distearin (a diacylglyc-
erol lipid)-conjugated poly(acrylic acid) (PAAc) with various distearin contents
in the aqueous phase show the capability of control over the vesicular-wall
permeability to hydrophilic solutes of varying sizes by a simple manipulation
of the external pH. The pH sensitivity of the vesicle membranes in size-selec-
tive permeability is largely dependent upon the lipid content of copolymer.

By the addition of CaCl, in aqueous vesicle suspensions, the pH-evolved
assembly structure and the membrane permeability can be immobilized

with promoted resistance to further pH alteration, along with an additional
counterion screening effect that reduces the pH required for the onset of
polar solutes of certain sizes to pass through the membranes. Small-angle
X-ray scattering (SAXS) measurements of the vesicle structure in the aqueous
phase indicate that the pH-regulated permeability to polar solutes is virtually
governed by the extent of hydration and swelling of the vesicle membranes,

the development of assemblies as carriers
and Dbioreactors for drug delivery, catal-
ysis, interface mediators, etc.™% It is in
great demand to develop polymer vesicles
equipped with functional molecular appa-
ratuses and/or the capability of under-
going pertinent morphological transitions
in response to external stimuli.l'®! For
instance, polymer vesicles attained from
the assembly of polybutadiene-block-
poly(ethylene glycol) (PEG) diblock
copolymers functionalized with nitrilot-
riacetic acid and tris(nitrilotriacetic acid)
are capable of strongly associating with
nickel(II), thereby providing specific rec-
ognition sites for the affinity adsorption of
oligohistidine-tagged proteins on vesicular
membranes.[1?]

and the lipid residues within each vesicle wall are packed into the ~4-5
repeating lamellar islet structure surrounded by PAAc segments.

1. Introduction

Self-assembly of amphiphilic copolymers into a vesicle struc-
ture (polymersomes) has attracted a great deal of interest due
to their unique, well-controlled morphology in mimicking
biological membranes, and potential applications as vehicles
for needs where biphasic separation is required. These include
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The transmembrane permeability is
another important issue in the design of
functional polymer vesicles. This can be
achieved simply by the incorporation of
pore-forming proteins within vesicular membranes.['***° The
permeation of hydrophilic solutes can be either size selective or
substrate specific, depending mainly on the transport mecha-
nism of the inserted proteins. It is readily realized that the
modulation of the membrane permeability achieved via the var-
iation of the medium conditions (such as pH, temperature or
chemicals) or external stimuli (temperature or magnetic field)
can be advantageous, since this approach provides feasibility in
controlling the functionality and promoting performance in a
real-time, tunable manner.>11-16-18] Effective liberation of encap-
sulants from polymeric hollow spheres via structural responses
in wall permeability enhancement or assembly dissociation to
environmentally sensitive chemical reactions (oxidation, redox
or hydrolysis) has been reported.'*2% Many studies have dem-
onstrated that a pH-induced change in the extent of the proto-
nation of the ionizable groups within the copolymers that con-
stitute the polymer vesicles allows a structural transformation
in the vesicle walls, thereby leading to a dramatic change in
the membrane permeability to hydrophilic cargoes.?*3% Rep-
resenting an important paradigm of this kind, polymer vesi-
cles obtained from the self-assembly of the triblock copolymer
PEG-block-polystyrene-block-poly(2-diethylaminoethyl methacry-
late) (PDEA) have been shown to be capable of breathing (i.e.,
undergoing dramatic vesicle volume change) in response to pH.
This was ascribed mainly to the pH-evolved water permeability
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intimately associated with the protonation at o d=n /4'—\\ —
high pH of the PDEA blocks that were origi- éH <|) Self-assembly into ((( H,0 )\ = \\
nally embedded as part of the hydrophobic 1 polymer vesicles // ((( H.0 ,
regions within the vesicle walls.?8! In our pre- CH o == =) 4
vious work, polymer vesicles attained from CIH_c,_<|§_(c|.|2.)_c;|.|3 2= ==
the self-assembly of a copolymer composed - ’-§\
of poly(acrylic acid) (PAAc) functionalized CHZ_O—E_(CHZ')%CH" ((( H,0 /,
with 1,2-distearoyl-rac-glycerol (distearin) in Distearin-conjugatedpaly(agylicacid) copolymers \\"_'y/
an aqueous solution at pH = 5.0 were found Poly( acrylic acid-co-distearin acrylate)
to be capable of undergoing structural trans- . o
formations that enhance the vesicular mem- o e . : 2 ? 2
brane permeability to calcein, a low-molec- o = e
ular-weight hydrophilic solute, in response to : VT ESR Soiiies,
a dramatic pH change from 5.0 to 8.0.5% = ',' e e o . Sl

Herein, we show the first example of =N i caicein. =l
polymer vesicles with tailored membrane per- (((F'\ f ﬁ\\ o, v - A

meability to polar cargoes in a wide molecular

association of surface-active AAc-based
copolymers prepared by the esterification
of PAAc to varying degrees with distearin
species (giving rise to a type of copolymer
of AAc and distearin acrylate (DSA)).
The pronounced effect of the DSA content
of these copolymers on the susceptibility of
the polymer vesicles in the size-selective per-
meability to pH is demonstrated. Through
subsequent addition of CaCl, in aqueous
vesicle suspensions, the pH-evolved vesicle structure could
be immobilized, thereby leading to a stable vesicle structure
with size-selective permeability to polar solutes with respect
to further pH variation. This was notably accompanied with
an additional counterion screening effect that reduced the pH
required for the onset of polar solutes of certain sizes across
the vesicle membranes. The pH-regulated permeability to polar
solutes was governed by virtue of the hydration and swelling of
the vesicle membranes, within which the lipid residues were
arranged into a lamellar islet morphology surrounded by PAAc
chain segments piling in a primary stack of =4-5 layers. This
was confirmed by small-angle X-ray scattering (SAXS) measure-
ments of the vesicle structure in the aqueous phase. The results
obtained from this study are expected to provide a fundamental

co-DSA)).

\
J

weight range =600-70 000 g mol ™' in response = &~
to an external pH change. The polymer vesi- bpermealile s
cles were developed from the spontaneous at pH 5.0

(O

Size-selective membrane permeability I
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Scheme 1. Schematic illustration of polymer-vesicle assemblies equipped with pH-evolved
size-selective permeability from self-association of hydrophobically modified PAAc (poly(AAc-

insight into the microstructural aspects of these novel polymer
vesicles.

2. Results and Discussion

Four copolymers with PAAc as the backbone, in which the AAc
residues were partially conjugated with distearin to different
extents via ester linkages, were employed for the vesicle prepa-
ration in this study. The copolymer structure is illustrated in
Scheme 1. The synthesis recipes, compositions and average
molecular weights of these copolymers are summarized in
Table 1. Each copolymer is referred to by a copolymer identi-
fication code hereinafter. For example, PAAc-d8 refers to the

Table 1. Recipes, compositions and average molecular weights of the lipid-conjugated PAAc copolymers.

Copolymer Reaction feed DSA in copolymer M,
[mol%] NAS/distearin [mol%] [g mol™]
TH-NMR spectroscopy Elemental analysis
PAAc-d8 100/8 81+0.6 7.8+£0.8 4.28 x 10*
PAAc-d12 100/12 12.8+1.1 123+0.8 5.19 x 10*
PAAc-d15 100/15 17.2+1.9 15.4%0.7 5.87 x 10*
PAAc-d18 100/18 228122 18.3+1.0 6.50x 10*

#Estimated by theoretical calculations as follows: backbone M,, = 25000 (g mol™") (M,, of PAAc by the GPC measurement after thorough hydrolysis of PNAS) + number of

DSA x 679 (M,, of DSA).
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copolymer comprising approximately 8 mol% of DSA and
92 mol% of AAc residues. The compositions were determined
by both 'H-NMR spectroscopy and elemental analysis in dupli-
cate. The composition data for PAAc-d8 and PAAc-d12 were
rather consistent between the two techniques. However, sig-
nificant deviations in the copolymer composition occurred for
PAAc-d15 and PAAc-d18, primarily as a result of self-associa-
tion of the samples (most probably into the reversed micelle
form) in CDCl; at ambient temperature during the ! H-NMR
spectroscopy characterization. This was confirmed by dynamic
light scattering measurements (data not shown). The DSA
contents in the copolymers were slightly higher than the corre-
sponding molar ratios of the distearin to the N-acryloxysuccin-
imide (NAS) residues of polyNAS (PNAS) in the reaction feed.
This was most likely caused by the thorough dialysis process
for the purpose of purification. Being subjected to the double-
emulsion (w;/o/w,) process, the copolymers could assemble
supramolecularly into polymer vesicles in the microscale size
range. Figure 1la—d shows laser-scanning confocal microscopy
(LSCM) images of the four types of polymer vesicle in aqueous
suspension. The vesicles in the images were revealed by the
fluorescence of Nile red as a nonpolar probe associated with
the vesicular membranes. The SEM images in Figure le and
1f also indicate the morphology of the lyophilized assemblies
in hollow, spherical form. Being rather independent of which
copolymer was used, the particle sizes were approximately
3.2 um in radius, on average, estimated from at least 800 vesi-
cles of the same batch by optical microscopy. Effective control
of the vesicle size over a wide range from 1 to 15 um could
be attained simply by adjusting the tetrahydrofuran (THF)/
CHCI; ratio, used as the organic phase during emulsification,
as reported in our previous work.B

The formation of polymeric vesicles is largely governed by
the balance of the hydrophilic/hydrophobic fractions of the
ampbhiphilic copolymers employed.?!! In this study, the vesicle
formation was driven by the hydrophobic packing of the dis-
tearyl tails of the DSA residues within the copolymer into the
bilayer (or interdigitated) structure.3% The un-ionized PAAc
backbone segments could enhance the vesicle stability via
extensive chain entanglement, hydrogen bonds and the spa-
tial connections of the relatively closely packed lipid regions
that they surrounded. Meanwhile, these slightly hydrated, un-
ionized PAAc domains played a responsive role in triggering
the morphological changes of the vesicular membranes upon
alteration of the external pH. With the polymeric vesicles being
produced in an aqueous solution of pH 5.0, those ionized AAc
units resided mostly on the outer and inner surfaces of the
vesicle membranes and thus prevented the vesicles from aggre-
gating by the electrostatic repulsion mechanism (detailed struc-
tural analysis will be described below).

The permeability across the membranes of the vesicles
prepared in aqueous solution at pH 5.0 (acetate buffer) to
hydrophilic solutes was rather limited, irrespective of the
copolymer and the hydrophilic fluorescence probe (including
calcein (M,, = 622.6 g mol™!) and fluorescein isothiocyanate-dex-
trans (FD) (series of 4, 10, 20, 40, 70 and 150 kDa)) employed in
this study. Figure 2a illustrates the severe prohibition in the per-
meation of calcein (M, = 622 g mol™) acting as a hydrophilic
probe across the membranes of the vesicles produced from
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Figure 1. a—d) LSCM images of the Nile red-stained polymeric vesi-
cles from self-assembly of the copolymers PAAc-d8 (a), PAAc-d12
(b), PAAc-d15 (c) and PAAc-d18 (d) in aqueous solutions with a pH of 5.0.
e—f) SEM images of the lyophilized PAAc-d12 (e) and PAAc-d18 (f) hollow
spheres.

PAAc-d8 at pH = 5.0. Similar results were also observed for the
vesicles attained from the rest of the copolymers with higher
DSA contents at pH = 5.0. This was obviously due to the rela-
tively dense supramolecular packing of the copolymers into
such a vesicular structure, with great integrity, which retarded
the probe species from freely penetrating through the mem-
branes. With the external pH being gradually increased to 6.8,
the PAAc-d8 vesicles became permeable to calcein, as illustrated
in Figure 2b. When the external aqueous solution of pH 6.8
was replaced with fresh acetate buffer of pH 5.0 (in the absence
of calcein) within 2 h, the permeation process was again pro-
hibited and the calcein was thus confined within the internal
aqueous compartments of the vesicles (Figure 2¢). A further
increase in the pH of the medium of the PAAc-d8 vesicles to
7.4 enhanced the permeability and allowed FD4k and FD20k to
pass through the vesicle membranes in addition to the calcein.
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Figure 2. a—c) LSCM images and fluorescence intensity profiles of Nile red-stained PAAc-d8 vesicles in aqueous suspensions: on the addition of cal-
cein at pH = 5.0 (diffusion into the vesicles is prohibited) (a); after pH adjustment to 6.8 (diffusion into the vesicles becomes feasible) (b); and after
replacement of the external aqueous solution of pH 6.8 with fresh buffer of pH 5.0 (calcein is confined within the vesicles) (c).

However, vesicles assembled from PAAc-d12, PAAc-d15 and
PAAc-d18 remained impermeable to calcein at pH = 6.8. The
membrane permeability to calcein commenced at a higher pH
of 8.0 for the PAAc-d12 vesicles. It was additionally enhanced
when the pH was further increased from 8.0 to 8.8, at which
point it became permeable to FD4k as well. In the still higher
pH range of =8.8-9.5, the PAAc-d12 vesicle walls remained
permeable to calcein and FD4k, but the passage of FD probes

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

of higher molecular weights (FD20k and above) was severely
restricted. In contrast, vesicles produced from PAAc-d15 and
PAAc-d18 remained impermeable to calcein in the pH range
of =5.0-9.5. Because hydrolysis of the ester linkage between the
distearin and the PAAc backbone of the copolymers most likely
takes place at high pH (i.e., above 9.5) by specific base catalysis,
this degradation process inevitably leads to chemical disrup-
tion of the vesicle structure and, thus, severely restricts further

Adv. Funct. Mater. 2012, 22, 2267-2275
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observations of vesicular permeability changes induced simply
by the pH-evolved ionization of the AAc residues.

The above-mentioned results demonstrate that the vesicle-
membrane permeability to hydrophilic cargoes of varying sizes
was regulated simply by adjusting the pH of the medium. In
addition, the susceptibility in this size-selective membrane per-
meability to pH was virtually governed by the DSA content of
the copolymers used for the vesicle preparation. Furthermore,
it was desirable to have a pH-evolved vesicle membrane struc-
ture that could be prominently immobilized, along with the
preserved size-selective permeability, irrespective of further
pH alteration. This could be achieved simply by the addition
of CaCl, (5.0 x 1073 m) into the aqueous vesicle suspensions
immediately after the pH adjustment of the medium. The pH-
evolved permeability of polymer vesicles could thus become
invariable with either an increase or a decrease in the external
pH. It should be noted that, by the addition of the CaCl,, the
onset pH that induced the free passage of calcein (which had
the smallest size of the hydrophilic fluorescence probes uti-
lized in this work) through the vesicle membranes decreased
accordingly (e.g., from pH = 6.8 to pH = 6.3 for the PAAc-d8
vesicles). Similarly, the onset pH that allowed calcein to pen-
etrate through the membranes of the PAAc-d12 vesicles was
reduced from 8.0 to 7.8. Interestingly enough, the PAAc-d15
vesicles, with relatively dense membranes that were originally
impermeable to all of the fluorescence probes in the pH range
of =5.0 9.5, became permeable to calcein at an onset pH of 8.5
when they were exposed to Ca?* ions at a concentration of 5.0
x 1073 M. In contrast, the PAAc-d18 vesicles remained inacces-
sible to calcein and all of the FD fluorescence probes chosen for
the study in the pH range of =5.0-9.5, irrespective of the pres-
ence or absence of CaCl,. The response of the permeability of
the polymer vesicles in a polar solute to the pH change became
more pronounced by the addition of CaCl,, as compared with
that in the absence of Ca?" ions. For example, PAAc-d8 vesicles
allowed FD4k, FD40k and even FD70k to diffuse through the
membranes at corresponding onset pH values of 6.8, 7.2 and
7.4, respectively (Table 2 and Figure S1, Supporting Informa-
tion). A similar effect of Ca?* cations on the PAAc-d12 vesicles
for free membrane passage of FD4k in the pH range of =8.8—
9.5 was observed. However, FD20k and those of larger sizes
remained incapable of diffusing through the PAAc-d12 vesicle
membranes. The membranes of the PAAc-d15 vesicles, which

Table 2. The pH-evolved permeability of the polar fluorescence probes
across the vesicle membranes in the presence of CaCl, (5.0 x 1073m),
examined by LSCM. The numerical values represent the onset pH for the
permeation of the fluorescence solute across the vesicular membranes.
The PAAc-d18 vesicles were impermeable to all of the fluorescence sol-
utes employed in the pH range of =5.0-9.5. Diffusion of FD150k across
the vesicular membranes was prohibited by all of the polymer vesicles in
the pH range of =5.0-9.5.

Vesicles calcein FD4K FD20K FD40K FD70K
PAAc-d8 6.3 6.8 7.2 7.2 7.4
PAAc-d12 7.8 8.8 NA NA NA
PAAc-d15 8.5 NA NA NA NA

2 Not applicable/impermeable.

Adv. Funct. Mater. 2012, 22, 2267-2275

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

became accessible to calcein by the addition of CaCl, at pH =
8.5, still retained a structure that was impermeable to all of the
FD fluorescence probes in the pH range of =8.5-9.5, in spite
of the presence of Ca’* ions. The pH dependence of the polar
fluorescence probes permeating through the membranes of the
polymer vesicles produced from the copolymers comprising
various DSA contents is summarized in Table 2. The pro-
nounced effect of the Ca?* ions on the cooperatively enhanced
permeability of the vesicle membranes accompanying the
external pH manipulation was caused by the screening action
of counterion pairings.??l Appreciable condensation of the ion-
ized PAAc backbone segments, originally acting as a blockade
to solute penetration through the vesicle membranes, occurred,
thus rendering the pH-evolved passage routes within the vesicle
membranes as being more spacious for the facile transport of
hydrophilic cargoes of larger sizes.

As mentioned above, after the desired membrane perme-
ability had been attained by pH adjustment, the subsequent
addition of Ca?" ions into the aqueous vesicle suspensions could
prominently immobilize the vesicle structure and maintain the
satisfactory membrane permeability as well. The vesicle mem-
branes could thus become permeable only to calcein at either
pH =5.0 or 9.5. Taking the PAAc-d8 vesicles as an example, the
goal could be achieved simply by the adjustment of the external
pH to 6.3 and then the addition of CaCl,. This was followed by
a further change in the external pH from 6.3 to either 5.0 or
9.5. Similarly, except for FD150k, the polar fluorescence probes
exploited herein became capable of freely diffusing across the
membranes of the PAAc-d8 vesicles in the full pH range of
=5.0 -9.5 upon the pH/Ca?"-based manipulation of the mem-
brane structure. The immobilization of the vesicle structure by
Ca’* ions was caused primarily by partial cross-linking of the
polymer chain segments arising from the electrostatic attrac-
tion of divalent cations with the ionized carboxylate groups of
the AAc residues. A similar effect of Ca?* ions on the trans-
formation of alginate in the aqueous phase from the dissolved
state to the gel state is well documented.?*** In contrast, this
“lock-up” action of Ca?t ions on the vesicle structure and per-
meability could be readily released by further addition of, for
example, ethylenediaminetetra-acetic acid (EDTA) into the
aqueous vesicle suspensions at a concentration of 3.0 x 1073 m.
The capability of the resultant vesicles of undergoing the mem-
brane structure transformation and the corresponding perme-
ability regulation in response to external pH changes were then
restored. This was caused primarily by the replacement of AAc
carboxylates with EDTA for cationic chelation and, thus, the
release of the lock-up action in the vesicle structure.

The membrane structure of the polymer vesicles as a func-
tion of pH, developed herein, was further investigated by SAXS.
Figure 3 shows the SAXS profiles of the vesicles having three
different DSA contents, at pH = 5.0 in the presence of Ca’
ions (5.0 X 1073 m) in the aqueous phase. The scattering pro-
file of the PAAc-d8 vesicles exhibits sharp characteristic Bragg
peaks (nd = 2dsin®, n = 001, 002, 003...), thereby illustrating a
repeated lamellar structure within the single-wall membrane of
each vesicle, with the lamella number in the range of =4-5 and
an interlamellar d-spacing (27/q, where q denotes the scattering
vector) of approximately 7.04 nm.1*>3% The lamella number was
estimated by the Debye—Scherrer relation, L, = 27/Aq, where
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Figure 3. SAXS profiles of polymer vesicles with different DSA contents in
aqueous solutions at pH = 5.0 in the presence of CaCl, (5.0 X 1073wm).

Aq is the experimental full width at half-maximum (FWHM) of
the (001) Bragg peak in q space.’”38 The average domain size
of the multilayers (vesicular membrane thickness), L, thus
obtained was approximately 31.0 nm. This gave rise to vesicle
membranes with an =4-5 (4.4 on average) repeating-lamella
morphology. These data strongly suggest that the lamellar
phases, in which each comprised alternating DSA bilayer islets
and relatively more hydrated AAc-rich domains, were built up
repeatedly into a multilayer structure with a periodicity d =
27/qoo1 = 7.04 nm.

The SAXS profiles displayed broader scattering peaks at g =
0.079 and 0.078 A~ for the PAAc-d8 vesicles in aqueous phases
with pH = 6.8 and 7.4, respectively, than that at g = 0.089 A~' and
pH = 5.0; meanwhile, the Bragg pattern still remained notable
(Figure 4). The feature spacing of the multilayer structure was
enlarged from 7.04 to 8.00 (or to 8.08) nm corresponding to a
change of pH from 5.0 to 6.8 (or to 7.4), while the assembly

2
10 PAAc-d8 vesicles
/ —o—pH 5.0 (5.0 mM CaCl,)
10" 5 —e— pH 6.8 (5.0 MM CaCl,)

—4—pH 7.4 (5.0 mM CaCl,))

I1(q) (em™)

Figure 4. SAXS profiles of the PAAc-d8 vesicles in aqueous suspensions
at pH = 5.0, 6.8 and 7.4 in the presence of CaCl, (5.0 x 107m).
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was maintained in a vesicular structure, as confirmed by LSCM
(Figure S1, Supporting Information). In addition, the character-
istic scattering peak of the PAAc-d8 vesicles in the SAXS pro-
files was somewhat broadened as the pH was increased from
5.0 to 7.4 (Figure 4), implying that the PAAc-d8 vesicle mem-
brane underwent a morphological transition from originally 4
or 5 layers to a mixture with fewer repeating lamellae. It is pos-
tulated that, with the self-association of the copolymer into a
vesicle morphology at pH = 5.0, the membranes are composed
of a discrete multilayer architecture (with =4 -5 layers), built up
of alternating DSA bilayers and interfacial AAc-rich domains
that are intimately surrounded by transmembrane, un-ionized,
AAc-rich regions within the interior of the membranes. The
ionized AAc units are mostly accommodated on the most outer
and inner membrane surfaces. When the pH of the medium
is raised, the ionization degree of AAc residues is increased
accordingly. As a consequence, the AAc-rich domains become
more hydrated and swollen, inevitably leading to the expan-
sion of the interlayer spacing of the multilamellar structure,
or even a slight disruption of the multilayer structure, which
occurs exclusively in the PAAc-d8 vesicles (due to the lowest
DSA content among all of the copolymers investigated in this
study). Acting as pH-responsive channels, the transmembrane,
AAc-rich regions also become accessible to hydrophilic cargoes
of certain sizes, which can penetrate through the membrane as
the ionization extent is increased. Scheme 1 represents a sche-
matic model for the pH-evolved morphological transformation
and the formation of size-selective channels within the vesicle
membranes.

In spite of the absence of the Bragg pattern that has been
frequently observed for the multilamellar lipid bilayer structure
in the aqueous phase,?**% the SAXS profiles of the PAAc-d12
and PAAc-d15 vesicles showed rather sharp scattering-inten-
sity peaks at higher q positions, compared with those of the
PAAc-d8 vesicles at pH =5 (Figure 3). This suggests that both
the PAAc-d12 and PAAc-d15 vesicles were in the multilayer
form, with reduced interlayer d-spacings (6.29 and 6.19 nm, as
characterized by scattering peaks at g = 0.100 and 0.102 A",
respectively). The interlayer d-spacing of the PAAc-d8 vesicles
was 7.04 nm, as determined from the scattering peak at q =
0.089 A~'. The decreased lamellar d-spacing resulted primarily
from the reduced dimensions of the AAc-rich domains residing
within the interfacial regions among the distearin lamellae, by
virtue of a decrease in the AAc residues that were available for
formation of these microdomains, along with the copolymers
comprising increased DSA units. This is in agreement with
the observation that the higher the DSA content of the copol-
ymer was, the higher was the pH required to induce sufficient
ionization of the AAc residues and disrupt the close packing of
the PAAc backbone segments with the lipid bilayer structure
within the vesicle membranes. On the other hand, based on
the Debye—Scherrer postulation, the PAAc-d12 vesicle mem-
brane with L, = 25.1 nm, calculated from the FWHM of the
first-order lamellar peak in Figure 3, was composed of approxi-
mately four repeating polymer layers, comparable with that of
the PAAc-d8 vesicles at pH = 5.0. For the PAAc-d15 vesicles,
the primary scattering peak of the SAXS profiles was slightly
broader than that of PAAc-d8 vesicles at pH = 5.0. Because of
the increased hydrophobicity of the vesicle-membrane structure

Adv. Funct. Mater. 2012, 22, 2267-2275
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Figure 5. a,b) SAXS profiles of PAAc-d12 (a) and PAAc-d15 (b) in aqueous

suspensions at pH = 5.0 and 9.5, respectively, in the presence of CaCl,
(5.0 X 1073wm).

with increasing DSA content of copolymer, the interior of the
vesicle membranes became more immensely dehydrated and
solidified at a faster structural development rate. This would
then lead to the collapse of the lamellae in the absence of the
full transition from a disordered to an ordered arrangement
of the multilayer structure. This was accompanied by a slight
increase in the breadth of the multilayer distribution and the
limitation of precisely evaluating the FWHM from the SAXS
profile, and thus the lamellar number.

Note that PAAc-d12 and PAAc-d15 vesicles retained the mul-
tilayer architecture (essentially unchanged) within each wall
membrane in the pH range of =5.0 -9.5, as evidenced by their
relatively sharp scattering peaks in the SAXS profiles, in spite
of the absence of the Bragg pattern (Figure 5). This reflects the
enhanced membrane integrity of the vesicles produced from
the copolymers with higher DSA contents against the external
pH fluctuation. However, Figure 5a shows that the PAAc-d12
vesicle membranes became slightly swollen (which most likely
occurred in the AAc-rich domains) in response to a pH change
from 5.0 to 9.5, thereby leading to the increased d-spacing fea-
ture of the multilayer structure from 6.29 to 7.06 nm. Such a
pH-evolved change in the membrane morphology allowed the
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permeation of FD4k across the vesicular membranes. On the
other hand, the difference in the g positions associated with
the characteristic scattering peaks in the SAXS profiles of the
PAAc-d15 vesicles at pH = 5.0 and 9.5 was rather insignificant
(Figure 5b). This implies only a negligible variation in the prom-
inently stabilized multilayer arrangement, with the d-spacing
remaining approximately unchanged at approximately 6.19 nm,
even though pH-induced hydration of the AAc-rich regions
(particularly within the transmembrane zone) occurred to some
extent. As expected from the interlayer d-spacing characteriza-
tion, the layered structure of the PAAc-d15 vesicle membranes
still remained closely packed, and the slightly swollen AAc-rich
regions solely allowed small fluorescence probes such as calcein
to pass through in response to a pH change from 5.0 to 9.5.

3. Conclusions

Polymeric vesicles attained from the spontaneous association
of copolymers comprising AAc and different levels of DSA
residues in the aqueous phase showed controllable membrane
permeability to hydrophilic solutes of various sizes by simple
manipulation of the external pH. The pH-evolved size-selective
permeability of the vesicular membranes was virtually governed
by the DSA content of copolymer and the addition of Ca?" cat-
ions. By the addition of CaCl, into the aqueous vesicle suspen-
sions immediately after the pH adjustment of the medium, the
pH-evolved assembly structure was immobilized accordingly.
Under these circumstances, the permeability became pH-inde-
pendent, along with an additional counterion screening effect
that somewhat enlarged the passage routes in the spaces within
membranes for polar solutes to pass through. SAXS measure-
ments of the vesicle structures in the aqueous phase indicate
that the pH/Ca?" -ion-induced permeability was governed by
the extent of hydration and swelling of the vesicle membranes
in an =4-5 repeating lamellar morphology.

4. Experimental Section

Synthesis and  Characterization of Lipid-Containing  Copolymers:
PNAS was prepared by radical polymerization of NAS in N,N-
dimethylformamide (DMF), using 2,2’-azoisobutyronitrile (AIBN) as an
initiator, at 60 °C for 20 h, with stirring under a nitrogen atmosphere.
The PNAS was purified by precipitation twice from acetone, collected by
filtration and then dried in vacuo.*1#2 Poly(AAc-co-DSA) was obtained
firstly by partial transesterification of the PNAS with distearin in a
dimethyl sulfoxide (DMSO)/pyridine (1/2, v/v) solution at 60 °C for
72 h in the presence of 4-dimethylaminopyridine as a catalyst. This was
followed by thorough hydrolysis of the unreacted NAS residues of the
copolymer into the AAc units at 40 °C for 5 d by addition of 2-amino-2-
hydroxymethyl-propane-1,3-diol (tris) buffer (pH = 8.5; an equal amount
to the original reaction solution volume) into the polymer solution. The
crude product was then subjected to dialysis (Spectra/Por molecular
weight cut-off (MWCO) = 6000-8000) at 4 °C under stirring against
DMSO/THF solution (2/1, v/v) for 5 d and then deionized water for
7 d, in sequence. The final product was collected by lyophilization.
The polymer structure was characterized using 'H-NMR spectroscopy
(Varian Unity Inova-600, 600 MHz) in CDCl; at ambient temperature,
using DMF in a sealed capillary coaxially placed within the sample
tube as the external standard (representatively illustrated in Figure S2,
Supporting Information). The calibration established for calculating the
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polymer composition was obtained from the relative signal integrals
of the distearin in CDCl; (six concentrations) at § = 0.865 ppm, with
respect to the integral of DMF at § = 8.49 ppm. The compositions were
also determined by elemental analysis on the oxygen and carbon atoms
of the copolymers, after thorough sample drying under vacuum. The
purity was confirmed by gel-permeation chromatography (GPC) (Agilent
1100, PL-gels columns in series: GP-503; separation range 500-60k and
GP-504; =10k-600k) using THF as the eluent at a flow rate of 1.0 mL
min~' under refractive-index (RI) detection (Agilent 1100). The weight-
average molecular weight (2.5 X 10* g mol™") and polydispersity (1.68)
of the resulting poly(AAc), after thorough hydrolysis of the PNAS,
which was employed as a reactive polymeric precursor for covalent
attachment of distearin throughout this study, were determined by GPC
(PL-Aquagel-OH columns in series: GF083; 100-30k, GF084; 10k—200k,
and GF086; 200k—10M, calibrated with poly(sodium acrylate) standards)
using boric buffer (0.1 m NaCl, pH = 9.0) as the eluent at a flow rate of
1.0 mL min~" under RI detection. The average molecular weights of the
copolymers were obtained from the molecular weight of PAAc and the
molar contents of DSA within the copolymers.

Polymer-Vesicle Preparation: The polymer vesicles were prepared
according to a method described elsewhere, with slight modification.%
The copolymer (5.0 mg) was firstly dissolved in an organic cosolvent
system (5.0 mL) comprising THF and chloroform (20/80, v/v). The
solution was then vigorously mixed with an acetate buffer solution (ionic
strength 0.01 m, pH = 5.0, 2.5 mL) using a homogenizer (lka, T18) at
6000 rpm in an ice/water bath for 4 min to produce an intermediate w/o
emulsion. The emulsion was immediately added into excess acetate buffer
(identical to the wy phase) at 20 °C with magnetic stirring to develop a
wy/o/w, emulsion. The stirring continued until complete removal of the
organic solvents (no detectable cosolvents after approximately 6 h). The
resultant aqueous vesicle suspension was concentrated by ultrafiltration
to give a final volume of approximately 5 mL.

Polymer-Vesicle Characterization: The permeability of the polymer-
vesicle membranes to hydrophilic solutes of varying sizes as a function
of the external pH was conducted on a Carl Zeiss LSM510 LSCM with
a Plan-Apochromat 63-oil immersion objective (numerical aperture
(NA) = 1.4) and Pascal software. The vesicle suspensions were stained
with Nile red (Ae, = 543 nm, Aep, = 600-700 nm) (2.0 x 1077 m) as the
hydrophobic membrane-associated probe. The pH of the medium
was adjusted from 5.0 (at which the vesicles were produced) to the
desired value using 0.1 N KOH. For the experiment regarding vesicle
structure immobilization by Ca?" ions, CaCl, was added to the vesicle
suspension to a final concentration of 5.0 X 10 m immediately after
the pH adjustment to the prescribed value. This was followed by the
addition of a water-soluble fluorescence probe serving as a polar cargo
into the polymer vesicle suspension. Images of water-soluble probes
in the vesicle suspensions obtained from LSCM with an excitation
at 488 nm and emission range of =505-550 nm were superimposed
with those attained from Nile red for the permeability evaluation.
The number-average size of the polymer vesicles on the micrometer
scale was evaluated on the basis of at least 800 vesicles, from images
from an inverted optical microscope (Olympus, IX70) equipped with
a digital camera (Canon), using Image-Pro Plus software (version
4.5, Media, Cybernetic). Examination of the dried, hollow polymer
microspheres was conducted using a JEOL JSM-6700F field-emission
scanning electron microscope (FE-SEM) after the lyophilized samples
were coated with Au. For the SAXS analysis, samples were run at
beamline 23A1 at the National Synchrotron Radiation Research Center
(NSRRC), Hsinchu, Taiwan. For the SAXS experiments, the energy of
X-ray source was 14 keV. The scattering signals were collected using a
MarCCD detector with a pixel resolution of 512 x 512. The scattering
intensity profiles were depicted from the scattering intensity (/) versus
scattering vector, q = (4m/2)sin(6/2) (where 0 is the scattering angle),
after corrections for solvent background, sample transmission, empty
cell transmission, empty cell scattering and the detector sensitivity.*’]
For the static experiments, small amounts of the polymeric vesicular
suspension (5.0 mg mL™") at a preset pH were placed in the center
of a steel washer, closely sealed with Kapton tape and run for 5 min.
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All of the data were normalized and the background corrected before
analysis.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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