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Abstract: Vesicles have attracted considerable attention recently because of many potential applications
as well as intrinsic interest in the structures. The incorporation of various particles into vesicle walls has
also received attention. One of the unsolved problems, in this context, is the controlled incorporation of
particles into only the central portion of the vesicle walls, i.e. approximately halfway between the external
and internal interfaces. In this paper, we describe a general method for the incorporation of particles into
only the central portion, i.e. central 10—20%, of the vesicle walls. The strategy involves the use, as coatings
on the particles, of diblock copolymers of a structure similar to that of the vesicle formers, which allows the
particles to be preferentially localized in the central portion of the walls.

1. Introduction

Block copolymer vesicles, prepared by supermolecular self-
assembly of amphiphilic block copolymersin selective solvents,
have attracted considerable attention due to the number of
potential applications in the pharmaceutical, medical, and
catalysis fields, as well as the academic interest in such
structures,*2* which are frequently referred to as polymer-
somes.* Some of the applications are related to the increased
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thickness, rigidity, and stability of the vesicle membranes
compared to those of classical liposomes*® The potential
applications of vesicles mostly rely on the presence of hydro-
philic cavities, which offer a possibility for the encapsulation
of various hydrophilic substances.?> * Vesicle wall incorpora-
tion is another important issue, because it may open up
additional potential applications for vesicles by permitting the
simultaneous incorporation of particles into vesicle walls, e.g.
hydrophobic, labeled, or catalytic species, such as quantum dots
(QDs), aong with the hydrophilic species in the cavities.

For the reasons mentioned above, the incorporation of
particles into vesicle walls has attracted considerable interest,
and a number of attempts have been made to achieve it in spite
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of many technical challenges®* % Lecommandoux et al.
focused on embedding iron oxide nanoparticles (NPs) stabilized
with a phosphoric diester type surfactant into the walls of
vesicles formed by polybutadiene-block-poly-(glutamic acid)
(PB-b-PGA) copolymers using a cosolvent self-assembly ap-
proach; they observed deformable vesicle-like membranes
containing iron oxide NPs by transmission electron microscopy
(TEM).®®3" Armes et a. obtained gold-decorated vesicles
formed by poly(ethylene oxide)-block-poly[2-(diethylamino)et-
hyl methacrylate-stat-3-(trimethoxysilyl) propyl methacrylate]
[PEO-b-P(DEA-stat-TMSPMA)] copolymers using an in situ
formation approach.®3° McCormick et al. obtained gold-
decorated vesicles formed by poly[2-(dimethylamino) ethyl
methacrylate-block-(N-isopropylacrylamide)] (PDMAEMA-b-
PNIPAM) copolymers also using the in situ formation method.*
Forster and co-workers focused on the incorporation of Fe;O,
NPs into the walls of vesicles formed by polyisoprene-block-
poly(ethylene oxide) (PI-b-PEQO) or poly(2-vinylpyridine)-block-
poly(ethylene oxide) (P2VP-b-PEO) copolymers employing a
film rehydration method; they obtained mostly multilamellar
vesicles with Fe;O, NPs as bridges between lamellae, and with
occasional wall incorporation.** Binder and co-workers studied
the embedding of gold or CdSe NPs into the walls of vesicles
formed by polybutadiene-block-poly(ethylene oxide) (PB-b-
PEO) copolymers also using the film rehydration method.**43
Maskos et al. investigated the encapsulation of CdSe/CdS/ZnS
QDs into PB-b-PEO vesicle walls, again using the film
rehydration method; they observed QDs inside the walls.** In
many of these cases, the particles and the vesicle walls are of
comparable size or, in some cases, comparable contrast.
Therefore, it is frequently difficult from the EM micrographs
to see the localization of the particles in any detail within the
walls, i.e. to determine whether they are on or near the surface
of the wall or how deeply below the surface they are located.
In the case where the vesicle wall thickness is large enough
relative to the particle size and the contrast is good, a more or
less random distribution of the particlesin thewall is observed.*®
The controlled localization of particles exclusively in the middle
portion, i.e. central 10—20% of the vesicle wall, leaving the
ca. 40—45% of the wall near both the internal and external
interfaces free of particles, has not been achieved as yet.

It should be pointed out that a previous simulation*® and
subsequent experiments*® on lamellar phases of diblock co-
polymersin bulk showed that the localization of polymer coated
particles near the center of the polymer domain compatible with
the particle surface coating is possible. It was suggested that
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localizing polymer coated particles near the center of the
compatible polymer domain sacrifices th etranslational entropy
of the particles but avoids an even larger chain stretching penaty
incurred by distributing particles throughout the domain.*>4®

Our group has explored the encapsulation of dendrimer
molecules (G4-NH; PAMAM) into the walls of vesicles formed
by polystyrene-block-poly(acrylic acid) (PS-b-PAA) copolymers,
applying the cosolvent self-assembly method.*”*® It was found
that the dendrimer molecules combined with the PS-b-PAA
copolymersin various proportions to form arange of aggregates,
including hydrophobic “ multiple dendrimer core micelles’ with
PS blocks on the outside, as well as hydrophilic “multiple
dendrimer core inverse onion micelles” with hydrophilic PAA
blocks as the outer corona covering an intermediate PS bridging
layer; such structures were found to be embedded into the vesicle
walls.*®

Building on these results, we attempted to develop general
methods of incorporating particles into the middle portion of
vesicle walls. Our preliminary attempt involved electron dense
NPs coated with a hydrophobic homopolymer, i.e. PS. The
attempt was unsuccessful and led to precipitation or large
compound micelle formation in contrast to the situation in bulk
lamellar phases of block copolymers.*>¢ To force the NPs into
the central portion of vesicle walls, in the next step, two types
of electron dense NPs were prepared, both of which have a
coating of diblock copolymers of the same or similar composi-
tion as the diblock used for the preparation of the vesicles. As
Figure 1 shows, one type of NP consists of cross-linked Pb
acrylate cores surrounded by PS;ss-b-PEO,s coronas, i.e. PEO,s-
b-PS;55-b-P(APb) 5 micelles, where P(APD) s denotes the cross-
linked Pb acrylate in the micelle cores containing PAA chains
of 25 units neutralized with Po**; the other type of NP consists
of gold nanoparticles (AuNPs) connected to a PSy;0-b-PAA 5
copolymer by a thioctate ester (TE) end group, i.e. TE-PSy7-
b-PAA 15 AUNPs. Since the protective polymers on the NPs were
similar to those forming the vesicle walls, it appeared likely
that the NPs should localize toward the center of the walls with
the attached diblock copolymers partitioning to both interfaces.
Both of these attempts were successful and, indeed, led to the
localization of the NPs only in the central portion of vesicle
walls. To the best of our knowledge, this represents the first
case in which NPs, stabilized with block copolymers of the same
type as those used to prepare the vesicles, were designed to be
embedded into vesicle walls and were, indeed, localized in the
central portion of the vesicle walls. The present paper reports
the details of this study.

2. Experimental Section

The experimental details are given in the Supporting Information
(pages S1—-S8).

3. Results and Discussion

The characterization results of the synthesized polymers in
this work are shown in the Supporting Information (pages
S9—S14, Figures S1—S10).

3.1. Preparation and Characterizations of the Diblock
Copolymer Coated NPs. The PEO,s-b-PSys5-b-P(APD) s micelles
were prepared by cross-linking the PEO,s-b-PS;ss-b-PAA 5
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Figure 1. Schematic illustration of the preparation of the two types of diblock copolymer coated nanoparticles. In the structures of the nanoparticles, the
red color indicates the hydrophobic PS blocks, and the blue color indicates the hydrophilic chains, i.e. the PEO or PAA blocks.

triblock copolymers with lead(1V) acetate, essentially following
procedures given in the literature.*®*° The cross-linking of
PEO.5-b-PS;55-b-PAA s molecules, as well as the removal of
the unassociated PEO,s-b-PS;s5-b-PAA 5 copolymer, was con-
firmed using 'H NMR spectra (Figure S11 in the Supporting
Information), in which the proton pegk, attributed to the carboxyl
group, cannot be seen in the *H NMR spectrum of the PEO,s-
b-PS;s5-b-P(APb)2s micelles, whereas it does appear in the
spectrum of the PEOs-b-PS;ss-b-PAA ;5 copolymer. To deter-
mine the sizes of the cross-linked Pb acrylate cores and of the
micelles, TEM and dynamic light scattering (DLS) studies were
performed; the results are given in Figure S12 in the Supporting
Information. The electron dense Pb acrylate cores have a high
contrast for electrons and are clearly seen in the TEM
photograph of the micelles. The average diameter of the cores
obtained from the TEM imagesis 4.5 + 1.1 nm. The DLS plot
shows a single-peak distribution with an average hydrodynamic
diameter (Dy,) of 48 nm. This value is much larger than the 4.5
nm diameter of the cores because Dy, as measured by DLS in
dioxane, includes the thickness of the PS-b-PEO corona
surrounding the core. Each chain of this corona contains 200
repeat units or 445 backbone atoms, corresponding to an
estimated unperturbed length of ca. 3 nm and a fully stretched
length of ca. 56 nm. Subtracting the core diameter of 4.5 nm
from the Dy, value of 48 nm yields ca. 44 nm, corresponding to
twice the corona dimension. The apparent size of the corona
is, therefore, ca. 22 nm or somewhere between the unperturbed
length and the fully stretched length of the corona chains. The
value appears reasonable in view of the crowding near the
micelle core. The NMR, TEM, and DLS results thus confirm
the formation of the PEO,s-b-PS;s5-b-P(APb),s micelles. The
average aggregation number of the polymer chains in one
micelle was estimated to be ca. 17 from the average core

(49) Mofftt, M.; McMahon, L.; Pessel, V.; Eisenberg, A. Chem. Mater.
1995, 7, 1185-1192.

(50) Duxin, N.; Liu, F.; Vali, H.; Eisenberg, A. J. Am. Chem. Soc. 2005,
127, 10063-100609.

(51) Azzam, T.; Eisenberg, A. Langmuir 2007, 23, 2126-2132.

(52) Corbierre, M. K.; Cameron, N. S.; Sutton, M.; Mochrie, S. G. J,; Lurio,
L. B.; Ruhm, A.; Lennox, R. B. J. Am. Chem. Soc. 2001, 123, 10411
10412.

10080 J. AM. CHEM. SOC. = VOL. 132, NO. 29, 2010

dimension; the calculation is given in section 2.5, pages
S15—S16 in the Supporting Information.

The TE-PSy70-b-PAA ;5 AuNPs were prepared by reducing
HAUCI, in a THF solution of TE-PS,70-b-PAA ;5 according to a
method developed by Azzam et al.>* The formation of TE-PSy¢-
b-PAA 15 AuNPs was confirmed by TEM, UV —vis spectrometry,
DLS, and thermogravimetric analysis (TGA) measurements.
TEM results show that the AuNPs possess an average diameter
of 4.0 +£ 0.7 nm and a narrow size distribution (Figure S13ain
the Supporting Information). The UV —vis spectrum exhibits
an absorption peak of the AUNPS near Amax = 520 nm (Figure
S13b in the Supporting Information), which is a characteristic
of small aggregation-free AUNPs.>>%? |t is well-known that the
small aggregation-free AUNPs can be obtained preferentially
when the AuNPs are protected by the attached organic chains
after the reduction of HAUCI, in solution.®%2 In the present
case, the AUNPs are protected by the attached TE-PS,70-b-PAA 15
copolymer chains. The DLS plot gives asingle-peak distribution
with an average Dy, of 33 nm for the TE-PS;70-b-PAA 15 AUNPs
in dioxane (Figure S13c in the Supporting Information). Asin
the case of the PEO,5-b-PS;s5-b-P(APb),s micelles, the Dy, value
is much larger than the 4 nm diameter of the Au cores obtained
by TEM; the increase in size is due to the presence of the TE-
PS;70-b-PAA 15 copolymer chains on the surface of the AUNPs
as the coronas, which are detected by DLS. Each chain of the
TE-PS;70-b-PAA 15 corona contains 285 repeat units, correspond-
ing to an estimated unperturbed length of ca. 4 nm and a fully
stretched length of ca. 71 nm. As before, subtracting the core
diameter of 4 nm from the Dy, value of 33 nm yields 29 nm,
corresponding to twice the corona dimension. Thus, the apparent
size of the corona is ca. 15 nm, which is between the
unperturbed length and the fully stretched length of the corona
chains. TGA shows that the content of the gold in the TE-PSy;0-
b-PAA 5 AuNPs s ca 13 wt %, while the other ca. 87 wt % is
from the TE-PS;0-b-PAA5 copolymer (Figure S13d in the
Supporting Information). According to TEM and TGA results,
the average number of TE-PS,7-b-PAA1s copolymer chains
associated with one AuNP is estimated to be ca 90; the
calculation is shown in section 2.6, page S17 in the Supporting
Information.
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d,=411+ 182 nm
w=28.0+22nm

Figure 2. TEM micrographs of the vesicles with the incorporated nanoparticles prepared from the combined solution of the PSys-b-PEO,s copolymer (0.5
wt %) and the PEO,s-b-PS;ss-b-P(APb),s micelles (0.5 wt %). (a) Small vesicles; (b) alarge vesicle; (c) an indented vesicle; the magnified indentation of

the vesicle is shown in the inset.

3.2. Controlled Incorporation of the NPs into Vesicle
Walls. Before attempting the incorporation of the NPs, vesicles
were prepared from the vesicle former alone, i.e. the PSyzs-b-
PEQO,5 copolymer or the PS;;0-b-PAA 47 copolymer, respectively.
The average diameter (d,) and wall thickness (w) of the PSys-
b-PEQ,s vesicles, obtained by measuring 100—200 vesicles in
TEM photographs, are 400 + 130 nm and 28.8 &+ 2.5 nm,
respectively. The d, and w of the PS;;5-b-PAA,; vesicles are
131 + 36 nm and 28.7 £ 1.9 nm, respectively. Typical TEM
photographs of these vesicles are shown in Figure S14 in the
Supporting Information. Some large vesicles show indentations,
which are possibly induced by an osmotic effect during the water
addition to the dioxane solution of the copolymers.

The incorporation of the PEOQ5-b-PS;s5-b-P(APb) 25 micelles
into thewalls of both PS,35-b-PEO,s and PS;10-b-PAA; vesicles
was carried out by the dropwise addition of water into the
combined dioxane solutions of the PSyzs-b-PEO,s or PSz0-b-
PAA 47 copolymers and the preformed electron dense micelles.
In the combined solutions, the initial concentrations of the
vesicle formers were 0.5 wt %; theinitial concentrations of the
micelles, based on rough estimates, were 0.13, 0.25, and 0.5
wt %, respectively. Other concentrations were not explored. All
references to loading levels in the text refer to weight percent-
ages in the mixed solutions prior to the formation of the vesicles.
It should also be stressed here that the incorporation of the NPs
occurred during the formation of the vesicles, not by penetration
of the NPsinto the formed vesicle walls, a process which would
be highly unlikely. Figure 2 shows the TEM photographs of
the vesicles prepared from the 0.5 wt %/0.5 wt % combined
solution of the PSyss-b-PEO,s copolymer and the micelles. The
average diameter and wall thickness of the vesicles are given
in the upper right corner of Figure 2a. The TEM image of the
vesicles prepared from the 0.5 wt %/0.5 wt % combined solution
of the PSz10-b-PAA 47 copolymer and the micelles is shown in
Figure S15 in the Supporting Information. In the TEM images,
such as those in Figure 2, alarge number of black Pb acrylate
cores can be seen as black dots in the vesicles. As can be
expected, the number density of the Pb cores in the vesicles
decreases with decreasing initial concentration of the micelles
in solution. When the concentration of the micellesin solution
is reduced to ca. 0.13 wt %, only a few black dots can be seen
in the vesicles (micrographs not shown). Most importantly, for
all reasonable concentration ratios, no black dots can be seen
in the outer ca. half section of the vesicle walls, as is clearly
shown in Figure 2, which gives typical examples of small, large,
and indented vesicles. We refer to the thickness of the empty

section as the “empty distance’. By contrast, it is known that if
the NPs are randomly distributed in the vesicle wall®*® or on the
surface of the vesicle wall,> no such empty distance is seen;
i.e. the NPs can be seen everywhere in the vesicle in the TEM
image, including the outer half section of the wall.**%2 In this
work, the empty distances, which are close to half the thick-
nesses of the vesicle walls, are seen in al of the vesicles
containing the NPs (both the Pb acrylate cores and the AUNPs
to be discussed later) in the TEM images. Obvioudly, this is
not accidental. Besides, it is well-known that, in TEM studies,
the placement of the vesicles on TEM grids cannot be controlled,
so that the vesicles are oriented randomly on TEM grids.
Therefore, the empty distance should be independent of the
orientation of the vesicles. This was also confirmed by tilting
studies in TEM (Figure S16 in the Supporting Information).
While TEM images provide direct evidence of an empty
distance on the outside of the vesicle walls, two lines of evidence
can be cited to suggest that a similar empty distance also exists
on the inside of the walls; i.e. the NPs are localized only in the
central portion of the walls. One line of evidence comes from
TEM images of indented vesicles, such as that shown in Figure
2c. It should be remembered that, for topological reasons, the
outer portion of the convex side of an indentation originates
from what was the concave side prior to indentation, i.e. the
interior of the vesicle wall (Figure S17 in the Supporting
Information). Clearly, the convex side of the indentation also
shows the presence of an empty distance, which proves that
the empty distance is present on both internal and external
interfaces of the vesicle wall. Another argument in favor of the
existence of the empty distance on both interfaces of the vesicle
wallsis based on consideration of symmetry, as shown in Figure
3, which schematically illustrates two possible types of wall
incorporation. The upper half on the right of Figure 3 shows
the situation of each NP located in the central portion of the
wall, with the corona chains extended more or less equaly
toward each interface. The aggregates in the wall are drawn
with the hydrophilic segments of the protective diblocks in the
water phase, along with the hydrophilic segments of the vesicle
forming diblocks. The lower half on the right of Figure 3
illustrates the situation for the asymmetric placement of the NPs,
i.e. a structure in which all of the corona chains are pointing
only to one side of the NP and, for any one NP, are extended
to either the inside or outside interface, but not to both. Such a
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Figure 3. Schematic illustration of two possible types of incorporation of the diblock copolymer coated nanoparticles into vesicle walls. The red color
represents the hydrophobic composition, and the blue color represents the hydrophilic composition. Possibility 2 is believed to be highly unlikely.

unilateral segregation is highly unlikely, for both entropic and
steric reasons, so that the placement of the NPs in the central
portion of the wall appears most reasonable. In addition, it can
be calculated that the unperturbed length of the PS blocks in
the PEOys-b-PS;s5-b-P(APbH)s micelles is ca. 2 nm, while the
fully stretched length of the PS blocks is ca. 39 nm. As given
on the right section of Figure 3, the average wall thickness of
the vesiclesis ca. 30 nm, while the average size of the NPs is
ca. 4 nm. Thus, if the NPsarelocated in the middle of the vesicle
walls, the distance that the PS blocks on the NPs in the walls
have to span is ca (30 — 4)/2 = 13 nm, which is between the
unperturbed length and the fully stretched length of the PS
blocks on the NPs; this distance appears reasonable in view of
the crowding of the PS blocks within the vesicle walls. Finally,
with a vesicle radius of ca. 50—300 nm, the effect of wall
curvature on the placement of a ca. 4 nm sphere is probably
negligible. Therefore, it is reasonable to expect that the NPs
should be located in the central portion of the vesicle walls,
leading to the presence of the empty distance on both sides of
the walls.

As with the Pb containing micelles, the incorporation of the
AUuNPs into the walls of the PSz;0-b-PAA 7 vesicles was carried
out by the dropwise addition of water into the combined dioxane
solutions of the PS;10-b-PAA 47 copolymer and the TE-PS;7-b-
PAA 5 AuNPs. In the combined solutions, the initial concentra-
tions of the vesicle former were aso 0.5 wt %,; the initia
concentrations of the TE-PS,7-b-PAA 15 AUNPs, based on rough
estimates, were 1.2, 2.5, and 5 wt %, respectively. Other
concentrations were not explored. In this case, when the
concentration of the TE-PSy79-b-PAA 15 AUNPswas 2.5 or 5 wt
%, precipitation occurred after the addition of water, along with
the formation of some other aggregates; vesicles were not
observed. This was not further investigated in this work. When
the concentration of the TE-PS,7o-b-PAA 15 AUNPs was 1.2 wt
% in the original mixed solution, vesicles with the internalized
AUNPs were obtained. A typical TEM image of the vesicles
with the internalized AuNPs is shown in Figure S18 in the
Supporting Information; more TEM images, aong with the
theoretical and fitted curves to be discussed later, are shown in
Figure S22 in the Supporting Information. As in the vesicles
containing Pb acrylate cores, the AuUNPs are also absent from
the outer ca. half portion of the vesicle wallsin the TEM images.
For the same reasons discussed in the previous two paragraphs,
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the AuNPs are aso considered to be localized in the central
portion of the vesicle walls.

The NPs (Pb or Au) are expected to be randomly distributed
in a thin spherical layer or shell going through the middle of
the vesicle wall. Theoretically, by considering the projection
of the spherical vesicle containing the NPs onto a plane, one
can calculate the radia distribution of the NPsin a vesicle in
the TEM micrograph, which represents a two-dimensional
projection. A theoretical equation of the radia distribution of
the NPs was derived as part of this work (section 2.8.1, pages
S20—S22 in the Supporting Information), as shown in eq 1,
which gives the cumulative percentage of the NPs as afunction
of the increasing radial distance from the outer edge toward
the center of the vesicle; the equation is

R--R -
i R =3

where p is the cumulative percentage, R, is the radius of the
vesicle, aisthe empty distance, and d is the increasing radial
distance from the outer edge toward the center of the vesicle
(disvariableand a < d < R)). The derivation of the equation
is based on an idea that the particles are randomly located
in a thin spherical layer, which goes through the middle of
the vesicle wall (Figure S19 in the Supporting Information);
the number of the particles projected within an annulus onto
the equatorial plane (or onto the micrograph) is equal to the
number of the particles in the spherical layer in the middle
of the vesicle wall located directly above and below the
annulus, i.e. a “belt” on both sides of the “equator” around
the spherical layer containing the particles, the projection of
which onto the equatorial plane is the annulus. Since the
particles are randomly distributed in the spherical layer, the
percentage of the particles projected within the annulus is
simply related to the percentage of the surface area of the
belt relative to that of the spherical layer containing the
particles. To obtain the percentage, one needs to integrate
over the surface area of the belt. According to eq 1, the
theoretical curve can be drawn once the empty distance (a)
is known from the experimental data, as discussed below.

Experimentally, to determine the radial distribution of the
NPs in a vesicle in the micrograph, we measured the radial
distances from each AUNP in a vesicle to the nearest point on
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Figure 4. Plot of the cumulative percentage of the AUNPs in avesicle as a function of the increasing radial distance from the outer edge toward the center

of the vesicle. The radius (R,) of the vesicle is 132 nm, and the wall thickness (w) is 31 nm.

the outer edge of the vesicle in the TEM image (Figure S20 in
the Supporting Information). From the data, the experimental
plot of the cumulative percentage of the AUNPs as a function
of the increasing radial distance from the outer edge toward
the center of the vesicle was obtained, as shown in Figure 4.
The detailed procedure to obtain the plot is described in section
2.8.1, pages S22—S24 in the Supporting Information. As can
be seen in Figure 4, the cumulative percentage is zero in the
first ca. 14 nm of the plot, which indicates that the corresponding
section of the vesicle is devoid of AuNPs; i.e. the empty distance
isca 14 nm.

At this point, it should be emphasized that the empty
distance cannot be the thickness of the hydrophilic (PAA or
PEO) shell around the vesicle wall. First of al, it is known
that the electron contrast of PAA or PEO is much lower than
that of PS, so that the PAA or PEO shell is not visible in
TEM micrographs. Second, in this case, given that the PSz;o-
b-PAA4; copolymer is the vesicle former, the thickness of
the PAA shell can be only ca. 1.5 nm (half of the wall
thickness of ca. 30 nm times the volume fraction (ca. 0.1) of
the PAA block in the diblock), while the empty distance is
ca. 14 nm. Thus, the empty section of the vesicle wall is 10
times larger and therefore cannot be identified with the PAA
shell, even if the latter were visible in TEM micrographs.
Since the empty distance cannot be the thickness of the
hydrophilic shell, the TEM image and the plot in Figure 4
indicate that the outer ca. 14 nm thick portion of the vesicle
wall on the TEM image is devoid of AuNPs.

Once the empty distance, i.e. the parameter a in eq 1, is
known to be ca. 14 nm from the experimental plot, the
theoretical curve can be drawn. In calculating the curve, a is
allowed to vary by +1 nm to optimize the fit over the entire
experimental plot; the best result is obtained with a = 15. The
result, i.e. the theoretical curve, is shown in Figure 4, where
one can compare the experimental result with the theory. For
improved precision in determining the empty distance, the
experimental points were fitted empirically using Origin soft-

ware. The fitted curve is also shown in Figure 4. Equation 2 is
the result of the fit.

p = 117.6 — 105.3 x exp(—d/67.9) — 157.2 x exp(—d/8.(3))
2

It should be mentioned that this equation is only valid for the
vesicle used for Figure 4, i.e. the same vesicle as shown in
Figure S20 in the Supporting Information; for other vesiclesin
the micrographs, the fitted equations are similar, differing only
in the numerical values of the constants. The empty distance
thus obtained from an extrapolation of the fitted curve for this
vesicleis ca 14 nm. Since the vesicle wall is 31 nm thick and
the empty distance exists on both internal and external interfaces
of the wall, it appears that the AUNPs are, within the level of
approximation, located within a spherical layer of ca. 3 nm (31
— 2 x 14), i.e. central ca. 10% of the wall. It should be recalled
that the average size of the NPs is ca. 4 nm. Therefore, the 3
nm thickness should be taken only as an approximation to the
central localization of the AuUNPs. The curves and results for
three additional vesicles are given in Figure S22 in the
Supporting Information.

Another qualitative model of the relative radial darkness of
various regions in avesicle with internal NPs on the micrograph
is based on the idea that the particles can be represented as a
continuous gray thin spherical layer going through the middle
of the vesicle wall (Figure S23 in the Supporting Information).
The electron absorbing power of the particle layer is assumed
to be uniform and greater than that of the PS, but not infinite.
The overall electron absorption of such a structure is equivalent
to that of two concentric vesicles. The profile contributed by
the vesicle itself is shown by the green curve, that of the
concentric particle layer by the red curve, and the sum by the
blue curve. While the electron micrograph does not have enough
resolution to allow for a quantitative fit, it is clear that the inner
edge of the vesicle wall is the darkest, as can be observed in
many micrographs. Other regions of interest are indicated by
arrows both on the model and on the micrograph of the vesicle.
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This work provides a general method for the incorporation
of particles into the central portion of vesicle walls. Such
incorporation is expected to be useful, if the particles need to
be protected on al sides by the hydrophobic wall-forming
material, e.q. in labeling or catalytic applications. For example,
aca 10 nm organic (e.g., PS) layer, which iseasily and rapidly
penetrated by small organic molecules, but with much more
difficulty by inorganic ions, would provide some barrier to
inorganic ions, which might poison the catalyst, at only aslight
cost in overal speed of reaction. In addition, the central
localization would provide equal protection for al the particles,
rather than having some more exposed to the potentially toxic
environment than othersif the particles were randomly located
within the wall. Finally, the central localization would prevent
detachment of the particles from the vesicle surface under rough
handling, if the particles were located on or near the surface.

4. Conclusions

This paper describes the controlled incorporation into only
the central portion of the vesicle walls of two types of electron
dense NPs, which have a coating of diblock copolymers of the
same or similar composition as that of the diblock used for the
preparation of the vesicles; one type of NP consists of cross-
linked Pb acrylate cores surrounded by the PS;ss-b-PEOgs
coronae, while the other consists of AUNPs stabilized with the
PS,70-b-PAA 15 copolymer (Figure 1). TEM micrographs show
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that the empty distances, which are close to half the thicknesses
of the vesicle walls, are present in all of the vesicles with the
internalized NPs. TEM micrographs of indented vesicles (Figure
2c) supported by the argument on the symmetrical placement
of the NPs in the vesicle walls (Figure 3) demonstrate the
existence of the empty distance on both interior and exterior
interfaces of the walls, i.e. the central localization of the NPs
in the walls. The radia distribution of the NPs in the vesicles
in the TEM images is also studied. The theoretical and
experimental curves of the radial distribution are obtained
(Figure 4). From the curves, it is calculated that the NPs are
localized in the central 10—20% of the vesicle walls.
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