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Vesicles can be prepared from a wide range of molecules

including block copolymer&? phospholipids, synthetic surfac-
tants? and ionic block copolymer complexédn general, the

equilibrium nature of small-molecule vesicles, as well as the
partitioning of mixed species between the inner and outer surface,

have received considerable attentfdfurthermore, the stabiliza-

tion of small-molecule vesicles by attachment of polymer chains

to the outer layer has also been exploféar vesicles prepared

from block copolymers, the situation is much less clear concerning

their equilibrium status. In a recent paper from this gréuye

have shown that vesicles may possibly be equilibrium structures
since their sizes can be changed reversibly by changing the

composition of the solvent mixture in which they have been

prepared. Therefore, while some evidence favors the equilibrium
nature of block copolymer vesicles under some experimental

conditions, their equilibrium nature remains to be proven,

specifically by elucidating the mechanism of thermodynamic

stabilization. In the present paper, we elucidate the mechanism
of thermodynamic stabilization of vesicles, and, in the process,
describe a method of attachment of molecules preferentially to

the outside or inside walls of the vesicles with a selectivity of

~90% or better, or of attaching two different species, one to the

inside and the other outside of the wall, in one step.

It should be noted that during the past few years, extensive
efforts have been devoted to the study of polymeric nanoscale
vesicles or hollow spheres. In addition to the early studies from

this group! and several subsequent investigatidaspumber of

other groups have been exploring this field by preparing vesicles

or hollow nanospheres from a number of different polyniérs.
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This high level of activity is due to the many potential applications
of vesicles in such fields as microreactor chemistry, pharmacol-
ogy, medicine, and cosmetics. For some of these applications,
an understanding of the equilibrium nature of vesicles may be
very useful.

In our early studies, vesicles in solution were shown to be a
part of a continuum of morphologies of spheres, rods, vesicles,
and in some cases also bicontinuous and hollow-rod structures,
in which the morphology could be altered by any number of
morphogenic factors such as block length, ion concentration, water
concentration, eté® This behavior is analogous to what is seen

" for block copolymer in bulk® Once the aggregates have been

prepared under dynamically active conditions, they can be frozen
by either dropping the temperature to that of liquid nitrogen or
by quenching the sample into excess water; this quenching process
is analogous to what is done in studies of block copolymers in
bulk where the equilibrated morphologies are quenched from a
high temperature to a temperature at which no morphological
changes take place over reasonable time scales. In our case, as
long as the vesicles, prepared from molecules such gs-BS
PAAs,, are dissolved in the solvent system consisting of dioxane
and water, with a water content between 28 and 40%, we
suggested that they are equilibrium structures since their sizes
depend on the water content and can be changed reversibly. After
quenching, the isolated structures can be visualized by electron
microscopy.

Our hypothesis for the thermodynamic stabilization of the
vesicles is based on the segregation of the hydrophilic chains by
block length between the inside and outside of the vesicles. The
curvature of the vesicles needs to be stabilized if the vesicles are
to be thermodynamically stable, and this curvature stabilization,
according to this hypothesis, is accomplished by having the long
hydrophilic chains segregate to the outside of vesicle, while the
short hydrophilic chains segregate to the inside. Thus, the
repulsion among corona chains outside is stronger than that inside
the vesicles, and the curvature is maintained in a thermodynami-
cally stable manner. Since even the best anionically prepared
diblock copolymers have a finite chain length distribution, this
segregation can provide a mechanism for thermodynamic stabi-
lization under a range of conditions.

The proof of the above hypothesis is based on the incorporation
of a fluorescent chromophore (pyrene) into the junction point
between the hydrophobic and hydrophilic segments. Any vesicles
synthesized from such a block copolymer will have the chro-
mophore located at the hydrophobic/hydrophilic interface. If a
quencher is added to a solution of such vesicles, any fluorescent
species which is located on a surface which is exposed to a
quencher, that is, the external vesicle surface or the surface of a
spherical micelle, will experience efficient quenching, in contrast
to the internal vesicle surface. We synthesized three different block
copolymers containing such a fluorescent label, with identical
hydrophobic lengths of 295 units of styrene {85 but with three
different hydrophilic lengths, that is, 12, 45, and 74 units of acrylic
acid (PAA,, etc). Each of these three polymers is labeled with
pyrene (Py) molecules at the junction point. The polymers are
denoted, for example, as BSPy-b-PAA;; for the chain contain-
ing 12 PAA units. In addition, an unlabeled block copolymer was
prepared consisting of 300 units of styrene and 44 units of acrylic
acid (PQoorb-PAA,,). Turbidity versus water content was moni-
tored for a solution prepared from the unlabeled polymer, and
discontinuities were found at8% (due to micellizaiton), 13%
(the sphere to rod transition), and 35% (the rod to vesicle
transition). Each of the labeled polymers was then mixed with
the unlabeled polymer at a molar ratio 1:19, and vesicles were
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Spherical micelles Vesiclos Table 1. Apparentp andK Values of the P$&-PAA Micelle
4 4 Solutions
spheres vesicles
3 3 system ¢ K (mM~1) 13 K (mM~1)
= PS95-Pv-0-PAA74 7~ —
= = PSoob-PAAL 091+ 0.0 9.5+1.0 0.065+-0.003 9.0:0.6
PSoesPy-b-PAA;, (0.85) 9.9) (0.065) (9.0
2 __ PS,Pv-hPAA, PS05-Py-b-PAAYs | PSorb-PAAL 0.92+0.07 9.2+0.9 0.53+0.02 8.9+ 0.4
_ _ PS,-Py-h-PAA, ’ PSosPy-b-PAAss  (0.85) 9.7) (0.53) (8.9)
 Duh. ) . PSocb-PAALY 0.91+0.07 9.3 0.9 0.88+£0.05 8.4+ 0.6
_ __ PS,,-Py-h-PAA PS195-Py-h-PAA
1 5Py i w1 PSosPyb-PAAs, (0.85) ©.8) (0.83) 8.8)

v FT4l] /mif o8 Lone 02 0[;17] /11(1]131 or e aValuet standard erro® The numbers in brackets were used to
) ] ) calculate the lines in Figure. They were chosen to give the best fit. All
Figure 1. Steady-state fluorescence quenching by fdr spherical the values are within the error limits.
micelles and vesicles containing 5% of the labeled polymers. Figure 1 were calculated from the bracketed valueg ahdK;

those values, all of which are within one standard error, were
chosen so as to optimize the fit. As can be seen from Figure 1,
all three spherical micelle samples shgwalues 0f~92%. By

prepared by dissolving the polymer in dioxane and adding water
until a water content of 40%. The vesicles were then quenched

by excess water and dialyzed against water. A transmission contrast, the vesicles prepared from the polymer mixture with

electron micrograph (TEM) of the ve.sicles prepared from thg the shortest labeled hydrophilic chain show an accessibility factor,
u_nlabeled polymer ShOWS. th_at the vesicles have average outS|de¢ of only ~7%. Those with intermediate block length yield 53%
diameter { standard deviation) of 9& 7 nm and an average , ' y

. - A 0
wall thickness of 26¢ 3 nm (sample size= 100 vesicles). The and those with the longest labeled hydrophilic chain yield 88%,

other vesicles have average diameters (and wall thickness) of 97onIy slightly below the values for spherical micelles. Those values
+ 7 nm (26+ 3 nm), 97+ 8 nm (264 3 nm), and 97+ 7 nm are the percentages of pyrene molecules accessible to the Tl

(26.0+ 3 nm), respectively. ions in the solution. Clearly, the pyrene residues in the vesicles

Once the vesicles were prepared; Was added to the solution prepared from the longest labeled hydrophilic chains ai

fth icles | h here the PS wall is below its T times more accessible to the quencher than the pyrene in the
orne vesicles In puré water (where the wall IS DEIow IS 9 vesicles prepared from the shortest labeled hydrophilic chains,
at concentrations from 0 to 1 mM. If the hypothesis is correct,

then the vesicles prepared with the labeled short hydrophilic which proves that the longest chains are largely on the outside

diblock should . .. hi . th hai of the vesicles, while the shortest chains are on the inside. It
! 0|8 bs ou fexth)tlerlence m"}"gutm ?h“e'.”c .:jng, ?'?ﬁe °$e| c alnZshould be recalled that the hydrophilic blocks in the shortest or
would be préeterably segregated 1o the Inside of the VEsICIes and,,,qqt of the three labeled samples also have a finite distribution

b? thus largely inaccessiple to the quencher. By contrast, thoseof block lengths, so that not all of the chains would be segregated
with the longest hydrophilic block should experience maximum

enching since most of those chains will be on the outside of to either the inside or the outside. Even if the chains were
qu Ing sl ; Ins wi . > outside monodisperse, some statistical segregation would still be expected
the vesicles. Those vesicles prepared with chains of |ntermed|ateon entropic grounds
Ie_ngth ShOUId. experience an mtermedmte degree of quenching. In summary, we have shown that the mechanism of thermo-
Finally, spherical micelles prepared with labeled copolymers of '

f the three hvdrophilic block lenaths should ) th dynamic stabilization of block copolymer vesicles consists of
any of the three hydrophilic block lengths should expernence he segregation of chains with short hydrophilic block lengths to the
same high degree of quenching since all the chromophores ar

th tside. T1 i d not t trate the €nside of the vesicles and of the long hydrophilic chains to the
on the outside. IS assumed not 1o penetrate the giassy  sige. This segregation increases the corona repulsion on the
polystyrene wall of the vesicles.

The results of the steadv-state quenchina exoeriments are sho outside of the vesicle relative to that on the inside and provides
P u y qu INg EXpert . Wrfhermodynamic stabilization of the curvature. This result is also
in Figure 1 plotted asy/l versus the quencher concentratity.

. - . . i consistent with the finding that it is easier to prepare block
IS thg fluoresﬂcence intensity \r/‘wthout quenc?er, whlrlgmtthe copolymer vesicles from polymers with long chains than it is from
\S/giﬁeg_\?\;[::g C;Eﬁ;ﬁgg?:’om tthg sp[;;f}or;rﬁqee?eqﬂgtrilgn- those with shorter chains, since the longer chain polymers contain
q : a wider range of block lengths, even for the same polydispersity.
. From the practical point of view, this present finding allows us
lo/(lo — 1) = LIpK[TI"] + (L/p) to attach substituents selectively to either the inside wall or the
outside wall of a vesicle, which may have useful applications.
which correlates the fluorescence intensity of a chromophore in One can even envisage the one-step self-assembly of vesicles in
the presence of a quencher to the accessibility of the chromophorewhich one species is attached to the inside wall and another to
to the quenching speciegis the fraction of chromophores which  the outside; this would be very difficult to achieve by any other
can be quenched, and is the Stern-Volmer constant. The technique.
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