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lon-Induced Morphological Changes in
“Crew-Cut” Aggregates of Amphiphilic Block
Copolymers

Lifeng Zhang, Kui Yu, Adi Eisenberg*

The addition of ions in micromolar (CaCl, or HCI) or millimolar (NaCl) concentrations can
change the morphology of “crew-cut” aggregates of amphiphilic block copolymers in
dilute solutions. In addition to spherical, rodlike, and univesicular or lamellar aggregates,
an unusual large compound vesicle morphology can be obtained from a single block
copolymer. Some features of the spontaneously formed large compound vesicles may
make them especially useful as vehicles for delivering drugs and as models of biological
cells. Gelation of a dilute spherical micelle solution can also be induced by ions as the
result of the formation of a cross-linked “pearl necklace” morphology.

Most aggregates formed by the self-assembly
of amphiphilic block copolymers in selective
solvents are spherical and consist of a core and
a coronal shell. The core is composed of the
insoluble blocks, whereas the corona contains
the soluble blocks, which are highly swollen
by the solvent. Such structures have been
explored in detail (I). We have described the
formation of aggregates of multiple morphol-
ogies of one family of highly asymmetric poly-
styrene-b-poly(acrylic acid) (PS-b-PAA) in
dilute solution (2) in which the length of the
insoluble PS blocks was much longer than
that of the soluble PAA blocks. They were
therefore described as “crew-cut” aggregates.
As the length of the PAA block decreased,
the morphology of the aggregate changed
from spherical to rodlike, to lamellar or vesic-
ular, and finally to large compound micelles
(LCMs) consisting of an assembly of inverted
spherical micelles surrounded by a hydrophilic
surface. A more detailed description of the
multiple morphologies and the characteris-
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tics of the crew-cut micellelike aggregates is
available (3). More recently, it was shown
that PS-b-poly(ethylene oxide) (PS-b-
PEO) diblocks in dilute solution can also
form aggregates with various morphologies
from block copolymers of different compo-
sitions (4).

Morphological changes can also be in-
duced in an identical block copolymer by
the addition of ions in micromolar (CaCl,
or HCl) or millimolar (NaCl) concentra-
tions. The morphologies are the same as
those produced by changes in the copoly-
mer composition in the absence of added
ions, which suggests that the morphological
changes are probably induced by decreased
repulsion (both steric and electrostatic)
among the hydrophilic segments as a result
of protonation of PAA (by HCI) or of ion
binding or bridging (by Ca’*). In addition,
aggregates of a new morphology, consisting
of large compound vesicles (LCVs), were
prepared and are described. The LCVs may
be useful as possible drug-delivering vehi-
cles and as models of stable microstructured
biomaterials. Finally, ion-induced gelation
can occur in which spherical micelles in
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aqueous solution form a cross-linked “pearl
necklace” structure in the presence of 20
mM HCL These results suggest that the
versatility of the crew-cut aggregates is
much greater than originally suspected.

The PS-b-PAA or PS-b-PEO diblocks
were dissolved in N,N-dimethylformamide
(DMF) to give a stock solution of 1 weight
%. Deionized water was then added to the
copolymer solutions with stirring; micelliza-
tion took place between about 4 and 6
weight % of water. However, the addition of
water was continued until the solution was
25 weight % of water to ensure that the
structure of the formed aggregates was kinet-
ically frozen. We isolated the aggregates into
water by dialyzing the resulting solutions
against distilled water to remove the DMF.
A dynamic equilibrium between aggregates
and unimers undoubtedly exists in the early
stages of water addition during micellization.
At some point, however, as the DMF is
forced out of the core, the equilibrium is
frozen because of the glassy nature of the PS
chains.

Table 1. Summary of the effect of added acid or
salt concentration (with R given in parentheses) on
the aggregate morphology of a PS(410)-b-
PAA(25) diblock copolymer.

Acid or salt Dominant
concentration (M) and R morphology
HCI
1.9 X 1074 (0.035) Spheres
2.1 X 1074 (0.040) Rods
2.4 X 1074 (0.045) Vesicles
2.7 X 107%(0.050) LCVs
NaCl ‘
2.1 X 107°(0.40) Spheres
3.2 X 1072 (0.60) Rods
1.1 X 1072 (2.0) Vesicles
2.1 %1072 (4.0) LCVs
CaCl,
1.2 X 1074 (0.023) Spheres
1.4 X 1074 (0.026) Vesicles
2.8 X 1074 (0.053) LCVs
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A set of transmission electron microscopy
(TEM) images (5) of the aggregates prepared
from the same diblock copolymer [PS(410)-b-
PAA(25); the numbers in parentheses indi-
cate the degree of polymerization of the
blocks] at different concentrations of added
HCI is shown (Fig. 1). Without added acid,
the aggregates were small spheres of low poly-
dispersity with an average diameter of 29 nm.
When the HCI concentration was 190 pM
(or a molar ratio R of added HCl to acrylic
acid repeat units of 0.035), the aggregates
were still spherical (Fig. 1A) but with an
average diameter of 38 nm. However, for 210
wM HCI (R = 0.040), spherical, rodlike, ve-
sicular, and lamellar aggregates coexisted in
the solution (Fig. 1B), the predominant mor-
phology being rodlike. For 240 uM HCI (R =
0.045), most of the aggregates became vesic-
ular, with rodlike aggregates observed occa-
sionally (Fig. 1C); for 270 uM HCI (R =
0.050), the aggregates became LCVs (Fig.
1D). The same morphology was observed for
530 uM HCI (R = 0.10); no further morpho-
logical change was observed. Addition of salt
can also induce morphological changes of the
aggregates. The effect of divalent ions, such as
Ca?’*, was much stronger than that of univa-
lent ions, such as Na* (Table 1).

The usefulness of ions in controlling block
copolymer morphology was also demonstrated
when HCI was added to spherical micelles of
PS(500)-b-PAA(60) in pure water, in which
the PS cores were below their glass transition
temperature. When HCI was added to a 1
weight % aqueous solution of the spherical

Fig. 1. Aggregates of various morphologies made from PS

copolymer aggregates to an acid content of
~20 mM (R = 2), the solution gelled over a
very narrow range of acid content. Electron
microscopy showed that a pearl necklace mor-
phology was formed, with occasional multi-
functional beads maintaining the gelled net-
work (Fig. 2). The pearl necklace morphology
was most likely a result of the acid driving the
spheres to form rods. However, the glassy
nature of the PS cores of the beads made it
impossible to complete the transformation.
The pearl necklace thus represents an inter-
mediate step between spheres and rods.
Ion-induced morphological changes were
also found in PS-b-PEO. For example,
PS(240)-b-PEO(80) gave rods in the absence
of salt but gave lamellae and vesicles in the

Fig. 2. Pearl necklace morphology of the aggre-
gates in the gelled aqueous solution of spherical
micelles of PS(500)-b-PAA(60) that was induced
by the addition of HCI (~20 mM). Sonication was
used to break down the gel network structure for
TEM sample preparation.

(410)-b-PAA(25) by the addition of HCI to the

following different final concentrations: (A) 190 uM (R = 0.035), (B) 210 uM (R = 0.040), (C) 240 uM (R

= 0.045), and (D) 270 uM (R = 0.050).
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presence of 1.3 mM LiCl (R = 0.10) (Fig. 3).
Preliminary results suggest that the PS-b-
poly(4-vinylpyridinium methyl iodide) (PS-b-
P4VP.Mel) also yields multiple morphologies
in the presence of salt (6). The P4VP.Mel is
ionic, PAA is ionizable, and PEQO is nonionic.
Thus, the control of aggregate morphology of
amphiphilic block copolymers by micromolar
concentrations of ions seems to be general.
The LCVs appear to be a new morphol-
ogy. They were also observed for PS(410)-b-
PAA(13) with 255 pM HCI (R = 0.09)
(Fig. 4A), for PS(240)-b-PEO(15) without

Fig. 3. Aggregates made from PS(240)-b-
PEO(80) (A) in the absence of salt and (B) in the
presence of 1.3 mM LiCl (R = 0.10).

Fig. 4. LCVs made from (A) PS(410)-b-PAA(13) in
the presence of 255 uM HCI (R = 0.09) and from
(B) PS(240)-b-PEO(15) in the absence of salt.
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any added salt (Fig. 4B), and for PS(240)-b-
PEO(45) with 1.6 mM KF (R = 0.10). In the
PS-b-PAA system, the thicknesses of both
the inside and outside walls of the aggregates
are uniform and equal. Their structure bears
some resemblance to that of aggregated soap
bubbles, and their outer surface must be hy-
drophilic because of the presence of the short
PAA chains. The LCVs are irregular in
shape in Fig. 1D but are more nearly spher-
ical in Fig. 4. These differences may be due
to the polydispersity of the primary vesicles
and the softness of the wall, as well as the
surface energy and the shear conditions un-
der which the LCVs were formed. The LCVs
are subject to settling due to gravity but are
stable and do not coalesce at room temper-
ature. They can also be resuspended after
settling. This aggregation process may pro-
vide an easy way to trap chemicals or drugs
and then isolate them from the solution.

The self-assembly of vesicles has become a
topic of current interest (7). Chemical species
(that is, bisphospholipids) were incorporated
into the vesicle walls to aid aggregation of
these species into higher order (multivesicu-
lar) structures. As shown here, LCVs can be
formed spontaneously under various condi-
tions. They are thus a normal aggregate mor-
phology. These higher order structures might
be of interest in the development of methods
for processing artificial tissuelike composites
and soft biomaterials (7). In addition, the
application of these structures in controlled
drug delivery is a distinct possibility because
the multiple concentric layers could provide a
convenient timing mechanism.

The aggregate morphology of small-mol-
ecule amphiphiles can be changed by added
salt (8), but much higher salt concentra-
tions are needed (usually =10~! M) com-
pared with those in the present system
(107* M for CaCl, or 1072 M for NaCl).
Changing the salt or acid content has a
parallel effect on the morphology, as does
changing the copolymer composition (2,
3). Thus, the morphological changes appear
to be a result of a gradual decrease in repul-
sion among the corona chains as the con-
centration of added ions increases. Both
steric and electrostatic repulsions are in-
volved among the partially ionized PAA
chains (9). The addition of the strong acid,
HCI, protonates the ionized carboxylic acid
groups and shifts the PAA to a lower degree
of ionization; as a result, the overall repul-
sion among the PAA chains is decreased.

At the onset of the morphological transi-
tion from spheres to vesicles for PS(410)-b-
PAA(25), the CaCl, concentration is equiv-
alent to 2.3 Ca®* per 100 acrylic acid repeat
units; thus, two PAA blocks share one Ca?™* if
all the added Ca®" is near the PAA chains.
When the aggregates are LCVs, the number
of Ca** ions per PAA block is about 1.5.

T

Thus, the morphogenic effect is believed to be
due to Ca?* binding to the carboxylic acid of
the PAA. Both inter- and intramolecular
bridging appears possible. As a result, the
effective distance between the PAA blocks is
greatly reduced, which has the same effect on
the morphology as does a decrease in block
length. The relatively weaker morphogenic
effect of added NaCl can be ascribed to both
weak Na* binding and a screened electrostat-
ic field of the charged PAA segments. The
morphological changes in PS-b-PEO are also
most likely caused by ion binding to the PEQ
blocks.
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Patch-Clamp Detection of Neurotransmitters
in Capillary Electrophoresis
Owe Orwar, Kent Jardemark, Ingemar Jacobson,”

Alexander Moscho, Harvey A. Fishman, Richard H. Scheller,
Richard N. Zaref

Gamma-aminobutyrate acid, L-glutamate, and N-methyl-D-aspartate were separated by
capillary electrophoresis and detected by the use of whole-cell and outside-out patch-
clamp techniques on freshly dissociated rat olfactory interneurons. These neuroactive
compounds could be identified from their electrophoretic migration times, unitary chan-
nel conductances, and power spectra that yielded corner frequencies and mean single-
channel conductances characteristic for each of the different agonist-receptor interac-
tions. This technique has the sensitivity to observe the opening of a single ion channel
for agonists separated by capillary electrophoresis.

We describe here a general method for the
separation and detection of compounds that
trigger the opening of ligand-gated ion
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channels. In addition to detecting estab-
lished neurotransmitters and hormones, this
method can be helpful for discovering bio-
active substances and for identifying exci-
totoxins that promote receptor-mediated
neurotoxicity. We applied this method to
identify, from a three-component mixture,
v-aminobutyrate acid (GABA) and Glu,
the major inhibitory and excitatory neuro-
transmitters in the mammalian brain (I, 2),
and N-methyl-D-aspartate (NMDA), a syn-
thetic model agonist for NMDA receptors
(3). Like many biologically active com-
pounds, these compounds are difficult to
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