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ABSTRACT: An aqueous vesicular system that is switch-
able by electric potential without addition of any chemical
redox agents into the solution is demonstrated using redox-
responsive self-assembly of an amphiphilic rod—coil mole-
cule consisting of a tetraaniline and a poly(ethylene glycol)
block. The vesicle membrane is split by an oxidizing voltage
into smaller pucklike micelles that can reassemble to form
vesicles upon exposure to a reducing voltage. The switching
mechanism is explained by the packing behavior of the
tetraaniline units constituting the membrane core, which
depends on their oxidation states.

olymeric vesicles are usually obtained via self-assembly of
Pamphiphilic block copolymers in solution. They possess great-
er stability than liposomes based on small-molecule lipids."* An
important characteristic of polymeric vesicles is their switching
behavior, which stems from the ability of their constituent polymer
chains to change their conformation and assembly behaviors in
response to external stimuli such as pH, temperature, solvent type,
or concentration.” ® In this regard, the destabilization of poly-
meric vesicles via a redox reaction is of great interest because it may
be useful in drug delivery in the oxidative environment of
extracellular fluids.”~'* Other applications in biosensing, biode-
tection, and microfluidics have been suggested."’

The redox-responsive disruption or reorganization of polymeric
vesicles is caused by either a change in polarity of the constituting
block'”"? or cleavage of the chemical or physical bonds between
hydrophobic and hydrophilic blocks.""**~'” In most polymeric
vesicle systems reported to date, however, chemical additives must
be used to induce the redox processes.” For some vesicle applica-
tions, it may be desirable to have a system whose structure can be
switched by applying only an electrical potential without addition
of chemical agents to the solution.

A vesicle system responsive to applied electric potentials was
recently demonstrated with a supramolecular, amphiphilic block
copolymer that formed via host—guest complexation between
the end groups of a hydrophilic and hydrophobic homopolymer
pair.'® The vesicles were disrupted by scission of block copoly-
mer amphiphiles into two homopolymers by an applied oxidative
voltage. This method, however, can cause hydrophobic polymer
chains to be exposed to an aqueous environment, which may lead
to the formation of insoluble aggregates. An alternative way to
disrupt vesicles and release their encapsulated molecules that
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does not completely dissociate the vesicles into their constituent
molecular species is to simply rupture the membrane walls of the
vesicles. Here we present such a new type of switchable vesicular
system, in which the vesicle membrane is split by an oxidizing
voltage into smaller micellar objects that can reassemble to form
vesicles upon exposure to a reducing voltage.

We derived the voltage-responsive switching property of the
vesicle utilizing the redox-responsive self-assembly characteris-
tics of an amphiphile with a rod—coil architecture (Figure 1).
The study was based on our previous findings on the morphology
of lamellar crystals formed by a series of alkyltetraanilines,'® which
showed that the tetraaniline (TA) block packs more compactly
in the emeraldine base (EB) state than in the leucoemeraldine
base (LEB) state because of amine—imine hydrogen bonding
that occurs only in the EB form (Figure S1 in the Supporting
Information). The different packing densities of TA blocks in the
two oxidation states resulted in different layer periodicities for the
multilayered lamellar crystals of alkyl-TAs because of the different
degrees of tilt angle between the TA and alkyl molecular axes.

It was anticipated that the redox-responsive packing of oli-
goanilines would also occur in the membranes of vesicles
obtained from the oligoaniline rod—coil system with amphiphilic
architecture. A rod—coil molecule (TAPEG) was synthesized by
amidation of a TA block with poly(ethylene glycol) (PEG, M,, ~
550 Da) monocarboxylic acid (Figure 1a and Figure S2). Once
TAPEG forms vesicles, as the packing of the TA moieties constitut-
ing the membrane core becomes more compact in response to an
applied electric potential, the membrane wall should contract
laterally, resulting in rupture (Figure 1b). The resultant pieces of
membranes would be pucklike micelles'”** known for rod—coil
amphiphiles. Because they are still enclosed by hydrophilic PEG
chains, they should be dispersed well in aqueous solutions. The
pucklike micelles would reassemble to vesicles whenever the process
is reversed by a potential of opposite sign.

We examined first the redox properties and aggregation behav-
ior of TAPEG in different oxidation states in aqueous solutions.
The LEB form of TAPEG (TAPEG-LEB) could be dissolved at a
concentration below 0.05 wt % and was readily converted to the
EB form (TAPEG-EB) by application of an electrical potential in
the presence of 0.05 M NaCl as an electrolyte, as demonstrated by
cyclic voltametry (CV) data (Figure 2a) and UV—vis spectra
(Figure 2b). The entire sample in an electrochemical cell could be
oxidized or reduced by stirring for a sufficient period of time under
the corresponding static potential (Figure $S3). At 0.2 V, the LEB
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Figure 1. Voltage-responsive TAPEG rod—coils in aqueous solution.
(a) Chemical structures of TAPEG in the LEB and EB oxidation states.
(b) Schematic representation of redox switching between vesicles and
pucklike micelles of rod—coils that would be induced by the change in
packing density in the membrane core. The membrane shrinks laterally
upon oxidation of TA units from the LEB state to the EB state, resulting
in rupture of the vesicles. It should be noted that the cartoon represents
only a cross section of a two-dimensional membrane layer to emphasize
the difference in intermolecular packing density. (c) Amine—imine
intermolecular hydrogen bonding in the EB form of TAPEG.
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Figure 3. TEM images of vesicles and micelles. (a) Images of the
vesicular objects of various sizes captured on a carbon support film. The
solution reduced at —0.5 V was cast onto a carbon-coated copper grid
and rapidly evaporated. The inset shows a magnified image of a giant
collapsed vesicle found on the same TEM grid. (b) CryoTEM image of
the vesicle. (c) Micellar objects prepared from the solution oxidized at
0.2'V.Images (a) and (c) were obtained from the samples corresponding
to redox runs S and 6, respectively, in Figure 2d.
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Figure 2. Electrical switching of the aggregation behavior of TAPEG
rod—coils. (a) CV curve for TAPEG at a concentration of 0.0S mg/mL
in an aqueous 0.05 M NaCl solution. CV was scanned over the range
from —0.5 to 0.3 V (vs Ag/Ag"). Vior (02 V) and Vyog (—0.5 V) are the
static potentials applied to the TAPEG solutions to obtain the EB and
LEB forms, respectively. (b) In situ UV—vis spectra of the TAPEG
solutions at 0.2 V (EB state) and —0.5 V (LEB state). (c) Number
distributions of DLS particle sizes for TAPEG-LEB and -EB. (d) Peak
DLS particle diameters recorded at 0.2 and —0.5 V in multiple
consecutive redox runs.

molecules were converted into the EB form, and the reverse
process occurred at —0.5 V.

Dynamic light scattering (DLS) data (Figure 2¢,d) for aqueous
0.001—0.05 wt % TAPEG solutions in the presence of 0.05 M
NaCl showed that the molecules self-assembled into different
types of nanoscale aggregates in the LEB and EB states that were
interchangeable by applying a redox potential. The peak DLS
diameters varied over the ranges of 110—130 nm for the LEB state
and 60—90 nm for the EB state as the applied potential was
switched between —0.5 and 0.2 V, respectively. The system could
be repeatedly switched between states. The reversible change in
DLS particle size suggests that amphiphilic rod—coils self-assem-
ble into different morphologies at the two applied potentials.

To identify the structures of the objects formed in the two
oxidation states, we obtained transmission electron microscopy
(TEM) images for the samples prepared directly from the
TAPEG solutions oxidized or reduced by voltage (Figure 3).
TAPEG-LEB exhibited a strong tendency to form vesicular
objects. In most samples prepared by evaporation of solvent
(water) on carbon-coated copper TEM grids, objects with a
hollow vesicular morphology and various sizes from ~100 nm to
a few micrometers appeared (Figure 3a and Figure S4). Because
the TEM images of the smaller vesicles in the solution-cast
specimens were often obscured by electron beam damage, the
presence of small vesicles was further confirmed by cryogenic
TEM (cryo-TEM) for an aqueous solution (Figure 3b). Because
the size of the particles in the LEB solutions appeared to be at
most several hundred nanometers on the basis of the DLS data,
the giant vesicles captured on the substrate surface were most
likely to be generated during evaporation of the solvent (water).
Increasing the solution concentration above 0.05% caused
turbidity, indicative of the formation of larger aggregates at
higher concentrations. In contrast to the LEB state, the EB state
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Figure 4. Vesicles and puck micelles captured on the substrate surface.
(a, b) Height-contrast AFM images of the (a) LEB and (b) EB states of
TAPEG. The corresponding cross-sectional height profile is given
underneath each image. Images (a) and (b) were obtained from the
samples corresponding to redox runs 3 and 4, respectively, in Figure 2d.
A droplet of the solution from the electrochemical cell was cast onto
wafer plates and then blotted immediately with filter paper and dried
under atmospheric conditions. (c) Schematic model of a dry vesicle and
a pucklike micelle collapsed on the surface.

of TAPEG samples on the TEM grids yielded nonhollow
particulate objects (Figure 3c). Dendritic aggregates were some-
times observed on the substrate surface (Figure SS), likely
resulting from either aggregation of the particulate objects or
crystallization of the PEG chains on the substrate surface. Over-
all, the TEM images and DLS data together indicate that TAPEG
molecules in the LEB state form vesicles that are transformed to
smaller micelles upon oxidation to the EB state.

We used atomic force microscopy (AFM) to further under-
stand the molecular arrangements in the two oxidation states of
TAPEG in solution. A droplet of the solution in the electro-
chemical cell was cast onto air-plasma-treated silicon wafer plates
and then blotted immediately with filter paper and dried. Rapid
solvent (water) evaporation from the residual solution on the
hydrophilic substrate surface prevented the formation of macro-
scopic aggregates and instead enabled more individual objects to
be captured. Indeed, the AFM images (Figures 4) in both
oxidation states showed objects distributed uniformly over the
substrate surface with a lateral dimension close to the range of the
corresponding DLS data of Figure 2.

The objects captured on the AFM specimens were nonsphe-
rical: the thickness of the objects appeared to be much smaller
than their width or diameter and had maximum values of ~8 nm
for the LEB state (Figure 4a) and ~4 nm for the EB state
(Figure 4b). The LEB form was, on average, twice as thick as the
EB form. This result can be explained by considering the packing
model of the rod—coil amphiphiles in the vesicles and pucklike
micelles, as suggested in Figure 4c. TA blocks (having a
theoretical length of 2.0 nm) pack in an interdigitated, smectic
manner to form a crystalline hydrophobic core, and the PEG
blocks emanating from the TA block constitute the hydrophilic
shell on both sides of the core. Because the flexible PEG moiety
has a weight fraction similar to the remaining part of TAPEG, the
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Figure S. Probe loading and release by the voltage-responsive vesicles.
(a) PL spectra of the as-prepared mixture of TAPEG-LEB and FITC
(red) and the corresponding mixture after oxidation at 0.2 V (blue).
Both solutions were dialyzed before the PL measurement (4., =
460 nm). (b) Control PL spectra of pure TAPEG-EB (red), TAPEG-
LEB (blue), and FITC (green) in aqueous solution.

resultant vesicle membrane should be ~4 nm thick. This is
consistent with the thickness of the vesicle membrane estimated
from the cryo-TEM image (Figure 3b). Upon evaporation of the
solvent, the hollow vesicles in the LEB state collapse onto the
substrate surface to form 8 nm thick double-layered objects,
whereas in the EB state, they form 4 nm thick single-layered
plates. When the vesicles are dried, the orientation of the
molecular axis (director) with respect to the substrate plane
can be altered, causing the observed thickness of the objects on
the surface to be smaller than the maximum values for the vertical
director orientation.

On the basis of the data shown in Figures 2—4 and the
crystallization behaviors of alkyl-TA rod—coils observed in our
previous study,'® we postulate that the switching between
vesicles and puck micelles occurs via the mechanism represented
in Figure 1b. The change in hydrophilicity of the TA units by
chemical doping cannot be considered as a switching mechanism
because the UV absorption spectra in Figure 2b indicate that the
oxidation from the LEB form to the EB form does not involve
chemical doping. In a control experiment, the signals for
nanoscale aggregates disappeared from the DLS data when the
pH of the solution was lowered below 4, indicating that TAPEG
molecules become completely soluble because the oxidation of
TA units involves chemical doping with acids.

In contrast, the structural change that occurs by the mech-
anism suggested in Figure 1 is rapid and reversible because the
configurations of intermolecular packing in the vesicle mem-
brane and the puck micelles are almost identical. Oxidation-
induced compact packing of the TA blocks with the conforma-
tion of the PEG chains left unchanged leads to lateral shrinkage in
the hydrophobic core of the vesicular membrane and eventually
to breakage of their hollow structures into multiple pucklike
micelles. The discrete micelles cannot recombine to yield smaller
vesicles because of the rod—coil packing frustration that comes
from disparate interfacial areas per chain at the rod—coil junction
in the EB state."”*"*> Upon reduction to the LEB state, the
micelles become interconnected to form a continuous vesicle
membrane, which is thermodynamically more stable.

To demonstrate the potential of electrically switchable vesicles
in molecular delivery, we investigated their encapsulation and
release behavior toward a photoluminescence (PL) probe,
fluorescein isothiocyanate (FITC) (Figure S). TAPEG-LEB
and NaCl were first mixed with a solution of FITC, and then
unencapsulated FITC was removed by dialysis. The PL spectrum
of the FIT C-loaded vesicle solution was recorded, after which the
solution was oxidized at 0.2 V and then dialyzed. Because the TA
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moieties also exhibited characteristic PL spectra in both the LEB
and EB forms (Figure Sb), the presence of TAPEG and FITC in
the solutions could be easily detected by this experiment. As a
result, the FITCs encapsulated by the vesicles in the LEB state
were retained during dialysis, whereas after oxidation to the EB
state, the FITCs were removed completely by dialysis. The
TAPEG molecules remained during dialysis in both oxidation
states because they exist in the form of vesicles in the LEB state
and micelles in the EB state.

In summary, we have demonstrated a new electrically switch-
able vesicular system based on redox-responsive self-assembly of
amphiphilic rod—coil molecules consisting of an oligoaniline and
a PEG block. The vesicles are ruptured to form pucklike micelles
by an oxidizing voltage, and the micelles regenerate vesicles upon
application of a reducing voltage. The mechanism of vesicle
rupture was explained by lateral shrinkage of the vesicle mem-
brane caused by the change in the density of the parallel packing
of the rodlike oligoaniline moieties constituting the hydrophobic
core. The assembly behavior was reversibly controlled without
altering the chemical composition, concentration, volume, or
temperature. The electrically switchable packing behaviors of
redox-active rod—coil amphiphiles may be promising for crea-
tion of new vesicle systems for molecular delivery in biomedical
or microfluidic devices.

B ASSOCIATED CONTENT

© Supporting Information.  Experimental details, SAXS/
WAXS graphs of dodecyltetraaniline (TADD-EB and -LEB)
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