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The end-decorated homopolymer poly(s-caprolactone)-ferrocene
threaded onto a p-cyclodextrin-functionalized main-chain polymer
can form a class of amphiphilic noncovalent graft copolymers
based on the host—guest interactions of the terminal groups on
the side chains. These new supramolecular polymer brushes can
further self-assemble into micellar aggregates that exhibit reversible
assembly and disassembly behavior under an electrochemical redox
trigger, which opens up a new route to building dynamic block
copolymer topologies.

Stimuli-responsive polymers have gained much attention in recent
years due to their prospective applications in biomedicine, nano-
therapeutics, and gene transportation." As a type of intelligent
polymer, they can undergo reversible physiochemical changes to
adjust their aggregated structures in response to environmental
stimuli such as pH,> temperature,’ light,* and gas.” Here we turn
our sights to an emerging stimulation mode, electrochemical
redox, which plays a crucial role in controlling the biological
membrane activities in cells. Furthermore, an electrochemical
stimulus can avoid artificially causing redox agent accumulation.
In view of this, developing new electrochemical-responsive
polymers holds great promise for mimicking electro-mediated
cytomembrane systems.®

Supramolecular block copolymers, dynamic polymer arrays
differing from traditional copolymers, are formed from non-
covalent connections between two or more homopolymer
chains based on supramolecular interactions (e.g. H-bonding,
metal-ligand bonds, n-r stacking, and host-guest interactions)
located at specific sites.” So far, a variety of polymer topologies
including linear,® star-shaped,” and hyperbranched'® have
been successfully synthesized. Besides these, brush-like block
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copolymers, regarded as orderly one-dimensional branched
architectures, have drawn growing interest in polymer science.'*
However, to the best of our knowledge, building supramolecular
polymer brushes owing electrochemical redox responsiveness
still remains a challenge.

Herein, we attempted to incorporate electrochemical redox
responsiveness into a new supramolecular polymer brush, so as to
realize the voltage-controlled dynamic association and dissociation
of the polymer chain. To this end, we have designed and synthesized
two kinds of polymers, poly(ethylene glycol)-block-poly(glycidyl
methacrylate) decorated with B-CD pendants (GA-CD) and
poly(caprolactone) containing end-capping ferrocene (Fc) moieties
(L-Fc). On the basis of host-guest interactions between the B-CD
and Fc moieties, GA-CD and L-Fc can form a quasi-brush-like
macromolecular adduct through noncovalent connections between
the side groups. Normally, uncharged Fc species can bind to the
cavity of B-CD, forming a B-CD-Fc inclusion complex. On the
contrary, when applying an electrochemical oxidative stimulus,
the charged Fc' species are rapidly excluded from the cavity.'> This
reversible process can be accomplished by an opposite reductive
voltage. Hence, it is anticipated that our supramolecular polymer
brushes linked by these responsive and dynamic linkers could
reversibly undergo an association and dissociation effect, further
driving the electrochemical redox-modulated self-assembly and
disassembly behavior of the supramolecular polymer assemblies,
as shown in Scheme 1.

Typically, the two polymeric components, GA-CD and L-Fc, were
prepared, respectively, via reversible addition-fragmentation chain
transfer (RAFT) and ring-opening polymerization (ROP), affording
well-defined and monodispersive structures (ESIt). In particular,
the entire biodegradable segments endow the polymer with
favourable biocompatibility, offering us the chance to apply it
in biomedical fields.

We first aimed to confirm that the two polymers are able to form
a supramolecular brush through host-guest pairs. After mixing
GA-CD and L-Fc into a common solvent (THF, 1.0 mg mL ™", keeping
a CD/Fc 1:1 molar ratio) and using an ultrasound method to ensure
the solid completely dissolved, a homogenous and transparent

This journal is © The Royal Society of Chemistry 2014


http://dx.doi.org/10.1039/C4CC00463A
http://pubs.rsc.org/en/journals/journal/CC
http://pubs.rsc.org/en/journals/journal/CC?issueid=CC050036

Published on 11 February 2014. Downloaded by California State University at Fresno on 12/06/2014 08:01:42.

Communication

Supramolecular
Brush-like Polymer

GA-CD
Orthogonal
Assembly « ? l&

Self-assembly
in Water

Micelles

Scheme 1 Schematic illustration of the formation of electrochemical
redox responsive micelles from brush-like supramolecular block copoly-
mers and their controlled assembly and disassembly.

binary solution was obtained. To elucidate the formation of
the host-guest complex, UV/Vis spectroscopy and 2D nuclear
Overhauser enhancement spectroscopy (NOESY) were employed.
Initially, single L-Fc displayed a characteristic Fc absorption at
270 nm in the UV/vis spectrum. Increasing the amount of the
GA-CD host in the L-Fc solution resulted in nearly doubling the
intensity of the Fc absorption (Fig. 1a), implying the formation of
inclusion complexes between B-CD and Fc. Furthermore, as
shown in Fig. 1b, the presence of a series of 2D NOESY cross
peaks between H-3 and H-5 of B-CD and H-a, H-b and H-c of Fc
indicates that the Fc species can be orthogonally threaded into
the cavity of B-CD."? These results demonstrate that a brush-like
pseudocopolymer can be formed by GA-CD and L-Fc through
their CD-Fc complementary pairs.

Since the B-CD-Fc connection determines the electro-sensitivity,
we then focused on whether the GA-CD-L-Fc aggregates possess
similar electrochemical redox responsiveness. Slowly injecting a
specific amount of the pseudocopolymer in THF into the water
enables self-assembly, as suggested by the translucent colloidal
solution formation. The critical aggregation concentration (CAC) is
ca. 0.20 mg mL™", as measured by a Nile Red fluorescent probe
(Fig. S2, ESIt). It is worth noting that the CAC of these brush-like
supramolecular copolymers («~0.20 mg mL™") is much lower than
that of most linear supramolecular copolymers (>0.50 mg mL™"),
indicating that such brush-like supramolecular copolymers
may be more inclined to assemble in aqueous solution owing
to their relatively large molecular weights. To further visualize
the morphology of GA-CD-L-Fc in aqueous media, transmission
electron microscopy (TEM) was used to characterize the self-
assembled nanostructure. As shown in Fig. 2a, without any stimulus,
the supramolecular polymers can self-assemble into typical spherical
micelles with an average diameter of 220 nm, which corresponds to
the hydrodynamic radius of ~~105 nm monitored by dynamic light
scattering (DLS) experiments (Fig. S3, ESIt). The slight and negligible
aggregated size deviation between the TEM and DLS results is due to
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Fig.1 (a) UV/Vis spectra of L-Fc before and after adding GA-CD,
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Fig. 2 TEM images of the reversible assembly and disassembly of the electro-
chemical redox responsive micelles with an electric stimulus: (a) no external
voltage, (b) +1.0 V (after 2 h), (c) +1.0 V (after 8 h), and (d) —1.0 V (after 8 h).

the dry state results obtained by TEM, but the DLS measure-
ments are of the real state in solution.

When we applied an electrochemical redox trigger to the
micellar solution, interestingly, a series of assembly changes
occurred. Relative electrochemical analysis was carried out by a
three-electrode system (reference electrode: Ag/AgCl, working
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electrode: platinum plate, counter electrode: platinum plate) in
a supporting electrolyte (0.2 M KNO3), and TEM traced all of the
morphological changes in response to the redox potential.
When we applied an oxidative potential (+1.0 V) to the copolymer
solution for 2 h, parts of the spheres were disrupted and they could
not retain their shapes (Fig. 2b). It is believed that, triggered by a
short positive voltage, some of the Fc species converts to the
charged Fc' form, which is removed from the B-CD hosts, resulting
in partial dissociation of the supramolecular polymer brushes and
further destroying the hydrophilic-hydrophobic balance in the
polymer micellar system. However, owing to the relatively large
micellar sizes and the low liquidity, there are still a small number
of micelles not disrupted. After prolonging the electrochemical
oxidative time to 8 h, most of the micelles disappeared and no
available aggregates could be observed (Fig. 2c), indicating that the
micelles completely disaggregated into small fragments because all
of the L-Fc “brushing” chains were excluded from the GA-CD
backbone. Reversibly, in the presence of an opposite reductive
potential stimulus (—1.0 V) for 8 h, the spherical micelles reas-
sembled with similar shapes and sizes (Fig. 2d), which is ascribed
to Fc' gaining one electron and associating with B-CD again.
Nevertheless, since this electrochemical conversion (Fc" + e~ «> Fc)
is incomplete, the number of the reverted micelles decreases.
By applying an alternating electric field to this supramolecular
micellar system, the reversible procedure could be repeated over
three times (Fig. S3, ESIT). After multiple oxidation-reduction
loops, the micelles could maintain a constant size of ~~200 nm
as monitored by DLS (Fig. S3, ESIT). It is proven that the supra-
molecular micelles determine the electrochemical redox-tunable
assembly and disassembly behaviour. It is worth noting that
these kinds of micellar assemblies were quite stable for at least
one month in the absence of a stimulus. In addition, the electro-
chemical redox potential stimulus mode avoids introducing
redox agent accumulation, thus making it favourable to be
applied in industry and biological systems.

In conclusion, we have developed a new kind of brush-like
supramolecular copolymer topology based on the side chain
host-guest interactions between B-CD and Fc. Due to the
dynamic and responsive connections, the supramolecular brush
can further self-assemble into a micellar structure and exhibit
voltage-triggered reversible self-degradable and self-repairable
behaviour. We envisage that this mobile polymeric model could
open up a new route to smart nanocapsules for electrochemical
applications.
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