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ABSTRACT: The importance and prevalence of energy-fueled
active materials in living systems have inspired the design of
synthetic active materials using various fuels. However, several
major limitations of current designs remain to be addressed, such
as the accumulation of chemical wastes during the process,
unsustainable active behavior, and the lack of precise spatiotem-
poral control. Here, we demonstrate a fully electrically fueled (e-
fueled) active self-assembly material that can overcome the
aforementioned limitations. Using an electrochemical setup with
dual electrocatalysts, the anodic oxidation of one electrocatalyst
(ferrocyanide, [Fe(CN)6]4−) creates a positive fuel to activate the
self-assembly, while simultaneously, the cathodic reduction of the
other electrocatalyst (methyl viologen, [MV]2+) generates a negative fuel triggering fiber disassembly. Due to the fully catalytic
nature for the reaction networks, this fully e-fueled active material system does not generate any chemical waste, can sustain active
behavior for an extended period when the electrical potential is maintained, and provides spatiotemporal control.

■ INTRODUCTION
Dissipative self-assemblies (DSAs) are prevalent in nature and
have evolved myriad dynamic structures and activities to
regulate critical cellular functions such as cell division,
proliferation, self-healing, and homeostasis.1,2 Existing far
away from thermodynamic equilibrium, such active assemblies
in living systems persist in highly organized low-entropy states
sustained by constant energy intake from chemical fuels.3 For
example, dynamic actin filaments and microtubules are formed
by supramolecular polymerizations when the precursor
proteins are activated by chemical fuels like adenosine 5-́
triphosphate (ATP) or guanosine triphosphate (GTP).4 Such
active assemblies maintain dynamic instability in living systems
with constant fuel intake and dissipation. Notably, regulated by
the intricate and locally modulated intracellular signaling
networks, cells can achieve precise spatiotemporal control over
natural DSAs, which is critical for their biological functions.
Inspired by such biological active systems, several synthetic

DSA systems have been created by mainly using chemicals5−9

or light10−12 as the fuel sources. DSAs of various building
blocks, such as organic molecules,5,13−16 peptides,14,17,18

DNAs,19,20 and nanoparticles,21 were generated by using
chemical fuels including alkylating agents,5 carbodiimides,14,15

ATP/GTP,19,22−25 and oxidants.13,26,27 Alternatively, DSAs of
small molecules,28,29 proteins,11 and particles10,30 were formed
using light as the fuel. Despite great progress being made,
several major challenges remain to be addressed in the field.
For chemical-fueled DSA system, one major challenge is waste
accumulation that causes closed DSA systems to change with

time, not only limiting the lifetime of the active states but also
prohibiting sustainable operation.31 While light is a cleaner fuel
compared to chemical fuels, it is limited by penetration depth
and has a lower efficiency in generating the activated state.12

Moreover, light-driven DSAs are limited to special substrates
having light-sensitive motifs (e.g., photoswitches like azoben-
zenes or spiropiranes),32,33 limiting their general applicability.
To address the aforementioned challenges, our lab has been

developing electrically fueled DSA systems.34 Electricity is a
clean energy and readily accessible and can be administered
with precise spatiotemporal control. Electric potential has also
been used to control supramolecular interactions including
out-of-equilibrium assemblies.35−37 In our previous study, we
described a hybrid DSA system that is composed of an
electrochemical oxidation for activating the self-assembly and a
chemical reduction for deactivating the system for disassem-
bly.34 While this system demonstrates spatiotemporal control
over the self-assemblies, the dissipative reduction cycle still
generates a chemical waste (Figure 1a). In a closed system, the
reductant (dithiothreitol, DTT) is gradually consumed, while
the oxidized DTT waste accumulates with time. As a result, the
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system constantly evolves with time and the DSA process
cannot be sustained over an extended period even with an
electrical potential applied.
To overcome the limitations as discussed above, here, we

report a fully electrically fueled (e-fueled) DSA system that
does not generate any chemical waste and can be sustained for
an extended period of time by electrical energy. To achieve
this, we integrate two electrocatalytic cycles�one creating a
catalytic oxidant and the other generating a catalytic reductant
both electrochemically�at two separate electrodes to drive the
assembly and disassembly simultaneously (Figure 1b).
Specifically, electrochemical oxidation of one catalyst at the
anode generates a catalytic oxidant (positive fuel) that oxidizes
a cysteine derivative (CSH) into its corresponding cystine
derivative (CSSC), initiating self-assembly into microfibers
(Figure 1b).38 Simultaneously, electrochemical reduction of
another catalyst at the cathode produces a catalytic reductant
(negative fuel) that reduces CSSC back to CSH and triggers
disassembly. By integrating the anodic and cathodic half cycles
into one system, we have established a fully electrically fueled
active self-assembly system that is completely waste-free, with
spatiotemporal control, and can be sustained over an extended
period.

■ RESULTS AND DISCUSSION
Design of Fully e-Fueled DSA System. To achieve a

fully e-fueled DSA system, first, we need to identify two
electrocatalytic cycles that meet the following criteria: (1) the
two homogeneous electrocatalysts (or redox mediators) have
good redox stability and reversibility during the e-fueled self-
assembly cycles; (2) the two electrocatalytic cycles are
compatible with each other and with the DSA system (i.e.,
the two catalysts do not have undesired reactions with each
other or with the DSA system); (3) the redox potentials of the
two redox mediators match the redox potential of the self-
assembly building block used for DSA. With these consid-
erations in mind, we chose ferrocyanide ([Fe(CN)6]4−) as the
mediator for electrochemical oxidation at the anode and
methyl viologen (1,1′-dimethyl-4,4′-bipyridinium dichloride,
[MV]2+) as the mediator for electrochemical reduction at the
cathode. For simplicity, we employed the same cysteine
derivative (CSH) used in our prior studies as the monomer in
this study.13,34 Our previous work34 showed [Fe(CN)6]4− as
an effective redox mediator for electrochemical oxidation of
CSH to its cystine derivative CSSC, which was adopted in the
current study for the electrochemical oxidation half cycle. For
the reduction half cycle, we chose [MV]2+ as the electrocatalyst
because its redox potential is suitable for CSSC reduction and
previous reports have shown reduced methyl viologen
([MV]+•) to effectively reduce disulfides into thiols.39−41

Figure 1. Design of fully e-fueled active self-assembly system. (a) Our previously reported hybrid design combining an e-fuel for CSH oxidation
and DTT as a chemical reductant for CSSC reduction showing generation of chemical waste.34 (b) Illustration of the current new design of fully e-
fueled DSA of CSH/CSSC system mediated by dual electrocatalytic cycles. Under applied electrical potential, at the anode, [Fe(CN)6]4− is
electrochemically oxidized to [Fe(CN)6]3− that further oxidizes CSH into CSSC for fiber assembly. Simultaneously, at the cathode, [MV]2+ is
electrochemically reduced to produce [MV]+•, which further reduces CSSC to CSH and induces disassembly. (c) CV plot showing electrocatalytic
oxidation and reduction of CSH and CSSC in the presence of [Fe(CN)6]4− and [MV]2+ through in situ generation of [Fe(CN)6]3− and [MV]+• at
anodic and cathodic half cycles, respectively.
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Furthermore, [MV]2+ is a common, robust electrocatalyst used
for various reduction-based applications including electro-
chromic devices,42 enzymatic assays,43,44 organic redox flow
batteries,45 and switchable redox indicators.45 Notably, the
compatibility of [Fe(CN)6]4−/[Fe(CN)6]3− with [MV]2+/
[MV]+• redox pairs has been demonstrated previously,46,47 and
various FeII/FeIII cycles with viologen derivatives as redox
mediators were utilized in electrochromic cells to achieve
reversible color switching.48,49 In our design, we combine
[Fe(CN)6]4− and [MV]2+ as two redox mediators and
simultaneously activate them at two electrodes by electric
potential to catalytically generate [Fe(CN)6]3− as the oxidant
at the anode (positive fuel) and [MV]+• as the reductant at the
cathode (negative fuel). By coupling the catalytic electro-
chemical redox reaction networks to the dynamic interconver-
sion between CSH and CSSC, we created a fully e-fueled active
supramolecular assembly system (Figure 1b) in which the
anodic oxidation cycle promotes CSSC production and self-
assembly into fibers while the cathodic reduction cycle
simultaneously reduces CSSC back to CSH to trigger
disassembly. With complete electrocatalytic cycles for both
the assembly and disassembly processes, the active system does
not create any chemical waste and can be sustained by
electrical potential for an extended period, while maintaining
precise spatiotemporal control similar to our previous hybrid
system.34 To confirm the viability of our design, we performed
cyclic voltammetry (CV) experiments to monitor the oxidation
and reduction of CSH and CSSC in the presence of
[Fe(CN)6]4− and [MV]2+ in deoxygenated phosphate buffer
at pH 7. CV plot in Figure 1c displayed a low magnitude for
cathodic current (higher for anodic), indicating involvement of
[Fe(CN)6]4− in CSH oxidation. Conversely, [MV]2+ showed
significantly enhanced cathodic current, suggesting its partic-
ipation in the reduction of both CSSC and [Fe(CN)6]3−.
Figure 1c also depicts a reversible single electron transfer peak
for [MV]2+ to [MV]+• reduction at −0.66 V versus saturated
calomel electrode (SCE), while that for [Fe(CN)6]4− oxidation
appeared at 0.21 V versus SCE. Overall electrochemistry
involving the oxidation and reduction of dual electrocatalysts
can be shown as follows

[ ] [ ] ° =CN CN EFe( ) e Fe( ) , 0.21 V6
4

6
3

(1)

[ ] + [ ] ° =+ +• EMV e MV , 0.66 V2 (2)

[ ] + [ ] [ ] + [ ]
° =

+ +•CN CN

E

MV Fe( ) MV Fe( ) ,

0.87 V

2
6

4
6

3

(3)

From the CV plot, the difference between the midpoint
potentials of [MV]2+ and [Fe(CN)6]4− is −0.87 V, suggesting
that direct reaction between [Fe(CN)6]4− and [MV]2+ (eq 3)
is thermodynamically unfavorable (ΔGrxn = −nFErxn° > 0). In
contrast, when their respectively reduced and oxidized species
(i.e., [MV]+• and [Fe(CN)6]3−) come in contact, electron
transfer from [MV]+• to [Fe(CN)6]3− (reverse reaction of eq
3) is spontaneous. Similarly, the reduction of CSSC appears at
∼0 V versus SCE (Figure 1c), which was not observed in
earlier work34 of [MV]2+-free hybrid system, indicating that
electron transfer from [MV]+• to CSSC mediated its reduction
to regenerate CSH (Figure 1a). The CV analysis validates the
use of [Fe(CN)6]4− and [MV]2+ as dual electrocatalysts to
mediate reversible conversion between CSH and CSSC
without forming any chemical waste.

Model Kinetic Study. To further test the feasibility of fully
e-fueled DSA design, we conducted a model study using ultra-
performance liquid chromatography (UPLC) and UV−vis
spectroscopy analyses to respectively monitor the formation
and decay of the disulfide species and [MV]+• in situ during
repetitive electrochemical cycles. For this purpose, customized
electrochemical cells were built by parallelly placing two
indium tin oxide (ITO)-coated glass slides inside a 3D-printed
square plastic mold (for UPLC, Figure S2) and a plastic
cuvette (for UV−vis, Figure S3) such that the working
electrodes reside on one side while the counter and reference
electrodes (both fabricated onto one ITO slide by chemical
etching) reside on its opposite (Figures 2a and S1). The

electrochemical cells were purged by argon prior to sealing to
ensure an oxygen-free environment during the entire analysis.
To avoid complication caused by CSSC gelation, a close
analogue of CSH, N-acetylcysteine amide (NACA, Figure 2b),
was used as a model compound in the UPLC and UV−vis
experiments. UPLC analysis (Figure 2c) of electrochemical
oxidation of NACA in the presence of [Fe(CN)6]4− but
without [MV]2+ showed that the disulfide derivative (red filled
circles) was quickly formed after applying 0.8 V voltage (vs
ITO reference) with simultaneous decay of NACA monomer
(green filled triangles), which remained as such after the
electrical potential was removed. Repeating the same experi-
ment with inclusion of [MV]2+ in the solution led to a very
different behavior. After a nearly identical initial profile for
disulfide formation, it decayed gradually within ∼15 min after

Figure 2. Model kinetic study. (a) Customized electrochemical cell
with one ITO slide as counter and reference electrodes and one as the
working electrode parallelly placed at an interelectrode gap (IEG) of
500 μm. (b) Reaction scheme depicting e-fueled oxidation of NACA
thiol to NACA disulfide by electrochemical oxidation mediated by
[Fe(CN)6]4− and reversal by electrochemical reduction mediated by
[MV]2+. (c) UPLC analysis showing in situ formation of NACA
disulfide [S−S] and decay into thiol [−SH] during electrochemical
redox cycle [initial solution: pH 7, 2 mM NACA−thiol, 120 mM
[Fe(CN)6]4−, with (open circle) and without (filled symbols) 160
mM [MV]2+]. A bias of 0.8 V (vs ITO reference) was applied for 5
min and then stopped for next 20 min. (d,e) Reversible formation and
decay of NACA disulfide ([S−S]) and [MV]+• with 0.8 V (vs ITO
reference) voltage on for ∼5 min (filled tringles), followed by gradual
decay in ∼20 min under voltage off condition (empty triangles) for 20
consecutive cycles.
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voltage removal (Figure 2c, blue empty circles) due to
reduction by [MV]+• electrochemically generated at the
cathode. Notably, the cycle could be repeated many times
without noticeable change of the kinetic profile (tested up to
20 runs, Figure 2d), supporting good reversibility of our fully
e-fueled design. To follow the reduction process, we quantified
in situ formation and decay of [MV]+• during electrochemical
cycles of the same solution described above by monitoring its
characteristic UV−vis absorption at 607 nm (molar extinction
coefficient, ε = 13,900 M−l cm−l) (Figure 2e).49 UV−vis data
proved rapid generation of [MV]+• after applying a 0.8 V
electrical potential (vs ITO reference), followed by gradual
decay in ∼15 min after the voltage was removed, during which
[MV]+• was consumed through reduction of NACA disulfide
in the solution. Again, the process can be repeated many cycles
without noticeable change of the kinetic profile, further
supporting the stability and reversibility of the system. These
results have clearly established that the dual electrocatalytic
cycles are stable and reversible and work cooperatively to the
formation and dissipation of the disulfide derivative.
Transient Self-Assembly of Fibers. The model kinetic

study revealed the transient formation of disulfide species
having a certain lifetime that is governed by electrochemical
production of the catalytic species and their diffusion from
electrodes toward bulk solution. In contrast to normal
chemical-fueled DSAs in which chemical fuels are irreversibly
consumed to generate waste with time, in our fully e-fueled
system, the fuels (i.e., [Fe(CN)6]3− and [MV]+•) are
electrocatalytically produced in situ to sustain the out-of-
equilibrium self-assembly without any waste generation. To
achieve transient DSA, we first optimized the concentrations of
initial species (CSH, [Fe(CN)6]4−, [MV]2+), the operating
voltage, and the interelectrode gaps. On the basis of the
optimization, the transient DSA was conducted in pH 7
phosphate buffer with 2 mM CSH, 120 mM [Fe(CN)6]4−, 160
mM [MV]2+, and 25 μM Nile red (as an intercalation dye used
for confocal laser scanning microscopy, CLSM)13 in a sealed
electrochemical cell (Figure 2a) under an oxygen-free
environment. As revealed by CLSM, fibers grew from the
surface of the working electrode shortly after a 0.8 V (vs ITO
reference) electrical potential was applied between the working
and counter electrodes (Figure 3a, Movie S1). When the
current was turned off at 10 s, the fibers began to disassemble
and eventually disappeared after 10 min. Cryo-transmission
electron microscopy (cryo-TEM) showed an average diameter
of ∼18 nm for CSSC fibers collected during e-fueled self-
assembly (Figure 3b). These fibers also stack and entangle and
appeared as larger assemblies over time (Figure S4).
Consistent with our early kinetic study (Figure 2d,e) and
previous report,34 when an electrical potential is applied to the
system, the oxidative electrocatalytic cycle creates [Fe-
(CN)6]3−, which oxidizes CSH to CSSC and initiates fiber
assembly from the anode surface. Simultaneously, the reductive
electrocatalytic cycle generates [MV]+• at the cathode. Upon
depletion of [Fe(CN)6]3− when the voltage is turned off, the in
situ generated [MV]+• will diffuse from the cathode toward
bulk solution, initially reducing CSSC at the fiber front and
then in the body of the gel. Enabled by the dual electrocatalytic
cycles, the transient assembly is completely waste-free and
reversible.
In agreement with the reversibility observed in the model

kinetic study (Figure 2d,e), the transient self-assembled fibers
could be grown and dissipated repetitively by turning the

voltage on and off. The repetitive growth and shrinkage of
fibers with time were quantified by the fluorescence intensity
plot, which correlates to the quantity of the self-assembled
fibers (Figure 3c). This shows very similar growth and
shrinkage profiles for multiple repeating cycles, confirming
the stability and reversibility of the fully e-fueled DSA. The
timescales for CSSC fiber growth cycles (Figure 3c) are
comparable to those for the oxidation of NACA (Figure 2c,d),
but those for fluorescence decay cycles due to CSSC fiber
dissolution (∼18 min, voltage off, Figure 3c) are slightly longer
than the reduction of NACA dimer in homogeneous solution
(∼14 min, voltage off, Figure 2c,d). This is attributed to slower
diffusion of [MV]+• to CSSC gel and hence slower reduction
of CSSC in the gel state than NACA dimer in the
homogeneous solution. To further demonstrate that the
system could dynamically transduce electronic inputs related
to sensing, actuation, and computation, single-frequency (10
kHz) electrochemical impedance spectroscopy (EIS) was
concurrently used to probe the impedance changes of the
fully e-fueled DSA on the same three-electrode cell as used for
CLSM (Figure 3d). The impedance of the system increased
sharply upon application of 0.8 V (vs ITO reference) for 10 s
due to the growth of fiber networks between electrodes and
dropped after the potential was returned to 0 V. Presumably,
the increase in impedance is caused by the inhibition of ionic
currents between electrodes due to impeded charge transport
through the self-assembled fiber network. When the voltage is
removed, the impedance returns to the initial value, indicating
complete dissolution of the fibers formed in the system. The
impedance change profile parallels the fluorescence intensity
for multiple cycles of turning the voltage on and off. The
reproducible patterns observed for the fluorescence intensity

Figure 3. Fully e-fueled transient self-assembly. (a) Fully e-fueled
transient self-assembly of CSSC fibers (pH 7, 2 mM CSH, 120 mM
[Fe(CN)6]4− and 160 mM [MV]2+). Fibers grow perpendicularly
from the anode (located at the bottom) surface on applying 0.8 V (vs
ITO reference) potential for ∼10 s, followed by disassembly when the
voltage was turned off for ∼10 min. The time points of each snapshot
extracted from CLSM video file are provided on the top. The scale bar
is 10 μm. (b) Cryo-TEM image of CSSC fibers formed during fully e-
fueled assembly after applying 0.8 V (vs ITO reference) potential for
30 s. The scale bar is 200 nm. (c) Reversible changes in average
fluorescence intensity vs time obtained from CLSM to show repetitive
growth and decay of fibers when the voltage was turned on and off,
repetitively. (d) Reversible changes of single-frequency (10 kHz)
electrochemical impedance when the voltage was turned on and off
repetitively.
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and the impedance changes in cyclic experiments confirm the
robustness and reversibility of the fully e-fueled DSA system.
This is in contrast to chemical-fueled DSA closed systems for
which the systems continuously evolve as the chemical fuels
are constantly consumed and wastes gradually build up. Even
in our previously reported hybrid e-fueled DSA system, the
change of system was reflected by the shifting baselines in both
fluorescence plot and EIS curves in multiple cycle experiments
(see Figures 2d and 4d in ref 34).34 For the hybrid system,34

even though the oxidant fuel ([Fe(CN)6]3−) is constantly
regenerated by the electrocatalytic cycle, the chemical
reductant (DTT) is irreversibly consumed with time, causing
the change of the system. Overall, the experiments in this
section clearly demonstrate that the fully e-fueled DSA is stable
and reversible, showing transient and directional fiber growth
with precise temporal control.
Several control experiments were conducted to confirm that

the observed assembly/disassembly indeed arose from CSSC/
CSH redox cycle. First, under otherwise identical conditions
except without CSH, no fiber formation was observed under
the same electrical potential (Movie S2). Second, when
[Fe(CN)6]4− was missing in the system, no fiber formation
was observed as there was no oxidative electrocatalytic cycle to
catalyze the oxidation of CSH to generate CSSC (Movie S3).
Third, when no [MV]2+ was added to the system, the formed

CSSC fibers did not disassemble because of the absence of
reductive half cycle (Movie S4).

Active and Dynamic Behavior of Fully e-Fueled DSA.
As discussed earlier (Figures 2 and 3), the synchronous
electrochemical formation of [Fe(CN)6]3− and [MV]+• results
in dynamic interconversion between CSH and CSSC in the
fully e-fueled DSA system. Upon applying an electrical
potential, concurrent activation of both electrocatalysts gives
rise to three regions in the electrochemical cell: an oxidant-rich
region near the anode, a reductant-rich region near the
cathode, and the intermediate bulk region (Figure 4a). While
anodically generated [Fe(CN)6]3− quickly catalyzes CSH
oxidation into CSSC for fiber assembly propagating from the
anode surface, the simultaneously formed [MV]+• at the
cathode needs time to diffuse toward the anode side in order
to reduce CSCC and trigger disassembly. As a result, in the
beginning, the rate of fiber assembly at the anodic region is
much faster than that of fiber disassembly, which is in good
agreement with our earlier model kinetic study (Figure 2d,e).
The NACA model reactions displayed a faster rate (k1 ≈ 268
M−1 s−1, Figure S4) of disulfide formation than the disulfide-
to-thiol decay process (k2 ≈ 22 M−1 s−1, Figure S4). To match
the fiber growth and disassembly kinetics, we optimized several
parameters, including the concentration of the reduction
catalyst [MV]2+ and the interelectrode gap, to balance the fiber

Figure 4. Fully e-fueled active, dynamic self-assembly. (a) Schematic illustration showing generation of [Fe(CN)6]3− oxidant-rich region, [MV]+•

reductant-rich region, and their intermediate region upon e-fueled activation inducing CSH ↔ CSSC interconversions to achieve active self-
assembly. (b−e) CLSM snapshots of fully e-fueled DSA system displaying active and dynamic features undergoing rapid growth and shrinkage of
CSSC fibers from 2 mM CSH and 120 mM [Fe(CN)6]4− in phosphate buffer at pH 7 having 200 mM (b,c), 300 mM (d), and 400 mM (e) of
[MV]2+ at an interelectrode gap of 300 μm. CLSM objective is mounted at fiber fronts located ∼200 μm away from the anode for b, d, and e and in
the body of gel located ∼175 μm from the anode for c. Dotted circles in blue highlight new CSSC fiber assemblies, and those in orange show
disassembly. The anode/working electrode is located on the left side for all snapshots. The scale bar is 10 μm.
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disassembly and assembly kinetics. Specifically, we gradually
increased the concentration of [MV]2+ and decreased the
interelectrode gap to boost the reduction for fiber disassembly
to better match the fiber growth kinetics. Through increasing
[MV]2+ concentration, more catalytic reductant ([MV]+•) was
created at the cathode. By shortening the interelectrode gap,
we reduced the diffusion pathlength so that [MV]+• could
reach the CSSC fibers more quickly to induce disassembly.
Conversely, as the CSSC fibers grow further away from the
anode surface, it increases the pathlength for the catalytic
oxidant ([Fe(CN)6]3−) to reach the fiber fronts while the
diffusion of [Fe(CN)6]3− through the gel is also slowed down,
both factors leading to slower assembly as the fibers grow
further. At some point, the fiber growth kinetics was just
matched by the disassembly kinetics at the fiber fronts, and
homeostasis was established (Figure 4a).
After full optimizations, under the following conditions (2

mM CSH, 120 mM [Fe(CN)6]4−, 200 mM [MV]2+, and an
interelectrode gap of 300 μm), we achieved an active DSA
showing high dynamic instability (Figure 4c, Movie S5). After
applying 0.8 V (vs ITO reference) bias to the above system,
CSSC fibers initially grew rapidly by positive fueling until the
active growth was counter-balanced by reduction caused by
[MV]+• (negative fuel) diffused from the cathode, reaching a
dynamic steady state in the intermediate region (Figure 4a).
High dynamic instability for the fiber assembly was observed
not only at the fiber fronts (CLSM objective located ∼200 μm
away from the anode and ∼100 μm from the cathode, Figure
4b,d,e and Movies S5, S7, and S8) but also toward the body of
gel (CLSM objective located ∼175 μm away from the anode
and ∼125 μm from the cathode, Figure 4c and Movie S6). As
shown by the videos, fibers stochastically shrunk and grew at
the same time due to the fully e-fueled active process. Upon
increasing the concentration of [MV]2+ to 300 mM (Figure 4d,
Movie S7) and 400 mM (Figure 4e, Movie S8), respectively,
faster fiber disassembly was achieved and more complex
dynamic features were observed, including concurrent growth
and shrinkage, looping, and waving, due to an increased
production of [MV]+• by e-fueling. Several physical factors�
such as concentration gradients of electrocatalysts created
upon e-fueling, liquid−liquid phase separation caused by CSH
sol to CSSC gel conversion and vice versa,50 electrostrictive
hydrodynamics,51 and electroosmosis52�could also contribute
to the complex out-of-equilibrium nature along with varied
[MV]+• content. For control, an otherwise identical system
except without [MV]2+ generated only static fibers with no
dynamic feature (Movie S4), confirming the critical role of in
situ generated [MV]+• in order to achieve dynamic active self-
assembly.
Sustained Homeostasis for Waste-free, Fully e-

Fueled DSA. Since the fully e-fueled DSA system is a
waste-free closed-loop system that catalytically generates both
the positive ([Fe(CN)6]3−) and negative fuels ([MV]+•) to
power the DSA process, it offers a unique opportunity to create
a sustained homeostatic active system lasting for an extended
period of time. To demonstrate this, we used CLSM to
monitor the active behavior of our DSA system under a
constant bias of 0.8 V (vs ITO reference) for >4 h (Figure 5a,
Movie S9). Specifically, at every 30 min interval, a 2 min
CLSM video was taken for the active DSA system at the same
focus area. The CLSM results confirm that the active and
dynamic assemblies were sustained during the entire period
(Figure 5a). The corresponding average fluorescence intensity

values for each CLSM image frame for the monitored area
(135 μm × 135 μm) recorded for 781.9 ms duration were
compared at different time points (Figure 5b), showing nearly
constant fluorescence intensity throughout the process. This
confirms that the fully e-fueled system can sustain the
homeostatic active state for an extended period of time
because the positive (oxidation for fiber assembly) and

Figure 5. Sustained homeostasis for fully e-fueled DSA system. (a)
Dynamic sustainability of CSSC fiber assembly growing and shrinking
at once under constant 0.8 V vs ITO reference (phosphate buffer at
pH 7, 2 mM CSH, 120 mM [Fe(CN)6]4−, 300 mM [MV]2+, with an
interelectrode gap of 300 μm). Snapshots from CLSM analysis
provided at ∼30 min intervals show sustained dynamic behavior with
continuous e-fueling. The anode and cathode are located at the
bottom and top of CLSM objective, respectively. The scale bar is 10
μm. (b) Corresponding average fluorescence intensity profiles derived
from CLSM image frames extracted for the first 2 min after every ∼30
min intervals, indicating retention of fluorescence arising from
simultaneous growth and dissolution of CSSC fibers at steady state
equilibrium up to 250 min of e-fueling. (c) Nyquist and (d) Bode
plots derived for the same set of measurements at a frequency range of
100 to 106 Hz, with an AC perturbation of ±10 mV. The arrows and
green bracket respectively show an impedance increase up to 10 min
and then retention up to 250 min of applying voltage.
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negative (reduction for disassembly) activities occur simulta-
neously with matching kinetics.
Finally, the sustained homeostasis for the active assembly

was confirmed by EIS measurements that were conducted
under a constant bias of 0.8 V (vs ITO reference) in the
frequency range of 100−106 Hz at ∼30 min intervals to
monitor impedance change caused by the growth of CSSC
fibers. As shown in the Nyquist plots (Figure 5c), after an
initial increase in the impedance in the first 10 min upon
applying the voltage, it stabilized into relatively constant values
for the next 4 h. The corresponding Bode plots (Figure 5d)
showed a similar trend, with mid-frequency phase angle peaks
increasing for the first 10 min and then remaining nearly
constant for the remaining period. The EIS data are in good
agreement with the CLSM data (Figure 5b). Right after
applying a voltage to the DSA system, electrochemical
oxidation-fueled fiber growth dominates, which increases
charge-transfer resistance in the cell due to the non-conducting
nature of CSSC fibers, resulting in enhanced impedance for
∼10 min (Figure 5c,d). After that short period of time,
sufficient negative fuel [MV]+• generating from the cathode
diffused to the bulk solution to counter the fiber growth (the
system eventually reaches the steady state), reaching a
homeostatic active state showing constant impedance values
(Figure 5c,d).

■ CONCLUSIONS
In summary, we developed a fully e-fueled DSA system
employing two electrocatalytic cycles by simultaneously
generating the positive fuel (oxidant) from the anode and
the negative fuel (reductant) from the cathode. By coupling
the synchronous electrocatalytic formation of oxidant [Fe-
(CN)6]3− and reductant [MV]+• with redox-controlled
interconversion between CSH and CSSC, we achieved a fully
e-fueled DSA system. The kinetic model study confirmed that
the e-fueled interconversion between CSH and CSSC is robust
and fully reversible for multiple cycles. Transient fiber
assembly was shown by repetitively turning on and off the
electrical voltage. Through balancing CSH oxidation by
positive fuel for fiber assembly and CSSC reduction by
negative fuel for fiber disassembly, dynamic active self-
assembly was sustained by electrical potential. Compared to
chemical-fueled synthetic DSA systems, the fully e-fueled DSA
demonstrated here has several advantageous features. First, due
to the complete electrocatalytic reaction cycles, no chemical
waste is produced in the entire process. Second, the absence of
waste generation allows us to achieve a homeostatic active
DSA system that can be sustained for an extended period of
time (>4 h), which was not possible for any previous synthetic
closed-system active materials. Such a fully e-fueled, waste-free,
and sustainable active material platform will be employed to
investigate other redox-active supramolecular self-assembly
systems which may open door to potential bioelectronic
applications in the future.53,54
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