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ABSTRACT: Supramolecular chemistry currently faces the challenge of controlling nonequilibrium dynamics, such as the dynamic
instability of microtubules. In this study, we explored the emergence of dynamic instability through the hybridization of peptide-type
supramolecular nanofibers with surfactant micelles. Using real-time confocal imaging, we discovered that the addition of micelles to
nanofibers induced the simultaneous but asynchronous growth and shrinkage of nanofibers, during which the total number of fibers
decreased monotonically. This dynamic phenomenon unexpectedly persisted for 6 days and was driven not by chemical reactions but
by noncovalent supramolecular interactions between peptide-type nanofibers and surfactant micelles. This study demonstrates a strat-
egy for inducing autonomous supramolecular dynamics, which will open up possibilities for developing soft materials applicable to

biomedicine and soft robotics.

Having explored self-assembly in the thermodynamic stable
state, supramolecular chemistry now confronts the challenge of
controlling nonequilibrium dynamics.'' Chemically driven
nonequilibrium systems, including feedbacks, waves, and oscil-
lations, hold the key to fabricating active soft materials
equipped with cell-inspired features, such as autonomous mo-
tility and spatiotemporally regulated hierarchical structures.?*
2 The dynamic instability of microtubules represents one of the
intriguing dynamics occurring in cells, mainly driven by the en-
ergy dissipation of guanosine 5’-triphosphate.’® Microtubules
abruptly transition between growth and shrinkage, allowing the
coexistence of growing and shrinking fibers even in a uniform
subunit concentration; the systems exhibiting both two charac-
teristics are termed as the dynamic instability.”” In synthetic
self-assemblies, equilibrium dynamics are commonly observed,
and their kinetics rely on the energy barrier between assembly
and disassembly. However, synthetic supramolecular nano-
fibers generally lack autonomous switching between growth
and shrinkage during (de)polymerization.”® To date, several re-
searchers have successfully demonstrated the coexistence of
growing and shrinking nanofibers through microscopic obser-
vations, mostly with experimental setups using spatial gradi-
ents.!'*37 Although fuel-driven dissipative self-assemblies
have been intensively developed over the past decade,**° there
is still a limited number of examples of these assemblies exhib-
iting dynamic instability-like behavior.* It is thus indispensable
to develop a novel, simple supramolecular strategy for realizing
synthetic molecules exhibiting dynamic instability.

Here, we report the emergence of dynamic instability through
the hybridization of peptide-type supramolecular nanofibers
with surfactant micelles composed of sodium dodecyl sulfate

(SDS) (Figure la). Using time-lapse confocal laser scanning
microscopic (CLSM) imaging to visualize the system, we found
that the total number of fibers decreased monotonically upon
the addition of SDS micelles. Moreover, growth and shrinkage
of nanofibers occurred concurrently, and the periods of growth
and shrinkage were not synchronized among nanofibers, similar
to the dynamic instability of microtubules. This dynamic behav-
ior unexpectedly persisted for 6 days and was driven by non-
covalent interactions between the nanofibers and SDS micelles.
A series of control experiments suggested that both the hydro-
phobic interior of SDS micelles and the dynamic equilibrium
between micelles and monomers were crucial for this dynamic
behavior. Our study demonstrates a novel approach for design-
ing autonomous nonequilibrium systems through synthetic su-
pramolecular chemistry.

A diphenylalanine derivative with a benzyloxime group at the
N-terminus (Ox, Figure 1a) was employed as the peptide-type
hydrogelator.>* The Ox peptide self-assembles into one-dimen-
sional nanofibrous structures, mainly driven by hydrogen bond-
ing and z— interactions. CLSM was used to monitor fiber for-
mation resulting from in situ oxime formation through the reac-
tion between an aldehyde-tethered dipeptide precursor (Ald)
and O-benzylhydroxylamine in an aqueous buffer containing a
fluorescent probe (Figure S1). Real-time CLSM showed that fi-
ber formation was initiated stochastically in time and space af-
ter an induction time of approximately 7 min, and nanofibers
grew gradually over 30 min (Movie 1). In addition, some of the
fibers grew on the end of Ox peptide fragments, suggesting that
the mechanism of growth was nucleation—elongation (Figure S2,
Movie 2). During this time, shrinkage of nanofibers was negli-
gible.
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Figure 1. (a) Emergence of dynamic instability by hybridizing synthetic supramolecular fibers with surfactant micelles. (b) CLSM images
and (¢) HPLC charts before and after addition of SDS micelles. (d) CLSM images and (e) time course of single fiber dynamics. (f) Overlay
of CLSM images at different time points (green: 4 h, magenta: 6 h). Condition: [Ald] = 3.6 mM, [O-benzylhydroxylamine] = 3.6 mM, [SDS]
= 5.0 mM, [fluorescent probe] = 4.0 uM in 100 mM MES, pH 7.0, 30 °C.

To induce nanofiber degradation, we hybridized the Ox nan-
ofibers with SDS micelles. SDS micelles have hydrophobic in-
teriors, and the monomer and micellar assembly are known to
be in dynamic equilibrium.! We anticipated that the inner core
of the SDS micelles interacts with Ox nanofibers through hy-
drophobic interactions, leading to nanofiber decomposition. We
also considered the possibility that electrostatic repulsion be-
tween anionic SDS and anionic Ox peptide suppresses rapid fi-
ber decomposition, thereby allowing sufficient time for the sys-
tem to reach the thermodynamic equilibrium state.

We initially examined whether SDS micelles interacted with
Ox nanofibers using CLSM. A solution containing SDS

micelles (5.0 mM, critical micelle concentration (CMC) of 1.5
mM, Figure S3) was added to an Ox hydrogel (93% of the Ald
precursor was converted to the Ox peptide, Figure S4). CLSM
imaging showed that the Ox nanofibers were relatively short,
straight, and entangled before the addition of SDS micelles
(Figure 1D left). In contrast, the addition of SDS micelles mark-
edly reduced the number of nanofibers and altered the fiber
morphology, from linear to longer curved fibers (Figure 1b right,
Figure S5). Histogram analysis indicated that the fiber length
was distributed around 3.5 and 8.9 um (average fiber length)
before and after the addition of SDS micelles, respectively (Fig-
ure S6). These results indicated that Ox nanofibers and SDS



micelles indeed interacted with each other and that these inter-
actions induced degradation of the original nanofibers and re-
growth of nanofibers with different morphologies. Surprisingly,
time-lapse CLSM imaging showed that these nanofibers exhib-
ited autonomous growth and shrinkage behaviors (Figure 1d).
As shown in Figure le, for example, a fiber grew over 1.6 h
(from 2 h 20 min to 3 h 56 min) with an average rate of 0.22
pm/min, and then after a lag time of 1 h (the stationary phase),
the grown fiber abruptly shrank over 3 h with an average rate of
0.07 pm/min. Both growing and shrinking fibers were observed
in the same field of view, and the growth and shrinkage of fibers
were not synchronized in time and space (Figure 1f). 4D CLSM
movie clearly visualized that fiber growth and shrinkage indeed
occurred, rather than fiber inflow and outflow (Movie 3). High-
performance liquid chromatography (HPLC) analysis con-
firmed that the Ox peptide did not decompose during incubation,
which suggested that autonomous growth and shrinkage were
not driven by chemical reactions, in contrast to previous dissi-
pative self-assembly (Figure 1c). Overall, hybridization of Ox
nanofibers with SDS micelles was characterized by nonequilib-
rium dynamics, similar to the dynamic instability of naturally
occurring microtubules. Hereafter, we refer to this nonequilib-
rium dynamics as synthetic dynamic instability.

To investigate synthetic dynamic instability in detail, a time-
lapse CLSM movie was acquired for 12 h after the addition of
SDS micelles (Figure 2a, Movie 4). Shrinkage of the initial Ox
nanofibers began 4 min after the addition of SDS micelles, and
concurrently, a small number of short new nanofibers grew
from the edge of the original fibers (Figure S7). From 20 min,
small new aggregates grew from their ends, independently of
preexisting nanofibers. The newly formed fibers also shrank af-
ter a lag time. After 1 h, almost all of the original nanofibers
were degraded and replaced by regrown nanofibers. Autono-
mous growth and shrinkage persisted even after 12 h. Quantita-
tive analyses revealed a monotonic decrease in the total number
of nanofibers over time (Figure 2b, S8). According to single-
fiber tracking analysis, the growing and shrinking rates of each
fiber varied, and at 3 h, the average growing and shrinking rates
were 0.3 £ 0.2 and 0.22 + 0.17 um/min, respectively, which
were comparable with and slightly slower than those of micro-
tubules in vitro, respectively (Figure 2¢, S9).° Notably, the dis-
tribution of growing and shrinking rates remained similar at 3,
6, and 12 h, although the frequency of growth and shrinkage
gradually decreased (Figure S10). Observations of long-term
incubation showed that fiber growth and shrinkage occurred on
day 6, and few fibers, which did not exhibit dynamics, remained
after day 7 (Figure S11, Movie 5). Overall, synthetic dynamic
instability was driven by noncovalent interactions between the
Ox peptide and SDS and persisted for 6 days until the system
reached the thermodynamically stable state.
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Figure 2. (a) Overlay of time-series CLSM images using a tem-
poral color code. (b) Time course of the number of nanofibers. The
data represent the mean + standard deviation (n =4). (¢) Histogram
analysis of the growth and shrinkage rate at 3 h. The shrinkage rate
was shown as a negative value.

Quantitative analyses revealed three unique dynamics of nan-
ofiber growth and shrinkage. The first is oscillation-like repeti-
tion (Figure 3a, Movie 6). From 10 h 48 min to 11 h 4 min, a
very short aggregate grew to 9.3 pm mainly at the right end with
an average rate of 0.52 um/min. Then, the fiber gradually
shrank to 1.0 um over 32 min (0.26 pm/min) and regrew to 12
pm over 16 min (0.70 pm/min), accompanied with a temporary
shrinking period. The second is treadmilling-like dynamics,
which is one of the representative nonequilibrium dynamics of
actin filaments (Figure 3b). A short nanofiber gradually grew
from its left end (red arrow) to the left side of the field of view,
and the same nanofiber concurrently shrank from its other end
(green arrow), resulting in treadmilling-like dynamics. The
growth rate (0.47 pm/min) was higher than the shrinking rate
(0.31 um/min), and thus the total fiber length eventually in-
creased from 2.71 to 15.55 pm over 1.3 h. In the third case,
shrinkage of a few fibers was initiated at the middle of the fiber.
Specifically, a grown fiber broke at its mid-point, and shrinkage
started from one end but not from the other end (Figure S12).
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Figure 3. (Top) Unique dynamic behaviors and (bottom) quantita-
tive analysis of the growing and shrinking fibers. (a) Repetition of
growth and shrinkage. (b) Treadmilling-like behavior.

The dependence of autonomous growth/shrinkage on SDS
micelles was investigated by varying the concentration of SDS.
When SDS was added at concentrations below CMC (0.50 mM),
neither growth nor shrinkage proceeded until at least 12 h,
which was also confirmed with quantitative single-fiber analy-
sis (Figure S13). From these results, we concluded that the in-
teractions between the SDS monomer and Ox nanofibers were
too weak to induce fiber shrinkage. In contrast, when an excess
amount of SDS was added (50 mM), fiber shrinkage was dom-
inant and proceeded within 20 min, while fiber regrowth was
negligible (Figure S14). The resultant phase diagram revealed
that our synthetic dynamic instability emerged in the rather
wide concentration ranges of SDS and the Ox peptide (Figure
4, Movie 7-9). Interestingly, fiber growth and shrinkage were
negligible when a liposome solution (96:4 1,2-dioleoyl-sn-glyc-
ero-3-phosphocholine/1,2-distearoyl-sn-glycero-3-phosphate)
was added instead of SDS micelles (Figure S15). These results
indicated that both the hydrophobic environment provided by
SDS micelles and the dynamic equilibrium between SDS mi-
celles and monomers were critically important for synthetic dy-
namic instability.
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Figure 4. Phase diagram as a function of concentrations of the pep-
tide hydrogelator and SDS.

From the above results, we propose the following mechanism
of synthetic dynamic instability (Figure 5). After the addition of
SDS micelles to Ox nanofibers, SDS micelles interact with nan-
ofibers, mainly at their hydrophobic ends. The inner hydropho-
bic environment of SDS micelles induces the disassembly of Ox
nanofibers into Ox short peptides aggregates, leading to nano-
fiber shrinkage from the end. Subsequently, some of the decom-
posed short peptide aggregates are released from the SDS mi-
celles owing to the dynamics of SDS micelles, and these re-
leased aggregates/peptides function as seeds and active mono-
mers to initiate nanofiber regrowth. Furthermore, SDS micelles
interact with the regrown nanofibers at their tips to induce fiber
shrinkage, as in the case of the original Ox nanofibers. The ob-
servation of a stationary phase between the growth and shrink-
age phases indicates the existence of an energy barrier, which
likely arises from electrostatic repulsion between SDS micelles
and nanofibers. As these processes repeat, Ox peptides become
trapped within SDS micelles, which gradually attenuates the
growth and shrinkage dynamics of the nanofibers, leading to
thermodynamic equilibrium after 7 days.

To date, several researchers have observed the nonequilib-
rium dynamics of supramolecular fibers, including the coexist-
ence of growth and shrinkage (Table S1), using spatial concen-
tration gradients,?' localized photo-control,** and/or external
fields’’ (including repetitive/continuous supply of chemi-
cal/electrical fuels). Marangoni flows were recently reported to
drive autonomous fiber growth and shrinkage through the sur-
face tension gradient, although these processes currently require
source droplets and are limited to the interface.’*3* Moreover,
van Esch and coworkers used chemical reaction-driven dissipa-
tive self-assembly to realize out-of-equilibrium dynamics, sim-
ilar to dynamic instability.>* In contrast to these previous studies,
our system is unique in that autonomous growth and shrinkage
of peptide-based nanofibers, persisting over 6 days, can be
driven by noncovalent (supramolecular) interactions without an
elaborate experimental setup. Two factors would be crucial for
the emergence of synthetic dynamic instability: (i) distinct
mechanisms on the fiber growth and shrinkage, (ii) a delicate
balance of supramolecular interactions between peptide fi-
bers/aggregates and SDS micelles. Owing to the simplicity of
our system, we believe that further extension, such as equip-
ment to elicit stimulus responses, will allow control of synthetic
dynamic instability in space and time. It is envisioned that har-
nessing this type of autonomous supramolecular dynamics will
provide opportunities for the development of intelligent materi-
als with potential applications in biomedicine and soft robotics.
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