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Water-regulated viscosity-plasticity phase
transitions in a peptide self-assembled
muscle-like hydrogel

Yu Fang 1,2,3,6, Junhui Shi4,5,6, Juan Liang2,3, Dan Ma 4,5 &
Huaimin Wang 2,3

The self-assembly of small molecules through non-covalent interactions is an
emerging and promising strategy for building dynamic, stable, and large-scale
structures. One remaining challenge is making the non-covalent interactions
occur in the ideal positions to generate strength comparable to that of cova-
lent bonds. This work shows that small molecule YAWF can self-assemble into
a liquid-crystal hydrogel (LCH), the mechanical properties of which could be
controlled by water. LCH can be used to construct stable solid threads with a
length of over 1 meter by applying an external force on 2 µL of gel solution
followed by water-regulated crystallization. These solid threads can support
250 times their weight. Cryogenic electron microscopy (Cryo-EM) analysis
unravels the three-dimensional structure of the liquid-crystal fiber (elongated
helix with C2 symmetry) at an atomic resolution. The multiscale mechanics of
this material depend on the specificity of the molecular structure, and the
water-controlled hierarchical and sophisticated self-assembly.

Self-assembly is a potential ability of an assortment of molecules,
including proteins with molecular weights over kilos of Daltons and
small molecules with molecular weights lower than a thousand Dal-
tons. Spontaneous self-assembly typically relies on non-covalent
interactions, including hydrogen bonding, π-π stacking, electrostatic
force, etc1–3. Under appropriate conditions, these interactions build
monomers into diverse structures that can be used for distinctive
applications4–7. For example, insulin functions asmonomers to balance
the blood sugar level in the bloodstream8, whereas they are stored as
zinc-binding hexamers in the pancreas9. Many polymers have also
been used to build artificial silk via non-covalent interactions10–14.
However, thematerials constructed by self-assembled smallmolecules
areusually reported to build nanoscale structureswithmolecular-scale
dimensions15–17. They are rarely reported to build stable large-scale
structures due to their weak intermolecular interactions18–21. Hence,
smallmolecules with the self-assembly ability are usually designed and

utilized for bio-applications22–30, such as drug delivery, controlled drug
release, or 3D organoid culturing, where biocompatibility and biode-
gradability are themain goals. Although large-scale structures are hard
to construct from self-assembled small molecules, they have many
potential applications and advantages. For instance, if small molecule
self-assembled structures were used to build artificial muscles or
wearable electronics, these devices would be more sensitive toward
different variations and have a lower cost31.

In order to construct large-scale structures, most of peptide
materials aremodifiedwith alkyl chains or equippedwith hydrophobic
heads32–35. Here, we present a serendipitously observed tetrapeptide
that consists of four amino acids: tyrosine (Y) – alanine (A) – trypto-
phan (W) – phenylalanine (F) (YAWF). This peptide contains three
aromatic amino acids and an aliphatic amino acid that can be directly
encoded by the human genetic code. The hydrogel built through the
self-assembly of YAWF preserves an ultra-viscous characteristic
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(Supplementary Movie 1), and it owns a great anisotropic property,
which is similar to liquid-crystal hydrogel (LCH). Cryogenic electron
microscopy (Cryo-EM) was used to analyze the structure at the ato-
mistic level to reveal the mechanisms of how YAWF monomers are
arranged in the self-assembled nanostructure. The results show that
YAWFmonomers are precisely arranged in the nanotube as a y-shape,
and any position change of amino acids in the sequence would break
the balance in the molecule and cause the deformation of the
nanotube.

In addition, LCHpossesses somecharacteristics similar to thoseof
humanmuscle36. Without applying any force to it, LCH is like a relaxed
arm muscle. When applying an external force to LCH, the self-
assembled nanotubes align more uniformly, similar to the arrange-
ment of muscle fibers during a fist clench. If the LCH keeps being
stretched, the bent sections of the nanotubes are straightened, as
when extending muscle fibers. When LCH is stretched over its elastic
range, some nanotubes are torn off and rebound to LCH if its water
content is inappropriate (Supplementary Fig. 88 and Supplementary
Movie 2), likewhen themuscle fibers are under high tension and finally
break. However, if the stretching of LCH occurs in an ambient envir-
onment, some self-assembled nanotubes are aligned into stable large-
scale solid threads via water-regulated crystallization. Moreover,
through the entire process of stretching LCH, its elasticity is trans-
ferred to plasticity.

Results
Self-assembly of YAWF into ultra-viscous LCH
While exploring the gelation and self-assembly properties of different
tetrapeptides, we serendipitously found that the peptide sequence
YAWF can form an ultra-viscous hydrogel under optimized conditions.
We tested the gelation ability of the synthesized peptides at 20mM
(11.7mgmL−1, 1.2 wt%), 40mM (23.4mgmL−1, 2.3 wt%), and 80mM
(46.8mgmL−1, 4.6 wt%). At 20mM, YAWF fails (Supplementary Fig. 77)
to form a stable hydrogel and cannot construct micro-threads. The
2.3 wt% concentration was chosen as it allows for stable hydrogel for-
mation. Higher concentrations lead to solubility issues at pH 9.3,
resulting in aggregates. Moreover, the presence of trifluoroacetic acid
(TFA) anions does not significantly impact the gelation or self-
assembly of YAWF. As confirmed by NMR analysis, YAWF-TFA shows
consistent properties across different synthesis batches and purifica-
tion methods (Supplementary Fig. 51). Both YAWF-TFA and YAWF-HCl
produced similar liquid crystal hydrogels, indicating that the choice of
counterion does not affect the hydrogels’ characteristics (Supple-
mentary Figs. 78 and 93). Further studies demonstrated that the YAWF
hydrogel exhibits high elasticity and can form micro-threads via the
transition from elastic to plastic behavior, regulated by water content
and an external force. The orientation pseudo image (Supplementary
Fig. 95) shows highly birefringent domains, confirming the anisotropic
properties of the nanofiber bundles and validating the classification of
the YAWF hydrogel as an LCH. The uniform distribution of azimuth
angles indicates the aligned orientations of the self-assembled nano-
tubes. In addition, variations in retardance between 0 and 16 nm
further demonstrate the hydrogel’s birefringent characteristics, con-
firming its liquid crystalline property. The structural domain of the
YAWF tetrapeptide contains all three non-essential aromatic amino
acids: phenylalanine (F), tryptophan (W), and tyrosine (Y). Hence, we
speculated that the building block YAWF could spontaneously self-
assemble into nanostructures in water through π-π stacking-domi-
nated intermolecular interactions3. Moreover, after observing the
ultra-viscous property of YAWF, in order to investigate the significance
of the amino acid’s position in the peptide self-assembly, 23 isomers of
YAWF were prepared and then measured in the same conditions as
YAWF (Fig. 1a and Supplementary Fig. 2). Solid-phase peptide synthesis
(Supplementary Fig. 1) was used to synthesize these compounds37,
while nuclear magnetic resonance and liquid chromatography –mass

spectroscopy were used for validation (Supplementary Figs. 3–75 and
Supplementary Table 1).

After observing that YAWF could self-assemble into an ultra-
viscous hydrogel, the conditions for its gelation were studied and
modified to accelerate the gelation speed. Following the pathway
illustrated in Fig. 1b, we obtained a clear transparent hydrogel (LCH,
YAWF 23.4 mgmL−1). For the prepared sample, which had not
undergone the heat-cooling process, we found that the ultra-
viscous hydrogel was formed in less than an hour, but it contained
precipitants inside it, indicating entropy-favorable hydrogel for-
mation. Moreover, the formed LCH can be stored in a room envir-
onment for over two years (Supplementary Figs. 76 and 79). Under
the same conditions, none of the YAWF isomers presented the same
features as YAWF (Supplementary Fig. 80). Nevertheless, part of
those isomers showed the ability to form hydrogels under an acidic
environment (Fig. 2a–d and Supplementary Fig. 81). These results
suggested the crucial roles of the peptide sequence in molecular
self-assemblies, consisting with the melanin pigments formed by
peptides38.

Transmission electron microscopy (TEM) showed that YAWF can
self-assemble to form long nanotubes with lengths over themeasuring
range (20 µm) of TEM (Supplementary Fig. 83). In comparison with
other hydrogels built by short-peptides self-assembled nanofibers, the
YAWF self-assembled nanotubes in LCH were well oriented (Supple-
mentary Fig. 83)39. The concentration-dependent experiments (Sup-
plementary Fig. 84) indicated that YAWF could not form long
nanotubes at a concentration below or at 4mgmL−1, whereas when the
concentration was higher than this value the short nanofibers gained a
tendency to elongate. The long nanofibers started to appear at a
concentration of 6mgmL−1, but their lengths were still much shorter
than those observed at 23.4mgmL−1. According to the Cryo-EM
results, when the concentration of YAWF was increased to
11.7mgmL−1, the nanotubes formed by YAWF did not change, but the
number of the nanotubes got increased, making them easier to bundle
together (Supplementary Fig. 85). Time-dependent Cryo-EM analysis
(Fig. 1c) revealed that the YAWFmonomers first self-assembled or pre-
aggregated to form droplets through liquid-liquid phase separation
(LLPS)40 at a higher temperature.When the samplewas cooled down at
room temperature, the YAWFmonomers started to aggregate, and the
nucleation occurred41 because of the energy transition between the
solvent and the formed droplets. Along with time, nanotubes were
observed through the transformation from droplets.

To reveal the energy transition in this phase transition, dynamic
light scattering (DLS) was applied to evaluate the energy requirements
for the disassembly of LCH to clear solution41,42. In this test, when the
temperature is at 25 °C, LCH is supposedly under an ideal state and
YAWF is supposed to totally self-assemble. The scattering rate altera-
tions of the prepared samples were measured in a temperature range
between 50 °C–75 °C (Supplementary Fig. 82a). Then, with the help of
an Arrhenius plot (Supplementary Fig. 82b), the energy barrier was
determined to be of 95 kJmol−1 (Fig. 1d).

Mechanical properties of LCH
Figure 1e shows a prepared LCH hydrogel in a modified injector tube
for rheological measurement because of the ultra-viscous property of
LCH. The strain-dependent oscillatory rheology (Fig. 1f) of the LCH
hydrogel shows a standard linear viscoelastic regionwith a hydrogel to
solution cross-over point (strain value ~ 25.0%), indicating a moderate
visco-elastic behavior of this hydrogel. The frequency-dependent
oscillation shows that the elastic modulus (G’) is almost independent
of the tested range of frequency, suggesting a structured and gel-like
behavior (Supplementary Fig. 92). In comparison with other hydrogels
that can be used to construct micro-threads or gel-noodles, LCH owns
similar rheological properties as them (Supplementary Table 3)14,33,43.
The viscosity of LCH was measured using flow ramp mode and is
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around 90.5 Pa s−1 (of the order of 105 times the viscosity of water)
(Fig. 1g). Moreover, the recovery rate of LCH was measured using the
step-strain mode. After the first round, both the loss modulus and the
storage modulus of LCH decreased slightly and then remained steady
for the last rounds (Fig. 1h). Overall, the results indicate that LCH is an
ultra-viscous hydrogel with a good self-healing property.

Cryo-EM structures of LCH fibers at an atomistic level
Cryo-EM single-particle analysis was used to obtain the three-
dimensional (3D) structure of the nanofibers formed by the peptides

at an atomic resolution. The Cryo-EM sample was checked by 200 keV
Cryo-EM (Fig. 3a), followed by data collection on 300 keV Cryo-EM.
During the reference-free 2D classification, only one type of nanofiber
was identified (Supplementary Fig. 87a). A final 3D reconstruction at
3.12 Åwasobtained (Supplementary Fig. 87b). A trial-and-errorprocess
by testing all possible symmetries indexed from the ‘Symmetry Search
Utility’ in cryoSPARC suggested that the overall structure of the
nanofiber bears C2 symmetry44. The atomic model built into the 3D
reconstruction exhibits an elongated helical structure (Fig. 3b, c) with
an average helical rise of 4.6 Å and a twist of 5.15° (Supplementary
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results indicated that the LCH undergoes fast dissociation-reformation processes
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Fig. 87c). A tunnel is observed in the center of the helical structure,
with a diameter of 17 Å for the inner tunnel and a diameter of 45 Å for
the outer shell, approximately (Fig. 3d). In this configuration, each
YAWFmolecule is arranged into a y-like shape (top-view),with tyrosine
residues of the nanofiber pointing towards the inside and forming the
surface of the central tunnel, tryptophan and phenylalanine residues
constituting the outer shell, and alanine residues bridging the inner
and outer surfaces (Fig. 3c, d). The cohesion of the peptides was
mediated by extensive hydrogen bonding and aromatic-aromatic
stacking interactions between the tyrosine, tryptophan, and phenyla-
lanine residues (Fig. 3e–g). It is worth noting that these intermolecular
hydrogen bonds and aromatic-aromatic stacking interactions not only
confer a compact structure to the filaments but alsoprovide themwith
a certain degree of stretchability along the helical axis. Since FAWYand
WAFY could form hydrogels (not as transparent as LCH) under an
acidic environment, we tried to investigate the self-assembling
mechanisms of these tetrapeptides at an atomic resolution. How-
ever, when cryo-EM was utilized to disclose the FAWY and WAFY self-
assembled nanostructures in their hydrogel samples, there were over
nine types of nanostructures with different peptide densities in each
sample (Fig. 2a–d). Hence, we were unable to reveal how the tetra-
peptide monomers (FAWY and WAFY) were arranged in the
nanostructures.

Alignment of nanotubes into threads
Conventionally, divalent counterions were used to help align self-
assembled nanostructures to buildmacroscopic structures19,45. YAWF
can self-assemble to formLCHafter dissolving in an aqueous solution
by simply adjusting its pH. After hydrogelation, an external force was
applied on LCH, forming well-aligned solid threads. Once the struc-
ture of the nanotubes was distinguished, the crucial role that water
plays in this hierarchical assembly was demonstrated. The C-terminal
of YAWF is located at the outer surface of the nanotubes. When the
pH is at 9.3 ± 0.1, the carboxylic acids exist in the system as -COO-,
which interacts with water molecules via electrostatic forces. With
the results obtained from the experiments, it is reasonable to derive
the following conclusions. In LCH, self-assembled long nanotubes
form a framework that traps water molecules inside. By applying a
shear force, the orientation of the self-assembled nanotubes
becomes more ordered and causes the imbalance between nano-
tubes and water molecules inside. Hence, the water molecules with-
out interactions with -COO- on the surface of the nanotubes become
bulk water molecules driven by entropy and are squeezed out from
the LCH. This dehydration decreases the distances between nano-
tubes, followed by an elasticity increase of LCH. Then, if LCH keeps
being stretched, with an increased internal shear force and acceler-
ated water evaporation rate, more water molecules escape from the

a b c d

Fig. 2 | Cryo-EM information of self-assembled FAWY and WAFY.
aRepresentative raw300KVmicrographof FAWYfilament. The arrowspoint to the
different types of filaments. Scale bar, 150nm. b 2D averages of filaments.

cRepresentative raw300KVmicrographofWAFYfilament. The arrows point to the
different types of filaments. Scale bar, 150nm. d 2D averages of filaments.
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system. We speculate that water molecules would form a bridge
between each two -COO-, and a large-scale solid threadwould form in
the end (Fig. 4b).

We observed that LCH has a materially stretchy property when
removing the LCH sample from the sample-loading stage after the
rheological test. A thread was drawn from LCH by a stainless plate
(Fig. 4a). This phenomenon could be repeatedmany times, andmany
threads were obtained using the same procedure (Fig. 4b and Sup-
plementary Fig. 97a and b), indicating that LCH has an excellent
elasticity. When a rheometer was used to stretch LCH, the main part
of the hydrogel was located at the sample loading stage and the
stainless plate due to gravity and interactions between them (Sup-
plementary Movie 3). A transparent hydrogel rod appeared as LCH
was stretched to a length of 1 cm (Fig. 4a). As time passed, with the
internal dehydration in the rod, the rod became thinner and more
stable until it formed a large-scale plastic thread (crystallization).
During dehydration, the elasticity of the thread constructed by
nanotubes first increased, and then the behavior transition happened
(from elasticity to plasticity). In one phase of the transition, the thin
elastic thread could be split into many thin threads using tweezers
(Supplementary Movie 4). In another approach to create thinner and
regular threads, we first stretched LCH to a short length and then
stabilized the short LCH rod throughdehydration.With the increased

elasticity of the material, it could be rapidly stretched to a long
thread without tearing. During this process, the water was squeezed
out of LCH (Fig. 4a and Supplementary Movie 5) with a much quicker
water loss rate than that of natural water evaporation at room tem-
perature. While the self-assembly of YAWF involves π-π stacking and
hydrogen bonding, the structure of the nanotubes within the
hydrogel is crucial for water retention. However, during the con-
struction of micro-threads, the compression of LCH reduces its
overall volume and water-trapping capacity. Besides, as the length of
the constructed thread increases, the interface between the fibers
and the air expands, which accelerates water-regulated crystal-
lization. This crystallization process leads to the solidification of the
thread, ultimately enhancing its dynamic stability (Fig. 4b). However,
if the elasticity of the initially constructed short threads did not reach
the ideal point, they could be torn off and retracted into the LCH
when elongating them, whether it was towards the stage or the plate.
The distance of the gap on a rheometer is limited (10 cm), and LCH
possesses the potential ability to construct longer and thinner
threads. During the test, LCH proved to have good adhesiveness with
materials such as metal, plastic, glass, etc. Hence, two 10 µL pipette
guns equipped with tips were used to drawmicro-threads controlled
by hands. A super thin thread was drawn with a length of over 10 cm,
and it only utilized less than 2 µL of LCH (Fig. 4c and Supplementary
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Movie 6). Subsequently, many long threads were produced with
lengths of nearly a meter. However, capturing them using a normal
optical camera (SupplementaryMovie 7) was very hard because their
diameterswere too thin. Onlywhen a super-thin threadfloating in the
air was placed against the light, a video of the long thread was cap-
tured (Supplementary Movie 8).

Characterization of solid threads
From the SEM results, the threads produced by the rheometer are
generally uniform in different sections, with diameters over 10 µm
(Fig. 5a). The threads drawn by hands contained nodes due to the
uneven forces applied to them (Supplementary Fig. 89). For the
super-fine hand-made threads, although SEM could determine their
widths, their heights were hard to measure using the same instru-
ment due to the contrast (Fig. 4d). Thus, their heights were examined
by AFM (Supplementary Fig. 90) and the height of one of the hand-
made threads was 0.52 µm (Fig. 4e). In an ideal environment, 2 µL of
YAWF hydrogel could be stretched by hands to form a thread with a
length of over 1.2m. Comparing the micro-threads made by the

rheometer with the threads made by hand, we found that the YAWF
self-assembled nanotubes align tidier in the rheometer-stretched
micro-thread than in the threads drawn by hands because the stretch
force of the rheometer is more stable than that of hands. Moreover,
we observed that the self-assembled nanotubes aligned into bundles
on the surface and inside the threads (Fig. 5a–d and Supplementary
Fig. 86), supporting the hypothesis that the self-assembled nano-
tubes were the framework of the threads. To examine the stability of
the solid threads built by LCH, different weights of materials were
prepared to hang on it. Then, it was proven that the crystallized
thread could support materials around 250 times over its weight. In
accordance with the results provided by the dynamic mechanical
analysis (DMA), Young’s moduli of the micro-threads (diameters
between 20–50 µm) constructed using a rheometer were between
10–30MPa (Fig. 4k). However, the threads (diameters between
hundreds of nm to 10 µm) constructed by hands were too fine and
hard to measure using the same method. Thus, we used FluidFM
(Fig. 4h, i) to measure Young’s moduli of super-thin threads. We
initially explored various equations to calculate Young’s moduli from
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FluidFM data, finding significant discrepancies in results. Ultimately,
by comparing data from both DMA and FluidFM (Supplementary
Table 4), we concluded that the Hertz equation best fits our samples,
justifying its use for calculating the Young’s moduli of thinner micro-
threads (Fig. 4j)46. To reveal the relationship between themechanical
strengths of the micro-threads and stretching rates. After preparing
the LCH, it was set on an instrument, and different stretching rates
(1mm s−1, 2 mm s−1, 5 mm s−1) were applied on it to construct micro-
threads. The AFM results (Supplementary Fig. 91) showed self-
assembled YAWF nanotubes on the micro-thread surfaces. Notably,
even threads constructed at the same stretching rate exhibited var-
iations in Young’s moduli, which increased with higher stretch-
ing rates.

The Cryo-FIB/SEM (Supplementary Fig. 86a) and polarized optical
microscope (POM) results showed that LCH exhibited an anisotropic
property (Supplementary Fig. 95), which is the origin of its name. After
the alignment of the nanotubes from LCH into solid threads, the
threads exhibited a significant birefringent under polarized light
(Fig. 3f and Supplementary Fig. 96b–f), indicating that the stretching
of LCH to form solid threads is a water-regulated crystallization.
Moreover, the POM results also indicated that the direction of the
molecules arranged in the threads was perpendicular to the thread
growth direction with an angle of around 33 degrees (Fig. 5e).
Regarding the YAWF self-assembled nanotube, the angle in each turn
was around 40 degrees with a half angle of 20 degrees (Fig. 5f). These
results suggested that the deformation mechanism of the self-
assembled nanotubes was similar to that of the stretching of a string
(Fig. 5g) when stretching LCH. After stretching, the angle in each turn
of the nanotubes increased from 40 to 66 degrees, and with the
elongation of the nanotube, the diameter decreased.

Discussion
This work presents the unmodified short-peptide – YAWF that can
simply self-assemble to LCH inwater by adjusting its pH. LCH is able to
construct dynamic, stable, and large-scale structures through water-
regulated crystallization. LCH is recyclable, and after dehydration, it
can be reformed by adding water to it and through a heat-cooling
process. The solid threads constructedbyLCHaremechanically strong
(>10MPa) and can support over 250 times their weight (Supplemen-
tary Fig. 97c and d). Moreover, the mechanisms of hierarchical and
sophisticated self-assembly are also elucidated in this work from the
singular molecule to the secondary structure (nanotube) threads. This
result demonstrates that smallmolecules, such as short peptides, have
enormous research potential for different applications, including
building stable large-scale structures.

Methods
Materials & instruments
The details and instruments of this work are provided in the supple-
mentary information.

Peptide synthesis
All the peptides that have been used in this project were syn-
thesized through solid-phase peptide synthesis, with
2-chlorotrityl chloride resin as the anchoring37. Four of the pro-
tected amino acids N-(fluorenylmethoxycarbonyl)-L-alanine
(Fmoc-Ala-OH), N-(fluorenylmethoxycarbonyl)-L-phenylalanine
(Fmoc-Phe-OH), N-(fluorenylmethoxycarbonyl)-N1-(tert-butox-
ycarbonyl)-L-tryptophan (Fmoc-Trp(Boc)-OH), and N-(fluor-
enylmethoxycarbonyl)-O4-tert-butyl-L-tyrosine (Fmoc-Tyr(tBu)-
OH were used. First, the carboxyl group of the first amino acid
was conjugated to the resin. Before each amidation, 20% of
piperidine in N,N’-dimethylformamide (DMF) was used to remove
the Fmoc group. Then, 2-(1H-Benzotriazole-a-yl)-1,1,3,3-tetra-
methyluronium hexafluorophosphate (HBTU) and N,N-

Diisopropylethylamine (DIPEA) were used to activate the carboxyl
group on the other amino acid to couple with the free amino
group. After the final coupling step, the Fmoc group on the
N-terminus was removed. The excess reagent was rinsed with
DMF, and washed 5 times by using dichloromethane (DCM). The
peptides were cleaved from the resins by using the TFA (Tri-
fluoroacetic acid) cleavage cocktail (95% trifluoroacetic acid, 2.5%
trisopropyl silane, and 2.5% H2O) for 1 h. Besides, the protective
groups on the side chain of the amino acids were also cleaved by
using the TFA cleavage cocktail. After inspissation by a rotary
vacuum evaporator, ethyl ether was used to separate peptides
and impurities by precipitating the peptides. Later, the crude
peptide products were purified by high-performance liquid
chromatography (Agilent 1260 Infinity II Manual Preparative
Liquid Chromatography system with a C18 RP column).

YAWF hydrogel preparation
23.4mg YAWF powder were dissolved in 1.0mL ultra-pure water, 1M
NaOH was used to aid in powder dissolution, to a final pH at 9.3 ± 0.1.
After sonication for 5min, the samplewas heated at 68 °C for 30min to
clear the solution. The obtained solution was filtered using a 0.22 µm
filter, and then, it was placed at room temperature overnight (around
12 h) to form the ultra-viscous hydrogel, of which YAWF is around
23.4mgmL−1. For all the characterization in this project, this con-
centration (23.4mgmL−1) was applied.

Rheology measurement
The rheological data of YAWF hydrogel were acquired using a rhe-
ometer (TA-Waters ARES-G2) at 20 °C equipped with a 25.0mm
parallel plate. During the oscillation strain test of the hydrogel, the
angular frequency was set at 10 rad s−1. For testing the relationship
between the shear rate and the viscosity of the hydrogel, the time of
the test was 300 s. Bymeasuring the recyclability of the hydrogel, the
strain, and frequency were set at 1% and 10 rad s−1, respectively. Here,
it is easy to break the YAWF hydrogel when transferring it to the
rheometer using a pipette due to its ultra-viscous property. Hence, to
prepare the sample for this experiment, the pre-prepared hydrogel
was heated at 68 °C to the solution state, and the solution was
transferred to a modified injector. Later, it was placed at room tem-
perature for 12 h to form the hydrogel before the measurement (as
shown in Fig. 1e).

DLS
The scattering rates of the 23.4mgmL−1 YAWF samples (200 µL) under
different temperatures (75–50 °C) weremeasured by aDLS instrument
(Brukehaven instruments, BI-200SM/NanoBrook ZetaPALS/BI-DNDC)
by adapting published methods42. As the models used by the men-
tioned DLS software are fitting for particles, and the self-assembled
YAWF are nanofibers, in this test, the assembly sizes of the samples
under different conditions were illustrated by the scattering rates.
After LCH (1200 µL) was prepared, it was set at a constant temperature
(25 °C). When the target temperatures (50 °C, 55 °C, 60 °C, 68 °C,
70 °C, 75 °C) were reached in the DLS, the 200 µL samples in the
sample holderswere each transferred into the instrument for the tests.
For each temperature, the sample was set in the DLS for 30min, and
the scattering rates at different times were collected. Then, the energy
barrier of the self-assembled YAWF hydrogel was calculated by the
Arrhenius equation.

TEM
The morphology information of YAWF and its isomers were acquired
using a TEM (ThermoFisher, Talos L120C,Netherlands). After the same
gelation process as that of YAWF, each sample (10μL) was placed on
200 mesh carbon-coated copper grids and incubated for 1min. The
excess solution was removed using filter paper. The sample was
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stainedwith 2% (w/v) uranyl acetate (10μL) solution and imagedon the
TEM with an accelerating voltage of 120 kV.

Cryo-EM
100 holey carbon films coated grids (Quantifoil Micro Tools GmbH,
300mesh, gold)were glow-discharged at 15mA for 45 s. Subsequently,
the sample was prepared using a plunge freezer (Thermo Fisher
Vitrobot Mark IV). 3.0 µL samples were loaded onto the grid in a
chamber, blotted for 3.5 s, and later dived into liquid ethane for vitri-
fication, followed by relocation into liquid nitrogen. The sample was
imagedona 200 kVCryo-EM (ThermoFisherGlacios, objective lens: C-
Twin, electron gun: X-FEG, Camera: Ceta, Falcon).

Cryo-EM and image processing for structure analysis
The peptide nanofiber sample was applied to glow-discharged lacey
carbon grids and vitrified using a Vitrobot (Thermo Fisher). The grids
were imaged on a Titan Krios (300 keV, Thermo Fisher) with a K3
camera (Gatan). 2110 micrographs were collected under the electron-
counting mode at 1.087 Å per pixel, using a defocus range of − 1.5 to
− 2μmwith ~ 50 e–Å–2 distributed into 40 fractions. Motion correction
was done by MotionCor247, and contrast transfer function (CTF) esti-
mations were done in cryoSPARCby patch CTF estimation (default
parameters)44. The particles were auto-picked by a ‘filament tracer’
with a shift of ~ 24 pixels. Next, non-peptide junk particles were
removed by multiple rounds of reference-free 2D classifications. Par-
ticles were kept if they had clear 2D average patterns. The selected
particles were used to create an initial model by ‘Helical Refinement’.
The possible helical symmetries were calculated based on the initial
model, using ‘Symmetry Search Utility’. All the possible symmetries
were then tested by trial and error in cryoSPARC until the recognized
peptide features, such as the density of side chains, were observed.
The resolution of the final reconstruction was estimated by
both map:map (0.143) FSC and model:map (0.5) FSC. The final
volumes were then sharpened with a negative B factor automatically
estimated in cryoSPARC, and the statistics are listed in Supplementary
Table 2.

SEM
SEM images were captured on a field emission scanning electron
microscope (Hitachi Regulus 8230). Micro-threads with diameters
smaller than 5 µm were created by manually stretching a small
amount of hydrogel with pipettes. After crystallization, these threads
were transferred to an electrically conductive tape-modified speci-
men holder. For thicker micro-threads (diameters higher than 5 µm),
we intercepted crystallized threads drawn by the rheometer after
recyclability testing and also transferred them to the conductive tape
holder. Before testing by SEM, all samples were coated with 3.3 nm
platinum using a high vacuum coating instrument (Leica EM
ACE600). During themeasurement, a 10 kV accelerating voltagewere
applied to resolve the high-order structure of the dried YAWFmicro-
threads. It is worth mentioning that the micro-threads were dry and
hard before transferring them to the specimen holder, ensuring that
the sample preparationprocedure did not impact the structureof the
assembly.

AFM
The heights of the YAWF threads were recorded on an environmental
atomic forcemicroscopy (Oxford Instruments, Cypher ES). 10 µL of the
pre-prepared hydrogel were loaded on a silicon substrate, and then a
pipettewasused to drawmicro-threads from the hydrogel. Here, when
themicro-threads attached to the silicon substrate, they were not fully
crystallized. After the threads were totally crystallized, the experiment
was carried out at room temperature. The AFM images were obtained
at 512 pixels × 512 pixels, and the scanning speed was 1 Hz.

DMA
Themechanical property of the coarsemicro-threadswasmeasuredby
using DMA (TA waters, Discovery DMA 850). A uniaxial bench-top
tester equipped with a load cell was selected as shown in Supple-
mentary Fig. 94. After this, the instrument was set to floating mode
before loading our sample on the load cell. Then 1 µL of the pre-
prepared hydrogel was transferred onto the load cell by pipettes for
drawingmicro-thread. As previouslymentioned, the hydrogelwas very
sticky, so it did not need any glue to fix it on the load cell. A 5min time
periodwasappliedhere, for crystallizationof thedrawnmicro-threads.
Then different load forces were chosen for different samples, and the
constant stretch velocity for every sample was 100 µmmin−1. The dia-
meters of the measured micro-threads were determined using an
optical microscope after the measurements, which varied between
10μm and 50μm for all threads.

FluidFM
The Young’s modulus of the super-thin micro-threads drawn by pip-
ettes were determined by FluidFM (Cytosurge, FluidFM OMNIUM). A
300nmdiameter aperture fluidFMnanopipettewas equippedwith the
instrument whose nominal spring constant was 0.6N/m, and the
nanopipette was filled with 1 µL ultra-pure water. Before attracting the
1 µm diameter polystyrene bead with a 10-mbar force, the position of
the laser on the cantilever was adjustedmanually. Thereafter, the CCD
sensor was adjusted to reach optimal light distribution between the
sensor parts automatically. After attaching the bead, the spring con-
stant was re-measured before indenting the micro-thread. Since the
threads here are super thin, so some tests were not conducted on the
threads. For all these 12micro-threads: thread 1 (n = 2), thread 2 (n = 2),
thread 3 (n = 4), thread 4 (n = 1), thread 5 (n = 1), thread 6 (n = 5), thread
7 (n = 2), thread 8 (n = 7), thread 9 (n = 7), thread 10 (n = 2), thread 11
(n = 3), thread 12 (n = 4).

POM
10 µL of the pre-prepared hydrogel were loaded on amicroscope glass
slide, and then a pipette was used to draw micro-threads from the
hydrogel. Later, the constructed threadsweremeasured on anOosight
imaging system (Hamilton, Lykos & Meta) equipped with polarization
optics and a differential interference contrast (DIC)module (Olympus,
IX73) in an ambient environment. Images were recorded using an
optical microscope (Leica, M205 C POM).

Data availability
The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession number EMD-60234, and the
associatedmodels have been deposited in the RSCB Protein Data Bank
(PDB) under the accession number ID 8ZM0. All the data that support
the findings are available within the main text and the Supplementary
Information. Source data are provided in this paper.
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