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ABSTRACT: The biological significance of self-assembled protein : Unablefo form sample-
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filament networks and their unique mechanical properties have
sparked interest in the development of synthetic filament networks
that mimic these attributes. Building on the recent advancement of
autoaccelerated ring-opening polymerization of amino acid N-
carboxyanhydrides (NCAs), this study strategically explores a
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pathways were pursued: first, achieving a fast fibrillation rate with

lower interaction potential using serine (Ser) as a comonomer,

facilitating the creation of homogeneous fibril networks; and second, creating more rigid networks of fibril clusters by incorporating
alanine (Ala) and valine (Val) as comonomers. The selection of amino acids played a pivotal role in steering both the morphology of
fibril superstructures and their assembly kinetics, subsequently determining their potential to form sample-spanning networks.
Importantly, the viscoelastic properties of the resulting supramolecular hydrogels can be tailored according to the specific
copolypeptide composition through modulations in filament densities and lengths. The findings enhance our understanding of
directed self-assembly in high molecular weight synthetic copolypeptides, offering valuable insights for the development of synthetic
fibrous networks and biomimetic supramolecular materials with custom-designed properties.

Bl INTRODUCTION proteins, these polypeptides can be synthesized on a large
scale, making them cost-effective substitutes for biomaterial
applications. Remarkably, even homopolymers of a single type
of amino acid are capable of assembling into pf-sheet
nanofibrils in aqueous solutions under appropriate pH and
temperature conditions.”>*® However, many such “simple”
polypeptides either are incapable of forming supramolecular
hydrogels or can do so only under highly specific conditions.
To achieve successful hydrogel formation, rapid nanofibril
entanglement or linkage is essential to generate a cohesive,
sample-spanning network as opposed to precipitation. This
constraint restricts their broader application as viscoelastic
biomaterials. For example, under acidic conditions, poly(;-
glutamic acid) (PGlu) forms amyloid-like fibrils that bundle
into twisted ribbons.**~** This transformation is driven by the
thermodynamic tendency for aggregated fibrils to adopt

The self-assembly of semiflexible protein filaments into
networks through cross-linking or bundling is a ubiquitous
phenomenon in biology, with examples including the
cytoskeleton and collagen network.'”® The mechanical
properties of these filament networks hinge on the density of
cross-links and the physical attributes of individual filaments.
The interplay gives rise to distinct mechanical behaviors, such
as viscoelasticity and mechanical plasticity that are often absent
in synthetic polymeric gels.””'> Therefore, there is significant
interest in the design of synthetic filament networks that can
mimic the fibrillarity and viscoelastic properties of biological
gels. Specifically, materials derived from short peptides and
polypeptides, prepared by solid-phase synthesis or recombi-
nant technology, along with their amphiphilic variants, have
greatly enhanced our understanding of the rational design of
synthetic filament networks with the desired macroscopic
properties.lé_zg Received: September 29, 2023
High molecular weight (MW) synthetic polypeptides, Revised: ~ December 16, 2023
produced via the ring-opening polymerization (ROP) of Accepted: December 18, 2023
amino acid N-carboxyanhydride (NCA),’*™** have emerged Published: January 4, 2024
as another promising candidate for developing bioinspired
filament networks. Long regarded as model compounds for
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Scheme 1. Ilustration of the Two Supramolecular Hydrogelation Pathways Using Synthetic Random Copolypeptides
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“(a) Pathway 1 focuses on reducing fibril interaction potential, leading to a network of entangled long fibrils. (b) Pathway 2 centers on coupling
enhanced f-sheet formation propensity with hydrophobicity, producing sample-spanning networks defined by interconnected fibril clusters.

pairwise orientation. Instead of progressing to gel states, these
fibrils often crystallize into spherulite microparticles and
precipitate.

Our aim is to elucidate the fundamental principles governing
the networking pathways from nanofibrils of diverse inter-
action strengths and complex superstructures, diverging from
the commonly employed amphiphilic assembly strategies.””*’
Gel formation, driven by the attractive forces between
nanofibrils in concentrated suspension and subsequent
percolation transitions, is an intricate nonequilibrium proc-
ess.”'~*" This process is shaped by an array of fibril
characteristics, such as their aspect ratio, flexibility, tendency
to bundle, entangle, or cross-link as well as the dynamics of
fibril clustering and cross-link formation.""*>~* Realizing
sample-spanning networks with the desired mechanical
properties demands extensive tunability of these parameters.
In the realm of synthetic polypeptides, a promising tactic to
address this challenge involves creating random copolymers
that incorporate two or more distinct amino acids within single
chains. The approach grants control over the self-assembly
process, fibril properties, and network formation by adjusting
the composition of copolypeptides. Given the vast chemical
landscape provided by the 20 canonical amino acids, along
with numerous unnatural amino acids,””***" we can explore a
diverse array of synthetic copolypeptides for the development
of supramolecular hydrogels with tailored structures and
properties.

Herein, we demonstrate that while certain homopolypep-
tides might be unable to form hydrogels on their own, their
integration with other amino acids in random copolymers can
lead to the development of supramolecular hydrogels with
diverse fibril superstructures and mechanical properties. We
selected glutamic acid (Glu) as the primary amino acid
component in the copolymers given that PGlu itself cannot
form a gel. We evaluated how the addition of one or two extra
amino acids as comonomers, such as serine (Ser), leucine
(Leu), valine (Val), tyrosine (Tyr), or alanine (Ala), could
alter the fibril superstructure and gelation behavior of the
copolypeptides. The recent advancement of autoaccelerated,
cooperative covalent polymerization of NCAs has made it
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possible to incorporate widely different amino acids in random
copolymers while maintaining good control over the chemical
composition and MWs.>*~>* The process even accommodates
amino acids like Ser, Val, and Tyr, which have a propensity to
form f-sheets and are typically challenging to integrate using
conventional methods.”~>* Leveraging this advanced techni-
que, we successfully identified two distinct pathways that lead
to supramolecular gelation of these random copolypeptides.
In the first approach, we designed the copolypeptide to have
a fast fibrillation rate but a lower interaction potential among
the formed fibrils. This allowed fibrils to remain relatively
stable in suspension and entangle into homogeneous fibril
networks at sufficiently high concentrations. Ser was found to
be effective in facilitating supramolecular gelation over a broad
composition range of the P(Glu,_,-co-Ser,), copolymers
(Scheme 1a), where n denotes the degree of polymerization
(DP) and x and 1 — x denote the percentage composition of
Ser and Glu, respectively. In the second approach, we explored
the possibility of generating networks of branched fibril
clusters by increasing the connectivity between the fibrils.
Copolymers of Glu, Ala, and Val, P(Glu,_,_,-co-Ala,-co-Val,),,
(Scheme 1b), where x and y denote the percentage
composition of Ala and Val, respectively, were found to form
branched fibril clusters. Gelation occurred when the dynamics
of the fibril clusters were arrested with network connectivity at
appropriate concentrations. Fibril networks resulting from both
pathways exhibited rheological properties of supramolecular
gels, with considerable tunability in viscoelastic properties
observed upon varying the composition of the copolypeptides.

B RESULTS AND DISCUSSION

Synthesis of Diverse Copolypeptides as Supra-
molecular Monomers. We have designed a series of
copolypeptides as supramolecular monomers with different
compositions through the controlled ROP of NCAs. All of the
NCA monomers we used in the study can be synthesized with
high purity and scaled up effectively for copolymerization. The
P(Glu,_,-co-Ser,), copolymers were synthesized using the
SIMPLE (Segregation-Induced Monomer-Purification and
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Figure 1. Synthesis and supramolecular assembly of P(Glu,_,-co-Ser,), into long fibrils and entangled fibril networks. (a) Synthetic route of
P(Glu,_,-co-Ser,),. (b) TEM image of the fibril bundles from P(Glugg-co-Sery,),00- (¢, d) TEM images of the dispersed fibrils from P(Gluy ¢s-co-
Serg35)200 and P(Glug s-co-Serq s )0, respectively. (e) Kinetic assembly profiles for PGlu,q, (in orange) and P(Glugg-co-Ser,, )00 (in green) across
different initial monomer concentrations. (f, g) SEM images of the entangled fibril networks from supercritical CO, dried hydrogels of P(Gluygs-co-
Serg3s)200 and P(Glug s-co-Serq 5),00, respectively. Inset: photographs of their translucent supramolecular hydrogels were taken at a concentration of

20 mg/mL.

initiator-Localization promoted rate-Enhancement) polymer-
ization method initiated by the macroinitiator followed by
iodotrimethylsilane (TMSI) deprotection.””*” The P(Glu,_,-
co-Leu,), and P(Glu,_,-co-Ala,), copolymers were synthesized
from the DMF phase using hexylamine as the initiator using
previously reported methods, followed by TMSI deprotec-
tion.”” The P(Glu,_,-co-Val,), and P(Glu,_,-co-Tyr,), copoly-
mers were synthesized from DCM phase using hexylamine as
initiator using previously reported methods, followed by TMSI
deprotection.él’62 The P(Glul_X_y—co—Alax-co—Valy)n copolymers
were synthesized from crown ether (CE) catalyzed polymer-
ization method, followed by TMSI deprotection.”> All the
copolymers have similar degree of polymerization (DP ~ 100
or 200), low polydispersity (D < 1.1), and precise composition
control. Detailed synthesis and characterization of the
corresponding macromolecules are shown in the Supporting
Information (Figures S2—8, Table S1, and Figure S35—48).
Exploring the Role of Serine in the Rapid Formation
of Entangled Fibril Networks. We first focused on
developing long fibrils from copolypeptides that remain stable
when diluted but transition into entangled fibril networks as
the concentration increases. Serine (Ser) was selected owing to
its distinct polar side chains and its propensity toward f-sheet
formation. This exploration into entangled fibril network was
motivated by the observed gelation characteristics of poly(-
lysine) (PLys). Unlike PGlu and most homopolypeptides,
PLys can transform into hydrogels, consisting of elongated
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nanofibrils, when the side-chain charges neutralize under
alkaline conditions (Figure S1). This transformation is notably
rapid and devoid of the typical nucleation lag phases often seen
in amyloid-like supramolecular assemblies.””** Given Ser’s
propensity for S-sheet structures®™®® and its increased
hydrophilicity compared to Glu in acidic environments®
where self-assembly occurs, it is anticipated to act as a catalyst
in the formation of widespread, elongated fibrils. At sufficiently
high concentrations, these copolypeptide fibrils are likely to
intertwine swiftly to form a sample-spanning network,
overcoming the stacking challenges of PGlu fibrils and offering
a cohesive and stable hydrogel structure, circumventing
precipitation constraints.

We synthesized three P(Glu,_,-co-Ser,),o samples with
increasing percentages of Ser (x = 0.2, 0.35 and 0.5) using
autoaccelerated ROP-NCA in a water/dichloromethane
(DCM) biphasic system with macroinitiators (SIMPLE
polymerization), according to the procedures reported
previously’>” (Figure la and Figure $2—3). The statistical
randomness of Glu and Ser incorporation into the copolymer
chains was confirmed by monitoring the monomers con-
sumption kinetics during the copolymerization (Figure S9).
The copolypeptides, similar to PGlu, experienced a con-
formation shift from coil to helix when the pH was decreased
from neutral to acidic, resulting in the suppression of
carboxylate ionization (Figure S10). Under mild heating
conditions that destabilize a-helices, aggregated S-structures
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Figure 2. Rheological characteristics of hydrogel networks of entangled copolypeptide fibrils. (a) Strain-dependent oscillatory rheology for the
P(Glug s-co-Sery5),00 hydrogel, conducted at @ = 1.0 rad/s and 25 °C. (b) Frequency-dependent oscillatory rheology for the P(Glug s-co-Serys),00
hydrogel under 0.5% strain at 25 °C. (c) Oscillatory rheology P(Gluys-co-Sery )00 hydrogel showcasing self-healing properties when alternated
between 0.5 and 500% strain over 30-s intervals at @ = 1.0 rad/s and 25 °C. (d) Comparison of storage and loss modulus for P(Glu,_,-co-Ser, )50,
supramolecular networks based on varying Ser compositions in the copolymer, measured under 1.0% strain, @ = 1.0 rad/s, and 25 °C. Polymer

concentration is maintained at 20 mg/ mL.

typically form as they maximize local contacts, rendering them
thermodynamically more stable than a-helices. We selected the
fibrillation condition of pH 4.0 and 45 °C, commonly used in
previous studies,”* ® to investigate the impact of varying Ser
compositions on the fibrillation process.

The transmission electron microscopy (TEM) images
presented in Figure 1b—d illustrate the fibril morphology
from three P(Glu,-co-Ser,_,), samples, prepared in water
with the pH adjusted to 4 using HCI. At a Ser content of 20%,
P(Gluy g-co-Serg, )00 formed loose fibril bundles (Figure 1b),
which were distinct from tightly stacked, ribbon-like structure
assembled from PGlu (Figure S1). The introduction of more
hydrophilic Ser in the copolypeptide lowered the interaction
potential among the formed fibrils, resulting in fibrils with a
less tendency to assume pairwise orientation. As the Ser
content reached 35% or 50%, most fibrils remained
individually dispersed, with an average width of ~10 nm and
a length of hundreds of nanometers (Figure 1c,d). Fourier-
transform infrared spectra (FTIR) and wide-angle X-ray
diffraction (WAXD) of the fibrils revealed that they were
primarily composed of f-sheet structures (Figure S16 and
S17). The kinetics of fibrillation were examined using
thioflavin T (ThT)*>”’° in a 15 mM acetate buffer (pH 4),
monitoring the enhanced fluorescence emission upon ThT’s
binding to f-sheet structures. TEM analysis confirmed that the
fibril morphologies remained consistent in the presence of an
acetate buffer (Figure S23). Unlike the slow, nucleation-
controlled assembly of PGlu, the copolypeptides, such as
P(Glugg-co-Serg, )00 even in diluted solutions, displayed no
initial lag phase—a stage typically marked by slow nucleation
prior to rapid fibril growth—as shown in Figure le. The kinetic
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rate of fibrillation accelerated with an increasing Ser percentage
(Figure S22), attributable to the reduced charge repulsion and
enhanced f-sheet propensity within the copolymers.

In a more concentrated solution (e.g., 20 mg/ mL), P(Glug -
co-Sery,)y00 remained as fibril suspensions (inset of Figure
S31a). In contrast, P(Gluggs-co-Sergss)soo and P(Glugs-co-
Serys),00 formed hydrogels within 30 min (insets of Figure
1f,g). The scanning electron microscopy (SEM) images
showed that the hydrogels of both samples were made of an
entangled supramolecular fibril network (Figure 1fg). The
fibrils in the networks had a similar width as the dispersed
fibrils found in the diluted suspension. The viscoelastic
properties of these supramolecular gels were then characterized
by shear rheology.

Assessing and Tuning the Mechanical Properties of
P(Glu,_,-co-Ser,),oo Hydrogels. We examined the storage
modulus (G’) and loss modulus (G”) as functions of
oscillatory strain and frequency for the P(Glugs-co-Sergs),q0
hydrogels, as shown in Figure 2a—c. Within these hydrogels,
G’ was substantially higher than G”, and negligible frequency
dependence was observed, thus indicating their predominantly
elastic nature. Figure 2a shows the results of the strain-
dependent oscillatory rheology. The hydrogel made from
P(Gluy s-co-Sery s )00 demonstrated a G’ of 40 Pa and sustained
this value up to strains nearing ~50%. Remarkably, in step-
strain experiments—where a high strain (500%) was
introduced after a low strain (0.5%) to perturb the hydrogel
network and followed by another low strain to assess the
network’s recovery—this hydrogel demonstrated impressive
self-healing abilities (Figure 2c). The G’ of P(Glugs-co-
Serys)a00 returned to approximately 100% of its initial value
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Figure 3. Supramolecular assembly of bicomponent random copolypeptides incorporating hydrophobic secondary amino acids. (a) Schematic
representation of the synthetic routes of P(Glu,_,-co-Leu,),, P(Glu,_,-co-Ala,),, P(Glu,_,-co-Val,),, and P(Glu,_,-co-Tyr,),. (b—d) TEM images of
the supramolecular fibril clusters for P(Glug-co-Leuy ) 000 P(Glugg-co-Alay,) 0, and P(Glugg-co-Valy ;) oo, respectively. (e—g) Kinetic assembly
profiles for P(Glugg-co-Leuy ;) 00 P(Glugg-co-Alag,)100, and P(Glugg-co-Valy; ) g0, respectively, across a range of initial monomer concentrations.
(h—j) Power-law scaling of the time to half-completion (#,,,) as a function of the initial monomer concentration during the assembly of P(Gluyo-co-
Leug;) 1000 P(Glugg-co-Alag,) 00 and P(Gluyg-co-Valy) g0 respectively. Data points (represented by solid squares) were subjected to linear
regression analysis (depicted by solid lines) to determine the slope that corresponds to the scaling exponent.

within seconds after the removal of high strain. By varying the
Ser composition, we can tune the hydrogel’s properties. For
instance, the supramolecular hydrogel produced from P-
(Glug gs-co-Sergss)200 (Figure S32) exhibited a softer gel
compared to the P(Glugs-co-Serys),0,- Conversely, P(Gluyg-
co-Serg; )40 resulted in a viscous solution (Figure S31). The
comparison among the three variants is showcased in Figure
2d.

While the P(Glu,_,-co-Ser,),o, samples exemplify the
tunable and reversible nature of supramolecular gels based
on the entanglement of elongated dispersed fibrils, such
dynamic attributes may also compromise their mechanical
robustness. To address this, we subsequently pursued a
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strategy to bolster the noncovalent network connections by
incorporating nonpolar amino acids known for their strong f-
sheet-forming propensity into the copolypeptides. This
modification gives rise to superstructures of stiff, branched
fibril clusters that can rapidly coalesce into a cohesive, sample-
spanning network, thereby offering the potential for enhanced
mechanical strength.

Diversifying Fibril Superstructures with Hydrophobic
Amino Acid Integration. We utilized the ROP of NCA to
synthesize a diverse set of copolypeptides, with Glu as the
primary component and varying amounts of Leu, Val, Ala, or
Tyr. Among these amino acids, Val, Ala, and Tyr have a
notable f-sheet propensity. For contrast, Leu, known for its
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Figure 4. Supramolecular assembly and fibril network of tricomponent copolypeptides P(Glu,_,_,-co-Ala,-co-Val,),. (a) Schematic representation
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of the synthetic route for P(gju;_y— ,-co-Ala,-co-Val ) (b, ) Kinetic assembly profiles for P(Gluy ¢5-co-Alag 3-co-Valy gs),00 and P(Gluy;-co-Alag ,-co-
Valy )00, respectively, at various initial monomer concentrations. (¢, ) TEM images of assemblies from P(Gluygs-co-Alags-co-Valygs)eo and
P(Glug;-co-Alag,-co-Valy )00, respectively. (d, g) SEM images of P(Gluygs-co-Alagz-co-Valggs),00 and P(Glug;-co-Alag,-co-Valy; ), hydrogels,
respectively, after supercritical CO, drying. Inset: photographs of the opaque supramolecular hydrogels concentrated at 20 mg/mL.

propensity to form stable a-helical conformation, was also
integrated.“_68 Our synthesized series includes P(Glu,_,-co-
Leu,)igp P(Glu_,-co-Ala,) 100, P(Glu,_,-co-Val,) g, and P-
(Glu,-co-Tyr,_,),, with X" values ranging between 0.05 to 0.4
(Figure 3a and Figure S4—7). Conformations of the resulting
copolypeptides at different pH values were confirmed by CD
(Figure S11-14). Given the pronounced hydrophobicity of Leu
and Val’s side chains,”” copolypeptides consisting of more than
15% of these amino acids rapidly segregated into amorphous
structures under the assembly conditions. However, both
P(Gluyg-co-Leuy ;) 100 and P(Glug g-co-Valy ;)19 formed distinct
fibril superstructures in the diluted solutions (Figure 3b,d,
Figure S25 and S27). Individual fibrils in the bundles can be
visualized in the negative stained TEM images (Figure $24). In
comparison, P(Glu,_,-co-Ala,);o, with Ala compositions of
20% or 30%, produced fibril superstructures (Figure 3c and
Figure S26), attributed to the slightly reduced hydrophobic
nature of Ala’s side chain compared to Leu or Val. These
fibrils, especially from P(Glugg-co-Leuy;) 90 and P(Glugg-co-
Valy;)10py predominantly exhibited a p-sheet secondary
structure, as revealed by FTIR and WAXD studies (Figure
S18 and S19). In addition to the p-sheet structure, coil
conformation was also evident in fibrils from P(Glugg-co-
Alag,)1g0, with FITR spectra indicating a peak at 1645 cm™
and WAXD profiles lacking the a-helix signature (Figure S18
and S19). In contrast, P(Glu,-co-Tyr,_,), primarily formed
amorphous aggregates in solution, as a result of the strong
interactions between aromatic side groups (Figure S28).
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P(Glugy-co-Leuy ;)99 demonstrated the slowest fibril for-
mation, with the fibrillation following a two-stage, nucleation—
growth process that could be accelerated by increasing the
polymer concentration (Figure 3e and Figure S25). The
kinetics was even slower than that of PGlu, as Leu has a high
propensity to form a oa-helical conformation, trapping the
copolypeptides in the helical state before they convert into -
sheet fibrils. The slowly formed fibrils assembled pairwise into
well-ordered bundles, and gelation was not observed, even at
saturated concentrations. Ala, considered to be equally adept in
forming a-helical and f-sheet structures,””’” influences the
fibrillation of P(Gluyg-co-Alay,),q differently. As shown in
Figure 3f and Figure S26, this copolypeptide fibrillated faster
than P(Gluyg-co-Leug ;) qo- The resultant fibrils from P(Glugs-
co-Alay,) ;0o exhibit a combination of p-sheet and coil
structures. Interestingly, the fibrils in the superstructures
were considerably loose, presumably because the higher
percentage of Ala disrupted the regularity of the fibril
interactions. In diluted conditions, the fibrils measured a few
microns in length and became even longer when the Ala
composition in the copolypeptides increased from 20% to 30%
(Figure S26f). However, no gelation was observed, although
the suspension became viscous at high polymer concentrations.
Val has the strongest S-sheet propensity among the nonpolar
amino acids we tested.**"°® Similar to Ser, there was almost no
lag phase in the fibrillation of P(Gluyg-co-Valy;),o (Figure 3g
and Figure S27). Due to the high hydrophobicity of Val, the
fibrils formed branched fibril clusters with multiple filaments at
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Figure S. Rheological behavior of hydrogel networks comprising interlinked fibril clusters. (a, c) Strain-dependent oscillatory rheology (@ = 1.0
rad/s, 25 °C) for P(Gluy gs-co-Alag 3-co-Valyg5)500 and P(Glug;-co-Alag,-co-Valy ) )00 hydrogel, respectively. (b, d) Oscillatory rheology of P(Gluy -
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rad/s, 25 °C), demonstrating their self-healing characteristics. Concentration for P(Glul_,c_},-co-Ala,C-co-Valy)200 was set at 20 mg/mL.

a cross-link, but these connected clusters also tended to
precipitate under concentrated conditions.

The assembly kinetics were analyzed usin§ established
models for protein and amyloid aggregation."”*”* The time to
reach half-completion of fibril assembly (half-time) was
determined from the kinetic curves presented in Figure 3e—
g. The scaling exponent (y), which indicates how the half-time
varies with the initial copolypeptide concentration, was derived
from the slopes in Figure 3h—j. The values of these exponents,
ranging from -1.1 to -0.8, suggest that secondary nucleation is
the predominant mechanism in fibril formation, similar to the
aggregation of amyloid-# peptides.”>’® The initial growth
phase, as well as the entire assembly process, is well-described
by a fibril formation model that assumes control by secondary
nucleation, with 1, (the secondary nucleation reaction order
with respect to the monomer) being 1, and n, (the primary
nucleation reaction order) being 2 or 3, as detailed in Table S2
and Figure S30. Notably, the inclusion of Val in the
copolypeptides markedly accelerates both primary and
secondary nucleation, thus identifying Val as a potent
modulator in the design of a tricomponent system.

To form a stable filament network, semiflexible filaments
must exceed a certain density and length for effective
percolation through sufficient cross-linking. Moreover, cross-
linking must occur rapidly to prevent large filament clusters
from precipitating out of the solution. Clearly, the distinct
nonpolar amino acids integrated into the copolypeptides
significantly influenced both the structural morphology and
connectivity of the fibril superstructures, as well as the kinetics
of their formation. To achieve an effective, sample-spanning
network, it is crucial to engineer fibril clusters with both high
aspect ratios and robust cross-linking propensities, while also
ensuring rapid kinetics throughout the assembly process. With
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these criteria in mind, we proposed to combine Ala’s fibril-
elongating effects with Val's rapid nucleation capabilities to
design P(Glu,_,_,-co-Ala,-co-Val,), copolypeptides for realizing
the formation of supramolecular filament network.
Tricomponent Copolypeptide Assembly into Rigid
Branched Fibril Networks. Leveraging on the crown-ether
(CE) catalyzed ROP-NCA method we recently developed,”’
we synthesized two samples, P(Gluygs-co-Alags-co-Valygs)00
and P(Glug;-co-Alag,-co-Valy )40 for examination (Figure 4a
and Figure S8). Conformations of the resulting copolypeptide
at different pH values were confirmed by CD (Figure S15).
Under diluted conditions, both copolypeptides assembled into
loose, high-aspect-ratio fibril clusters without experiencing a
significant lag phase (Figure 4b,e and Figure $29). Those fibril
clusters (Figure 4c,f) were much smaller than those from
P(Glugg-co-Leuy;) 100 P(Glugg-co-Alag, )10, and P(Glugg-co-
Valg1)i00 (Figure 3b—d). When P(Glug4s-co-Alags-co-
Valys)200 Was compared with P(Gluy,-co-Alag,-co-Valy )0
the fibrillation process of the latter markedly accelerated. This
is presumably due to increased nucleation sites prompted by
the higher Val composition, leading to thinner and shorter
fibril clusters. In concentrated solutions, supramolecular
gelation occurred, forming an intertwined filament network
that manifested as an opaque hydrogel (Figure 4d,g). The
fibrils within these networks shared a similar width with the
fibril clusters found in the diluted suspension. Unlike the
entangled fibril networks formed by P(Glu,-co-Ser;_,),q0, the
fibril networks created by P(Glug gs-co-Alag-co-Valy s)00 and
P(Glug-co-Alag,-co-Valg ;)0 featured a more rigid, with a
“bush-like” branching structure characterized by a high level of
connectivity between fibrils. The fibrils assembled from
P(Glug ¢5-co-Alag 3-co-Valg gs)200 and P(Gluy ;-co-Alag ,-co-
Valy;),00 exhibited a predominant f-sheet secondary structure
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with some coil conformation, as revealed by FTIR and WAXD
studies (Figure S20 and S21). Observing that the filament
density in the P(Gluy,-co-Alag,-co-Valy; ), sample appeared
to be higher than that in P(Gluggs-co-Alags-co-Valy gs)00, We
prepared an additional sample, P(Glug ¢5-co-Alag ,5-co-Valy 1 ) 00-
The morphology of its fibril network closely resembled that of
P(Gluy;-co-Alag,-co-Valy )00, as shown in Figure S33. This
similarity indicates that the filament density in these hydrogel
networks is primarily influenced by the composition of Val.

Several factors may contribute to this unique superstructure
control: (1) The chain regularity was significantly disrupted by
the inclusion of Ala and Val residues, preventing the pairwise
stacking of f-sheet protofibrils into large spherulites that are
prone to precipitation. (2) The introduction of Val facilitated
rapid nucleation, while Ala effectively moderated the growth
phase. This synergistic effect led to the formation of fibril
bundles that predominantly assembled into branched fibril
clusters, swiftly covering the entire sample space. (3) The
hydrophobic attractions between the nonpolar residues
fostered an increased network connectivity between the fibrils
and fibril bundles.

Enhanced Mechanical Strength and Structural
Adaptability of Interlinked Fibril Cluster Hydrogels. In
comparison with entangled fibril hydrogels from P(Glu,_,-co-
Ser,),00 the hydrogel composed of P(Gluggs-co-Alags-co-
Valyos)200 showed substantially greater strength, reaching a
G’ of 600 Pa (Figure Sa and Figure S34a). This suggests
enhanced stability within the fibril cluster network. The higher
hydrophobicity of its amino acid constituents in P(Gluy¢5-co-
Alags-co-Valygs)y0 led to stronger chain interactions and
increased fibril connectivity, forming a more resilient filament
network. Interestingly, while the fibril superstructures of
hydrogel of P(Gluy,-co-Alag,-co-Valy,),g were significantly
thinner and denser than those of P(Glu¢s-co-Alay;-co-
Valg )00, their G’ and strain-dependence were similar (Figure
Sc and Figure S34b). However, the G” of the P(Glug,-co-
Alag,-co-Valy),0 hydrogel was nearly double that of P-
(Gluy 5-co-Alay 3-co-Val o5)500- Despite their superior strength,
the networks of P(Glugs-co-Alag 3-co-Val )50 and P(Glug,-
co-Alag,-co-Valy ), maintained a self-healing capability
comparable to that of P(Gluy-co-Serys)y0 when subjected
to large strains (Figure Sb,d).

While the structural aspects in these fibril cluster gels might
resemble those found in some rod cluster gels formed in
colloidal assembly,”” they are not premade building blocks
assembled later by depletion forces. Instead, the copolypep-
tides, functioning as supramolecular monomers, gradually
evolved into an interconnected fibril cluster network. This
fibril nucleation and growth persist until the entire available
space is filled by the connected supramolecular network,
arresting the dynamics of individual fibrils or fibril clusters.
This gelation process is strongly governed by supramolecular
assembly kinetics, making them highly responsive to variations
in molecular designs. For example, with 5% Val percentage,
resulting filaments from P(Gluggs-co-Alags-co-Valygs)e0 tend
to be elongated and thick, albeit at a reduced filament density.
In contrast, with 10% Val, enhanced nucleation amplifies
filament density, producing shorter, finer filaments in the
P(Gluy;-co-Alag,-co-Valy ;)90 hydrogel, given the same poly-
peptide concentration. For filaments of a given range of
persistence lengths, the elasticity of semiflexible filament
networks is typically a function of filament length and
density.”” Longer filaments with lower densities might
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emphasize the entropic stretching of filaments for elasticity.
Meanwhile, shorter, denser filaments might shift the network’s
dominance to enthalpic bending and stretching.” Our random
copolypeptides offer a diverse range of filament lengths,
densities, and connectivities, creating experimental model
systems to explore the physics of such networks.

General Design Concepts for Fibrous Networks
Derived from Synthetic Random Copolypeptides.
Macintosh and colleagues have previously developed a diagram
that illustrates how variations in the length and number density
of semiflexible filaments influence network elasticity.">”” This
diagram offers a clear depiction of the network behavior,
making it a valuable tool in guiding the experimental design of
a fibrous network. For example, short filaments at low densities
are insufficient for forming networks due to inadequate cross-
linking, which leaves the filaments in a solute state. Beyond a
certain threshold of density and length, a percolation network
forms, yet it may display nonaffine characteristics where local
regions deform independently of the overall macroscopic
deformation. In contrast, networks composed of long filaments
at low densities, or those with high densities but short
intercross-link filament lengths, tend to exhibit affine behavior.
Here, local deformations are coordinated with the macroscopic
strain, leading to distinctive elastic and mechanical properties.

In our study, the dynamics of filament network and the
nature of cross-links are also crucial, considering that the cross-
links between filaments in supramolecular gels may be
transient. Yet qualitatively, the behaviors of fibrils or fibril
networks derived from specific copolypeptide compositions
align with the regions outlined in Scheme 2, conforming to the

Scheme 2. Sketch Representation of a Diagram Categorizing
Filamentous Assemblies or Networks Formed by Synthetic
Copolypeptides with Specific Compositions (Scale Bar: 500
nm)
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general trends of length and density dependence described by
the established theory.”” Although our findings are still in their
early stages, this dependence could inform the design of
copolypeptides for specific network architectures. It is
remarkable that our investigations, using a limited set of just
five amino acids, have yielded a diverse array of network
structures. Nevertheless, additional studies are necessary to
definitively categorize these structures within the distinct
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regimes of affine or nonaffine networks, based on their elastic
responses and deformation modes—whether filaments pre-
dominantly stretch and compress or bending modes prevail."
Furthermore, our hydrogel samples exhibited a broad spectrum
of storage and loss moduli, without relying on non-network
species, external modulators, or added cross-linkers. These
moduli values are comparable to those found in reconstituted
extracellular matrices (ECM),”'* e.g, G': 10—1000 Pa; G'":
1—100 Pa. We anticipate that the introduction of permanent
cross-links, such as by integrating a minor proportion of
cysteine (Cys) into the random copolypeptides, could
markedly enhance the modulus, bringing it closer to the
viscoelastic properties of soft tissues.

B CONCLUSIONS

In summary, this study presents two novel strategies for the
design and synthesis of synthetic random copolypeptides with
the potential to self-assemble into biomimetic supramolecular
hydrogels. The first approach utilizes amino acids with polar
side chains, specifically serine, to develop copolypeptides that
can form stable filament networks with tunable viscoelastic
properties. The second strategy employs nonpolar amino acids,
specifically valine and alanine, harnessing their ability to steer
the architecture of fibrils, influencing their higher-order
superstructures and assembly kinetics and thus promoting
the creation of extensive networks. Both strategies yielded
supramolecular hydrogels characterized by a self-healing
capability, underscoring their potential suitability for bio-
medical applications. Furthermore, this work sheds light on the
core principles steering the gelation pathways of synthetic
copolypeptides, enhancing our understanding of the intrinsic
processes that guide their self-assembling tendencies. Future
research could seek to broaden this knowledge base, exploring
diverse amino acid combinations and their synergistic actions
to refine the tunability of mechanical and other physical
properties in these synthetic filamentary networks.
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