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Molecular anisotropy and rearrangement as mechanisms of toughness
and extensibility in entangled physical gels
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Dynamic networks formed by physically crosslinked, entangled polymers have emerged as self-healing,
stretchable, and functional materials. Entangled associative gels with remarkable toughness and extensibility
have been produced by several distinct chemical approaches, suggesting that these enhanced mechanical
properties result from molecular-scale topology. Previously, artificially engineered associative proteins were
designed to provide an ideal model system to investigate the role of entanglement on gel mechanics via well-
defined entangled or unentangled physical gels. Herein, uniaxial strain-induced structural changes in these model
gels were observed using in situ small-angle x-ray scattering (SAXS) and in situ polarized optical microscopy
(POM) up to 2000% engineering strain. Anisotropic optical responses to uniaxial strain at the nano-, micro-,
and macroscales suggest that stress dissipation mechanisms enable high extensibility and toughness. Nano- and
microscopic anisotropy observed by SAXS indicate stretching and alignment of flexible polymer strands along
the straining axis, and nonmonotonic macroscopic anisotropy observed by POM suggests relaxation within the
hydrogel due to rearrangement of associative network junctions. Unentangled hydrogels exhibit low toughness
and a strain-rate-dependent transition from ductile to brittle tensile behavior, which is typical for associative
polymer solutions. These findings indicate that topological entanglements and the freedom of individual chains
to align at the nanoscale due to junction relaxation are both critical to achieving high toughness and elongation
in entangled physical gels.
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I. INTRODUCTION

Physically crosslinked polymer networks have generated
broad interest as self-healing soft materials [1–4], but nonco-
valent networks are generally susceptible to erosion, creep,
and mechanical failure [5–9]. Much effort has been devoted
to improving the stability of polymer networks for use in
chemically and physically demanding applications includ-
ing stretchable electronics [10,11], biomimetic elastomers
[12–18], and injectable biomaterials [19–21]. In polymer
networks and gels, mechanical properties such as toughness
and extensibility have been improved using a generally ac-
cepted strategy of building energy dissipation mechanisms
into networks that maintain elasticity [5,22,23]. Distributing
stress prevents the propagation of cracks and defects that
may lead to gel fracture, and typical dissipative mechanisms
include dynamic bonding via hydrophobic interactions [8,9],
hydrogen bonding [10,17], ionic interactions [11], metal–
ligand coordination [12–15], or guest–host complexation [18].
Tough gels and networks maintain structural integrity us-
ing elastic mechanisms such as high functionality crosslinks
[13–15], responsive reinforcing domains [16,19], or double
networks [22].

Recently, topological entanglement was used to toughen
physical polymer networks composed of either artificially
engineered proteins with associative domains [20], poly-
dimethylsiloxane (PDMS) with metal-ligand coordination
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[12], or PDMS with supramolecular hydrogen bonding [17].
In each system, high molecular weight polymers with numer-
ous physical crosslinking domains were produced by conden-
sation of telechelic associative polymers. All of the resulting
polymer networks exhibited high toughness and elongation
at break (>3000% fracture strains, Fig. 1), as well as the
ability to self-heal at room temperature in the absence of
external stimuli [12,17,20]. The similar physical responses of
chemically disparate materials suggest that polymer topology
and entanglement have a strong and general effect on the
toughness and extensibility of physically crosslinked polymer
networks.

Engineered protein-based materials provide a well-defined
system to investigate the role of topological entanglement
on the toughness and extensibility of physical polymer net-
works. Genetic engineering allows for the facile develop-
ment of polymeric materials with precise molecular weights
[24,25], specific amino acid sequences that provide intrinsic
function (e.g., binding interactions and molecular recogni-
tion) [26–29], and self-assembling domains that form higher-
order structures [8,9,30–35]. A widely studied family of
protein-based physical gels combines flexible spacers with
associative coiled-coil domains [6–9,33–41] to produce such
model associative networks. In this paper, model unentangled
and entangled protein networks comprise alternating flexible
spacer domains (hereafter denoted C10) and pentamer-forming
coiled-coil domains (denoted P) [20,35–37].

Flexible C10 spacers comprise ten repeats of the non-
apeptide -ProGluGly(AlaGly)3-, which have been shown to
form water-soluble polyelectrolyte coils [9,41,42]. Proline is
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FIG. 1. High toughness and extensibility of physical polymer networks with distinct chemical features. Images adapted by permission
from (a) S. Tang et al. [20], Copyright (2014) American Chemical Society; (b) C.-H. Li et al. [12], Copyright (2016) Springer Nature; and
(c) P.-F. Cao et al. [17].

known to disrupt chain folding [43,44], and the inclusion of
proline in the nonapeptide motif is hypothesized to frustrate
packing of hydrophobic alanylglycine repeats [41]. Charged
glutamic acid residues improve water solubility, and glycine
residues impart flexibility in the backbone chain [44,45]. The
random coil character of a single C10 protein domain was
confirmed by circular dichroism spectroscopy [9].

Physical crosslinking is achieved using secondary struc-
tural elements of proteins, such as coiled-coil motifs formed
by the association of two or more α-helical coils. Each α helix
consists of periodic amino acid heptads referred to as abcdefg
[46,47]. Interactions between hydrophobic residues in posi-
tions a and d and charged residues in positions e and g drive
association, and the amino acid sequence and chain length
can be modified to tune the directionality, specificity, aggrega-
tion number, and higher-order structures [46–51]. Associative
coiled coils typically have free energies ranging from 12 to
55 kJ/mol [49–51], which are an order of magnitude weaker
than protein backbone bonds (typical dissociation energies of
C–C and C–N bonds are 345 and 305 kJ/mol, respectively
[52]). The coiled-coil domain in this paper has an association
free energy of 18 kJ/mol [51]. This pentamer-forming domain
was selected because coiled-coil bundles with odd aggrega-
tion numbers have been shown to suppress erosion in physical
protein gels [6].

Model associative proteins with reactive end groups en-
abled the synthesis of high-molecular-weight species that
form topological entanglements, leading to the early dis-
covery of high toughness and extensibility in entangled
physical networks [20]. Previously, unentangled associative
proteins [C10(PC10)4, Fig. 2(a)] were genetically modified to
include cysteine residues at both termini [cys-C10(PC10)4-cys]
[35,36]. The resulting protein chains were extended by
oxidatively triggered disulfide bond formation [Fig. 2(b)]
[20,39,53]. Disulfide bonds produced by chain extension are
an order of magnitude stronger than the associative domains
that form physical crosslinks [Fig. 2(c)], with typical C–S
and S–S bond dissociation energies of 272 and 268 kJ/mol,
respectively [52]. Entangled and unentangled gels both ex-
hibited rapid recovery of mechanical properties following
the shear-induced rupture of the transient networks [7,20].
The entangled physical protein hydrogels also exhibited

remarkable tensile toughness (65 000 ± 24 500 J m−3) and
extensibility (failure engineering strain of 2970 ± 860%)
under a designed test profile [Fig. 1(a)] [20]. In comparison,
unentangled C10(PC10)4 hydrogels were brittle and failed im-
mediately in the tensile apparatus. Similar observations were
subsequently made on several structurally analogous systems
[12,17], but a molecular explanation for the behavior remains
elusive. The dramatic changes in hydrogel mechanics follow-
ing chain extension suggest that molecular-scale topology has
a profound effect on hydrogel nanostructure and macroscopic
response during deformation.

The structural evolution and stress response of soft ma-
terials can be probed simultaneously under deformation us-
ing in situ techniques including small-angle scattering and
polarized optical microscopy (POM). Real-time structural
measurements are critical for physical gels with dynamic
crosslinks in which the rate of polymer segment and net-
work junction relaxation may exceed the rate of deforma-
tion. In situ small-angle scattering has been applied to in-
vestigate nanostructural dynamics in several tough physical
gels, including polymer–clay nanocomposite gels [54,55] and
supramolecular hydrogels [56,57] during uniaxial extension
and thermoresponsive associative protein hydrogels under
shear [40,58]. Generally, extensional deformation of tough
gels produces anisotropic scattering, which is considered to
emerge from the alignment of crosslinking domains and elon-
gation of flexible domains. In nanocomposite blend hydrogels,
anisotropic nanoplatelets oriented parallel to the stretching di-
rection [54,55] and structural changes occurred preferentially
in the polymer phase due to stretching of flexible chains [54].
In a nanophase-separated supramolecular hydrogel, contrast-
variation small-angle neutron scattering revealed the transient
size, spacing, and orientation of nanodomains following a
step strain to provide a detailed mechanistic view of stress
relaxation by a tough hydrogel [56]. In supramolecular hy-
drogels, in situ small-angle x-ray scattering (SAXS) revealed
the rate-dependent evolution of nanostructural anisotropy and
nanodomain rearrangement during uniaxial elongation [57].
In situ POM measures birefringence to provide a relative
measure of polymer chain orientation and alignment, which
complements detailed nanostructural information from in situ
SAXS. Emergent birefringence is commonly observed in
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polymers with liquid-crystalline domains [59,60], hydrogels
with flow-induced alignment [61], and polymer networks
during extensional deformation [62–67].

This paper investigates the role of topological entan-
glement on the tensile response of physically crosslinked
polymer networks using in situ SAXS and in situ POM.
Unentangled and entangled physical gels exhibited distinct
linear viscoelastic behavior, as well as rate-dependent stress
responses during uniaxial extension. Analyzing in situ SAXS
data in the context of a broad peak scattering model re-
vealed quantitative differences in the nanostructural evolution

(a)  C10(PC10)4

redox-responsive disulfide

APQMLRE  LQETNAA  LQDVREL
LRQQVKE  ITFLKNT  VMESDAS

(AGAGAGPEG)10

P

C10

(b)  cys-C10(PC10)4-cys

(c)

coiled-coil
associations

extended
polypeptide

FIG. 2. Molecular design of proteins in (a) unentangled and (b)
entangled physical hydrogels. Letters indicate amino acid sequences
that make up flexible polyelectrolyte coils (C10) and pentamer-
forming associative domains (P). S–S bonds represent cysteine
bridges formed during chain extension. Structures not drawn to scale.
(c) Schematic of an entangled physical gel formed by chain-extended
proteins.

of unentangled and entangled hydrogels during elongation,
which corresponded to changes in macroscopic structure and
birefringence measured using in situ POM. Together, these
results suggest a combination of molecular-scale mechanisms
that enable the toughness and extensibility of entangled asso-
ciative hydrogels.

II. MATERIALS AND METHODS

The engineered proteins C10(PC10)4 and cys-C10

(PC10)4-cys were prepared as previously reported to
generate well-defined unentangled and entangled hydrogels,
respectively [20,35–37]. Experimental details for protein
expression and purification are described in the Supplemental
Material [68].

A. Chain extension reaction

Oxidative thiol coupling was used to generate high molec-
ular weight species from cysteine-terminated associative
proteins [19,20,39,53]. Purified cys-C10(PC10)4-cys proteins
were dissolved to a final concentration of 10 % (w/v) in a
denaturing and reducing buffer containing 6 M urea, twofold
molar excess tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, 6.3 mM), and 20 mM Tris (pH 8.0). Urea enhances
protein solubility during chain extension reactions, and TCEP
reduces terminal cysteine residues to expose free sulfhydryl
groups. Protein solutions were constantly stirred for approxi-
mately 2 weeks at 4 °C, and degradation of TCEP during this
period allowed protein coupling in a nonreducing environ-
ment. Chain extension reactions were monitored weekly using
nonreducing sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis. After oxidation, residual salt was removed from
chain-extended proteins by dialysis against ultrapure water
(MilliQ, 18.2 M� cm), and water was removed by lyophiliza-
tion. Entanglement was verified using shear rheology on
hydrogels prepared from purified samples.

B. Hydrogel preparation

Associative protein hydrogels with topological entan-
glements (chain extended) and without entanglements
[C10(PC10)4] were prepared to a final concentration of
15% (w/v) in 100 mM sodium phosphate (pH 7.6).
Lyophilized proteins were hydrated overnight at 4 °C, and
the resulting gels were periodically mixed with a spatula to
ensure a homogeneous concentration. Mixed samples were
centrifuged for 10 min at 10 000 rpm to remove bubbles
prior to loading in custom polytetrafluoroethylene (PTFE)
molds (dog-bone shape with 1-mm gage length, 4-mm width,
and 2-mm thickness). To prevent sample dehydration, PTFE
molds were sandwiched between brass plates, held together
with a C clamp, wrapped in plastic film (Saran), and stored in
individually sealed plastic bags containing damp paper towels.
Entangled gel samples were stored at 4 °C for at least 4 days
to allow stress relaxation prior to tensile testing. Unentangled
gels were stored at 4 °C for at least 2 h prior to testing.
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C. Shear rheology

Frequency sweep experiments were performed on an An-
ton Paar MCR 702 rheometer operating in single-drive mode
with a sandblasted cone-plate geometry (25-mm diameter and
1° cone angle with 48-μm truncation gap height; Peltier-
temperature-controlled plate, P-PTD 200). Two days before
the experiment, protein samples were hydrated at 15 % (w/v)
in 100 mM sodium phosphate (pH 7.6). On the day of the
experiment, samples were mixed with a spatula to ensure a
homogeneous concentration and centrifuged for 10 min at
10 000 rpm to remove bubbles before loading onto the
rheometer. Hydrogel samples were trimmed at a truncation
gap of 58 μm, after which the final truncation gap height was
set to 48 μm. The sample edges were coated with mineral oil
(Amresco) to minimize water evaporation. Humidity and tem-
perature were further controlled using a Peltier-temperature-
controlled hood (Anton Paar, H-PTD 200). Samples were
heated to 90 °C and cooled to 25 °C at 5 °C/min to eliminate
thermal and shear history by unfolding of coiled-coil domains
at temperatures above 52 °C [9,20]. All subsequent experi-
ments were performed at 25 °C. Linear viscoelasticity was
characterized using frequency sweep experiments from 0.001
to 1.0 rad/s at 5% strain and from 0.1 to 100 rad/s at 1%
strain, which were confirmed to be in the linear viscoelastic
regime using strain sweep experiments (0.1–10% strain at
0.01, 1.0, and 100 rad/s; details included in the Supplemental
Material [68]).

D. Tensile testing

Tensile testing was performed using a Linkam TST350
temperature-controlled tensile stress stage equipped with a
20-N load cell and driven by either a T95 controller with
Linksys32 (SAXS) or a T96 controller with LINK software
(POM). Custom titanium clamps were added to test samples
shorter than the minimum TST350 sample length, and sandpa-
per (80 grit) was glued to the custom clamps to improve grip.
The tensile stage was aligned perpendicular to the incident
beam, and the opening was aligned to allow the beam to pass
through samples during in situ SAXS (vertical stage) or in situ
POM (horizontal stage). The symmetric displacement of the
clamps enabled observation of the same zone of the sample
during extension. The engineering strain e = (L − L0)/L0 ×
100% was determined from the displacement of the clamps L.
For all tests, the initial displacement L0 was 3.5 ± 0.1 mm.
The clamps were displaced at a constant velocity of 100 or
300 μm/s, corresponding to engineering strain rates of 0.028
and 0.084 s−1, respectively. In this experimental setup, the
Hencky strain rate decreases throughout the deformation [69].
The engineering stress was calculated using the initial cross-
sectional area of 2×4 mm in the dog bone. Gel toughness
was calculated as the area under the engineering stress–strain
curve. To prevent sample dehydration during stretching, air
was humidified by passage through an in-line bubbler and
circulated into the sample chamber. All tensile testing was
performed at 24.5 ± 0.5 °C.

E. Small-angle x-ray scattering

Using a high-flux synchrotron x-ray source, in situ SAXS
enables the measurement of nanostructural changes in soft

and biological materials during mechanical testing [40,55–
58,70–77]. SAXS experiments were conducted at beamline
7.3.3 at the Advanced Light Source at Lawrence Berkeley
National Laboratory [70]. The flight tube was selected to iden-
tify nanoscale features within a q range of 0.06 − 2.5 nm−1,
where the scattering vector is q = (4π/λ)sin(θ ), given an
x-ray wavelength λ of 1.2398 Å and scattering angles 2θ .
Specifically, scattering was measured using a Pilatus 2M
CCD detector with 0.172-mm square pixels and a sample-to-
detector distance of 2.838 m. Tensile data were collected at
3.3 Hz. For stretching rates of 100 or 300 μm/s, the time
elapsed between the start of each acquisition was 10.0 or
3.3 s, respectively. For each scattering pattern acquisition,
the sample was exposed for 0.5 s to limit damage due to
accumulated exposure to the x-ray beam [73,77].

Two-dimensional (2D) scattering patterns were reduced
to radial and azimuthal one-dimensional (1D) profiles in
order to quantify nanostructural changes due to anisotropic
deformations. Reductions to one dimension were carried out
using the Nika package for Igor Pro (Wavemetrics) [78]. Raw
SAXS images were first corrected for background scattering,
and areas covered by the mask and beam stop were omitted
to minimize the effect of flares and lines of zero intensity.
Radial 1D scattering profiles were generated by averaging
circular sectors of width ±10° (total width of 20°), which
were centered perpendicular (0° azimuthal) and parallel (90°
azimuthal) to the straining axis. Radial scattering profiles
were fit to correlation length and broad peak models [79]
using MATLAB. A subset of radial profiles generated from
circular sector widths of ±5°, ±10°, ±15°, or ±20° showed
negligible differences in fit quality or final fit parameters.
Elsewhere, soft materials exhibiting anisotropic scattering un-
der tension have been quantified using sector widths ranging
from ±4° to ±30° [54–57,72–77]. Anisotropic features were
quantified by producing azimuthal 1D scattering profiles from
an annular q average of scattered intensity as a function of
azimuthal angle ϕ [56,57,76,77]. This analysis was conducted
by azimuthally averaging sectors every 10° (width ±5°) over
a range of q = 0.8 ± 0.05 nm−1, where the largest deviations
were observed between the radial scattering profiles centered
parallel and perpendicular to the straining axis.

F. Polarized optical microscopy

POM was performed using a Zeiss Axioplan microscope
equipped with an Axiocam 503 mono camera, 2.5×/0.075 NA
Epiplan-NEOFLUAR objective, sliding 360° rotatable ana-
lyzer set orthogonally to the polarizer, and a neutral-density
filter (6% transmission). During birefringence measurements,
samples were illuminated with plane-polarized light, and the
incident light was transmitted through a cross polarizer prior
to detection by the camera. The neutral-density filter was
removed during birefringence measurements of unentangled
hydrogels to enable detection of weaker birefringent signals,
and all optical signal intensities were normalized during video
processing. The TST350 stage was aligned such that the
stretching direction followed a 45° angle between the crossed
polarizers. Tensile and video data were collected at 20 Hz.
MATLAB was used to process videos, which were corrected
for initial sample transmission and dark field background and
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FIG. 3. Quiescent 1D radial scattering profiles reveal similarities
in the isotropic structures of unentangled (red) and entangled (blue)
associative protein hydrogels. Lines indicate fits to the broad peak
model, and data are offset vertically for clarity.

converted to power fraction IPF:

IPF(t ) = Isample(t ) − Idark

Itrans(t = 0)
− Icross − Idark

Iopen
(1)

where Isample and Itrans are the transmitted intensities of cross-
and plane-polarized light through the sample, Idark is the
detector background intensity, and Icross and Iopen are the cross-
and plane-polarized background intensities, respectively.
Time-resolved IPF was mapped to the corresponding engineer-
ing strain using strain rates calculated from the tensile data.

III. RESULTS AND DISCUSSION

A. Structure of protein-based physical gels

Small-angle x-ray scattering reveals similar quiescent
structures from 1 to 100 nm in unentangled and entangled
protein-based hydrogels (Fig. 3). Associative domains are
considered to dominate the scattering overall [38] and produce
the characteristic features of stronger scattering at low q and
a broad scattering peak at intermediate q. These features
are compared in 1D scattering profiles generated from radial
sectors parallel and perpendicular to the tensile apparatus. The
radial scattered intensity I as a function of the scattering vector
q was fit to a broad peak model, which is commonly used to
identify characteristic length scales in hydrogel systems with
clustered domains [56,57,79,80]:

I (q) = A

qn
+ C

1 + (|q − q0|ξ )m + B. (2)

Multiplicative factors A and C and exponents n and m are
related to the Porod and Lorentzian functions, respectively,
and B is background scattering. The peak position q0 and
correlation length ξ suggest relevant length scales in associa-
tive protein hydrogels, which are illustrated in Fig. 4 [79,81].
Broad peak model fits confirmed the isotropic nanostructure
of unentangled physical gels prior to deformation. Quiescent
entangled gels exhibited weakly asymmetric scattering, which
is attributed to minor sample deformation during loading

3.0 nm

7.3 nm

2.9 nm

3.0 nm

7.3 nm
4.3 nm

2.9 nm

(a) (b)

FIG. 4. Molecular dimensions of associative proteins that form
(a) unentangled and (b) entangled physical hydrogels. Protein do-
mains include pentameric coiled coil bundles (red), flexible C10

spacers (gray), and effective C20 spacers (blue).

and alignment of the tensile apparatus. Fit parameters were
averaged between both directions to quantify structural fea-
tures; 1D scattering profiles were also fit to a correlation
length model (q0 = 0), which produced qualitatively similar
results to the broad peak model as further discussed in the
Supplemental Material [68].

The spatial distribution of gel domains can be quantified
from the scattering peak position q0, which corresponds to the
Bragg d spacing by the relation d = 2π/q0. The d spacing
reflects the average center-of-mass separation between net-
work junctions formed by pentameric bundles of associative
coiled coils. In unentangled gels, each coiled-coil domain is
flanked on both ends by C10 spacers, and the spatial extent of
a pentameric bundle is estimated as the bundle size plus two
hydrodynamic radii from surrounding C10 spacers [Fig. 4(a)].
The spatial extent is calculated using hydrodynamic radii
instead of hydrodynamic diameters to prevent double count-
ing of C10 spacers; this assumption leads to an underesti-
mation for spacers that are only attached to one coiled-coil
domain instead of bridging a pair of coiled-coil domains. The
coiled-coil bundle is approximated as a cylinder of diameter
3.0 nm and of length 7.3 nm [38,82]. The hydrodynamic
radius of the C10 spacer between coiled coils is calculated as
2.9 nm from the scaling for disordered, flexible proteins,
RH = 2.21 N0.57 Å, where N is the number of amino acids
[83]. The spatial extent of a pentameric bundle flanked by
C10 spacers is estimated to be 13.1 nm axially (7.3 nm from
the cylinder length and two contributions of 2.9 nm from
C10 spacers on either end) or 8.8 nm radially (3.0 nm from
the cylinder diameter and 2 × 2.9 nm from C10 spacers).
Averaging these values to predict a spatial extent of 11.0 nm is
consistent with the Bragg d spacing of unentangled hydrogels,
where q0 = 0.55 ± 0.01 nm−1 corresponds to a d spacing
of 11.4 ± 0.2 nm. For chain-extended proteins, coupling of
C10 spacers results in effective C20 spacers with expanded
hydrodynamic radii of 4.3 nm [Fig. 4(b)]. The average initial
peak position of 0.49 ± 0.03 nm−1 for entangled hydrogels
corresponds to an increase in the Bragg d spacing to 12.8 ±
0.8 nm, consistent with the presence of longer average spacers
between junctions. The average quiescent correlation length
ξ0 was the same for unentangled and entangled hydrogels
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(ξ0 = 2.3 ± 0.1 nm), which reflects the identical local chemi-
cal features of C10 spacers and effective C20 spacers.

Despite sharing quiescent structural features, gels com-
posed of unentangled and chain-extended proteins exhibited
distinct linear viscoelastic responses (Fig. 5). In unentan-
gled associative protein hydrogels, a crossover in the shear
storage modulus (G′) and loss modulus (G′′) emerged at a
frequency ωcrossover of 0.35 rad/s, which corresponds to a
characteristic stress relaxation time of the hydrogel [7,20].
A maximum in G′′ is attributed to the coiled-coil relaxation
time. The G′′ peak occurred near ωcrossover, suggesting that
the relaxation of unentangled hydrogels is closely related to
rearrangement of coiled-coil domains. Below the crossover
frequency, unentangled hydrogels approached terminal relax-
ation behavior (G′ ∼ ω2 and G′′ ∼ ω), followed by a deviation
in G′ at frequencies below 0.01 rad/s. This low-frequency
G′ behavior is commonly observed in transient networks, in
which physical associations such as coiled-coil aggregation,
hydrogen bonding, or metal–ligand coordination may affect
Rouse relaxation [20,37,84–87].

Chain-extended proteins did not exhibit a moduli
crossover; instead, G′ exceeded G′′ across the frequency
window. The lack of a moduli crossover or terminal regime
suggests that entanglements form topological constraints in
the gel network that prevent chain relaxation and rearrange-
ment [20,69,84]. The high-frequency plateau modulus G′

e
of chain-extended hydrogels exceeded that of unentangled
hydrogels (28 100 ± 100 and 16 100 ± 300 Pa, respectively;
mean ± standard error from 101 to 102 rad/s), consistent with
previous measurements [20]. Unentangled and entangled hy-
drogels also exhibit similar G′′ behavior in this high-frequency
regime, suggesting that association–dissociation dynamics of
coiled-coil domains dominate the dissipative behavior at short
times when entanglements have a minor role [37].

B. Rate-dependent deformation of protein-based physical gels

Unentangled and entangled associative protein hydrogels
exhibited rate-dependent responses to uniaxial extension, as
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FIG. 6. Engineering stress–strain curves reveal rate-dependent
response during uniaxial extensional deformation with in situ (a),
(c) SAXS and (b), (d) POM on (a), (b) unentangled and (c), (d)
entangled associative protein hydrogels. Individual curves are shaded
for clarity.

shown in engineering stress–strain curves taken during in situ
SAXS and POM experiments (Fig. 6). The rate-dependent
deformation of associative hydrogels is characterized using a
dimensionless strain rate ε̇τ , where ε̇ is the engineering strain
rate and τ is a characteristic relaxation time. Unentangled and
entangled gel deformation was normalized to the same asso-
ciative coiled-coil relaxation time, which was identified by the
maximum in G′′ near ωcrossover such that τ = ωcrossover

−1 =
2.9 s. Engineering strain rates of 0.028 and 0.084 s−1 corre-
sponded to ε̇τ = 0.08 and 0.24 and are interchangeably re-
ferred to as “slower” and “faster” deformations, respectively.
The dimensionless strain rate is analogous to the Weissenberg
number Wi, which is typically based on the longest relaxation
time of a polymer molecule τR and reserved for cases of steady
flows [69]. Assigning a dimensionless strain rate based on
the junction relaxation time allowed a comparison between
materials with different longest relaxation times: for a given
engineering strain rate, the deformation of entangled physical
gels (larger τR) proceeds at a larger Wi when compared to that
of unentangled physical gels.

Unentangled hydrogels exhibited strongly rate-dependent
tensile responses, as shown in Figs. 6(a) and 6(b). During
slower extensions, unentangled hydrogels were highly ex-
tensible, but during faster extensions unentangled hydrogels
underwent brittle failure at extensions of 39 ± 2%. At ε̇τ =
0.08, vertically loaded samples from in situ SAXS extended
to the maximum range of the tensile stage (2000% engineering
strain), and horizontally loaded samples from in situ POM
extended to at least 500% engineering strain before relaxing
onto the testing apparatus. In both configurations, unentangled
hydrogels briefly supported stress, followed by continuous
stress relaxation associated with necking and sagging of the
material during the deformation. The rate-dependent ductile
and brittle behaviors of unentangled hydrogels are consistent
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with rupture modes observed in transient polymer networks,
namely, liquidlike thinning and solidlike fracture [88–90].
The transition between modes typically occurs near a criti-
cal Weissenberg number W ic ≈ 0.5 [89], which exceeds the
dimensionless strain rates (0.08 < ε̇τ < 0.24) and suggests
a critical relaxation time that is longer than the junction
relaxation time of 2.9 s.

Entangled hydrogels exhibited high toughness and extensi-
bility in response to tensile deformation at both deformation
rates [Figs. 6(c) and 6(d)]. Entangled hydrogels supported
stress throughout the extension, resulting in enhanced tough-
ness (190 000 ± 45 000 and 210 000 ± 42 000 J/m3 for ε̇τ =
0.08 and 0.24, respectively) relative to unentangled hydrogels
(5500 ± 500 and 1700 ± 200 J/m3 for ε̇τ = 0.08 and 0.24,
respectively). High sample-to-sample variability is common
in the mechanical testing of elastic gels [91]. Entangled
physical gels exhibited rate-dependent stress plateaus, which
are a signature of tough hydrogels with reversible crosslinks
[5,15,57]. However, entangled gels did not exhibit a ductile-
to-brittle transition or the distinct failure modes observed in
unentangled gels. During slower extensions, entangled hydro-
gel samples either stretched to the maximum range of the
tensile stage (>2000% engineering strain) or slipped from the
testing apparatus (data not shown). During faster extensions,
entangled hydrogel samples reached 1040 ± 120% engineer-
ing strain before fracture.

C. Anisotropic nanostructure formation
in entangled physical gels

In situ scattering experiments revealed that topological
entanglements produce anisotropic nanostructural features
during uniaxial extension. In situ SAXS was selected to inves-
tigate structural features from 1 and 100 nm with appropriate
temporal resolution [40,55–58,70–77]. The orientation of as-
sociative network junctions was evaluated using the angular
dependence of x-ray scattering profiles, from which azimuthal
scattered intensity profiles were averaged over an annular ring
at q = 0.8 ± 0.05 nm−1 (Fig. 7). This q range corresponds to
features between 7.4 and 8.4 nm, which is slightly larger than
a single coiled-coil bundle (7.3 nm in length).

Isotropic scattering from unentangled protein hydrogels
suggests rapid, molecular-scale stress relaxation mecha-
nisms during extension. The scattered intensity at q = 0.8 ±
0.05 nm−1 was independent of azimuthal angle φ (φ = 0◦ cor-
responds to scattering perpendicular to strain) at both defor-
mation rates and at all elongations, suggesting that coiled-coil
groups recover random orientations throughout the material
during the entire deformation. Rapid rearrangement of net-
work junctions during extension is consistent with liquidlike
thinning and solidlike fracture mechanisms observed at ε̇τ =
0.08 and 0.24, respectively [88–90].

In entangled physical gels, the emergence of anisotropic
nanostructure increased the scattering signal perpendicular
to the straining axis, which is visible as peaks near φ =
0◦ and 180°. Anisotropy in the scattered intensity was evi-
dent at smaller engineering strains under faster deformation,
suggesting an earlier onset of molecular alignment and ori-
entation due to unrelaxed network junctions. Similar rate-
dependent structural responses observed during in situ SAXS
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FIG. 7. Azimuthal angle dependence of scattered intensity at 0,
50, 200, and 800% engineering strain reveals the evolution of (a), (b)
rate-independent isotropic scattering from unentangled associative
hydrogels and (c), (d) rate-dependent anisotropic scattering from
entangled associative hydrogels.

of supramolecular hydrogels illustrate the need to consider
both strain rate and relaxation times in the design of tough
and extensible soft materials [57]. In all samples, the scattered
intensity at q = 0.8 ± 0.05 nm−1 and at all azimuthal angles
decreased as the deformation proceeded due to thinning of the
hydrogel materials.

Hermans’ orientation factor fH enables quantification of
domain alignment and orientation in associative protein gels
and comparison to other anisotropic materials (Fig. 8) [92,93]:

fH = 3〈cos2φ〉 − 1

2
, (3)

〈cos2φ〉 =
∫ π

π/2 I (φ)cos2φ sin φ dφ
∫ π

π/2 I (φ) sin φ dφ
(4)

where fH = 1 indicates complete alignment parallel to the
straining axis, fH = 0 indicates an isotropic material, and
fH = 1/2 indicates alignment perpendicular to the straining
axis. For unentangled hydrogels, fH = 0 at all strains, consis-
tent with isotropic materials. Entangled hydrogels exhibited
rate-dependent anisotropy and alignment. At both deforma-
tion rates, fH increased with respect to engineering strain,
reaching maximum values of fH = 0.05 at ε̇τ = 0.08 and
fH = 0.09 at ε̇τ = 0.24. The relatively small values of fH are
consistent with an amorphous polymeric material with weak
alignment of nanostructural domains parallel to the straining
axis [94–96].

Specific anisotropic features of entangled physical gels
were identified from 1D radial scattering profiles (Fig. 9).
Radial scattering profiles were generated from 2D scattering
patterns by averaging sectors centered on the axes parallel and
perpendicular to strain. Radial profiles were analyzed in the
context of the broad peak model [Eq. (2)], from which the
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(red). Error bars represent 95% confidence intervals. The gray region
indicates correlation lengths that are smaller than the quiescent ξ0 =
2.3 nm.

peak position q0 and correlation length ξ quantify nanostruc-
tural features of associative protein gels [56,57,79,80].

Unentangled hydrogels exhibited isotropic scattering
throughout tensile deformation [Figs. 9(a) and 9(b)], which
was reflected by similar values of q0 and ξ in the parallel and
perpendicular directions (Fig. 10). During a slower extension,
unentangled hydrogels exhibited nearly constant peak posi-
tions of 0.55 ± 0.01 nm−1 and correlation lengths of 2.4 ±
0.1 nm up to 500% strain [Figs. 10(a) and 10(c)]. Beyond
500% engineering strain, large fluctuations in q0,‖ and q0,⊥
are attributed to decreased scattered intensity from sample
thinning and the onset of sample failure.

The isotropic, near-constant nanostructures during defor-
mation of unentangled gels suggest that unentangled asso-
ciative protein molecules do not undergo local stretching.
Instead, physical crosslinking junctions undergo dissociation–
association dynamics to allow the rapid rearrangement of
molecules in the gel. This relaxation mechanism is hypothe-
sized to permit high extensibility when the rate of deformation
is slower than the rate of junction rearrangement, as illustrated
in Fig. 11(a). During a faster extension, q0 and ξ do not
undergo significant changes in unentangled gels [Figs. 10(b)
and 10(d)] in the limited deformation before failure, sug-
gesting that brittle failure results from the reduced ability of
network junctions to rearrange or relax during rapid deforma-
tions.

Conversely, radial scattering profiles of entangled hydro-
gels reveal the emergence of several anisotropic features at
both strain rates, including an increase in the overall scattered
intensity in the direction perpendicular to strain when com-
pared to the direction parallel to strain [Figs. 9(c) and 9(d)].
Table I summarizes changes in each direction for scattering
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(a) Rearrangement of 
(a) coiled-coil bundles

(b) Stretching of entangled
(b) flexible spacers

FIG. 11. Molecular mechanisms in associative protein gels.
(a) Associative group rearrangement leads to high extensibility, and
(b) entanglements support stress and chain stretching to enable high
toughness.

peak positions q0 and correlation lengths ξ during deforma-
tion. In the strain direction, the scattering peak position visibly
shifted to lower q values with increasing engineering strain.
This trend is quantified by significant, monotonic decreases
in the fit parameter q0,‖ [Figs. 10(a) and 10(b)]. Decreases in
q0,‖ were accompanied by strain-rate dependent increases in
ξ‖ and decreases in ξ⊥ [Figs. 10(c) and 10(d)].

TABLE I. Broad peak model fit parameters from 1D profiles
of entangled associative hydrogels; errors represent 95% confidence
intervals.

ε̇τ Strain q0,‖ (nm−1) q0,⊥ (nm−1) ξ‖ (nm) ξ⊥ (nm)

0.08 0% 0.52 ± 0.01 0.47 ± 0.01 2.4 ± 0.1 2.2 ± 0.1
0.08 800% 0.43 ± 0.01 0.52 ± 0.01 3.0 ± 0.1 2.2 ± 0.1
0.24 0% 0.50 ± 0.01 0.45 ± 0.01 2.4 ± 0.1 2.1 ± 0.1
0.24 800% 0.39 ± 0.01 0.42 ± 0.03 4.0 ± 0.3 1.8 ± 0.1

The collective changes in q0 and ξ in the entangled gels
suggest an increase in the center-of-mass spacing of network
junctions in the straining direction. Assuming that the rigid
secondary structure of coiled-coil bundles prevents internal
stretching of network junctions, two distinct molecular mech-
anisms may contribute to the increased spacing of junctions in
an entangled physical gel. First, bundle rotation and aligned
orientation in the straining direction would lead to the devel-
opment of elongated asymmetric domains. Second, flexible
spacer stretching would allow for changes in the spatial distri-
bution of junctions with isotropic orientations.

In the case of bundle rotation without spacer stretching, the
domain spacing in the straining direction should reach a maxi-
mum at the axial spatial extent of a pentameric bundle flanked
by C10 spacers (13.1 nm or q0,‖ = 0.48 nm−1). This hypothet-
ical maximum spacing is smaller than the final measured d
spacings of 14.6 ± 0.4 and 16.5 ± 0.4 nm (ε̇τ = 0.08 and
0.24, respectively), suggesting substantial contributions from
other mechanisms. Rotation of associative bundles without
chain stretching would also lead to a decrease in the domain
spacing perpendicular to strain to the radial spatial extent of
the bundle (8.8 nm or q0,⊥ = 0.71 nm−1). In contrast, the peak
position q0,⊥ only increased slightly when ε̇τ = 0.08, likely
due to conservation of volume during hydrogel elongation. At
ε̇τ = 0.24, q0,⊥ fluctuated around a nearly constant average of
13.7 ± 1.2 nm [q0,⊥ = 0.46 ± 0.4 nm−1, Fig. 10(b)]. Notably,
ξ⊥ did not change significantly at either strain rate. Insignif-
icant changes in q0,⊥ and ξ⊥ may result from the inability of
junctions to relax during deformation. These results support
stretching of flexible C10 spacers as a major mechanism of
increased domain spacing within entangled hydrogels.

Toughness results from integrating energy dissipation
mechanisms into a network that maintains elasticity [5,22,23].
Topological entanglements form a secondary elastic network
in chain-extended associative protein gels, and stress relax-
ation mechanisms include both stretching of flexible spacers
and rearrangement of network junctions [Fig. 11(b)]. In the
absence of molecular rearrangement, changes in ξ‖ would be
independent of the deformation rate. Instead, ξ‖ was smaller
during a slow deformation than during a fast deformation at
equivalent engineering strains [Figs. 10(c) and 10(d)]. Net-
work junction rearrangement is also consistent with the obser-
vation that entangled associative protein hydrogels stretched
to the maximum range of the tensile stage during slow defor-
mations (ε̇τ = 0.08, > 2000% strain), whereas samples failed
at 1040 ± 120% engineering strain during fast deformations
(ε̇τ = 0.24). Entangled physical gel failure under faster de-
formation is attributed to the inability of network junctions to
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FIG. 12. Time-lapse images from in situ POM reveal macroscopic responses during uniaxial extension of (a), (c) unentangled and (b), (d)
entangled associative protein hydrogels. Intensities are normalized to account for a neutral-density filter used during entangled hydrogel tests.
Videos corresponding to each image series are included in the Supplemental Material [68].

relax during deformation; this molecular mechanism resem-
bles that of brittle failure in the rapid deformation of unentan-
gled physical gels.

D. Macroscopic alignment of entangled physical gels

In situ POM experiments revealed enhanced birefringence
of entangled physical gels in comparison to unentangled
gels (Fig. 12), suggesting a strong effect of topological en-
tanglement on macroscopic alignment. Birefringence from
unentangled gels corresponded directly to the stress response
[Figs. 6(b) and 13(a)], indicating macroscopic alignment in
the direction of loading [97]. At both deformation rates, initial
increases in birefringence matched initial increases in stress,
as expected for small deformations governed by linear stress-
optical relationships [64–67,69]. During slow deformations,
unentangled hydrogels exhibited a maximum birefringent in-
tensity IPF of 5 ± 1% near 30% engineering strain, followed
by a decay corresponding to high extensibility of the gel.
Decaying birefringence is consistent with stress relaxation
due to the rearrangement of unentangled associative protein
molecules [67]. The unentangled material was not birefringent
at larger extensions (>200% engineering strain), which is
attributed to the recovery of an isotropic structure within
the imaging region. This structural recovery corresponds to
the liquidlike thinning behavior and isotropic nanostructures
observed by in situ SAXS during the slow elongation of
unentangled hydrogels. Faster deformation of unentangled
hydrogels resulted in IPF increasing to 12 ± 3% prior to brittle
failure at 39 ± 2% engineering strain. The deformation rate
exceeded the rate of stress dissipation, and the birefringent
intensity reached a plateau prior to sample fracture. This result
suggests that molecular-scale relaxation and stress dissipation
were unable to occur, which is consistent with the hypothesis
that molecular relaxation and junction rearrangement mech-
anisms enable the high extensibility of associative hydrogels
[Fig. 11(a)].

Entangled physical gels exhibited rate-dependent, non-
monotonic birefringence [Fig. 13(b)], in contrast to mono-
tonic birefringence typically observed in tough, chemically
crosslinked gels with fixed network junctions [64–66]. Non-
monotonic birefringence requires structural rearrangement
during uniaxial extension and rarely emerges from stretched
polymer networks, with notable exceptions including com-
posite polymer–nanoparticle gels [62,63] and double-network
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FIG. 13. Nonmonotonic birefringent signals emerge during in
situ POM of (a) unentangled and (b) entangled associative protein
hydrogels during extensional deformation. Solid and dashed lines in-
dicate distinct samples. The orange line in (b) indicates the decrease
in birefringence due to sample thinning only. Enhanced birefringence
of entangled hydrogels relative to unentangled hydrogels suggests
that entanglements allow the alignment and orientation of protein
chains.
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hydrogels comprising both physical and chemical crosslinks
[59]. In entangled associative protein gels, IPF increased to a
peak value before a slow, continuous decay. The birefringence
peak was similar at both strain rates, but rate-dependent signal
decays suggest different stress relaxation mechanisms. At
ε̇τ = 0.08, the birefringent intensity did not decay to zero dur-
ing the period of video acquisition, whereas at ε̇τ = 0.24 the
intensity decayed to zero at an average engineering strain of
430 ± 30%. Nonmonotonicity was not observed in the stress
response, where gels stretched elastically up to 20% strain,
followed by a transition to a stress plateau corresponding with
plastic deformation at both deformation rates [Figs. 6(c) and
6(d)].

The nonmonotonic birefringent response of entangled
physical gels during in situ POM suggests an interplay be-
tween multiple mechanisms to produce high extensibility
and toughness. The initial increase in birefringent inten-
sity spanned both the region of elastic deformation and the
transition to plastic deformation, suggesting that the elon-
gation of flexible spacer domains allows bulk alignment
within stretched hydrogels [Fig. 11(b)]. Order-of-magnitude
increases in birefringent signals from entangled gels com-
pared to unentangled gels further support the proposed mecha-
nisms of domain stretching in entangled gels and rapid molec-
ular relaxation in unentangled gels. After entangled hydrogels
yielded and entered the region of plastic deformation, strain-
rate dependent decays in birefringent intensity were observed.
Decreasing birefringent intensity is considered to emerge
from two primary effects: (1) thinning of hydrogel samples
as the stretching deformation proceeds and (2) force-activated
relaxation of associative protein molecules.

Sample thinning is considered to produce a proportional
decrease in birefringent intensity with respect to sample
thickness, or path length, as estimated by the orange line
in Fig. 13(b). This estimation assumed that the birefrin-
gent power fraction is proportional to the path length for
polymeric samples containing randomly oriented, optically
anisotropic grains [97–99], changes in the average grain size
are negligible compared to changes in the sample thickness,
and the hydrogel maintains constant concentration during
elongation. The path length (sample thickness) was calcu-
lated assuming that hydrogel deformation follows the linear
elastic behavior of a material with Poisson’s ratio ν = 0.5,
which is typical for polymer networks and swollen hydrogels
[100,101]. Path-length calculations accounted for hydrogels
with initial dimensions of 3.5 mm tall, 4.0 mm wide, and
2.0 mm thick, based on the initial clamp displacement L0 and
sample mold dimensions. The initial IPF was based on the av-
erage maximum value for entangled hydrogels (45% at 120%
engineering strain). Initially, the birefringence of entangled
associative hydrogels overshot the estimated intensity, which
is attributed to the dynamic formation of aligned structures
during hydrogel stretching. As the deformation proceeded
at ε̇τ = 0.08, IPF followed the sample thinning prediction.
Sustained birefringence during a slower deformation suggests
that network junction rearrangement prevents the rupture of
flexible spacer domains, such that entangled chains are able to
stretch and orient along the straining axis to produce macro-
scopically aligned structures. The mechanisms of junction
rearrangement and spacer stretching are consistent with the

sustained nanoscale anisotropy observed during in situ SAXS
experiments, as well as the macroscopic properties of high
extensibility and toughness.

During the deformation at ε̇τ = 0.24, entangled gels sup-
ported larger stress loads [Figs. 6(c) and 6(d)] and rapid
birefringence decays [Fig. 13(b), blue curves] that suggest
stress dissipation by force-activated relaxation mechanisms
[102,103]. Force-activated relaxation arises from the inability
of polymer molecules to sustain high stretch at large strain
rates, which is frequently observed as material failure during
uniaxial extensional strain [104–106]. Force-activated relax-
ation mechanisms are further supported by the fracture of
entangled hydrogels at 1040 ± 120% strain while stretching at
ε̇τ = 0.24, whereas samples stretched at ε̇τ = 0.08 extended
to the maximum range of the tensile stage (>2000% strain).
Potential molecular-scale relaxation mechanisms include the
release of topological entanglements, rearrangement of asso-
ciative domains, and/or backbone chain scission. Although
disulfide bridges have lower bond energies than protein back-
bone bonds and are known to rearrange as mechanically labile
bonds [107–109], coiled-coil associations have significantly
lower bond energies and are more likely to rearrange first.
Nonmonotonic birefringence is consistent with in situ SAXS
observations, where a faster deformation produced a larger
average distance between associative domains. This increased
spacing likely results from a combination of flexible spacer
stretching and breakage of physical and/or chemical bonds.
The potential shortening of protein chains and release of topo-
logical entanglements are both consistent with the materials’
reduced ability to sustain macroscopically aligned structures.

IV. CONCLUSIONS

The contribution of topological entanglement to the ten-
sile response—in particular, toughness and extensibility—of
physical gels was determined using in situ SAXS and POM
of well-defined associative protein hydrogels. Artificially en-
gineered proteins were selected as an ideal model system for
investigating the function of entanglements. Here, the protein
molecular weight was increased beyond the entanglement
cutoff by oxidative chain extension [20,39]. Unentangled and
chain-extended protein gels shared quiescent nanostructural
features, but the linear viscoelastic response revealed topolog-
ical entanglements in chain-extended hydrogels.

Rheo-optical signatures from unentangled physical gels
suggest rapid relaxation mechanisms at the nanoscale, such
that network junctions freely rearrange during deformation.
During uniaxial tensile testing, unentangled gels exhibited
strongly rate-dependent stress responses. Unentangled gels
underwent a ductile-to-brittle transition with increasing ex-
tensional strain rate, with failure modes resembling those of
liquidlike thinning and solidlike fracture of transient polymer
networks [88–90]. This transition was coupled with rate-
independent isotropic x-ray scattering and weak, rapidly de-
caying birefringence during uniaxial extension.

In contrast, topological entanglement produced a two-
order-of-magnitude enhancement in toughness of chain-
extended gels when compared to unentangled gels. In en-
tangled physical gels, local stress dissipation mechanisms
enable improved toughness and high extensibility. Entangled
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hydrogels developed anisotropic x-ray scattering and strong,
nonmonotonic birefringence in response to uniaxial strain,
suggesting that entanglements allow a high degree of chain
stretching and alignment to support stress. The eventual decay
of birefringence during the extension of entangled hydrogels
suggests that high extensibility emerges from rearrangement
of coiled-coil associative domains and local stress dissipation.

Model associative protein hydrogels enabled the identifi-
cation of molecular-scale mechanisms that give rise to high
toughness and extensibility of entangled physical networks.
Critical insight into these phenomena has the potential to
advance the design and synthesis of tough and extensible
polymer networks with diverse chemistries, enabling the
broad development of mechanically robust, self-healing, and
functional soft materials.
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