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ABSTRACT 6 

Dynamic networks formed by physically crosslinked, entangled polymers have emerged as 7 

self-healing, stretchable, and functional materials. Entangled associative gels with remarkable 8 

toughness and extensibility have been produced by several distinct chemical approaches, 9 

suggesting that these enhanced mechanical properties result from molecular-scale topology. 10 

Previously, artificially engineered associative proteins were designed to provide an ideal model 11 

system to investigate the role of entanglement on gel mechanics via well-defined entangled or 12 

unentangled physical gels. Herein, uniaxial strain-induced structural changes in these model gels 13 

were observed using in situ small-angle X-ray scattering (SAXS) and in situ polarized optical 14 

microscopy (POM) up to 2,000% engineering strain. Anisotropic optical responses to uniaxial 15 

strain at the nano-, micro-, and macro- scales suggest that stress dissipation mechanisms enable 16 

high extensibility and toughness. Nano- and microscopic anisotropy observed by SAXS indicate 17 

stretching and alignment of flexible polymer strands along the straining axis, and non-monotonic 18 

macroscopic anisotropy observed by POM suggests relaxation within the hydrogel due to 19 

rearrangement of associative network junctions. Unentangled hydrogels exhibit low toughness 20 

and a strain-rate-dependent transition from ductile to brittle tensile behavior, which is typical for 21 

associative polymer solutions. These findings indicate that topological entanglements and the 22 

freedom of individual chains to align at the nanoscale due to junction relaxation are both critical 23 

to achieving high toughness and elongation in entangled physical gels. 24 
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I. INTRODUCTION 25 

Physically crosslinked polymer networks have generated broad interest as self-healing soft 26 

materials [1-4], but noncovalent networks are generally susceptible to erosion, creep, and 27 

mechanical failure [5-9]. Much effort has been devoted to improving the stability of polymer 28 

networks for use in chemically and physically demanding applications including stretchable 29 

electronics [10,11], biomimetic elastomers [12-18], and injectable biomaterials [19-21]. In 30 

polymer networks and gels, mechanical properties such as toughness and extensibility have been 31 

improved using a generally accepted strategy of building energy dissipation mechanisms into 32 

networks that maintain elasticity [5,22,23]. Distributing stress prevents the propagation of cracks 33 

and defects that may lead to gel fracture, and typical dissipative mechanisms include dynamic 34 

bonding via hydrophobic interactions [8,9], hydrogen bonding [10,17], ionic interactions [11], 35 

metal–ligand coordination [12-15], or guest–host complexation [18]. Tough gels and networks 36 

maintain structural integrity using elastic mechanisms such as high functionality crosslinks [13-37 

15], responsive reinforcing domains [16,19], or double networks [22]. 38 
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Recently, topological entanglement was used to toughen physical polymer networks 39 

composed of either artificially engineered proteins with associative domains [20], 40 

polydimethylsiloxane (PDMS) with metal–ligand coordination [12], or PDMS with 41 

supramolecular hydrogen bonding [17]. In each system, high molecular weight polymers with 42 

numerous physical crosslinking domains were produced by condensation of telechelic 43 

associative polymers. All of the resulting polymer networks exhibited high toughness and 44 

elongation at break (> 3,000% fracture strains, FIG. 1), as well as the ability to self-heal at room 45 

temperature in the absence of external stimuli [12,17,20]. The similar physical responses of 46 

chemically disparate materials suggest that polymer topology and entanglement have a strong 47 

and general effect on the toughness and extensibility of physically crosslinked polymer 48 

networks. 49 

Engineered protein-based materials provide a well-defined system to investigate the role of 50 

topological entanglement on the toughness and extensibility of physical polymer networks. 51 

Genetic engineering allows for the facile development of polymeric materials with precise 52 

molecular weights [24,25], specific amino acid sequences that provide intrinsic function (e.g. 53 

binding interactions and molecular recognition) [26-29], and self-assembling domains that form 54 

FIG. 1. High toughness and extensibility of physical polymer networks with distinct chemical features. Images
adapted by permission from (a) Macromolecules: Oxidatively Responsive Chain Extension to Entangle
Engineered Protein Hydrogels by S. Tang, M. J. Glassman, S. Li, S. Socrate, and B. D. Olsen. Copyright (2014)
American Chemical Society; (b) Springer, Nature Chemistry: A highly stretchable autonomous self-healing
elastomer by C.-H. Li, et al. (2016); and (c) John Wiley & Sons, Advanced Functional Materials:
Superstretchable, Self�Healing Polymeric Elastomers with Tunable Properties by P.�F. Cao, et al. (2018). 
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higher order structures [8,9,30-35]. A widely studied family of protein-based physical gels 55 

combines flexible spacers with associative coiled-coil domains [6-9,33-41] to produce such 56 

model associative networks. In this work, model unentangled and entangled protein networks 57 

comprise alternating flexible spacer domains (hereafter denoted C10) and pentamer-forming 58 

coiled-coil domains (denoted P) [20,35-37]. 59 

Flexible C10 spacers comprise ten repeats of the nonapeptide -ProGluGly(AlaGly)3-, which 60 

have been shown to form water-soluble polyelectrolyte coils [9,41,42]. Proline is known to 61 

disrupt chain folding [43,44], and the inclusion of proline in the nonapeptide motif is 62 

hypothesized to frustrate packing of hydrophobic alanylglycine repeats [41]. Charged glutamic 63 

acid residues improve water solubility, and glycine residues impart flexibility in the backbone 64 

chain [44,45]. The random coil character of a single C10 protein domain was confirmed by 65 

circular dichroism spectroscopy [9]. 66 

Physical crosslinking is achieved using secondary structural elements of proteins, such as 67 

coiled-coil motifs formed by the association of two or more α-helical coils. Each α-helix consists 68 

of periodic amino acid heptads referred to as abcdefg [46,47]. Interactions between hydrophobic 69 

residues in positions a and d and charged residues in positions e and g drive association, and the 70 

amino acid sequence and chain length can be modified to tune the directionality, specificity, 71 

aggregation number, and higher-order structures [46-51]. Associative coiled coils typically have 72 

free energies ranging from 12–55 kJ/mol [49-51], which are an order of magnitude weaker than 73 

protein backbone bonds (typical dissociation energies of C–C and C–N bonds are 345 and 305 74 

kJ/mol, respectively [52]).The coiled-coil domain in this work has an association free energy of 75 

18 kJ/mol [51]. This pentamer-forming domain was selected because coiled-coil bundles with 76 

odd aggregation numbers have been shown to suppress erosion in physical protein gels [6].  77 
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Model associative proteins with reactive end groups enabled the synthesis of high-molecular-78 



 

 
6 

weight species that form topological entanglements, leading to the early discovery of high 79 
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toughness and extensibility in entangled physical networks [20]. Previously, unentangled 80 
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associative proteins (C10(PC10)4, FIG. 2a) were genetically modified to include cysteine residues 81 
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at both termini (cys-C10(PC10)4-cys) [35,36]. The resulting protein chains were extended by 82 
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oxidatively triggered disulfide bond formation (FIG. 2b) [20,39,53]. Disulfide bonds produced 83 
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by chain extension are an order of magnitude stronger than the associative domains that form 84 

physical crosslinks (FIG. 2c), with typical C–S and S–S bond dissociation energies of 272 and 85 

268 kJ/mol, respectively [52]. Entangled and unentangled gels both exhibited rapid recovery of 86 

mechanical properties following the shear-induced rupture of the transient networks [7,20]. The 87 

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. 
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entangled physical protein hydrogels also exhibited remarkable tensile toughness (65,000 ± 88 

24,500 J m–3) and extensibility (failure engineering strain of 2,970 ± 860%) under a designed test 89 

profile (FIG. 1a) [20]. In comparison, unentangled C10(PC10)4 hydrogels were brittle and failed 90 

immediately in the tensile apparatus. Similar observations were subsequently made on several 91 

structurally analogous systems [12,17], but a molecular explanation for the behavior remains 92 

elusive. The dramatic changes in hydrogel mechanics following chain extension suggest that 93 

molecular-scale topology has a profound effect on hydrogel nanostructure and macroscopic 94 

response during deformation.  95 

The structural evolution and stress response of soft materials can be probed simultaneously 96 

under deformation using in situ techniques including small-angle scattering and polarized optical 97 

microscopy (POM). Real-time structural measurements are critical for physical gels with 98 

dynamic crosslinks in which the rate of polymer segment and network junction relaxation may 99 

exceed the rate of deformation. In situ small-angle scattering has been applied to investigate 100 

nanostructural dynamics in several tough physical gels, including polymer–clay nanocomposite 101 

gels [54,55] and supramolecular hydrogels [56,57] during uniaxial extension and 102 

thermoresponsive associative protein hydrogels under shear [40,58]. Generally, extensional 103 

deformation of tough gels produces anisotropic scattering, which is considered to emerge from 104 

the alignment of crosslinking domains and elongation of flexible domains. In nanocomposite 105 

blend hydrogels, anisotropic nanoplatelets oriented parallel to the stretching direction [54,55], 106 

and structural changes occurred preferentially in the polymer phase due to stretching of flexible 107 

chains [54]. In a nanophase-separated supramolecular hydrogel, contrast-variation small-angle 108 

neutron scattering (SANS) revealed the transient size, spacing, and orientation of nanodomains 109 

following a step strain to provide a detailed mechanistic view of stress relaxation by a tough 110 
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hydrogel [56]. In supramolecular hydrogels, in situ small-angle X-ray scattering (SAXS) 111 

revealed the rate-dependent evolution of nanostructural anisotropy and nanodomain 112 

rearrangement during uniaxial elongation [57]. In situ POM measures birefringence to provide a 113 

relative measure of polymer chain orientation and alignment, which complements detailed 114 

nanostructural information from in situ SAXS. Emergent birefringence is commonly observed in 115 

polymers with liquid crystalline domains [59,60], hydrogels with flow-induced alignment [61], 116 

and polymer networks during extensional deformation [62-67]. 117 

This work investigates the role of topological entanglement on the tensile response of 118 

physically crosslinked polymer networks using in situ SAXS and in situ POM. Unentangled and 119 

entangled physical gels exhibited distinct linear viscoelastic behavior, as well as rate-dependent 120 

stress responses during uniaxial extension. Analyzing in situ SAXS data in the context of a broad 121 

peak scattering model revealed quantitative differences in the nanostructural evolution of 122 

unentangled and entangled hydrogels during elongation, which corresponded to changes in 123 

macroscopic structure and birefringence measured using in situ POM. Together, these results 124 

suggest a combination of molecular-scale mechanisms that enable the toughness and 125 

extensibility of entangled associative hydrogels.  126 
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II. MATERIALS AND METHODS 127 

The engineered proteins C10(PC10)4 and cys-C10(PC10)4-cys were prepared as previously 128 

reported to generate well-defined unentangled and entangled hydrogels, respectively [20,35-37]. 129 

Experimental details for protein expression and purification are described in the Supplemental 130 

Material [68]. 131 

A. Chain extension reaction 132 

Oxidative thiol coupling was used to generate high molecular weight species from cysteine-133 

terminated associative proteins [19,20,39,53]. Purified cys-C10(PC10)4-cys proteins were 134 

dissolved to a final concentration of 10% (w/v) in a denaturing and reducing buffer containing 6 135 

M urea, 2-fold molar excess tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 6.3 mM), and 136 

20 mM Tris (pH 8.0). Urea enhances protein solubility during chain extension reactions, and 137 

TCEP reduces terminal cysteine residues to expose free sulfhydryl groups. Protein solutions 138 

were constantly stirred for approximately 2 weeks at 4 °C, and degradation of TCEP during this 139 

period allowed protein coupling in a non-reducing environment. Chain extension reactions were 140 

monitored weekly using non-reducing sodium dodecyl sulfate polyacrylamide gel 141 

electrophoresis. After oxidation, residual salt was removed from chain-extended proteins by 142 

dialysis against ultrapure water (MilliQ, 18.2 MΩ cm), and water was removed by lyophilization. 143 

Entanglement was verified using shear rheology on hydrogels prepared from purified samples.  144 

B. Hydrogel preparation 145 

Associative protein hydrogels with topological entanglements (chain extended) and without 146 

entanglements (C10(PC10)4) were prepared to a final concentration of 15% (w/v) in 100 mM 147 

sodium phosphate (pH 7.6). Lyophilized proteins were hydrated overnight at 4 °C, and the 148 

resulting gels were periodically mixed with a spatula to ensure a homogeneous concentration. 149 
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Mixed samples were centrifuged for 10 minutes at 10,000 rpm to remove bubbles prior to 150 

loading in custom polytetrafluoroethylene (PTFE) molds (dog-bone shape with 1 mm gage 151 

length, 4 mm width, and 2 mm thickness). To prevent sample dehydration, PTFE molds were 152 

sandwiched between brass plates, held together with a C-clamp, wrapped in plastic film (Saran), 153 

and stored in individually sealed plastic bags containing damp paper towels. Entangled gel 154 

samples were stored at 4 °C for at least 4 days to allow stress relaxation prior to tensile testing. 155 

Unentangled gels were stored at 4 °C for at least 2 hours prior to testing. 156 

C. Shear rheology 157 

Frequency sweep experiments were performed on an Anton Paar MCR 702 rheometer 158 

operating in single-drive mode with a sandblasted cone–plate geometry (25 mm diameter and 1° 159 

cone angle with 48-μm truncation gap height; Peltier-temperature-controlled plate, P-PTD 200). 160 

Two days before the experiment, protein samples were hydrated at 15% (w/v) in 100 mM 161 

sodium phosphate (pH 7.6). On the day of the experiment, samples were mixed with a spatula to 162 

ensure a homogeneous concentration and centrifuged for 10 minutes at 10,000 rpm to remove 163 

bubbles before loading onto the rheometer. Hydrogel samples were trimmed at a truncation gap 164 

of 58 μm, after which the final truncation gap height was set to 48 μm. The sample edges were 165 

coated with mineral oil (Amresco) to minimize water evaporation. Humidity and temperature 166 

were further controlled using a Peltier-temperature-controlled hood (Anton Paar, H-PTD 200). 167 

Samples were heated to 90 °C and cooled to 25 °C at 5 °C/min to eliminate thermal and shear 168 

history by unfolding of coiled-coil domains at temperatures above 52 °C [9,20]. All subsequent 169 

experiments were performed at 25 °C. Linear viscoelasticity was characterized using frequency 170 

sweep experiments from 0.001–1.0 rad/s at 5% strain and 0.1–100 rad/s at 1% strain, which were 171 
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confirmed to be in the linear viscoelastic regime using strain sweep experiments (0.1–10% strain 172 

at 0.01, 1.0, and 100 rad/s, details included in the Supplemental Material [68]). 173 

D. Tensile testing 174 

Tensile testing was performed using a Linkam TST350 temperature-controlled tensile stress 175 

stage equipped with a 20 N load cell and driven by either a T95 controller with Linksys32 176 

(SAXS) or a T96 controller with LINK software (POM). Custom titanium clamps were added to 177 

test samples shorter than the minimum TST350 sample length, and sandpaper (80 grit) was glued 178 

to the custom clamps to improve grip. The tensile stage was aligned perpendicular to the incident 179 

beam, and the opening was aligned to allow the beam to pass through samples during in situ 180 

SAXS (vertical stage) or in situ POM (horizontal stage). The symmetric displacement of the 181 

clamps enabled observation of the same zone of the sample during extension. The engineering 182 

strain e = (L – L0)/L0 × 100% was determined from the displacement of the clamps L. For all 183 

tests, the initial displacement L0 was 3.5 ± 0.1 mm. The clamps were displaced at a constant 184 

velocity of 100 or 300 μm/s, corresponding to engineering strain rates of 0.028 and 0.084 s-1, 185 

respectively. In this experimental setup, the Hencky strain rate decreases throughout the 186 

deformation [69]. The engineering stress was calculated using the initial cross-sectional area of 2 187 

mm × 4 mm in the dog bone. Gel toughness was calculated as the area under the engineering 188 

stress–strain curve. To prevent sample dehydration during stretching, air was humidified by 189 

passage through an in-line bubbler and circulated into the sample chamber. All tensile testing 190 

was performed at 24.5 ± 0.5 °C. 191 

E. Small-angle X-ray scattering 192 

Using a high-flux synchrotron X-ray source, in situ SAXS enables the measurement of 193 

nanostructural changes in soft and biological materials during mechanical testing [40,55-58,70-194 
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77]. SAXS experiments were conducted at beamline 7.3.3 at the Advanced Light Source at 195 

Lawrence Berkeley National Laboratory [70]. The flight tube was selected to identify nanoscale 196 

features within a q range of 0.06–2.5 nm-1, where the scattering vector is q = (4π/λ) sin(θ), given 197 

an X-ray wavelength λ of 1.2398 Å and scattering angles 2θ. Specifically, scattering was 198 

measured using a Pilatus 2M CCD detector with 0.172 mm square pixels and a sample-to-199 

detector distance of 2.838 m. Tensile data were collected at 3.3 Hz. For stretching rates of 100 or 200 

300 μm/s, the time elapsed between the start of each acquisition was 10.0 or 3.3 s, respectively. 201 

For each scattering pattern acquisition, the sample was exposed for 0.5 s to limit damage due to 202 

accumulated exposure to the X-ray beam [73,77]. 203 

2D scattering patterns were reduced to radial and azimuthal 1D profiles in order to quantify 204 

nanostructural changes due to anisotropic deformations. Reductions to 1D were carried out using 205 

the Nika package for Igor Pro (Wavemetrics) [78]. Raw SAXS images were first corrected for 206 

background scattering, and areas covered by the mask and beam stop were omitted to minimize 207 

the effect of flares and lines of zero intensity. Radial 1D scattering profiles were generated by 208 

averaging circular sectors of width ±10° (total width of 20°), which were centered perpendicular 209 

(0° azimuthal) and parallel (90° azimuthal) to the straining axis. Radial scattering profiles were 210 

fit to correlation length and broad peak models [79] using MATLAB. A subset of radial profiles 211 

generated from circular sector widths of ±5°, ±10°, ±15°, or ±20° showed negligible differences 212 

in fit quality or final fit parameters. Elsewhere, soft materials exhibiting anisotropic scattering 213 

under tension have been quantified using sector widths ranging from ±4° to ±30° [54-57,72-77]. 214 

Anisotropic features were quantified by producing azimuthal 1D scattering profiles from an 215 

annular q average of scattered intensity as a function of azimuthal angle φ [56,57,76,77]. This 216 

analysis was conducted by azimuthally averaging sectors every 10° (width ±5°) over a range of q 217 
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= 0.8 ± 0.05 nm-1, where the largest deviations were observed between the radial scattering 218 

profiles centered parallel and perpendicular to the straining axis.  219 

F. Polarized optical microscopy 220 

Polarized optical microscopy (POM) was performed using a Zeiss Axioplan microscope 221 

equipped with an Axiocam 503 mono camera, 2.5×/0.075 NA Epiplan-NEOFLUAR objective, 222 

sliding 360° rotatable analyzer set orthogonally to the polarizer, and a neutral-density filter (6% 223 

transmission). During birefringence measurements, samples were illuminated with plane-224 

polarized light, and the incident light was transmitted through a cross polarizer prior to detection 225 

by the camera. The neutral-density filter was removed during birefringence measurements of 226 

unentangled hydrogels to enable detection of weaker birefringent signals, and all optical signal 227 

intensities were normalized during video processing. The TST350 stage was aligned such that 228 

the stretching direction followed a 45° angle between the crossed polarizers. Tensile and video 229 

data were collected at 20 Hz. MATLAB was used to process videos, which were corrected for 230 

initial sample transmission and dark field background and converted to power fraction IPF: 231 

ሻݐPFሺܫ  ൌ ூ౩౗ౣ౦ౢ౛ሺ௧ሻିூౚ౗౨ౡூ౪౨౗౤౩ሺ௧ୀ଴ሻ െ ூౙ౨౥౩౩ିூౚ౗౨ౡூ౥౦౛౤   (1) 232 

where Isample and Itrans are the transmitted intensities of cross- and plane-polarized light through 233 

the sample, Idark is the detector background intensity, and Icross, and Iopen are the cross- and plane-234 

polarized background intensities, respectively. Time-resolved IPF was mapped to the 235 

corresponding engineering strain using strain rates calculated from the tensile data. 236 
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III. RESULTS AND DISCUSSION 237 

A. Structure of protein-based physical gels 238 

Small-angle X-ray scattering reveals similar quiescent structures from 1 – 100 nm in 239 

unentangled and entangled protein-based hydrogels (FIG. 3). Associative domains are considered 240 

to dominate the scattering overall [38] and produce the characteristic features of stronger 241 

scattering at low q and a broad scattering peak at intermediate q. These features are compared in 242 

1D scattering profiles generated from radial sectors parallel and perpendicular to the tensile 243 

apparatus. The radial scattered intensity I as a function of the scattering vector q was fit to a 244 

broad peak model, which is commonly used to identify characteristic length scales in hydrogel 245 

systems with clustered domains [56,57,79,80]: 246 

ሻݍሺܫ  ൌ ஺௤೙ ൅ ஼ଵାሺ|௤ି௤బ|కሻ೘ ൅  247 (2)  ܤ

Multiplicative factors A and C and exponents m and n are related to the Porod and Lorentzian 248 

functions, respectively, and B is background scattering. The peak position q0 and correlation 249 

length ξ suggest relevant length scales in associative protein hydrogels, which are illustrated in 250 

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. 
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FIG. 4 [79,81]. Broad peak model fits confirmed the isotropic nanostructure of unentangled 251 

physical gels prior to deformation. Quiescent entangled gels exhibited weakly asymmetric 252 

scattering, which is attributed to minor sample deformation during loading and alignment of the 253 

tensile apparatus. Fit parameters were averaged between both directions to quantify structural 254 

features. 1D scattering profiles were also fit to a correlation length model (q0 = 0), which 255 

produced qualitatively similar results to the broad peak model as further discussed in the 256 

Supplemental Material [68]. 257 

The spatial distribution of gel domains can be quantified from the scattering peak position q0, 258 

which corresponds to the Bragg d-spacing by the relation d = 2π/q0. The d-spacing reflects the 259 

average center-of-mass separation between network junctions formed by pentameric bundles of 260 

associative coiled coils. In unentangled gels, each coiled-coil domain is flanked on both ends by 261 

C10 spacers, and the spatial extent of a pentameric bundle is estimated as the bundle size plus two 262 

hydrodynamic radii from surrounding C10 spacers (FIG. 4a). The spatial extent is calculated 263 

using hydrodynamic radii instead of hydrodynamic diameters to prevent double counting of C10 264 

spacers; this assumption leads to an underestimation for spacers that are only attached to one 265 

coiled-coil domain instead of bridging a pair of coiled-coil domains. The coiled-coil bundle is 266 

FIG. 4. Molecular dimensions of associative proteins that
form (a) unentangled and (b) entangled physical hydrogels.
Protein domains include pentameric coiled coil bundles
(red), flexible C10 spacers (gray), and effective C20 spacers 
(bl )
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approximated as a cylinder of diameter 3.0 nm and of length 7.3 nm [38,82]. The hydrodynamic 267 

radius of the C10 spacer between coiled coils is calculated as 2.9 nm from the scaling for 268 

disordered, flexible proteins, RH = 2.21 N0.57 Å, where N is the number of amino acids [83]. The 269 

spatial extent of a pentameric bundle flanked by C10 spacers is estimated to be 13.1 nm axially 270 

(7.3 nm from the cylinder length and two contributions of 2.9 nm from C10 spacers on either end) 271 

or 8.8 nm radially (3.0 nm from the cylinder diameter and 2 × 2.9 nm from C10 spacers). 272 

Averaging these values to predict a spatial extent of 11.0 nm is consistent with the Bragg d-273 

spacing of unentangled hydrogels, where q0 = 0.55 ± 0.01 nm-1 corresponds to a d-spacing of 274 

11.4 ± 0.2 nm. For chain-extended proteins, coupling of C10 spacers results in effective C20 275 

spacers with expanded hydrodynamic radii of 4.3 nm (FIG. 4b). The average initial peak position 276 

of 0.49 ± 0.03 nm-1 for entangled hydrogels corresponds to an increase in the Bragg d-spacing to 277 

12.8 ± 0.8 nm, consistent with the presence of longer average spacers between junctions. The 278 

average quiescent correlation length ξ0 was the same for unentangled and entangled hydrogels (ξ0 279 

= 2.3 ± 0.1 nm), which reflects the identical local chemical features of C10 spacers and effective 280 

C20 spacers. 281 

Despite sharing quiescent structural features, gels composed of unentangled and chain-282 

extended proteins exhibited distinct linear viscoelastic responses (FIG. 5). In unentangled 283 

associative protein hydrogels, a crossover in the shear storage modulus (G′) and loss modulus 284 

(G″) emerged at a frequency ωcrossover of 0.35 rad/s, which corresponds to a characteristic stress 285 

relaxation time of the hydrogel [7,20]. A maximum in G″ is attributed to the coiled-coil 286 

relaxation time. The G″ peak occurred near ωcrossover, suggesting that the relaxation of 287 

unentangled hydrogels is closely related to rearrangement of coiled-coil domains. Below the 288 

crossover frequency, unentangled hydrogels approached terminal relaxation behavior (G′ ∼ ω2 289 
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and G″ ∼ ω), followed by a deviation in G′ at frequencies below 0.01 rad/s. This low-frequency 290 

G′ behavior is commonly observed in transient networks, in which physical associations such as 291 

coiled-coil aggregation, hydrogen bonding, or metal–ligand coordination may affect Rouse 292 

relaxation [20,37,84-87]. 293 

Chain-extended proteins did not exhibit a moduli crossover; instead, G′ exceeded G″ across 294 

the frequency window. The lack of a moduli crossover or terminal regime suggests that 295 

entanglements form topological constraints in the gel network that prevent chain relaxation and 296 

rearrangement [20,69,84]. The high-frequency plateau modulus G′e of chain-extended hydrogels 297 

exceeded that of unentangled hydrogels (28,100 ± 100 Pa and 16,100 ± 300 Pa, respectively; 298 

mean ± standard error from 101–102 rad/s), consistent with previous measurements [20]. 299 

Unentangled and entangled hydrogels also exhibit similar G″ behavior in this high-frequency 300 

regime, suggesting that association–dissociation dynamics of coiled-coil domains dominate the 301 

dissipative behavior at short times when entanglements have a minor role [37].  302 

FIG. 5. Shear storage (•, G′) and loss (◦, G″) moduli of 
unentangled (red) and chain-extended (blue) associative 
protein hydrogels. 
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B. Rate-dependent deformation of protein-based physical gels 303 

Unentangled and entangled associative protein hydrogels exhibited rate-dependent responses 304 

to uniaxial extension, as shown in engineering stress–strain curves taken during in situ SAXS 305 

and POM experiments (FIG. 6). The rate-dependent deformation of associative hydrogels is 306 

characterized using a dimensionless strain rate ߝሶτ, where ߝሶ is the engineering strain rate and τ is a 307 

characteristic relaxation time. Unentangled and entangled gel deformation was normalized to the 308 

same associative coiled-coil relaxation time, which was identified by the maximum in G″ near 309 

ωcrossover such that τ = ωcrossover
-1 = 2.9 seconds. Engineering strain rates of 0.028 and 0.084 s-1 310 

corresponded to ߝሶτ = 0.08 and 0.24 and are interchangeably referred to as ‘slower’ and ‘faster’ 311 

deformations, respectively. The dimensionless strain rate is analogous to the Weissenberg 312 

number Wi, which is typically based on the longest relaxation time of a polymer molecule τR and 313 

reserved for cases of steady flows [69]. Assigning a dimensionless strain rate based on the 314 

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. 
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junction relaxation time allowed a comparison between materials with different longest 315 

relaxation times: for a given engineering strain rate, the deformation of entangled physical gels 316 

(larger τR) proceeds at a larger Wi when compared to that of unentangled physical gels. 317 

Unentangled hydrogels exhibited strongly rate-dependent tensile responses, as shown in FIG. 318 

6a-b. During slower extensions, unentangled hydrogels were highly extensible, but during faster 319 

extensions, unentangled hydrogels underwent brittle failure at extensions of 39 ± 2%. At ߝሶτ = 320 

0.08, vertically loaded samples from in situ SAXS extended to the maximum range of the tensile 321 

stage (2,000% engineering strain), and horizontally loaded samples from in situ POM extended 322 

to at least 500% engineering strain before relaxing onto the testing apparatus. In both 323 

configurations, unentangled hydrogels briefly supported stress, followed by continuous stress 324 

relaxation associated with necking and sagging of the material during the deformation. The rate-325 

dependent ductile and brittle behaviors of unentangled hydrogels are consistent with rupture 326 

modes observed in transient polymer networks, namely liquid-like thinning and solid-like 327 

fracture [88-90]. The transition between modes typically occurs near a critical Weissenberg 328 

number Wic ≈ 0.5 [89], which exceeds the dimensionless strain rates (0.08 < ߝሶτ < 0.24) and 329 

suggests a critical relaxation time that is longer than the junction relaxation time of 2.9 s. 330 

Entangled hydrogels exhibited high toughness and extensibility in response to tensile 331 

deformation at both deformation rates (FIG. 6c-d). Entangled hydrogels supported stress 332 

throughout the extension, resulting in enhanced toughness (190,000 ± 45,000 and 210,000 ± 333 

42,000 J/m3 for ߝሶτ = 0.08 and 0.24, respectively) relative to unentangled hydrogels (5,500 ± 500 334 

and 1,700 ± 200 J/m3 for ߝሶτ = 0.08 and 0.24, respectively). High sample-to-sample variability is 335 

common in the mechanical testing of elastic gels [91]. Entangled physical gels exhibited rate-336 

dependent stress plateaus, which are a signature of tough hydrogels with reversible crosslinks 337 
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[5,15,57]. However, entangled gels did not exhibit a ductile-to-brittle transition or the distinct 338 

failure modes observed in unentangled gels. During slower extensions, entangled hydrogel 339 

samples either stretched to the maximum range of the tensile stage (>2,000% engineering strain) 340 

or slipped from the testing apparatus (data not shown). During faster extensions, entangled 341 

hydrogel samples reached 1,040 ± 120% engineering strain before fracture. 342 

C. Anisotropic nanostructure formation in entangled physical gels 343 

 In situ scattering experiments revealed that topological entanglements produce anisotropic 344 

nanostructural features during uniaxial extension. In situ SAXS was selected to investigate 345 

structural features from 1 – 100 nm with appropriate temporal resolution [40,55-58,70-77]. The 346 

orientation of associative network junctions was evaluated using the angular dependence of X-347 

ray scattering profiles, from which azimuthal scattered intensity profiles were averaged over an 348 

annular ring at q = 0.8 ± 0.05 nm-1 (FIG. 7). This q-range corresponds to features between 7.4 349 

and 8.4 nm, which is slightly larger than a single coiled-coil bundle (7.3 nm in length). 350 

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.
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Isotropic scattering from unentangled protein hydrogels suggests rapid, molecular-scale 351 

stress relaxation mechanisms during extension. The scattered intensity at q = 0.8 ± 0.05 nm-1 was 352 

independent of azimuthal angle � (� = 0° corresponds to scattering perpendicular to strain) at 353 

both deformation rates and at all elongations, suggesting that coiled-coil groups recover random 354 

orientations throughout the material during the entire deformation. Rapid rearrangement of 355 

network junctions during extension is consistent with liquid-like thinning and solid-like fracture 356 

mechanisms observed at ߝሶτ = 0.08 and 0.24, respectively [88-90]. 357 

In entangled physical gels, the emergence of anisotropic nanostructure increased the 358 

scattering signal perpendicular to the straining axis, which is visible as peaks near � = 0° and 359 

180°. Anisotropy in the scattered intensity was evident at smaller engineering strains under faster 360 

deformation, suggesting an earlier onset of molecular alignment and orientation due to unrelaxed 361 

network junctions. Similar rate-dependent structural responses observed during in situ SAXS of 362 

supramolecular hydrogels illustrate the need to consider both strain rate and relaxation times in 363 

the design of tough and extensible soft materials [57]. In all samples, the scattered intensity at q 364 

= 0.8 ± 0.05 nm-1 and at all azimuthal angles decreased as the deformation proceeded due to 365 

thinning of the hydrogel materials. 366 

Hermans’ orientation factor fH enables quantification of domain alignment and orientation in 367 

associative protein gels and comparison to other anisotropic materials (FIG. 8) [92,93]: 368 

 H݂ ൌ ଷൻୡ୭ୱమ థൿିଵଶ   (3) 369 

ଶݏ݋ܿۦ  ߶ۧ ൌ ׬ ூሺథሻ ୡ୭ୱమ థ ୱ୧୬ థ ୢథഏഏ/మ׬ ூሺథሻ ୱ୧୬ థ ୢథഏഏ/మ   (4) 370 
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where fH = 1 indicates complete alignment parallel to the straining axis, fH = 0 indicates an 371 

isotropic material, and fH = –½ indicates alignment perpendicular to the straining axis. For 372 

unentangled hydrogels, fH = 0 at all strains, consistent with isotropic materials. Entangled 373 

hydrogels exhibited rate-dependent anisotropy and alignment. At both deformation rates, fH 374 

increased with respect to engineering strain, reaching maximum values of fH = 0.05 at ߝሶτ = 0.08 375 

and fH = 0.09 at ߝሶτ = 0.24. The relatively small values of fH are consistent with an amorphous 376 

polymeric material with weak alignment of nanostructural domains parallel to the straining axis 377 

[94-96]. 378 

Specific anisotropic features of entangled physical gels were identified from 1D radial 379 

scattering profiles (FIG. 9). Radial scattering profiles were generated from 2D scattering patterns 380 

by averaging sectors centered on the axes parallel and perpendicular to strain. Radial profiles 381 

were analyzed in the context of the broad peak model (Eq. 2), from which the peak position q0 382 

and correlation length ξ quantify nanostructural features of associative protein gels [56,57,79,80].  383 

FIG. 8. Hermans’ orientation factor during tensile
deformation at ߝሶτ = 0.08 (◦) and 0.24 (•) suggests isotropic
molecular configurations throughout the tensile
deformation of unentangled (red) associative hydrogels. In
contrast, entangled (blue) hydrogels undergo weak
nanostructural alignment in the direction parallel to the
straining axis. 
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Unentangled hydrogels exhibited isotropic scattering throughout tensile deformation (FIG. 384 

9a-b), which was reflected by similar values of q0 and ξ in the parallel and perpendicular 385 

directions (FIG. 10). During a slower extension, unentangled hydrogels exhibited nearly constant 386 

peak positions of 0.55 ± 0.01 nm-1 and correlation lengths of 2.4 ± 0.1 nm up to 500% strain 387 

(FIG. 10a,c). Beyond 500% engineering strain, large fluctuations in q0,∥ and q0,⊥ are attributed to 388 

decreased scattered intensity from sample thinning and the onset of sample failure.  389 

The isotropic, near-constant nanostructures during deformation of unentangled gels suggest 390 

that unentangled associative protein molecules do not undergo local stretching. Instead, physical 391 

crosslinking junctions undergo dissociation–association dynamics to allow the rapid 392 

rearrangement of molecules in the gel. This relaxation mechanism is hypothesized to permit high 393 

FIG. 9. 1D radial scattering profiles from (a,b) unentangled
and (c,d) entangled associative protein hydrogels reveal
anisotropic changes in scattered intensity during
deformation. 1D scattering in the directions perpendicular
(black) and parallel (red and blue) to the straining axis are
shown for the start of uniaxial extension, 50% engineering
strain, and 800% engineering strain. Lines indicate fits to
the broad peak model, and data are offset vertically for
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extensibility when the rate of deformation is slower than the rate of junction rearrangement, as 394 

illustrated in FIG. 11a. During a faster extension, q0 and ξ do not undergo significant changes in 395 

unentangled gels (FIG. 10b,d) in the limited deformation before failure, suggesting that brittle 396 

failure results from the reduced ability of network junctions to rearrange or relax during rapid 397 

deformations. 398 

Conversely, radial scattering profiles of entangled hydrogels reveal the emergence of several 399 

anisotropic features at both strain rates, including an increase in the overall scattered intensity in 400 

the direction perpendicular to strain when compared to the direction parallel to strain (FIG. 9c-d). 401 

Table I summarizes changes in each direction for scattering peak positions q0 and correlation 402 

lengths ξ during deformation. In the strain direction, the scattering peak position visibly shifted 403 

to lower q values with increasing engineering strain. This trend is quantified by significant, 404 

monotonic decreases in the fit parameter q0,∥ (FIG. 10a-b). Decreases in q0,∥ were accompanied 405 

by strain-rate dependent increases in ξ∥ and decreases in ξ⊥ (FIG. 10c-d).  406 

FIG. 10. Broad peak scattering model parameters (a,b) q0
and (c,d) ξ suggest rate-dependent, anisotropic changes to
the nanostructure of entangled associative hydrogels during
tensile deformation (blue). In contrast, unentangled
hydrogels remain isotropic (red). Error bars represent 95%
confidence intervals. The gray region indicates correlation
lengths that are smaller than the quiescent ξ0 = 2.3 nm.  
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 407 

TABLE I. Broad peak model fit parameters from 1D profiles of entangled 408 
associative hydrogels; errors represent 95% confidence intervals. 409 ߝሶτ 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 

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. 
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The collective changes in q0 and ξ in the entangled gels suggest an increase in the center-of-410 

mass spacing of network junctions in the straining direction. Assuming that the rigid secondary 411 

structure of coiled-coil bundles prevents internal stretching of network junctions, two distinct 412 

molecular mechanisms may contribute to the increased spacing of junctions in an entangled 413 

physical gel. First, bundle rotation and aligned orientation in the straining direction would lead to 414 

the development of elongated asymmetric domains. Second, flexible spacer stretching would 415 

allow for changes in the spatial distribution of junctions with isotropic orientations.  416 

In the case of bundle rotation without spacer stretching, the domain spacing in the straining 417 

direction should reach a maximum at the axial spatial extent of a pentameric bundle flanked by 418 

C10 spacers (13.1 nm or q0,∥ = 0.48 nm-1). This hypothetical maximum spacing is smaller than 419 

the final measured d-spacings of 14.6 ± 0.4 nm and 16.5 ± 0.4 nm (ߝሶτ = 0.08 and 0.24, 420 

respectively), suggesting substantial contributions from other mechanisms. Rotation of 421 

associative bundles without chain stretching would also lead to a decrease in the domain spacing 422 

perpendicular to strain to the radial spatial extent of the bundle (8.8 nm or q0,⊥ = 0.71 nm-1). In 423 

contrast, the peak position q0,⊥ only increased slightly when ߝሶτ = 0.08, likely due to conservation 424 

of volume during hydrogel elongation. At ߝሶτ = 0.24, q0,⊥ fluctuated around a nearly constant 425 

average of 13.7 ± 1.2 nm (q0,⊥ = 0.46 ± 0.4 nm-1, FIG. 10b). Notably, ξ⊥ did not change 426 

significantly at either strain rate. Insignificant changes in q0,⊥ and ξ⊥ may result from the inability 427 

of junctions to relax during deformation. These results support stretching of flexible C10 spacers 428 

as a major mechanism of increased domain spacing within entangled hydrogels. 429 

Toughness results from integrating energy dissipation mechanisms into a network that 430 

maintains elasticity [5,22,23]. Topological entanglements form a secondary elastic network in 431 

chain-extended associative protein gels, and stress relaxation mechanisms include both stretching 432 
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of flexible spacers and rearrangement of network junctions (FIG. 11b). In the absence of 433 

molecular rearrangement, changes in ξ∥ would be independent of the deformation rate. Instead, ξ∥ 434 

was smaller during a slow deformation than during a fast deformation at equivalent engineering 435 

strains (FIG. 10c-d). Network junction rearrangement is also consistent with the observation that 436 

entangled associative protein hydrogels stretched to the maximum range of the tensile stage 437 

during slow deformations (ߝሶτ = 0.08, >2,000% strain), whereas samples failed at 1,040 ± 120% 438 

engineering strain during fast deformations (ߝሶτ = 0.24). Entangled physical gel failure under 439 

faster deformation is attributed to the inability of network junctions to relax during deformation; 440 

this molecular mechanism resembles that of brittle failure in the rapid deformation of 441 

unentangled physical gels. 442 

D. Macroscopic alignment of entangled physical gels 443 

In situ POM experiments revealed enhanced birefringence of entangled physical gels in 444 

comparison to unentangled gels (FIG. 12), suggesting a strong effect of topological entanglement 445 

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]. 
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on macroscopic alignment. Birefringence from unentangled gels corresponded directly to the 446 



 

 
34 

stress response (FIG. 6b, FIG. 13a), indicating macroscopic alignment in the direction of loading 447 

[97]. At both deformation rates, initial increases in birefringence matched initial increases in 448 

stress, as expected for small deformations governed by linear stress-optical relationships [64-449 

67,69]. During slow deformations, unentangled hydrogels exhibited a maximum birefringent 450 

intensity IPF of 5 ± 1% near 30% engineering strain, followed by a decay corresponding to high 451 

extensibility of the gel. Decaying birefringence is consistent with stress relaxation due to the 452 

rearrangement of unentangled associative protein molecules [67]. The unentangled material was 453 

not birefringent at larger extensions (> 200% engineering strain), which is attributed to the 454 

recovery of an isotropic structure within the imaging region. This structural recovery 455 

corresponds to the liquid-like thinning behavior and isotropic nanostructures observed by in situ 456 

SAXS during the slow elongation of unentangled hydrogels. Faster deformation of unentangled 457 

FIG. 13. Non-monotonic birefringent signals emerge during
in situ POM of (a) unentangled and (b) entangled associative
protein hydrogels during extensional deformation. Solid and
dashed lines indicate 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
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hydrogels resulted in IPF increasing to 12 ± 3% prior to brittle failure at 39 ± 2% engineering 458 

strain. The deformation rate exceeded the rate of stress dissipation, and the birefringent intensity 459 

reached a plateau prior to sample fracture. This result suggests that molecular-scale relaxation 460 

and stress dissipation were unable to occur, which is consistent with the hypothesis that 461 

molecular relaxation and junction rearrangement mechanisms enable the high extensibility of 462 

associative hydrogels (FIG. 11a). 463 

Entangled physical gels exhibited rate-dependent, nonmonotonic birefringence (FIG. 13b), in 464 

contrast to monotonic birefringence typically observed in tough, chemically crosslinked gels 465 

with fixed network junctions [64-66]. Nonmonotonic birefringence requires structural 466 

rearrangement during uniaxial extension and rarely emerges from stretched polymer networks, 467 

with notable exceptions including composite polymer–nanoparticle gels [62,63] and double-468 

network hydrogels comprising both physical and chemical crosslinks [59]. In entangled 469 

associative protein gels, IPF increased to a peak value before a slow, continuous decay. The 470 

birefringence peak was similar at both strain rates, but rate-dependent signal decays suggest 471 

different stress relaxation mechanisms. At ߝሶτ = 0.08, the birefringent intensity did not decay to 472 

zero during the period of video acquisition, whereas at ߝሶτ = 0.24, the intensity decayed to zero at 473 

an average engineering strain of 430 ± 30%. Nonmonotonicity was not observed in the stress 474 

response, where gels stretched elastically up to 20% strain, followed by a transition to a stress 475 

plateau corresponding with plastic deformation at both deformation rates (FIG. 6c-d). 476 

The nonmonotonic birefringent response of entangled physical gels during in situ POM 477 

suggests an interplay between multiple mechanisms to produce high extensibility and toughness. 478 

The initial increase in birefringent intensity spanned both the region of elastic deformation and 479 

the transition to plastic deformation, suggesting that the elongation of flexible spacer domains 480 
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allows bulk alignment within stretched hydrogels (FIG. 11b). Order-of-magnitude increases in 481 

birefringent signals from entangled gels compared to unentangled gels further support the 482 

proposed mechanisms of domain stretching in entangled gels and rapid molecular relaxation in 483 

unentangled gels. After entangled hydrogels yielded and entered the region of plastic 484 

deformation, strain-rate dependent decays in birefringent intensity were observed. Decreasing 485 

birefringent intensity is considered to emerge from two primary effects: (1) thinning of hydrogel 486 

samples as the stretching deformation proceeds, and (2) force-activated relaxation of associative 487 

protein molecules.  488 

Sample thinning is considered to produce a proportional decrease in birefringent intensity 489 

with respect to sample thickness, or path length, as estimated by the orange line in FIG. 13b. 490 

This estimation assumed that the birefringent power fraction is proportional to the path length for 491 

polymeric samples containing randomly oriented, optically anisotropic grains [97-99], changes in 492 

the average grain size are negligible compared to changes in the sample thickness, and the 493 

hydrogel maintains constant concentration during elongation. The path length (sample thickness) 494 

was calculated assuming that hydrogel deformation follows the linear elastic behavior of a 495 

material with Poisson’s ratio ν = 0.5, which is typical for polymer networks and swollen 496 

hydrogels [100,101]. Path length calculations accounted for hydrogels with initial dimensions of 497 

3.5 mm tall, 4.0 mm wide, and 2.0 mm thick, based on the initial clamp displacement L0 and 498 

sample mold dimensions. The initial IPF was based on the average maximum value for entangled 499 

hydrogels (45% at 120% engineering strain). Initially, the birefringence of entangled associative 500 

hydrogels overshot the estimated intensity, which is attributed to the dynamic formation of 501 

aligned structures during hydrogel stretching. As the deformation proceeded at ߝሶτ = 0.08, IPF 502 

followed the sample thinning prediction. Sustained birefringence during a slower deformation 503 
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suggests that network junction rearrangement prevents the rupture of flexible spacer domains, 504 

such that entangled chains are able to stretch and orient along the straining axis to produce 505 

macroscopically aligned structures. The mechanisms of junction rearrangement and spacer 506 

stretching are consistent with the sustained nanoscale anisotropy observed during in situ SAXS 507 

experiments, as well as the macroscopic properties of high extensibility and toughness. 508 

During the deformation at ߝሶτ = 0.24, entangled gels supported larger stress loads (FIG. 6c,d) 509 

and rapid birefringence decays (FIG. 13b, blue curves) that suggest stress dissipation by force-510 

activated relaxation mechanisms [102,103]. Force-activated relaxation arises from the inability 511 

of polymer molecules to sustain high stretch at large strain rates, which is frequently observed as 512 

material failure during uniaxial extensional strain [104-106]. Force-activated relaxation 513 

mechanisms are further supported by the fracture of entangled hydrogels at 1,040 ± 120% strain 514 

while stretching at ߝሶτ = 0.24, whereas samples stretched at ߝሶτ = 0.08 extended to the maximum 515 

range of the tensile stage (>2,000% strain). Potential molecular-scale relaxation mechanisms 516 

include the release of topological entanglements, rearrangement of associative domains, and/or 517 

backbone chain scission. Although disulfide bridges have lower bond energies than protein 518 

backbone bonds and are known to rearrange as mechanically labile bonds [107-109], coiled-coil 519 

associations have significantly lower bond energies and are more likely to rearrange first. 520 

Nonmonotonic birefringence is consistent with in situ SAXS observations, where a faster 521 

deformation produced a larger average distance between associative domains. This increased 522 

spacing likely results from a combination of flexible spacer stretching and breakage of physical 523 

and/or chemical bonds. The potential shortening of protein chains and release of topological 524 

entanglements are both consistent with the materials’ reduced ability to sustain macroscopically 525 

aligned structures.   526 
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IV. CONCLUSIONS 527 

The contribution of topological entanglement to the tensile response—in particular, 528 

toughness and extensibility—of physical gels was determined using in situ SAXS and POM of 529 

well-defined associative protein hydrogels. Artificially engineered proteins were selected as an 530 

ideal model system for investigating the function of entanglements. Here, the protein molecular 531 

weight was increased beyond the entanglement cutoff by oxidative chain extension [20,39]. 532 

Unentangled and chain-extended protein gels shared quiescent nanostructural features, but the 533 

linear viscoelastic response revealed topological entanglements in chain-extended hydrogels. 534 

Rheo-optical signatures from unentangled physical gels suggest rapid relaxation mechanisms 535 

at the nanoscale, such that network junctions freely rearrange during deformation. During 536 

uniaxial tensile testing, unentangled gels exhibited strongly rate-dependent stress responses. 537 

Unentangled gels underwent a ductile-to-brittle transition with increasing extensional strain rate, 538 

with failure modes resembling those of liquid-like thinning and solid-like fracture of transient 539 

polymer networks [88-90]. This transition was coupled with rate-independent isotropic X-ray 540 

scattering and weak, rapidly decaying birefringence during uniaxial extension.  541 

In contrast, topological entanglement produced a two-order-of-magnitude enhancement in 542 

toughness of chain-extended gels when compared to unentangled gels. In entangled physical 543 

gels, local stress dissipation mechanisms enable improved toughness and high extensibility. 544 

Entangled hydrogels developed anisotropic X-ray scattering and strong, non-monotonic 545 

birefringence in response to uniaxial strain, suggesting that entanglements allow a high degree of 546 

chain stretching and alignment to support stress. The eventual decay of birefringence during the 547 

extension of entangled hydrogels suggests that high extensibility emerges from rearrangement of 548 

coiled-coil associative domains and local stress dissipation. 549 
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Model associative protein hydrogels enabled the identification of molecular-scale 550 

mechanisms that give rise to high toughness and extensibility of entangled physical networks. 551 

Critical insight into these phenomena has the potential to advance the design and synthesis of 552 

tough and extensible polymer networks with diverse chemistries, enabling the broad 553 

development of mechanically robust, self-healing, and functional soft materials. 554 
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