
Article https://doi.org/10.1038/s41467-025-59171-w

Porous hierarchically ordered hydrogels
demonstrating structurally dependent
mechanical properties

Elisabeth C. Lloyd 1, Sujata Dhakal2, Shahrouz Amini 3, Rami Alhasan 4,
Peter Fratzl3, Douglas R. Tree 4, Svetlana Morozova2 & Robert J. Hickey 1,5

While hierarchical ordering is a distinctive feature of natural tissues and is
directly responsible for their diverse and unique properties, efforts to syn-
thesize biomaterials have primarily focused on using molecular-based
approaches with little emphasis on multiscale structure. Here, we report a
bottom-up self-assembly process to produce highly porous hydrogel fibers
that resemble extracellular matrices both structurally and mechanically. Phy-
sically crosslinkednanostructuredmicelles form thewalls ofmicrometer-sized
water-rich pores with preferred orientation along the fiber direction. Low
elastic moduli (<1 kPa), high elasticity (extending by more than 12 times the
initial length), non-linear elasticity (e.g., hyperelasticity), and completely
reversible extension are derived from unevenly distributed strain between
the micrometer-sized pores and the polymer chains, which is reminiscent of
cellular solids. Control of the material microstructure and orientation over
many orders of magnitude (e.g., nm–μm), while holding the nanostructure
constant, reveals how the multiscale structure directly impacts mechanical
properties.

Biological tissues exhibit complex and hierarchically ordered struc-
tures while producing a diverse range of properties from a limited
number of components1–3. Several key properties are critical to prop-
erly replicate soft tissues for biomedical applications: biomimetic
strain-hardening4, highly reversible deformation5,6, and a micro-
structure conducive to cell proliferation7. Hydrogels are desirable
materials for mimicking natural tissues due to their high water
content3,8,9—enabling transport of nutrients and waste products to and
from cells—but crosslinked hydrogels composed of a single polymer
network exhibit a limited range ofmechanical properties10,11. Advances
in synthetic chemistry have led to materials that closely mimic the
properties of natural tissues12–15, but these hydrogels frequently lack
any structure or ordering beyond their molecular networks. The
creation of hierarchical, anisotropic structures within hydrogels has

been demonstrated, but is typically achieved via external forces such
as shear or directional ice growth, which are difficult to scale up and
limited in application16. Here, we reveal that pore size and micro-
structure in a physically cross-linked, hierarchically ordered hydrogel
prepared via rapid self-assembly result in reversible deformation and
dramatically lead to non-linear elasticity when uniaxially deformed
(i.e., hyperelasticity)17 in what would otherwise be a stiff and brittle
hydrogel18.

When an amphiphilic ABA triblock copolymer containing
hydrophobic A and hydrophilic B domains is dissolved in a water-
miscible organic solvent and injected into water (Fig. 1a), the block
copolymer will self-assemble at both the nano and microscales19–21.
The hydrophobic end-blocks self-assemble into micelle cores at the
nanoscale, which function as physical cross-links bridged by the
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hydrophilicmid-block to form a network18–21. At themicroscale, pores
are formedwithin themicelle network due tomacrophase separation
induced by solvent exchange with the water bath (Fig. 1b), resulting
in a porous network reminiscent of the endomysium, the extra-
cellular matrix of skeletal muscles (Fig. 1c)22. The TEM image, cryo-
SEM image, and photograph shown in Fig. 1ai–iii are results from the
work described here.

The reported hierarchical, porous hydrogels are prepared in a
single step without the need for external forces or templating, which
allows tailoring of material properties and scalability20. Due to the
water-activated self-assembly, hierarchical hydrogels are easily pre-
pared using molds or dip coatings20, but hydrogel fibers produced
via injection were selected for this work due to their uniformity and
for consistency with prior research. Previous work from our group
has described the necessary experimental procedures to produce
highly elastic porous hydrogels using rapid injection processing19–21,
but the effect of microstructure/nanostructure on the mechanical
response is unknown. Here, we reveal how initial polymer
solution conditions for rapid injection processing impact the hier-
archical structure, and thus dictate the mechanical properties,
using a single triblock copolymer at constant molecular weight and
block volume fraction. The reported hydrogels are distinctly differ-
ent from all previous works in that the reports either synthesize a
library of polymers or use complex processing procedures to
achieve the range of mechanical properties23. Excitingly, the porous
hydrogels exhibit structurally dependent mechanical properties
using a bottom-up approach as opposed to top-down additive

manufacturing techniques24. A fundamental understanding of mul-
tiscale structure formation and the impact of morphology on
mechanical properties is currently unknown but is critical in realizing
the potential of these hydrogels as transformative biomaterials.

Here, we demonstrate control over the microstructure and
resulting mechanical properties by using either N,N-dimethylforma-
mide (DMF) or tetrahydrofuran (THF) as the initial solvent and
varying the concentration of the poly(styrene)-poly(ethylene oxide)-
poly(styrene) (SOS) triblock copolymer in the initial solution. These
parameters produce significant differences in the microstructure,
but interestingly, there isminimal variation in the nanoscale ordering
of the micelle network with respect to processing conditions, which
is attributed to the disordered spheremorphology resulting from the
high-volume fraction of the hydrophilic midblock in the triblock
copolymer. Thus, the changes in mechanical properties are directly
linked to the changes within the microstructure (i.e., pore size and
morphology). Hydrogels produced with DMF and THF exhibit dis-
tinct pore morphologies, with only the THF morphology exhibiting
changes in pore size with respect to initial polymer solution con-
centration. The pores within the hydrogels produce an additional
reversible deformation mechanism that increases the extensibility of
the hydrogel fibers, where the pores deform initially under applied
stress, then, after the pores are collapsed, stress is transferred to the
micelle network. Simultaneously controllingmultiscale structure and
orientation over drastically different length scales using a single,
bottom-up processing step is critically important in creating next-
generation biomaterials.

Fig. 1 | Processing and visualization of hierarchically structured hydrogels.
a Hydrogels exhibiting hierarchical order are prepared using a rapid injection
processing method in which an amphiphilic triblock copolymer, poly(styrene)-
poly(ethylene)-poly(styrene) (PS-PEO-PS) is initially dissolved in a water miscible
organic solvent and injected into water using a syringe pump. Hydrogel fibers
exhibit a multiscale structure spanning many orders of magnitude where (i) ran-
domly oriented micelles organize into a network at the nanoscale that comprises
(ii) the walls of the water-rich cavities that form a preferentially aligned porous
microstructure in the direction of (iii) the prepared hydrogel fiber after rapid

injection processing. The spherical micellar domains in (1a–i) were characterized
via TEM and stained with uranyl acetate. The cryo-SEM image of the porous
microstructure shown in (1a–ii) was prepared using a 10.5wt% polymer solution in
DMF. b Scheme representing the different levels of ordering during self-assembly,
starting from a single triblock copolymer chain and ending with micrometer-sized
pores. c Decellularized muscle tissue (i.e., endomysium) with natural hierarchical
structure mirroring the synthetic hydrogel structure using rapid injection proces-
sing. Reproduced with permission from ref. 22. Copyright 2005 John Wiley
and Sons.
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Results
Preparing hierarchical hydrogels
Hierarchical hydrogels were produced using an SOS polymer with a
number-average molecular weight (Mn), O-block volume fraction (fO),
and a dispersity (Đ) of 192 kg/mol, 0.9, and 1.05, respectively (Fig. S1
and Table S1). A large PEO mid-block volume fraction was targeted to
promote the formation of a disordered spherical micelle morphology
at the nanometer scale20. Additionally, the S-end blocks were selected
as the hydrophobic moiety in the triblock copolymer due to the high
glass transition temperature (Tg), preventing chain pull-out and
improving mechanical stability20.

Two different water-miscible organic solvents, THF and DMF,
were used to form the hydrogel to explore the impact of processing
conditions on hydrogel structure25,26. The physically crosslinked
spherical micelle network that forms at the nanoscale is primarily
dictated by the molecular weight and fO of the block copolymer. Pre-
vious studies indicate the initial polymer solution must be at or above
the entanglement concentration for the hydrogel to form19,20. Thus, all
hydrogelswerepreparedusing initial solution concentrations between
8% and 15% by weight. The needle diameter and polymer solution
injection rate were constant for all prepared hydrogel fibers. This
range allowed both the polymer solution concentration and viscosity
to be held constant to isolate the effects of varying the organic solvent
(Fig. S2). The fibers remained in water for at least 24h prior to any
experiments being performed to ensure diffusion was complete. The
water content of the prepared hydrogel fibers was unusually high at
≈98% water by weight and consistent across sample conditions

(Fig. S3). In contrast, physically crosslinked triblock copolymer
hydrogels prepared using traditional preparation methods (e.g., ther-
mally annealing theneat SOSpolymer and thenhydrating) are typically
4–40% water by weight18.

Characterizing the hierarchical structure
The nanoscale structure of the hydrogels was visualized using trans-
mission electron microscopy (TEM) and assessed by small-angle X-ray
scattering (SAXS). Micelles were imaged via TEM by drop-casting
micellar aggregate precursors formed at low initial polymer con-
centrations onto TEM grids and drying, after which they were stained
using a 2wt% solution of uranyl acetate in water. Themicelle diameter
in both solvents was measured to be 20 ± 1 nm (Fig. 2a). While the
diameter of spherical micelles is known to depend on polymer con-
centration and solvent27, the relatively narrow 8–15wt% concentration
range and large O-block volume fraction resulted in a consistent
micelle size27.

Synchrotron SAXS measurements confirmed the disordered
organization of the micelle network in the hydrogels. The domain
spacing d of the micelle network was determined from the one-
dimensional (1D) scattering intensity versus scattering vector (q)
shown in Fig. 2b using the relationship d = 2π/q*, where q* is the pri-
mary scattering peak associated with the center-to-center micelle
distance. The average center-to-center micelle distancewas calculated
to be 80 nm. In-depth SAXS analysis was conducted using a spherical
form factor and Percus–Yevick hard sphere approximation structure
factor28, but fitting the full q-range was challenging due to the

Fig. 2 | Characterization of hierarchical hydrogels. a TEM of micelles formed
froma lowconcentration initial solution of polymer inDMF.b 1D synchrotron SAXS
data for all six hydrogel samples, indicating that the domain spacing, as indicated
by the primary peak position (q*), is similar regardless of initial solution parameters
(solvent, concentration). c SAXS patterns for an annealed SOSmaterial in the dried
and the hydrated state. A SAXS pattern of a DMF-11.5 wt% hierarchical hydrogel
sample, shown in red, is added for comparison. d Representative 1D and 2D SALS

data, using a 625 nm laser, from hydrogels made using 12.5 wt% and 14.5 wt% initial
solutions of polymer in THF, showing strong signal and alignment in the fiber
direction. Scale: 50μm–1. eCross-sectional imaging of the porousmicrostructure of
a THF-11.0 wt% sample in the hydrated state obtained via fluorescence confocal
microscopy at 63× magnification. f 3D rendering of the THF-11.0wt% sample from
Z-stack showing alignment of hydrogel pores largely parallel to the fiber axis z, in
agreement with the SALS data.
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significantly low-q scattering and smeared spherical form factor
oscillations at higher-q. The low-q upturn is indicative of hydrogel
heterogeneity and larger-scale features, which are consistent with the
hierarchical structure. Therefore, the SAXS patterns were interpreted
by tracking the change in q*. Variations in domain spacing with solvent
and concentration are evident in the change of q* but are within a 5 nm
range. The consistency in the domain spacing, despite variations in the
viscosity and solvent, confirms that the nanostructure is insensitive to
the sample conditions used in the study. In contrast, there is a distinct
difference when hydrogels are produced using conventional methods
from the samepolymer (Fig. 2c).When adry, annealedpolymer sample
showing disordered sphere morphology is hydrated, the morphology
remains, but d increases due to swelling (identified by a shift in the
primary scattering peak q* to lower q) from 43 nm to 104 nm. This
value is larger than the hierarchical gels despite having a much lower
swelling ratio. The difference in domain spacing is rationalized by the
existence of pores in the network, creating polymer-rich regions in the
hydrogels.

While hydrogel nanostructures were characterized using SAXS,
micron-sized features were probed using small-angle light scattering
(SALS)29. 2D and 1D data obtained from hydrogels prepared using THF
at concentrations of 12.5wt% and 14.5 wt% polymer in THF is shown in
Fig. 2d. The high degree of anisotropy in the 2D plots indicates the
pore walls are preferentially oriented along the long axis of the
hydrogels (i.e., “fiber axis” of the hydrogels).While the domain spacing
and average pore diameter are calculated from the primary scattering
peaks for the THF samples within the quantifiable q-range, DMF sam-
ples exhibitedmultiple peaks, preventing quantification of the domain
spacing. To directly confirm the presence of the pores in the hydrated
state, a 1mm3 sample of THF-12.5 wt% hydrogel fiber was stained in
0.1 wt% aqueous solution of Nile Red. The fiber sample was arranged
with the fiber axis parallel to the glass slide and coverslip, allowing the

pores to be imaged along the long axis. Poreswere clearly visible in this
sample, with the results showing the pores to be highly interconnected
(Fig. 2e). The z-stack composite image further shows a high degree of
orientation in the pores, roughly parallel with the fiber axis (Fig. 2f).

Cryo-SEM revealedmore detailed real-space images of the porous
microstructure perpendicular to the fiber axis. Samples (~5 mm-thick)
were first vitrified in liquid nitrogen, then cryo-milled to obtain a
smooth surface (see “Methods”). While fluorescence confocal micro-
scopy confirmed the presence of the pores in the hydrated state, cryo-
SEM provided a more resolved microstructure that was influenced by
the initial solvent and concentration. Samples produced using DMF
show a coaxial, or “core-sheath,” morphology (Fig. 3a–c), where the
outer edge of each fiber is comprised of large pores, while the inner
core contains exclusively small pores. The bimodal pore size dis-
tribution explains the difficulty in the SALS analysis. The demarcation
between regions is sharp and distinct, and the outer region width
averages 200–240 µm. The outer and inner pore sizes are consistent
across all DMF concentrations, approximately 30μm and 5 µm,
respectively (Fig. 3h). In contrast, hydrogels prepared using THF
exhibit amonomodal pore distribution (Fig. 3e–g), where the averaged
pore size decreases from 30± 13μm to 9 ± 4μm as concentration
increases from 11wt% to 14.5 wt% (Fig. 3h). Furthermore, the pores size
distribution in hydrogels prepared using THF narrows with increasing
concentration, which is supported by SALS. At the highest initial
solution concentration for the THF sample, the pores resemble those
found in the inner, small-pore region of the samples prepared using
DMF (Fig. 3d), though slightly larger (Fig. 3h).

The exact reason for the microstructural differences between
hydrogel fibers prepared with THF and DMF is still under debate. We
hypothesize that at the initial stages of solvent exchange, PS micelles
form due to water infiltration into the fiber. Figure 2a shows the for-
mation of micelles at lower initial polymer solution concentrations.

Fig. 3 | Characterization of hydrogel fiber microstructure prepared using dif-
ferent solvents and concentrations. a, b Cryo-SEM images of hydrogels prepared
using DMF. Hydrogel fibers prepared using DMF display a coaxial morphology
where larger and smaller pores reside in the outer and inner regions. Scale bar:
100 µm. c Schematic representation of the hydrogel microstructure for DMF.
dHighermagnification cryo-SEM image highlighting themore uniformpore size in
the core region of the hydrogel fiber prepared using the 11.5 wt% polymer solution
in DMF. e, f Cryo-SEM images of hydrogels prepared using THF exhibit a highly
porousmicrostructurewhere the pore sizes aremonomodal and the size decreases
with increasing concentration. Scale bar: 100 µm.g Schematic representation of the

hydrogelmicrostructures of THF samples. hChange in average pore diameter with
respect to initial polymer concentration when using either THF or DMF as the
solvent, measured via cryo-SEM and SALS. Pore diameter values shown in (h)
determined from SEM measurements, are represented as mean values with error
bars representing standard deviation. Standard deviation values in (h) for DMF
outer pores are ±13μm (n = 165), ±17μm (n = 287), and ±9μm (n = 125) for 9.5 wt%,
10.5 wt%, and 11.5 wt%, respectively. Inner pore diameters for DMF are ±2μm
(n = 121), ±3μm (n = 1020), and ±3μm (n = 463) for 9.5 wt%, 10.5 wt%, and 11.5 wt%,
respectively. Pore diameters for THF samples are ±13μm (n = 72), ±10μm (n = 374),
and ±4 μm (n = 174) for 11.0wt%, 12.5 wt%, and 14.5 wt%, respectively.
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The mechanism of micrometer-sized pore formation in the reported
hydrogels is posited to be analogous to macropore formation in
separation membranes prepared using nonsolvent-induced phase
separation (NIPS)30. The reason for the stark differences in micro-
structural morphology between fibers prepared using DMF and THF is
not immediately apparent and is being actively explored. There is a
general rule of thumb in the NIPS community that polymer solution
viscosity and solvent exchange rates control structure, but both
parameters are nearly identical under these experimental conditions
(Figs. S2 and S17), and neither parameter holds explanatory power30.
Thus, microstructural variations are expected to be due to changes in
the ternary phase diagrams (i.e., polymer, solvent, and water) and
solvent exchange trajectories where the compositional pathways
during solvent exchange traverse phase boundaries at different times.

Relating mechanical properties to microstructure
The porous microstructure plays a critical role in determining the
mechanical properties of the hydrogels (Fig. 4a, b). Despite their low
elasticmodulus (E < 1 kPa), all samples reversibly stretch tomany times
their initial length (see Supplementary Movie 1), which, to our knowl-
edge, has never been reported in highly porous hydrogels. Hydrogel
samples produced usingDMFdisplayboth non-linear elasticity at large
strains and a significantly higher elongation at break, which is

attributed to their coaxial morphologies31. Samples produced with
DMF possess near-identical microstructures and have highly con-
sistent deformation responses, while the samples produced using THF
show a steady increase in the ultimate tensile strength of the hydrogels
with concentration as the average pore size decreases. The Young’s
modulus, E, and toughness of the hydrogels follow a similar trend
(Fig. 4b), which is inversely correlated with average pore size (Fig. 3h).
Though the micrometer pore dimensions result in stiffness changes,
the fraction of mid-blocks bridging adjacent micelles may potentially
vary with concentration and polymermolecular parameters, which are
currently under investigation.

All hydrogel fibers reversibly extend for at least five loading and
unloading cycles when deformed up to six times the original length
with no hysteresis (Fig. 4c). Drying in thinner samples prevented
additional cycles in some instances. Reversible deformation and non-
linear elasticity at large strains, two hallmark traits of natural tissues,
are highly difficult to mimic simultaneously in hydrogel materials, and
here result from the hierarchical ordering present in the fibers. The
hydrogel deformation response is analogous to an elastomeric foam,
where first cells buckle under tension, followed by a rapid rise in stress
as the spaces within the pores disappear and the walls begin to
deform32. The deformation of pores under strain is observed directly
via in situ transmission light microscopy (Fig. 4d), where the fibers

Fig. 4 | Microstructure-dependent mechanical properties of hierarchical
hydrogels. a Representative stress-strain curves of hydrogel fibers prepared at
different initial polymer concentrations and in different solvents, all tested at a
strain rate of 3/min. DMF samples exhibit high extensibility andnon-linear elasticity
at large strains. b Plots showing the change in Young’s Modulus (E) and toughness
with varying solvent and concentration. THF samples show an increase in E with
increasing concentration, while DMF samples are constant and within error.
Young’s Modulus and toughness values shown in (b) were determined from uni-
axial extension measurements and are represented as mean values with error bars
representing standard deviation. The number of replicate uniaxial extension
measurements (n) for DMF is n = 8, n = 12, and n = 7 for 9.5 wt%, 10.5 wt%, and
11.5 wt%, respectively. THF sampleswithmeanvalues anderrorbars aren = 10,n = 5,
and n = 8 for 11.0wt%, 12.5 wt%, and 14.5 wt%, respectively. c Cyclic loading and

unloading uniaxial extension curves for a hydrogel fiber prepared using DMF at
11 wt%. The hydrogel sample was elongated into the strain-hardening regime, yet
shows no hysteresis after 5 cycles. d In situ straining of a hydrogel sample prepared
using a 12.5 wt% solution of polymer in THF, imaged via transmission light micro-
scopy. The images, as well as a representative diagram, show an increase in pore
alignment with respect to elongation, which is reversed when the gel fiber is
relaxed. e In situ SAXS of a hydrogel sample prepared from a 12.5 wt% THF solution.
No measurable change can be seen in the micelle center-to-center distance at
elongation ratios of up to λ = 5. f Ashby plot of ultimate tensile strength versus
elongation at break for the reported hierarchical hydrogels and different hydrogel
systems.Hierarchical hydrogels are soft and highly extendablewhencompared to a
large set of hydrogel literature.

Article https://doi.org/10.1038/s41467-025-59171-w

Nature Communications |         (2025) 16:3792 5

www.nature.com/naturecommunications


were stretched to five times their original length in water and imaged
in situ. Though the contrast between the water and the pores them-
selves is somewhat weak, the edges of the pore walls (Fig. 4d, i) can be
observed to deformunder stress when the fiber is extended (Fig. 4d, ii)
and return when the stress is removed (Fig. 4d, iii). Thus, we conclude
that the total strain is unevenly portioned between the pores and the
bridging PEO chains. The initial pore deformation requires very little
force, which is insufficient to cause chain extension. Chain extension,
therefore, occurs at larger strains, which is expected to result in non-
linear elasticity behavior at large strains. The proposed mechanism is
supported by in situ SAXS measurements, where there is no measur-
able change in themicelle center-to-center distance at up to λ = 5when
uniaxially extended (Fig. 4e). Interestingly, the non-linearity stress-
strain response in the high-strain region for the samples prepared
using THF (Fig. 4a) is steeper for samples exhibiting smaller pores (i.e.,
higher initial polymer/THF concentrations) and that the non-linearity
stress-strain response occurs at larger strains for samples prepared
using DMF as compared to THF (Fig. 4a). The difference in the onset of
strain-stiffening between THF and DMF samples is attributed to the
pore size andporemicrostructure, highlighting alternative avenues for
controlling mechanical responses in hydrogels through micro-
structure as opposed to molecular modifications.

Discussion
The complex structuring produced from self-assembly in these mate-
rials produces low moduli and tensile strength, high extensibility,
minimal hysteresis, and non-linear elasticity at large strains. While one
or more of these properties may be produced in synthetic hydrogels,
the combination of these properties in a porous hydrogel is challen-
ging. Physical hydrogels without the hierarchical ordering demon-
strated here exhibit a narrow range of properties18,33–35, and adding
pores to hydrogels typically negatively impacts the mechanical
properties36, although recent results indicate that open pores can
enhance theproperties ofhydrogels (Fig. 4f)16,37–43. Theflexibility of the
hierarchical hydrogels is rivaled only by supramolecular44–46 and
interpenetrating network hydrogels47–50, but these materials fre-
quently suffer from limited reversibility due to viscous dissipation.
Self-assembling bottlebrush elastomer hydrogels demonstrate strain-
stiffening responses similar to natural tissue4,51, but these materials
lack the porous structure or hierarchical ordering that is critical for
synthetic biomaterials. A wide range of properties is accessible by
changing the conditions of the polymer, and initial solution, while
additional techniques exist to strengthen hydrogels and increase their
rigidity, including tailoring the relative composition of the hydro-
phobic and hydrophilic groups in the block copolymer. While future
investigations are needed to determine the precise impact of mole-
cular architecture and expand the accessible mechanical property
range, these hydrogels represent an exciting class of biomaterials
where structure dictates properties, not molecular modifications.

Hierarchical porous hydrogels, prepared using rapid injection
processing, exhibit tunable micrometer pores that dictate the
mechanical properties. The structural dependence of the mechanical
properties demonstrates an alternative avenue to tailoring the prop-
erties of synthetic biomaterials beyond molecular modification. The
preferentially aligned porous structure of these hydrogels enables
completely reversible elastic deformation at strains easily up to six
times the initial length. While the reported hydrogels are significantly
more elastic than many natural tissues, the system possesses many
avenues for modification of the microstructure and thus mechanical
properties. Despite significant variations in microstructure and
mechanical properties, these hydrogels exhibit no change in the
micelle morphology and water swelling ratio, allowing the micro-
structure to be tuned independently of the nanostructure. The
reported hydrogels and rapid injection processing will potentially lead
to customizable cell scaffolds and biomedical materials, with a diverse

range of mechanical properties tuned through the selection of the
initial amphiphilic block copolymer architecture and subsequent
processing parameters.

Methods
Amphiphilic triblock copolymer synthesis
SOS triblock copolymers were chosen as a representative amphiphilic
triblock copolymer for this system due to the enhanced mechanical
properties derived from the high glass transition of poly(styrene),
which aids in stabilizing the micelle structure20. The triblock copoly-
mer used in this research was synthesized via sequential living anionic
polymerization,whichhasbeenpreviously described20. After each step
in the synthesis process, the molecular weight and dispersity were
determined using size-exclusion chromatography, while the volume
fraction of the polymers in the material was characterized via proton
nuclear magnetic resonance spectroscopy. Supplementary Informa-
tion contains more detailed synthetic information and characteriza-
tion results.

Characterization of the block copolymer solutions
Two solvents were used as water-miscible organic solvents for the
precursor solutions: THF (Sigma Aldrich, ≥99.9%) and DMF (Sigma
Aldrich, anhydrous 99%). The critical water concentrations for micel-
lization for the polymer in different solvents were determined by light
scattering experiments of dilute amphiphilic block copolymer solu-
tions in organic solvents with increasing addition of water, similar to
previous reported studies27. The viscosity of the polymer solutions at
high concentrations and solvents was determined using a Discovery
Hybrid Rheometer at room temperature with parallel plate geometry.
A solvent trapwas used to prevent the evaporation of themore volatile
THF solvent. The trends calculated from this data were used to match
the viscosities of the solutions between the solvents.

Hydrogel production
Polymer solutions were injected into a coagulation bath containing RO
water using a syringe pump set to an injection speed of 1mL/min and a
needle gauge of 19. Initial solutions were used with concentrations
ranging from 8wt% to 15wt%. Though the gel fibers formed almost
instantly on contact with water, they were left in the water bath
overnight to ensure complete solvent diffusion, then transferred to
vials of RO water for storage at 4 °C.

Conventional physically crosslinked triblock copolymer hydro-
gels were produced by thermally annealing the neat SOS polymer
above the O-block and S-block crystallization and glass transition
temperature, respectively, and then swelling with water. Specifically,
hydrogels were prepared by first annealing the triblock copolymer in
a thermal press at 100 psi and 150 °C for 30min, followed by
annealing under vacuum for 24 h at 150 °C. After cooling, the
annealed sample was hydrated in pure RO water for 3 days to ensure
total hydration.

Nanoscale characterization
The micellar nanostructure was characterized using a synchrotron
X-ray source at the National Source for Light Scattering II at Broo-
khaven National Laboratory, both under static conditions, and in situ
under extension using a Linkam tensile stage.Microgels formed froma
semi-dilute solution of the triblock copolymer injected into water,
were drop-cast onto a TEM grid could be used to approximate the
micelle diameter. The microgel samples were stained with a 2wt%
solution of uranyl acetate in water and imaged using an FEI Tecnai
BioTwin TEM.

SALS experiments
Figure S5 shows the SALS setup, which has been published previously
in ref. 29 The ray diagram shows the initial laser of 625 nm scattered
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from the sample at an angle θ through a convex lens L1 (Edmund
Optics-NT67-245) with a numerical aperture, N.A. = 0.85 that captures
up to 58° scattered light. The converging scattered light then passes
through the beam stop and is refocused through another convex lens
L2 (Thorlabs-LA 1951A). The beam stop is at a focal length away from
lens L1 and blocks all direct light from the laser. The l1 and l2 can be
changed to optimize the q-range. The scattered light is then projected
onto a CMOS detector, D (Basler acA800–510 um), which is a focal
length away from L2.

A control image is taken using a diffraction grating with 100 lines
permm. This was later used to determine the pixel-to-q conversion for
the scattering patterns. The hydrogel was then loaded into the sample
setup. The l1 was set to ~25mmand l2 to ~75mm. The room lights were
then turnedoff to avoid any background scattering. A scattering image
was then taken for each sample. The hydrogel is held in the setup using
plate grips. These plate grips are 0.5 in wide, offering enough space to
load the hydrogel. The nuts can be moved, allowing the top mount
(movable) to move in the z-direction. The hydrogel can then be
stretched to different lengths.

Microstructure imaging
The hierarchical hydrogel microstructure was characterized using
fluorescence confocal microscopy, SALS, and cryogenic scanning
electron microscopy (Cryo-SEM).

Fluorescence confocal measurements were performed on 5mm
sections of a fiber that had never been frozen, prepared using an initial
solution concentration of 11.0wt% polymer in THF and stained over-
night in a 0.01mg/mL solution of Nile Red in water. The samples were
laid lengthwise along the glass slidewith a coverslip placed on top. The
samples were imaged approximately parallel to the fiber axis at 10×
and 63× magnification, producing cross-sectional images showing the
porous structure. The composite z-stack images at both magnifica-
tions show a high degree of alignment roughly parallel to the fiber axis,
indicating an additional level of hierarchy potentially caused by the
shear flow during injection.

Vitrified hydrogel cross-sections were prepared bymounting the
sample on aluminum pins, submerging it in liquid nitrogen, and cryo-
milling the surface perpendicular to the fiber axis to reveal the
hydrogel cross-section. Hydrogels were stored under liquid nitrogen,
then transferred to a Zeiss Cryo-SEM for imaging at −125 °C. Water
was partially sublimated at −95 °C, then the sample was sputter-
coated with a gold-palladium alloy. Pore sizes were measured using
Image J. An example of pore size measurement is shown in the
Supplementary Information.

In situ TLM measurements (Fig. 4d) were performed by combin-
ing a customized tensile tester with a confocal Raman microscope
(Alpha 300R, WITec, Germany). The tensile tester wasmade using two
linear piezo actuators (Physical Instrument, Germany) combined with
L-shape clamps, allowing stretching of the samples while they were
immersed underwater. The TLM images were captured using a 63×
water immersion objective lens (Zeiss, Germany) while the sample was
exposed to transmission white light. A displacement rate of 0.5mm/s
was applied for stretching of the fibers.

Uniaxial extension tests
The mechanical properties of the hydrogels were characterized via
uniaxial extension under ambient conditions using an MTS Criterion
load frame equipped with a 10N force transducer. The hydrogels were
secured with spring-action tensile grips to minimize hydrogel slip
during extension and strained at a rate of 3/min. To determine the
cross-sectional area, hydrogel cross-sections were placed on a glass
slide and imaged using anOlympus 100 optical microscope. The areas
of the cross-sections were calculated using ImageJ. Hysteresis was
determined by repeatedly straining the hydrogel to five times its ori-
ginal length for five cycles.

Rheological characterization
The viscosity of polymer solutions at various polymer concentrations
was measured using a Discovery HR-3 Hybrid Rheometer at room
temperature, equipped with a solvent trap to prevent evaporation,
which is critical for THF samples at high polymer concentrations.
Solutions in the entangled regime were measured with a 2 cm parallel
plate geometry, while semi-dilute solutions used a 6 cm parallel plate
geometry. The solutions were tested in a flow sweep experimentwith a
shear rate range of 0.05 ≤ _γ ≤ 500Hz. The values were averaged to
determine the viscosity of the solution.

To measure the storage and loss moduli of the equilibrium sam-
ples, the shear modulus of these hydrogels was measured via oscilla-
tory shear rheology using a 3mm plate on a TA Ares-G2 rheometer,
lowered just until contact with the sample resulted in a slight increase
in force. Approximately 4 mm2 pieces of both the equilibrium and
hierarchical gel samples were tested, first with a dynamic strain sweep
to determine the strain region appropriate for testing, and next with a
dynamic frequency sweep from 0.1 rad/s to 10 rad/s (see Fig. S22 in
Supplementary Information).

Data availability
The polymer characterization, solution viscosity, X-ray scattering, and
mechanical measurement data generated in this study have been
deposited in the Data Commons at Penn State database under acces-
sion code, https://doi.org/10.26208/5JEG–X325. The data is also avail-
able from the authors on request.
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