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Abstract

While hierarchical ordering is a distinctive feature of natural tissues and is directly responsible for their
diverse and unique properties, research efforts to synthesize biomaterials have primarily focused on
using molecular-based approaches without considering multiscale structure. Here, we report a bottom-up
self-assembly process to produce highly porous hydrogels that resemble natural tissues both structurally
and mechanically. Randomly oriented, physically crosslinked nanostructured micelles form the walls of
aligned, polymer-rich pore walls that surround water-rich cavities. Extremely soft elastic modulus (<1
kPa), highly stretchability (greater than 12-times), strain-hardening, and completely reversible deformation
result from the hierarchical structure. Independent control of nano and macroscales is realized through
the combination of polymer macromolecular parameters and processing conditions, directly impacting
the resulting phase behavior. Here, we demonstrate precise control of the material structure and structure
orientation over many orders of magnitude (e.g., nm — pym), and reveal how the multiscale structure
directly impacts mechanical properties.

Main

Biological tissues exhibit complex and hierarchically ordered structures while producing a diverse range
of properties from a limited number of components.’ "2 Several key properties are critical to replicate
natural tissues: biomimetic strain-hardening,* highly reversible deformation,>® and a microstructure
conducive to cell proliferation.” Hydrogels are desirable materials for mimicking natural tissues due to
their high water content 8719 — enabling transport of nutrients and waste products to and from cells — but
crosslinked hydrogels composed of a single polymer network exhibit a limited range of mechanical
properties.’!12 Advances in synthetic chemistry have broadened this range,’3~ 1 but these hydrogels
approach mimicking natural tissues from a molecular standpoint, and frequently lack any degree of
ordering beyond their molecular networks. Introducing porous microstructures in hydrogels to control

multiscale structures typically leads to brittle materials.!” Therefore, new methods combining synthetic
advances with self-assembly are necessary to control hierarchical structure and property.

Recently, we demonstrated a rapid injection processing method to produce highly extendable, reversibly
deformable, and extremely soft hierarchical hydrogels.'® Additionally, the exceptional mechanical
properties afford the hydrogels the ability to be processed into nanostructured polymer muscles
demonstrating linear and rotary actuation.’® When an amphiphilic ABA triblock copolymer containing
hydrophobic and hydrophilic A and B domains, respectively, is dissolved in a water-miscible organic
solvent and injected into water, the block copolymer will self-assemble at both the nano and microscales

(Fig. 1a).7820 The hydrophobic end-blocks self-assemble into micelle cores bridged by the hydrophilic
mid-blocks, forming the network.'820 In addition to nanoscale self-assembly, macroscale pores form
within this network due to solvent exchange with the water bath, resulting in a physically crosslinked
nanoscale micelle network encapsulating micrometer sized water pores (Fig. 1b) that are reminiscent of
the extracellular matrix of skeletal muscles (Fig. 1c).2" Hydrogels possessing this unique hierarchical
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structure exhibit drastically different mechanical properties than traditional physically crosslinked
hydrogels prepared from the same ABA triblock copolymers,?? yet a fundamental understanding of
multiscale structure formation during processing and the impact of morphology on mechanical
properties is still an open question.

Here, we reveal design rules to independently control both nano and microscale ordering — and thus
mechanical properties — of the hierarchical hydrogels. Tunable porous microstructures are realized by
varying the concentration of a single poly(styrene)-block-poly(ethylene oxide)-block-poly(styrene) (SOS)
triblock copolymer and the organic solvent used in the initial solution. An additional level of hierarchy
forms in hydrogel fibers made from N,A-dimethylformamide (DMF), where the hydrogels exhibit a coaxial
or core-sheath morphology. In contrast, hydrogel fibers made with tetrahydrofuran (THF) show a
monomodal pore distribution. Interestingly, there is essentially no variation in the randomly oriented
nanoscale ordering of the micelles with respect to processing conditions, which is attributed to the SOS
molecular weight and block volume fraction.?3 The coaxial fibers made using DMF show a strong strain-
hardening response at high strain that is reminiscent of natural tissues.* Simultaneously controlling
multiscale structure and orientation over drastically different length scales using a single processing step,
to the best of our knowledge, has yet to be demonstrated in any material system, and is critically
important in creating next generation biomaterials.

Preparing hierarchical hydrogels

Hierarchical hydrogels were produced using a SOS polymer with a number-average molecular weight
(M), an O-block volume fraction (f,), and a dispersity (£) of 192 kg/mol, 0.9, and 1.05, respectively. An O-
block volume fraction of 0.9 was targeted to promote the formation of a disordered spherical micelle
morphology at the nanoscale and to increase the extensibility of the hydrogels.'® Additionally, the S-end
blocks were selected as the hydrophobic moiety in the triblock copolymer due to the high glass transition
temperature (T,), preventing chain pull-out and improving mechanical stability.'8

Two different water-miscible organic solvents were examined, THF and DMF, to explore the impact of
processing conditions hydrogel structure. The polarity of the water-miscible organic solvent is known to
impact the nanoscale solution-phase self-assembly of amphiphilic block copolymers,242° yet the effect
on micrometer length scale organization is unknown. The physically crosslinked spherical micelle
network that forms at the nanoscale is primarily dictated by the molecular weight and £, of the block
copolymer. Previous studies have found that the initial polymer solution must be at or above the
entanglement concentration to form hydrogels, and thus, all hydrogels were prepared using initial
solution concentrations between 8—15 wt%. The concentration range allows for the hydrogel structure to
be investigated at either constant polymer solution concentration or viscosity to isolate the effects of
varying the organic solvent (Figure S2). The water swelling ratios of the prepared hydrogel fibers were
unusually high — =~98% water by weight — and remarkably consistent across sample conditions (Figure
83). The consistency in water content is particularly noteworthy, as physically crosslinked triblock
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copolymer hydrogels prepared using traditional preparation methods (e.g., thermally annealing the neat
SOS polymer and then hydrating) are typically 4-40% water by weight.??

Micelle nanostructure

The nanoscale structure of the hydrogels was characterized using transmission electron microscopy
(TEM) and small-angle X-ray scattering (SAXS). Micelles were visualized by characterizing physically
crosslinked micellar aggregates, or “microgels”, formed by injecting a polymer solution with a reduced
polymer concentration into water.'® The microgels are dispersible in the aqueous solution and easily
drop-cast onto a TEM grid and dried. The micelle diameter resulting from the use of either solvent was
measured to be 20 + 1 nm (Fig. 2a). While the diameter of spherical micelles is known to depend on
polymer concentration and solvent,?® the relatively narrow 8—15 wt% concentration range and large O-
block volume fraction resulted in a consistent micelle size.?3

Synchrotron SAXS measurements were used to investigate the organization of the spherical micelles in
the hydrogel fibers. The one-dimensional (1D) scattering intensity versus scattering vector (g) shown in
Fig. 2b indicates that the primary scattering peak (g*) for all samples is located at g~ 0.007 A™",
regardless of the organic solvent or polymer solution concentration. Moreover, the 2D SAXS plots indicate
that the micelles are randomly oriented. The 1D scattering plots were further analyzed by fitting them to a
spherical form factor and Percus-Yevick hard sphere approximation structure factor (Fig. 2c) (See
Supporting Information).2® Three fitting parameters were used for the model: 1) micelle diameter, 2)
micelle center-to-center distance (i.e., domain spacing), and 3) the micelle volume fraction (Fig. 2c, insert).

The measured domain spacing and micelle diameter from SAXS is highly consistent for all processing
conditions at approximately 84 + 3 nm (Fig. 2d, ), and the micelle diameter values calculated from SAXS
agree with the micelle diameter measured from TEM. The high degree of reliability in the domain spacing,
despite variations in the viscosity and solvent, indicates the nanostructure is insensitive to shear at the
injection rates used in the study. The nanostructure in the absence of shear was characterized by adding
the initial polymer solution into a mold and submerging in a water bath. Even under these circumstances,
the micelle size remained unchanged, confirming that — for the SOS used here — the micelle
nanostructure is unaffected by processing parameters when using rapid injection processing.

Physical hydrogels only possessing nanoscale ordering were produced from the block copolymer
produced using conventional annealing methods to compare to the hierarchical hydrogels.?? The SAXS
plots in Fig. 2f show the clear disordered sphere morphology of the dry annealed SOS sample, with a
reduced domain spacing compared to the hydrogel fibers. The primary scattering peak associated with
the micelle center-to-center distance shifts to lower g on hydration, indicating an increase in the domain
spacing due to the swelling of the polymer (Fig. 2f). The conventional hydrogel exhibits a reduced degree
of water swelling (15 wt% versus 98% for hierarchical hydrogels) yet possesses a much larger domain
spacing of 97 nm, relative to 84 + 3 nm for the hierarchical hydrogels. The difference in micelle center-to-
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center distances between the hydrogels is attributed to the pore walls in the hierarchical structure, in
which the micelles are more closely packed.

Porous microstructure

The porous microstructure of the hierarchical hydrogels was characterized using cryogenic scanning
electron microscopy (cryo-SEM) (Fig. 3). Hydrogel samples for cryo-SEM were prepared by first vitrifying
the hydrated sample in liquid nitrogen and then cryo-milling perpendicular to the fiber length to produce a
clean cross-section (see Supporting Information). Though some samples contained ice within the pores
that did not sublime fully under vacuum, the pore walls are still clearly visible.

The initial water-miscible organic solvent plays a drastic role in the microscale structure that forms

(Fig. 3). Samples produced using DMF exhibit a coaxial morphology (Figs. 3a-c), where the outer edge of
each fiber is comprised of large pores, while the inner core contains exclusively small pores. The
demarcation between regions is sharp and distinct, and the outer region depth averages 200—240 pm.
Remarkably, the outer and inner pore sizes are consistent across all DMF concentrations, approximately
30 ym and 5 pm, respectively (Fig. 3h).

In contrast, hydrogels prepared using THF exhibit a monomodal pore distribution (Figs. 3d - f), where the
average pore size — weighted according to the relative fraction of cross-sectional area composed of large
outlier pores — decreases from 30+ 13 pmto 9 + 4 ym as concentration increases from 11 wt% to 14.5
wt%, respectively (Fig. 3h). Furthermore, the pores size distribution in hydrogels prepared using THF
narrows with increasing concentration as the pores become more regular in shape. At high
concentrations, the pores resemble those found in the inner small-pore region of the samples prepared
using DMF (Fig. 3g), though slightly larger in size (Fig. 3h). Small-angle light scattering (SALS)
measurements for a hydrogel prepared at a 12.5 wt% polymer solution in THF reveal that the micrometer
pores are cylindrical in geometry and are aligned along the fiber direction (Fig. 3i).2” The SALS results
confirm that the micrometer pores form during solvent exchange and not an artifact of vitrification.

Factors dictating the self-assembly of the porous microstructure

The microstructure of the hydrogels is expected to form when the system enters the spinodal region of
the polymer/solvent/water ternary phase diagram during solvent exchange. Although nonsolvent-induced
phase separation (NIPS), used to create asymmetric membranes, utilizes spinodal decomposition to
control structure, the established parameters shown to dictate the microstructure in NIPS systems —
polymer solution viscosity and solvent exchange?® — do not translate for the reported hydrogel system.
Both solution viscosities and solvent diffusion coefficients are nearly identical between THF and DMF
samples, and therefore cannot explain the difference in microstructure (see Supporting Information).
Thus, we hypothesize the microstructural differences are the result of spinodal decomposition pathways
that vary between solutions. To this end, a modified random phase approximation (RPA) was used to
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predict the ternary phase diagram for hydrogels prepared using DMF and THF.2° Furthermore, by
incorporating the measured solvent exchanged rates into the phase diagram, it is possible to predict the
point the system enters the two-phase region of the ternary phase diagram.

A parameterized RPA model of an ABA triblock copolymer solution was used to compute spinodal curves
within the ternary phase diagrams for the two relevant systems: SOS/THF/water and SOS/DMF/water
(Figs. 4a - ¢).39732 The full diagrams of the systems (an example of which is shown in Fig. 4a) show
regions of micro- and macrophase separation, with the macrophase region residing at increased water
content. Figures 4b and 4c show the area of interest at the top of the phase diagrams, with the initial
compositional changes for each sample plotted up until the samples are fully within the macrophase-
separated region. There is a subtle but important difference in the macrophase segregation (2¢) region
between the diagrams: DMF solutions are more stable at low water concentration than in THF, which is
indicated by a “turning over” of the two-phase region in Fig. 4c relative to Fig. 4b. The difference in phase
diagrams is due to the compatibility between DMF/THF and the O-block in SOS (see Table 2 in the
Methods Section).

The difference in phase behavior is not sufficient by itself to explain hydrogel microstructure. According
to NIPS theory,3334 microstructure is determined by the trajectory the system takes in concentration space
as water is exchanged for solvent in the hydrogel. The trajectory was computed using a two-phase/1D
diffusion model of the ternary system as described in the Methods section below. Figure 4d shows a
simulation snapshot after significant solvent/water exchange for a hydrogel fiber that is initially 11 wt%
polymer (¢gng) and 89 wt% THF (@ryp)- The snapshot shows a hydrogel fiber phase (right) that is
swelling as water diffuses in and THF diffuses to the bath (left). Averaging the concentration over the
fiber thickness and plotting the concentration in time gives trajectories (green line) for THF/water
exchange and DMF/water exchange in Figs. 4b, 4c, respectively.

The solvent/water exchange trajectories combined with the ternary phase diagrams provide a plausible
hypothesis for the difference in hydrogel microstructure. Figure 4b shows that a THF/water exchange
trajectory with an initial SOS concentration of 11 wt% (the darkest green) almost immediately enters the
two-phase region, experiencing a nearimmediate macrophase separation. By contrast, Fig. 4c shows that
a DMF/water trajectory with an initial SOS concentration of 11.5 wt% (the lightest green) experiences a
significant lag before it macrophase separates. We conjecture that a delay before phase separation leads
to the existence of a concentration gradient across the fiber. We note that the model does not predict a
coaxial morphology with a sharp distinction between pore sizes or the impact of the metastable region
located in between the spinodal and binodal phase boundaries on the microstructure. Thus, a more
detailed model is needed to capture these phenomena.

Microstructure dependent mechanical properties

Page 6/21



Uniaxial extension measurements performed on the hydrogel fibers demonstrate that the microstructure
plays a critical role in the mechanical properties (Figs. 5a, b). Despite the low elastic modulus of the
hydrogel fibers (e.g., < 1 kPa) all samples reversibly stretch to many times their initial length, which, to our
knowledge, has never been reported in highly porous hydrogels (see Supporting Video 1). Samples
produced with DMF possess near-identical microstructures and have highly consistent deformation
responses, while the samples produced using THF show a steady increase in the ultimate tensile strength
of the hydrogels as the average pore size decreases, which is in agreement with previously published
work.’® The Young's modulus, £ and toughness of the hydrogels follow a similar trend (Fig. 5b), which is
inversely correlated with average pore size (Fig. 3h). Hydrogel samples produced using DMF display both
strain-hardening behavior and a significant increase in elongation at break, which might be attributed to
their coaxial morphologies. Furthermore, all hydrogel fibers reversibly extend for at least five loading and
unloading cycles with no hysteresis (Fig. 5¢).3° Reversible deformation and strain hardening, two
hallmark traits of natural tissues, are highly difficult to mimic in hydrogel materials, and are the result of
the hierarchical ordering present in the fibers.

The introduction of aligned pores into the micelle network produces an additional deformation
mechanism, where pores initially deform at low strain, then stress is gradually transferred to the O-blocks
bridging the PS micelle cores (Fig. 5€). Both these deformation mechanisms are fully elastic, leading to
the full recovery of mechanical properties after stretching. The proposed multi-deformation mechanism is
supported via in situ SAXS measurements, where the micelle center-to-center distance is constant (i.e.,
minimal change in the g-value) up to an elongation ratio of five when uniaxially extended (Fig. 5d). Higher
elongation ratios could not be investigated because the signal significantly decreased with extension due
to the reduced cross-sectional area. Furthermore, pore deformation observed via in situ SALS shows an
increase in pore orientation and a decrease in domain spacing at low to moderate strain (Fig. 5e, Figure
$27), which demonstrates that the pores are deforming while the micelle spacing remains constant.

These materials exhibit multiple levels of hierarchical ordering, resulting in extremely low moduli and
tensile strength, extremely high extensibility, minimal hysteresis, and strain-hardening behavior. While one
or more of these properties can be produced in synthetic hydrogels, the combination of these properties in
a porous hydrogel is unprecedented. Physical hydrogels without the hierarchical ordering demonstrated

22,36,37

here exhibit a narrow range of properties , and porous gels previously reported are historically quite

brittle (Fig. 5f).77- 38743 The flexibility of the hierarchical hydrogels is rivaled only by

394445 and interpenetrating network hydrogels,*6=4° but these materials frequently suffer

supramolecular
from limited reversibility due to non-elastic deformation mechanisms. Self-assembling bottlebrush
elastomer hydrogels demonstrate strain-hardening responses similar to natural tissue,**? but these
materials lack the porous structure or hierarchical ordering that is critical for synthetic biomaterials. While
future investigation is needed to determine the precise impact of molecular architecture and expand the
accessible mechanical property range via altering the block copolymer compositions, these hydrogels

represent an exciting new class of hydrogels for biomaterial applications.
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Outlook

Here, we demonstrate a facile method to produce hierarchical porous hydrogels, driven by the self-
assembly of hydrophobic domains and rapid solvent exchange when the polymer solution is injected into
a water bath. Unlike many synthetic biomaterial approaches, which focus on replicating the properties of
tissues in bulk materials, this research reveals hierarchically ordered, self-assembling hydrogels with
properties dependent on the microstructure. The highly 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. RPA theory and a
1D transport models will aid in building design rules to rationally explain and target future materials with
desired properties. Despite the wide variety in microstructure and mechanical properties, these hydrogels
exhibit no change in the micelle nanostructure and water swelling ratio, allowing the microstructure to be
tuned independently from the nanostructure. The reported hydrogels and rapid injection processing will
potentially lead to a new class of customizable cell scaffolds and biomedical materials, with a diverse
range of mechanical properties that are finely tuned through the selection of the initial amphiphilic block
copolymer architecture and subsequent processing parameters.

Methods
Amphiphilic triblock copolymer synthesis

Poly(styrene)-poly(ethylene oxide)-poly(styrene) (SOS) triblock copolymers were chosen as a
representative amphiphilic triblock copolymer for this system due to the enhanced mechanical properties
due to the high glass transition of poly(styrene), which aids in stabilizing the micelle structure.’® The
triblock copolymer used in this research was synthesized via sequential living anionic polymerization,
which has been previously described.® 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 were characterized via proton nuclear magnetic resonance spectroscopy. The
supporting information contains more detailed synthetic information and characterization results.

Characterization of the block copolymer solutions

Two solvents were used as water-miscible organic solvents for the precursor solutions: tetrahydrofuran
(THF, Sigma Aldrich, = 99.9%) and dimethylformamide (DMF, Sigma Aldrich anhydrous 99%). The critical
water concentrations for micellization for the polymer in different solvents were determined by light
scattering experiments of dilute amphiphilic block copolymer solutions in organic solvent with increasing
addition of water, similar to previous reported studies.’® 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 trap was used to prevent the evaporation of the more volatile THF
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solvent. The trends calculated from this data were used to match the viscosities of the solutions between
the solvents.

Hydrogel processing

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

Conventional Hydrogels: Conventional physically crosslinked triblock copolymer hydrogels 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 30 min, followed by
annealing under vacuum for 24 h at 150°C. After cooling, the annealed sample was hydrated in pure RO
water for 3 d to ensure total hydration.

Nanoscale characterization

The micellar nanostructure was characterized using a synchrotron X-ray source at the National Source for
Light Scattering Il at Brookhaven National Laboratory, both under static conditions, and in situ under
extension using a Linkham tensile stage. The data was fitted using the IRENA scattering package for Igor
9 Pro using the Percus-Yevick approximation for hard spheres to calculate micelle core diameter, center-
to-center distance, and micelle volume fraction. Microgels formed from a 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 2 wt% solution of uranyl acetate in water and
imaged using an FEI Tecnai BioTwin TEM.

Microstructure characterization

Hierarchical hydrogel microstructure was characterized using cryogenic scanning electron microscopy
(Cryo-SEM). Hydrogel cross-sections were prepared by mounting the sample on aluminum pins, vitrified in
liquid nitrogen, and cryo-milled 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 goal-palladium alloy. Pore sizes were measured using
Image J. An example of pore size measurement is shown in the Supporting Information.

The inter pore spacing and alignment was characterized via small-angle light scattering (SALS). An
incident laser of 625 nm was scattered from the samples at an angle 8 through a convex lens L1

(Edmund Optics-NT67-245) with a numerical aperture, N.A. = 0.85 that captures up to 58° scattered

light.2” The converging scattered light then passes through 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

Page 9/21



direct light from the laser. The /; and /, can be changed to optimize the grange.?’ The scattered light is

then projected onto a CMOS detector, D (Basler acA800-510 um) which is a focal length away from L2.%/

Uniaxial extension measurements

The mechanical properties of the hydrogels were characterized via uniaxial extension using an MTS
Criterion load frame equipped with a 10 N 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 an Olympus optical microscope. Hysteresis was determined by repeatedly straining the hydrogel to
five times its original 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 experiment with a shear rate range of 0.05 <y <
500 Hz. The values were averaged to determine the viscosity of the solution.

To measure the storage and loss moduli of the equilibrium samples, The shear modulus of these
hydrogels was measured via oscillatory shear rheology using a 3 mm plate on an TA Ares-G2 rheometer,
lowered just until contact with the sample resulted in a slight increase in force. Approximately 4 mm?
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
0.1-10rad/s.

RPA theory and computation

A random phase approximation (RPA) model of the collective structure factors of the
S0S/THF(DMF)/water system was used to obtain micro- and macro-structure spinodal curves.3%32 The
RPA is based on a weak inhomogeneity expansion of the free energy of the system and a mean-field
approximation. With this approach, one can calculate nonideal structure factors, which can then be used
to estimate spinodal points for both micro- and macrophase separation by finding wave vectors g where
the structure factors diverge. In the supporting information, we provide a derivation of equations for the
RPA structure factors and a description of a numerical method for solving these equations. The RPA
model parameters include: the degree of polymerization of SOS IV,,, the block fraction fi of component z,
and Flory—Huggins binary interaction parameters between the system components Xij- Table 1 provides
a list of parameters used in our calculations of the spinodal points. The degree of polymerization and
block fractions are based on the relevant experimental values. Flory—Huggins parameters were either
obtained from experimental reports in the literature, or calculated based on Hansen solubility parameters.
Additional details related to the calculation of parameters are contained in the SI.
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Table 1

Parameters used in the RPA (gray shading highlights values that
differ between solutions with THF and DMF)

Parameter THF as the Solvent DMF as the Solvent
N, 4436 4436

o 0.9 0.9

fs 0.1 0.1

Xo_s 1.17 1.17

X 0—Solvent 0.50 0.05

XO-Water 0.17 0.17

X S—Solvent 0.47 0.80

XS—Water . 8.24

X Solvent—W ater 0.23 0.32

Two-phase/1D diffusion simulation

We use a two-phase/1D diffusion model to predict solvent/water exchange and thereby calculate the
“concentration trajectory” that the hydrogel fiber traverses on the ternary phase diagrams predicted by the
RPA. The model consists of a fiber phase and a bath phase, and we assume constant total density,
incompressibility, constant diffusivities in each phase, and no convection. Mass is free to exchange
between the phases and the fiber can swell or de-swell accordingly. The resulting equations (given in
detail in the SI) include diffusion equations for SOS and water in the fiber phase, diffusion equations for
SOS and THF/DMF in the bath phase, and a mass balance equation that determines the location of the
interface between the phases. The diffusion model contains parameters (given in the Sl) for the various
diffusivities of the components in each phase and the initial concentrations of each phase. We solve the
model via a finite difference method using a custom-written code in Python. Additional details relating to
the model equations, their derivation, model parameters, and the numerical calculations are provided in
the SI.
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PS-PEO-PS
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Figure 1

Processing and visualization or hierarchically structured hydrogels.a) Hydrogels exhibiting hierarchical
order are prepared using a rapid injection processing method in which an amphiphilic triblock copolymer
(e.g., SOS) 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)
randomly oriented micelles organize into a network at the nanoscale that comprises ii) the walls of the
water-rich cavities that form a highly aligned porous microstructure in the direction of iii) the hydrogel
fiber. b) Scheme representing the different levels of ordering starting from a single triblock copolymer
chain and ending with micrometer sized pores. ¢) Decellularized muscle tissue with natural hierarchical
structure mirroring hydrogel structure with rapid injection processing. Reproduced with permission from
reference 16. Copyright 2005 John Wiley and Sons.
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Figure 2

Nanoscale characterization of hierarchical hydrogels. a) TEM image of a dehydrated SOS microgel
formed using DMF showing the micelle diameter. Disordered sphere morphology is evident in the
microgel, with an estimated micelle core size of 20 + 1 nm. b) Synchrotron SAXS patterns performed on
all six hydrogel samples indicating that the micelle center-to-center spacing, as indicated by the g* value,
are similar regardless of initial solution parameters (solvent, concentration). c) Example of a fitting the
SAXS data with a spherical form factor and a Percus-Yevick hard sphere approximation structure factor.
The model agrees with the data, but with deviation at low g due to the large-scale pore structure. d, e)
Plots showing that the d) micelle diameter and e€) micelle-to-micelle distance values determined from the
SAXS fits are within error between different hydrogel preparation conditions. f) SAXS plots comparing the
difference in the 1D scattering patterns between the hierarchical hydrogels prepared via rapid injection
processing (DMF 11.5 wt% sample, shown in red in Figure 2b as well as Figure 2f), annealed SOS sample
in the dry state (violet), and hydrated annealed SOS sample (magenta).
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Characterization of hydrogel fiber microstructure prepared using different solvents and concentrations.
Cryo-SEM images of hydrogels prepared using a, b) DMF and d, e) THF show the highly porous
microstructure of the hydrogel fibers. Hydrogel fibers prepared using DMF display a coaxial morphology
where larger and smaller pores reside in in the outer and inner regions, respectively, while the THF
samples show a monomodal pore size distribution that narrows with increasing concentration. Scale bar:
100 pm. ¢, f) Representations of the hydrogel microstructures for DMF and THF samples. g) Higher
magnification cryo-SEM image highlighting the more uniform pore size in the core region of the hydrogel
fiber prepared using the 11.5 wt% polymer solution in DMF. h) Change in average pore diameter with
respect to initial polymer concentration when using either THF or DMF as the solvent. The DMF samples
have two different pore diameters organized in a coaxial arrangement, while hydrogels prepared with THF
have an averaged pore size across the entire sample. i) SALS 2D plot for a hydrogel fiber produced using
an initial solution of 12.5 wt% polymer in THF. The pattern shows a significant degree of orientation of
the pores along the length of the fiber, indicating a cylindrical pore geometry.
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Figure 4

Experimental validation and predicted phase diagrams to determine factors that control microstructure
formation in hierarchical hydrogels. a) A full ternary phase diagram showing microphase (u¢) and
macrophase (2¢) spinodals of a system containing water, THF, and SOS copolymer. The dashed green
line is the expected path of the average concentration inside the fiber phase during the exchange of
solvents. b) The upper part of the ternary phase diagram (as indicated by Figure 4a) of a system
containing water, THF, and SOS copolymer (limited to the region with = 50% THF). The green lines show
the predicted average concentration of the fiber as a function of time from the transport model in Figure
4d at the same concentrations used in for the samples. c) The upper part of a ternary phase diagram of
water, DMF, and SOS (limited to the region with = 50% DMF), with superimposed transport model
prediction at the same concentrations used for the samples. d) A single time-step of a 1D transport model
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of solvent/water exchange between bath and fiber at a dimensionless time t = 6 x 10 (normalized by the
diffusion time). Note that a large portion of the water bath has been omitted from the plot. Also, an early
separation end point is set (between the bath and the fiber) as we focus on the early-time behavior of the
two cases (THF vs. DMF).
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Figure 5

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 and strain-hardening behavior. b)
Plots showing the change in Young's Modulus (E) and toughness with varying solvent and concentration.
THF samples show an increase in E and toughness with increasing concentration, while DMF samples
are constant and within error. 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) /n situ SAXS of a hydrogel sample prepared from a 12.5 wt%
THF solution. No change in the micelle center-to-center distance at an elongation ratio up to 5. €) 2D
SALS plots at different elongations for a hydrogel sample prepared from a 12.5 wt% THF solution. There
is an increase in pore alignment with respect to elongation. The proposed deformation mechanism for
hierarchical hydrogels shows the transition from pore deformation at low strain to chain stretching at
high strain. f) Ashby plot of ultimate tensile strength versus elongation at break for the reported
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hierarchical hydrogels and different hydrogel systems. Hierarchical hydrogels are extremely soft and
highly extendable when compared to a large set of hydrogel literature.
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1. Synthesis and Characterization of Block Copolymers

The triblock copolymer, poly(styrene)-poly(ethylene oxide)-poly(styrene) (SOS) used in this
study was synthesized using a previously reported sequential living anionic polymerization.!
Briefly, styrene (Sigma-Aldrich) monomer was first freeze-pump-thawed and then purified twice
over di-n-butylmagnesium (Sigma-Aldrich, 1.0 M in heptane). Purified styrene monomer was
then initiated using sec-butyllithium (Sigma-Aldrich, 1.4 M in cyclohexane), functionalized with
ethylene oxide (Sigma-Aldrich, > 99.5%) after 4 h, and finally terminated with methanol to
produce the hydroxyl-terminated S homopolymer,? which was then precipitated in methanol and
dried under vacuum. The purified S homopolymer was re-dissolved in tetrahydrofuran (THF)
and re-initiated with potassium naphthalenide, which was prepared using a published procedure,’
then purified ethylene oxide monomer was added to the reactor to form the SO diblock. A 20 mL

aliquot was taken from the reactor after 24 h and terminated in sparged methanol.

After removal of the aliquot, the SOS triblock was formed by coupling the SO diblock
with a,a’-dibromo-p-xylene (Sigma-Aldrich, 97%).! 10 mL of a supersaturated, air-free solution
of cesium iodide (Sigma-Aldrich, 99.9%) in THF, stirred overnight at 45 °C, was added prior to
the coupling agent as a source of counterions to reduce aggregation. An air-free solution of the
coupling agent was similarly prepared, and the molar equivalence of one-half the number of
moles of S precursor was gradually added to the reactor over a period of 4 h using a syringe
pump. After 24 h, any remaining diblock was terminated with sparged methanol and precipitated
in a 1:3 mixture of isopropanol and hexane. The molecular weight values for the S precursor, the
diblock copolymer, and the triblock polymer as well as the individual block molecular weights,
PEO volume fraction (fo), and dispersity are listed in Table S1. The molecular weight of all

synthesized polymers (e.g., S-OH, SO, and SOS) were measured using a Tosoh GPC equipped
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with a Wyatt multi-angle light scattering detector and THF as the mobile phase. The increase in
molecular weight with each successive step of the reaction is shown in the decrease in elution
time in Figure S1. The difference in the molecular weight between the SO diblock and S
homopolymer determined the PEO block length, which was doubled to obtain the length of the
PEO mid-block in the SOS triblock. The average molecular weight obtained from the SEC of the
final tri-block sample is also listed. To ensure the dn/dc used in the calculations was correct, the
volume fraction of PEO in the diblock and triblock samples was determined using H! NMR in

deuterated chloroform.

S Homopolymer
SO Diblock

= SOS Triblock
0.8

0.6

0.4

Relative Intensity (a.u.)

02

0.0 L |
7 8 9 10 1" 12

Elution Time (min)

Figure S1. Size exclusion chromatography (SEC) traces for the synthesized polymers. There
is an increase in polymer molecular weight as indicated in the decrease in elution time with
successive living anionic polymerization steps: 1) S homopolymer (gray), 2) SO diblock

copolymer (yellow), and 3) SOS triblock (magenta).
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Table S1: Molecular characteristics of the polymers

Polymer M, totar® Mu.o® Mus? fo* b
(kg/mol) (kg/mol) (kg/mol)
S (13) 13.1 - 13.1 - 1.04
SO (13-96) 118.2 96.2 13.1 0.90 1.04
SO (13-192-13) 182.4 192.4 13.1 0.90 1.05

#Number-average molecular weight (M,) of synthesized polymers were determined using SEC.

For the S homopolymer, previously reported dn/dc values were used.! For copolymers, the dn/dc
values were calculated from polymer block weight fractions determined from '"H NMR. ®A,
values of polymer blocks were calculated from M, a1 and weight fraction of different blocks
obtained from 'H NMR. °The O block volume fraction (fo) of the block copolymer was
calculated using '"H NMR data. The polymer block density values reported from Sigma-Aldrich,
Sis 1.04 gmL"' and O is 1.13 g mL! at 25 °C, where used to calculate fo. ‘Dispersity values (P

= My/M,) was determined from SEC.
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2. Polymer Solution Viscosity Measurements

The viscosity of the initial polymer solutions in both THF and DMF were measured via flow
sweep experiments in the 1 — 500 Hz range at room temperature using a Discovery HR-3 Hybrid
Rheometer. Parallel plate geometries measuring 2 cm for entangled solutions and 6 cm for semi-
dilute solutions were used to characterize viscosity (Figure S2a). A solvent trap, as well as 1 mL
of the organic solvent at the top of the parallel plate geometry, was used to prevent the
evaporation of the solvent, which was particularly important for THF samples at higher
concentrations. Due to visible aggregates forming in the 11 and 12 wt% THF samples at high
shear, stepwise steady shear measurements were also performed, with the average taken at each

data point the overall average viscosity was then plotted with respect to concentration (Figure

S2b).
a = THF 10Wt% DMF 11wt%
-= THF 11wt% - DMF 12wt%
' o~ | THF 1201%
) ©
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= 2 .\.,./'/./HH
8 S |
(2]
001 S of
°m
5 mEm——m
0.001 e e
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Figure S2. Polymer solution viscosity (#) versus concentration (c) for polymer solutions
prepared using THF (blue) and DMF (red). Viscosity measurements were performed by
taking the average of a flow sweep in the 5 — 500 Hz range. In the entangled regime, the
viscosity of the solutions prepared using DMF and THF are similar, allowing the viscosity to be

matched between two samples (shaded region).
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The average viscosity from the raw data at each concentration was fit with a trendline to
calculate the concentration required to match the viscosity of two samples at 1.0 Pa.s: THF 11.0
wt% and DMF 11.5 wt%. The relatively close match between the DMF and THF solutions in this

regime allowed a minimal difference in concentration when matching viscosity.

3. Production of Hydrogels

a) Hierarchical Fibers from Injection

Initial solutions were prepared at concentrations of 11.0, 12.5, and 14.5 wt% in THF, and 9.5,
10.5, and 11.5 wt% in DMF. The solutions were stirred at 45 °C for a minimum of 3 h to ensure
total dissolution before being injected into a syringe. To remove aggregates or bubbles that
appeared as a result of the transfer from vial to syringe, the syringes were heated for several
minutes under a stream of warm water, sealed in Parafilm© to prevent water from entering the

syringe.

Solutions were injected using a 19-gauge needle with an inner diameter of 0.686 mm at a
rate of 1.00 mL/min via a syringe pump. To prevent an appreciable reduction in the
concentration gradient driving diffusion of the organic solvent, a minimum ratio of 1 L of water
per 1 mL of injected solution was used in all cases. Due to the proximity to the surface and lower
density of the organic solvents relative to water, tweezers were used to hold the end of the fibers
below the surface for several seconds, at which point enough solvent had diffused out of the
hydrogels to allow them to sink. Although the fibers formed immediately on injection into the
water bath, they were left in the water bath for at minimum 1 h, at which point they were
transferred to 20 mL scintillation vials for storage.
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b) Hydrogels Prepared from Mold Immersion
The influence of shear on the formation of the hydrogel nanostructure was assessed by creating
hydrogels in a mold and submerging them into a water bath. Hydrogels produced using a mold

were thicker and less uniform as compared to the injected hydrogel fibers.

¢) Conventional Physical Hydrogels as a Control
Conventional SOS triblock copolymer hydrogels were prepared using a modified procedure from
Guo and Bailey* to compare to hydrogels created using rapid injection processing. The SOS
polymer was placed in an aluminum 4-inch dog bone mold and thermally pressed into shape at
100 psi at 150 °C. After pressing, the polymer still in the mold was transferred to a vacuum oven
and annealed at 150 °C for 24 h and then cooled to room temperature. Once at room temperature,
the sample was immersed in water for 3 d. The prepared sample was then characterized via
SAXS and oscillatory shear rheology for comparison with the hierarchically ordered hydrogels.

A small piece of dry annealed polymer was also retained for characterization.
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4. Hydrogel Swelling Ratio

The fraction of polymer contributing to the mass of the hydrogel fibers was determined by
weighing the hydrogels in the hydrated and dry states and dividing the former by the latter. The
hierarchical hydrogel fibers exhibit exceptionally high-water weight fractions compared with
hydrogels prepared via conventional methods.* Furthermore, the hydrogel water weight fractions
were surprisingly consistent with one another even with repetition, despite variations in the

initial solution solvent and concentration, as well as hydrogel microstructure.
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Figure S3. Measured water weight fractions of hierarchical hydrogels. Nearly all the DMF
(red) and THF (blue) samples were 97.3% water by weight, with only the highest concentration
of THF containing 97.7% water by weight. The water weight fraction of a SOS hydrogel

prepared using conventional methods — as described in section 3a — is shown in pink.
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5. Small-Angle X-Ray Scattering Data

a. Data collection

Due to the high-water content of the hydrogels, a synchrotron source was required to obtain
scattering data. Small-angle X-ray scattering (SAXS) measurements were performed at
Brookhaven National Laboratory, National Synchrotron Light Source — II (NSLS — II), beamline
11-BM Complex Materials Scattering (CMS). The natural adhesion of the hydrogel fibers
allowed them to remain in the grooves of capillary holders during measurements. Hydrogel
fibers were folded over themselves to achieve better signal where necessary. Samples were
exposed for 3 s using a 13.5 keV beam with a wavelength of 0.9184 A. A sample to detector
distance of 10 m was used to access the g-range 0.0044-0.03 A"'. 2D scattering patterns were
obtained using a Pilatus 2M detector. An empty beam was used to subtract the background from
the hydrogel and converted to a 1D plot of intensity versus g. The background subtraction and
conversion were performed for every sample measured at the beamline using the program
SciAnalysis (https://github.com/CFN-softbio/SciAnalysis). The 1D scattering data and fits are
shown for hydrogels of all concentrations for both solvents, prepared using injection (Figure
S4a) and immersion (Figure 4b). Because the X-Ray scattering data shows no difference in the
micelle nanostructures of the hydrogels, we infer that the formation of disordered sphere
nanostructures is independent of solvent and shear-related conditions. See the next section for

fitting details.
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Figure S4. 1D SAXS plots for hydrogel samples prepared using rapid injection processing

and molds. a) SAXS data for fibers formed by injecting the initial solution—solvent and

polymer concentration shown in the legends—directly into water at a rate of 1 mL/min. b) Raw

SAXS data for hydrogels created by injecting the initial polymer solution into a silicone mold,

then immersing the mold into a water bath. SAXS data vertically shifted for clarity.

b. Fitting of SAXS Data

SAXS data was fit using Igor Pro with the IRENA package downloaded from Argonne National
Lab.’> The data was loaded into IRENA and fit with a spheroid form factor and a hard sphere
structure factor derived from the Percus-Yevick approximation. The micelle diameter and
standard deviation, the domain spacing (micelle center-to-center distance), and volume fraction
of scatterers were used as fitting parameters. The fitting region was confined to the primary peak
and immediate surroundings, as the network effects and noise at low and high ¢, respectively,
disrupt the fit results. The micelle diameter and standard deviation from the SAXS fits agree well
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with the values measured from TEM on the microgels (see Figure 2a in the main text),

supporting the SAXS results.

The SAXS fitting parameters values indicate that the average domain spacing for all
samples is 84 + 3 nm. The micelle diameters calculated by the model — 20 + 4 nm — show
excellent agreement with the TEM results. Thus, the SAXS fitting results confirm there is
essentially no change in micelle size, domain spacing, or volume fraction with respect to solvent
or concentration. The fibers produced from the mold further corroborate these findings. Model

results for domain spacing, micelle diameter, and volume fraction of scatterers are shown in

Figure SS.
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Figure S5. Modeling fit results for hydrogel fibers that were injected directly into the water
bath (solid markers) or injected into a mold and then immersed into the water bath
(window markers). Plotted a) micelle domain spacing, b) micelle diameter, and ¢) volume
fraction of scatterers with respect to initial polymer concentration indicate that the nanoscale

structural parameters are consistent across all samples.
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The model was also applied to the SAXS data collected for the physically crosslinked
hydrogel produced from the triblock copolymer from conventional methods (see section 3c). The
domain spacing of the dry annealed sample was 43 nm, while the hydrated sample had a domain
spacing of 104 nm due to swelling. Model fits show higher micelle diameter with a much larger
standard deviation (28 &+ 13 nm) in the conventional sample, compared with the hierarchical
hydrogels. The volume fraction of scatterers calculated from the fitting parameters is similar for

the conventional and hierarchical hydrogels.

c. In Situ SAXS Under Extension

The effect of uniaxial extension on hydrogel nanostructure was explored using in situ SAXS
measurements. Samples were placed in a Linkham Modular Force Stage with Kapton windows
mounted in the beam path and strained at a rate of 3/min — the same as in all mechanical
property characterizations — to 1x, 2x, 3x, and 4x their initial length, consecutively. At each
extension, the sample was held in place and exposed for 3 s using a 13.5 keV beam with a
wavelength of 0.9184 A. Higher extensions could not be accessed due to the decreasing diameter
of the gel fibers and the damage caused by the X-ray beam. A sample to detector distance of 10
m was used to access the g-range 0.0044-0.03 A-!. 2D scattering patterns were obtained using a
Pilatus 2M detector. The 2D patterns for the hydrogel fiber with an initial solution concentration
of 14.5 wt% in DMF are shown in Figure S6 below. No change in the domain spacing is evident
(see Figure 5d of the manuscript), but there is a slight anisotropy evident in the samples between
static and tensile configurations. The relative lack of anisotropy supports the hypothesis that the
pores of these samples are deforming initially and control the mechanical properties at low
extensions. At high strain, stress is gradually transferred to the polymer chains bridging the
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micelle cores, leading to eventual fracture. Up to moderate strain, as shown in Figure 5 of the
main text and Figure S6 below, the nanostructure remains unchanged, with only a slight degree

of anisotropy.

Static 1A 2\ 3A 4\ 5A

Figure S6. 2D scattering patterns of a THF 14.5 wt% hydrogel fiber at increasing
extension. Minimal anisotropy occurring between static and tensile samples shows that the
deformation of the gels up to moderate extension is dictated by the porous nanostructure rather

than the micellar nanostructure.
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6. Cryo-SEM imaging and Microstructure Analysis

a. Sample Cross-Sections at Multiple Magnifications

Imaging of the fiber cross-sections was achieved by cutting the hydrogel fibers perpendicular to
their length to produce 2 mm thick hydrogel discs. The sections were placed on the head of a 5
mm wide aluminum pin and placed in a cryo-microtome chamber cooled to -165 °C. After the
discs had vitrified, the pins were mounted into clamps within the chamber and microtomed
repeatedly until the height of the sample had been reduced by at least a half millimeter to ensure
an accurate cross-section. The pins with the mounted samples were stored under liquid nitrogen.
Samples were then transferred to a supercooled stud under liquid nitrogen, which was then
transferred into the Cryo-SEM antechamber at -90 °C. The samples were sputter coated with a

gold-palladium alloy, then transferred into the primary chamber for imaging.

Images of the hydrogel fibers are shown in Figures S7-S12.
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Figure S7. The cross-section of a vitrified hydrogel fiber, produced using a 9.5 wt%
polymer solution in DMF, imaged using Cryo-SEM. a) The cross-section shows the coaxial
structure with a high degree of variability in the thickness of the large pore outer sheath. b)
Higher magnification of the fiber edge, showing the two distinct pore regions present in the
fibers. ¢) High magnification of the large pore region. d) High magnification of the small pore

region. Small pore region pores are much more uniform than large pore region pores.
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DMF 10.5 wt%

Fig S8. The cross-section of a vitrified hydrogel fiber, produced using a 10.5 wt% polymer
solution in DMF, imaged using Cryo-SEM. Ice caps remained on large pores in the sample,
reducing contrast. a) The cross-section shows the coaxial structure with less variability in the
thickness of the large pore outer sheath. b) Higher magnification of the fiber edge, showing the
two distinct pore regions present in the fibers. ¢) High magnification of the large pore outer

region. d) High magnification of the small pore region.
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Fig S9. The cross-section of a vitrified hydrogel fiber, produced using a 11.5 wt% polymer
solution in DMF, imaged using Cryo-SEM. a) The cross-section shows the coaxial structure is
much more uniform, but the average value is well within standard deviation of the other two
samples with this structure. b) Higher magnification of the fiber edge, showing the two distinct
pore regions present in the fibers. ¢) High magnification of the large pore outer region. d) High

magnification of the small pore region.

S18



THF 11.1 wt%

Fig S10. The cross-section of a vitrified hydrogel fiber, produced using a 11.1 wt% polymer
solution in THF, imaged using Cryo-SEM. a) The fiber is primarily composed of a few large

pores. b) Higher magnification image of the pores in this sample.
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Fig S11. The cross-section of a vitrified hydrogel fiber, produced using a 12.5 wt% polymer
solution in THF, imaged using Cryo-SEM. a) The fiber is primarily composed of a many
small pores, with one lobe possessing an unusually high number of small pores. b) Large pores
were also scattered sporadically throughout the sample, with c) clear boundaries between the
two. d) The small pore region in this sample. All small pore regions imaged in this study showed

a high degree of uniformity as well as a striking similarity in size distribution with one another.
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THF 14.5 wt%

Fig S12. The cross-section of a vitrified hydrogel fiber, produced using a 14.5 wt% polymer
solution in THF, imaged using Cryo-SEM. a) The fiber is almost entirely composed of a many
small pores, with a few sporadic large pores. b) Edge of bubble inclusion withing the fibers,
where the pores compressed between the bubbles appeared much stronger. This may indicate a
role shear force plays in determining pore size. ¢) Clear boundaries between the large and d)

small pores.
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b. Micrograph Analysis using ImageJ Software

Pore sizes for the hydrogel samples were determined from cryo-SEM images that were analyzed
via ImagelJ software downloaded from nih.gov. First, cryo-SEM images were despeckled and
converted to 8-bit binary. Then, the image threshold was set so that the pores were black regions
bounded by white pore walls (Figure S13). Spot analysis with a minimum area of 1 pm? was
used to eliminate static still caught within the threshold to produce measurements of the total
area and Feret Diameters (the largest length between two pore walls) of each pore in the image.
Some images exhibit poor contrast, and thus, the analysis was done by hand.
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Figure S13. Pore image after being smoothed and converted to 8-bit binary via ImageJ
software. A spot analysis with a minimum area of 1 um? is used to calculate the average pore

size.
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Small Pore Area Fraction

A rough estimate of the fraction of the cross-section area comprised of small pores was obtained
by dividing the total area of the hydrogel fiber cross-section, determined using ImagelJ, by the
area of the small pore regions, calculated by the method described in the previous section. These

values were confirmed by measuring the large pore area and performing the same calculation.

10—l DMF Initial Solution
—@- THF Initial Solution
08
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Small Pore Area Fraction
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Initial Solution Concentration (wt%)

Fig S14. The fraction of the fiber area comprised of small pores for samples produced using
DMF (red) and THF (blue) as the initial organic solvents. The small pore area fraction
remains relatively consistent for the DMF samples but increases dramatically for the THF
samples. The bubble inclusions in the hydrogel fiber cross-sections were not included in the
calculation for the sample produced using an initial polymer solution concentration of 14.5 wt%

in THF (see Figures S11a and b).
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Characterization of the Core-Sheath Morphology

The relative thickness of the outer “sheath” large-pore region in fibers possessing the coaxial
morphology was measured perpendicular to the edge of the fiber at points equidistant along the
perimeter of the fiber sample in Image J. As concentration increases, the diameter of the “sheath”
region appears to decrease but is within error (Figure S15). It is possible that this indicates a
trend, the existence of which is further supported by the increase in small pore area fraction seen
in this morphology (see Figure S14). However, because variations are within error for the

concentrations accessible in this study, no further conclusions may be drawn at this time.
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Figure S15. A slight decrease in the thickness of the large pore “sheath” region is observed
from the hydrogel cross-section micrographs. However, the variations are within error of one
another, and the potential for other parameters to affect morphology effectively prevents any

conclusions from being drawn from the data at this time.
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7. Solvent Diffusion Coefficients Measured by Tracer Diffusion Experiments

The polymer solution viscosity was held constant between two samples — THF 11.0 wt% and
DMF 11.5 wt% — to isolate the effect of varying the solvent used to prepare the hydrogel. As seen
in Figure S2b, the viscosity of the initial DMF and THF polymers solutions are in the same range,
indicating that the polymer solution viscosity should have the same effect in both DMF and THF.
Contrary to these expectations, the cryo-SEM images in Figure 3a-d show that the microstructures
of the hydrogels are drastically different; THF and DMF exhibit either entirely large pores or the

coaxial fiber structure, respectively.

To assess the impact of solvent diffusion, we incorporated 1 mg/mL of Eosin Y disodium
salt into the initial solvents to trace the diffusion of the solvent out of solution. Briefly, 0.1 mL of
the solvent/polymer/EY solutions were placed in the bottom of a quartz cuvette. Att=0, 3 mL of
water were added to the cuvette, and the increase in the maximum intensity of the EY peak was
plotted with respect to time and fitted with Fick’s 2" Law of Diffusion to determine the diffusion
coefficient (Figure S16b). Interestingly, the values were highly consistent at 0.036 £ 0.075
cm?/min across solvent, polymer concentrations, and tracer concentrations, indicating that the

diffusion of the solvent is determined by the gel rather than the solvent.

Tracer diffusion experiments using Eosin Y disodium salt (EY) were conducted to compare
solvent diffusion coefficients between THF and DMF during hydrogel formation by tracking the
increase in EY concentration during solvent exchange. Figure S16a shows that the EY absorption
increases with time, as expected, and Figure S16b shows the plot of the normalized maximum
absorption for solutions with respect to time. The experimental data was fitted with Fick’s Second
Law of Diffusion to quantify the diffusion coefficient. Interestingly, the solvent exchange rate

between THF and DMF are within error, indicating that the solvent exchange rates are the same
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between the two solvents. The calculated EY diffusion coefficient was constant at or around 0.036
+0.075 cm?/min for all initial polymer solution concentrations used in the study. Additionally, the
diffusion coefficient does not show significant change when concentration of the tracer is
increased, while keeping other parameters the same. Thus, solvent exchange rate is predicted to

play a minimal role in dictating the hydrogel microstructure.
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Figure S16. Measuring EY absorbance during solvent exchange. a) EY absorbance increases
with time as EY diffuses out of the hydrogel. b) Plot of normalized intensity vs. time (min), where
t = 0 is the point at which water was added to the cuvette containing the solution of EY, solvent,
and polymer. The data was fit with Fick’s 2" Law of diffusion to calculate the diffusion coefficient

of the solvent as it diffuses from the gel.
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8. RPA Equations for Spinodals of Block Copolymer Solutions

In this section, we provide a description of the methods for obtaining spinodals via the random
phase approximation (RPA) for the response functions relevant for triblock copolymer hydrogels.
Our objective is to compute spinodals for both microphase and macrophase separation behavior
for mixtures of a block polymer, a good solvent, and a poor solvent. In the first section, we employ
the RPA to obtain structure factors that enable the computation of spinodal points for
inhomogeneous mixtures of polymers (including block copolymers, blends, and solutions).5-1
[Morse2011]In the second section, we will describe a formal solution to the RPA equations for the

system of interest: an incompressible solution of a block polymer, good solvent, and nonsolvent.

a. Overview of Obtaining Spinodals via the RPA

We first define ¢i(r) to be the volume fraction of the i species at point r wherei=1, 2, ..., np are
the blocks of the polymer, i = n, + 1 is the good solvent, and i = n, + 2 is the bad solvent. For
convenience in summation formulas, we also define ns = ny, + 2 as the total number of species. The

average volume fraction of species i is given by,

1
7= | dr o R

and the variation of the volume fraction of the monomers about the average is given by,

Y (1) = ¢;(r) — @, (S2)

A weak inhomogeneity expansion of a statistical field theory can be manipulated to give the free
energy as a functional of the density variations of the species of the mixture,”? which can be

expressed in Fourier space as,

kBT ng ng 1 A A A
Flo:(r)] =Flp:] + TZZ(ZT)df dq 1 (@y(@y;(=q) + - (83)
iJ

where kp is Boltzmann's constant, T is temperature, 1); is the forward Fourier transform of 1;, [};
B p i > 1ij

is forward Fourier transform of the so-called second vertex function, d is the dimensionality, and
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q is the wavevector. To economize on space and improve the clarity of equations, we have dropped
the explicit dependence on q, but all variables should be considered in Fourier space unless
otherwise indicated. The second vertex function is related to density fluctuations about the

homogeneous state. Specifically, the second vertex function is given by,%’

z L S = (S4)

where Sj;, is the structure factor or density correlation function,®”’

gjk = (IPAjI/;k% (S5)

An examination of Eq. S3 shows that the second vertex function is equal to the second
functional derivative of the free energy. Consequently, thermodynamic stability (i.e., a spinodal
point) is determined by finding the zeros of [ i(q). Furthermore, the wavevector dependence of
these zeros indicate the type of phase instability. If [} ;(0) is zero, then we have located the limit
of stability of a bulk macrophase. If [ ;(q") is zero at some finite wavevector q*, then the limit of
stability of a microphase separation occurs at the wavelength 2m/q*. Alternatively, the inverse
relationship between F and S; ik in Eq. S4 makes it possible to compute spinodals using the

divergence of the structure factors rather than zeros of the second vertex function.

To obtain an explicit expression of the structure factors S;; j» We again turn to a weak
inhomogeneity expansion. This expansion gives a linear response relationship between the density

variation 1); and a conjugate external field U,

£ 5,0, (6)

j=1

where f = 1/kgT. The RPA adds an additional assumption of mean-field behavior to Eq. S6
leading to the following combined “RPA equations” for a system of incompressible ideal chains

and solvents,®®
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ZS 1y +Zﬁ i+ BW 57)

where §l-0j is the structure factor for a mixture of ideal (non-interacting) chains, W is a Lagrange

multiplier, and Vj;, is a mean-field interaction potential define as,

(0 j=k S8
Vi = {kBTXjk j# k. 9

In the next section, we will provide a formal solution of Eq. S7 by eliminating the implicit
dependence on 1);, and manipulating the subsequent expressions to the form of the linear response

function in Eq. S6.

b. Formal Solution to the RPA Equations

In this section, we formally solve the RPA equations given in Eq. S7 in order to obtain an

expression for S; ;- There are two steps to solving the RPA equations: (i) use incompressibility to

solve for the Lagrange multiplier W, and then (ii) rearrange to isolate and solve for ;.

To find W, we substitute Eq. S7 into the incompressibility equation,

Z ;=0 (S9)

which yields,

- %% 85(0; +Zk Vi (S10)

"o %%,

and by substituting the Lagrange multiplier into Eq. S7 with considerable rearrangements and

mathematics gives RPA equations,

;= Zsmc BU; +Zﬁ Pk (511)
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that no longer contain W. In Eq. S11, we define “incompressible” ideal structure factors,

(XS (X SR)) (S12)
TSy

ginc _ &0 __

We can now formally solve Eq. S11 for 1; or ¥. Expanding the right-hand side and

mathematical manipulations with the left-hand side gives,

Ng ng
P == i ) SipBT, (513
i=1 j=1
where 4; ; 1s a new matrix defined as,

ng
Age = by + Z §ii}wﬁvjk- (514)

j=1

Comparing Eq. S14 to Eq. S6, we can finally identify the nonideal structure factor predicted by
the RPA,

ns
Skj = z (Ai)STe. (513)
i=1

In the next section, we will introduce analytical expressions for the ideal chain structure factor fi(’j

and use them to compute a numerical solution for RPA equations.

9. Solving RPA Equations to Estimate Spinodals of Block Copolymer Solutions

In this section, we report the modeling for an ideal chain needed to solve nonideal structure factors,
and the numerical methods for estimating the spinodals for block copolymer solutions using
Python. In the first section, we will show how the solution for the RPA equations derived in Section
A is combined with analytical expressions for the ideal chain structure factors. In the second

section, we will detail how to numerically solve these equations to compute spinodals.
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a. lIdeal Chain Structure Factors

In order to evaluate S, ;j using Eqs. S12, S14, and S15, we need to specify a model and determine
the ideal structure factors S 8-. We assume that the block polymer is a standard Gaussian chain with
Kuhn length b.7 The degree of polymerization of each block is N,; and N,, = ¥.'2, N,,; is the total

degree of polymerization of the polymer. It is also convenient to define polymer block fractions

fpi = Npi/N,. Solvent and nonsolvent are modeled as Gaussian “chains” consisting of a single

Kuhn monomer (i.e., Ny = N, = 1) of length b.

In this case, the ideal structure factor matrix has the form,”®

o0 (600 E0)) 0 0
S0 _ prySPL AP (S16)
ij 0 ®s9p(&s) 0
0 0 Pndp(&n)

where the first row and column are also matrices whose rank is equal to the number of polymer
blocks, n,. Eq. S16 contains the polymer volume fraction @, = Z?fl @;, the solvent volume
fraction g = @p, 41, the nonsolvent volume fraction @, = @y, ,,, the correlation function
between polymer blocks ﬁij where {i, j} € [1,2,...,n,], and the Debye function §Gp. It also
contains the block radius of gyration &,; = N,f,; b>q*/6 where q* = |q|*, and analogous

quantities for the monomeric solvent and nonsolvent é; = &, = b?q?/6. The Debye function is,

9 = ?(e-f +¢-1), (517)

and the correlation function for a block in a Gaussian chain is,

Np pzigD(fpi) i=],
Mijbzq2 (S]8)
6 i #J.

hij(Gpir €p1) = Nopfoifps (e~ — 1) (=501 — 1)e-

piSpj
The quantity M;; is the shortest path (in monomer units) connecting the end of the it" polymer

block to the start of the j**block.
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b. Numerical Method for Finding Spinodals

In this section, we outline the numerical procedure by which we solve for the spinodals. There are

three steps to obtaining spinodal curves:

1- Specify the model parameters.

2- Evaluate fkj(q).
3- Find the values of q where S j(q) diverges as a function of the system parameters of

interest (e.g., volume fractions ¢; or Flory interaction parameters y;;).
We will briefly discuss the details of each step in turn.

The first step involves choosing parameters for a model solution of interest. In the main
manuscript for example, we provide a table of parameters for a system consisting of a good solvent,

a nonsolvent, and a linear ABA triblock polymer. The parameters that need to be specified are:

Ny, far f: XaB» Xas) Xan» XBs» Xen» and Xsy.

Next, structure factors S, ;(q) are numerically calculated according to the formulas given

in Sections II and III. First, the ideal structure factor matrix gioj (q) is evaluated using Eq. S16, and

inc
lj

199

“incompressible” structure factors $°(q) are then evaluated using Eq. S12. The incompressible

structure factors are used to build A;;(q) in Eq. S14 and then to solve for S, j(q) using Eq. S15.
These operations are implemented in standard Python 3.9.7 using the Anaconda distribution.
Linear algebra is accomplished using the numpy standard library solve and Istsq functions.!! We

found the latter to be useful for solutions with A;, matrices that are nearly singular.

Macrophase separations can be detected using structure factors calculated with this
method. To determine macrophase spinodal points, we numerically solve for points where
1/511(qzero) (or another structure factor) crosses zero. We define g ., = 1072 as a good trade-
off between accurately capturing the ¢ — 0 behavior and numerical convenience. We find zeros

using brentq, a bracketed nonlinear solver in the scipy.optimize Python package.!?

Microphase separations are detected in a similar manner to macrophase separations, but

the relevant point is now a finite wavenumber q,,;, rather than q,.,,. Accordingly, g, 1s first
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numerically determined using the minimize scalar function in scipy.optimize.'> A cubic spline is
subsequently fit to the minima, and the zeros of spline are determined using methods previously

described. These zeros are then identified as microphase spinodal points.

Phase diagrams are constructed using the above methods by sweeping two free parameters
while holding the others constant. Two common types of phase diagrams are (i) those where all of
the values of f,,; and y;; are held constant while sweeping @, and @, and (ii) those where one
concentration (e.g., ¢, is held constant while another (e.g., ) is varied along with one of the
values of y;;. One complication that can arise is the existence of multiple spinodal points in a given

parameter sweep. This situation does not present a fundamental challenge but does require some

extra care to capture all the relevant spinodal points.

10. Calculating and Selecting the Parameters Used to Estimate the Spinodals

a. Calculating the Degree of Polymerization

To calculate the degree of polymerization of the block copolymer Ny,

we pick poly(ethylene
oxide), which has a higher block fraction f, = 0.9, to be the reference block of our polymer block-
poly(styrene)-poly(ethylene oxide)-poly(styrene) or SOS described in the main manuscript. The
molecular weight My, of this polymer is 192 kg/mol, and the densities of poly(ethylene oxide) p,
and poly(styrene) pg are 1.27 g/mL and 1.05 g/mL, respectively. Using this information, one can

estimate a block-fraction-averaged molar volume of the copolymer,

M L
v, = P ~ 153.85 —. (S19)
P fopo + (1 = fo)ps mol

Next, the molar volume of a repeat unit or a monomer of the reference polymer, which has

a molecular weight M, = 44.05 g/mol, can be easily calculated using,
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~ M mL
7,=—2~347 —. (520)
Po mol

Finally, we can approximate the degree of polymerization of this copolymer using a ratio

of those two molar volumes in Equation S19 and S20 as follows,

N, = 2 ~ 4436 (821)

SN

b. Selecting the Flory—Huggins Binary Interaction Parameters

66,9

The Flory—Huggins binary interaction parameter “y” is a measure of the miscibility between
different components in the system. A lower y value indicates a higher miscibility between
components. The y parameters between different components are needed to calculate the structure
factors as indicated by Eq. S8. We obtain y values from the experimental estimations in the
literature, or we resort to Hansen solubility parameters whenever experimental values are not
available.!’ Hansen solubility parameters provide reasonably accurate estimations of y values for
polymeric solutions.'*'* The Hansen solubility parameters depend on three types of interactions:
(a) atomic dispersion, (b) polar cohesion, and (¢) electron exchange (hydrogen bonding).!*'4 Table
S2 contains the values of the y parameters used in the phase diagrams in the main text. Table S2
is similar to the one in the main manuscript, but it also provides the references used for each y
value.

Table S2: The y parameters used in our calculations of the structure factor (the gray shading
highlights the values that change by using THF vs. DMF as the solvent for the copolymer)

Parameter | THF (Solvent) Reference DMF (Solvent) Reference
Xo-s 1.17 15 1.17 15
Xo-solvent 0.50 16 0.05 1y
X0-H,0 0.17 18 0.17 18
Xs—solvent 0.47 13 0.80 13
Xs-H,0 8.24 P 8.24 13
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XSolvent—HZO 0.23 13 0.32 19

11. A Simple 1D Diffusion Model for the Solvent/Nonsolvent Exchange

In here, we provide a description of the diffusion equations used to model a solvent/nonsolvent
exchange system consisting of two parts: (a) a polymeric solution film, and (b) a bad solvent
(nonsolvent) bath. The equations consider only one dimension, assume no convection, and account
for how the substances distribute themselves within the system. The equations can be solved

numerically using finite difference methods.

a. Model Description

We aim to track the diffusion and exchange of solvents using simple 1D diffusion equations for a
ternary system of components without convection. Two phases in contact will be initially present
in the system: (a) a solution of a polymer dissolved in a solvent (fiber phase “f”), and (b) a
nonsolvent bath (bath phase “b”). In those phases, three components could be present: (1) a
homopolymer “P”, (2) a solvent “S”, and (3) a nonsolvent “N”. For any phase, the diffusion flux

J; in that phase is given by,

dpi (522)
ia' d x

Ji=D
where D;, is the ideal diffusivity of component i in the specified phase “a” (independent of
position), p; is the mass density of i, and x is the position.?® If we assume no convection, then the
bulk velocity is very close to zero, and the mass flux n; will be approximately equal to the diffusion
flux j;. Only for dilute components in each phase, one can write the 1D diffusion equations without
convection at constant p and D,

dw; . d’w; (523)
ac V)T D

where w; is the mass fraction of component i in the phase, and t is the time. For incompressible
systems, the mass fraction is equal to the volume fraction w; = ¢;,! and the diffusion equations

become,
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do; d’o; (S24)

dt — ' dx?’
We use Eq. S24 to calculate ¢p and ¢y in the fiber phase and ¢, and @s in the bath phase at every

time step. The mass fraction for the component representing the bulk in each phase can be readily

calculated using the fact that the sum of volume fractions must equal one (}}; ¢; = 1).

In order to account for the change in the interface location due to solvent/nonsolvent

exchange, we start from the mass flow across the interfacial surface,

msurface :j' A (S25)

where A is the cross-sectional area of the interface. We use Eq. S25 to find the change in mass of

the polymeric solution phase,

dm . .
dts = Z mi, — Z Moyt (S26)

where m;, is the mass flowrate into the phase and m,,; is the mass flowrate leaving the phase.

Substituting Eqs. S22 and S25 into Eq. S26 and using,

m, = pAL (527)

where p is the total density of the phase and L is the thickness of the phase, one can change Eq.
S26 at constant p and A into

L. dpy dps dpp (S28)
pAE_DNSW.A_ SnE.A— an.A.

Dividing Eq. S28 by pA, we obtain the equation that account for the change of the interface in the

system,

dL don dos dep (529)

- D - -
dt ~ N dx S dx Prdx
b. Initial Conditions and Parameters

S36



The binary diffusion coefficients can be approximated based on a monomer diffusion coefficient,
Dy = kgT /n,b, where kg is Boltzmann’s constant, T is the system temperature, 7, is a reference
viscosity, and b is the Kuhn length of the polymer.2? We set the temperature to 293 K, the reference
viscosity to 1 cP, and the Kuhn length to 1 nm. The diffusivity of the polymer Dp in the bath phase
is close to zero since we want @p to be very low at all times in that phase. However, Dp in the fiber
phase is approximated to be 1/N,.?* The diffusivity of the solvent Dy in the bath phase is Dy as it
can easily diffuse in that phase. The diffusivity of the nonsolvent Dy in the fiber phase would be
nearly zero at the beginning because ¢y is zero initially, but ¢y increases significantly with time.
Thus, we pick the initial interfacial ¢y /2 as an approximate concentration in the phase, and we
use a formula for Dy that depends on ¢ and y from our previous publication, which results in

DN == 0.1334 D0.22

The following table shows the initial volume fractions and diffusivities used to solve for the 1D

diffusion equations in each phase of the system described earlier.

Table S3: The initial conditions and parameters used for solving the diffusion equations.

Parameter Bath phase Fiber phase
©p 0.00 0.11
On 1.00 0.00
Qs 0.00 0.89
Dy /D, 1.0e-8 1/4436
Dy /D, - 0.1334
Ds/Dq 1.0 -

¢. Numerical Solution for the Diffusion Equations

To solve the diffusion equations in Eq. S24, we use a central finite difference for the second-order

space derivative,
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dtl = A_;c(; (i1 = 20 + @i41], (530)

and we solve the equation using the “odeint” module in the Python package “scipy.integrate” at
every time step. Next, we solve for the change in thickness of the polymeric solution described by

Eq. S29 where we use a forward/backward finite difference for the first-order space derivatives,

do; _ Diq
dx 2Ax

(522)

[—3¢; +4p;_1 — @i_,],

to calculate dL/dt and update the interface location.

d. Results of the 1D Simulations

In this section, we present the findings from our 1D simulations, depicting the temporal evolution
of component concentrations. Figure S17 displays the spatial distribution of polymer
concentration at five distinct simulation points. Our chosen parameters resulted in relatively stable
polymer concentration throughout the simulation, with no detectable diffusion into the nonsolvent

bath.

In Figure S18, we observe a decrease in solvent concentration at early times, followed by
a steady state once the desired interfacial separation is attained during fiber swelling. Conversely,
in Figure S19, the nonsolvent concentration within the fiber phase increases initially, but stabilizes
once the desired interfacial separation is reached. This behavior is attributed to solvent exchange
across the moving interface, leading to a net influx of nonsolvent into the fiber, as evidenced by

fiber swelling.

Figure S20 presents the average concentration of components within the fiber phase, as
also depicted in the ternary phase diagrams in the main manuscript. Notably, the majority of
concentration changes occur during the initial stages, prior to achieving the desired interfacial
separation. Once this separation is achieved, the fiber phase exhibits relatively constant

concentrations as it continues to swell over time.
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Figure S17. The time evolution of concentration of the polymer in a system consisting of the
“fiber” and the “bath”. Initially, the fiber covers all the range where x > 0 while the bath covers
all the range where x < 0. The time progresses from lighter to darker orange color. The blue arrow
indicates the main direction of movement of the interface between the fiber and the bath during

the simulations.

S39



Bath Fiber
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Figure S18. The time evolution of concentration of the solvent in a system consisting of the
“fiber” and the “bath”. Initially, the fiber covers all the range where x > 0 while the bath covers
all the range where x < 0. The time progresses from lighter to darker red color. The blue arrow
indicates the main direction of movement of the interface between the fiber and the bath during

the simulations.
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Figure S19. The time evolution of concentration of the nonsolvent in a system consisting of
the “fiber” and the “bath”. Initially, the fiber covers all the range where x > 0 while the bath
covers all the range where x < 0. The time progresses from lighter to darker brown color. The blue
arrow indicates the main direction of movement of the interface between the fiber and the bath

during the simulations.
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Figure S20. The time evolution of concentration of the average concentration of each of the three

components (polymer, nonsolvent, and solvent) in the “fiber” phase.
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12. Critical Water Content Measurements

The critical water content (CWC) — i.e., the fraction of water that induces micellization in the
block copolymers — was calculated by measuring the scattering intensity of filtered, dilute
solutions of the triblock copolymers in THF and DMF as the weight fraction of water in solution
increased. Measurements were conducted using a Brookhaven Instruments BI-200SM Research
goniometer system with a 637 nm, 30 mW laser and a 100 pm aperture, and the solutions were
filtered twice using a 0.45 pum Teflon filter. The concentration of the initial THF and DMF
solutions was selected to be 4 and 2.5 mg/mL through trial and error as the lowest concentrations
producing measurable scattering. As shown in Figure S21, the critical water content is identical
for both THF and DMF solutions, where onset and completion of micellization occurs between

7-8% water by weight. This value was shown to be unaffected by concentration.

Intensity [a.u.]

| |
0.000 0.020  0.040 0.060 0.080  0.100

Water Content (w,,/w,

Figure S21. Critical water content measurements in a dilute triblock copolymer solution in

THF and DMF.
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Mechanical properties

a. Measuring fiber cross-sectional area

The low modulus and tensile strength of these hydrogels required a precise measurement of the
cross-sectional area to accurately calculate the applied stress. Due to irregularities in the shape of
the hydrogel fibers, the area was determined by taking cross-sectional slices of the hydrogel —
similar to those mounted on aluminum pins for cryo-microtoming — and examining them under
a bright field microscope at 2.5x magnification. Measurements were performed quickly, as the
heat of the microscope began to evaporate the water withing the hydrogels. At least five
representative slices were used for each cross-section, and the area of the cross-sections was

calculated using Image J.

1000 pm

Figure S22. Example hydrogel slice used to calculate cross-sectional area for fiber samples.

Images were obtained with a bright field microscope at 2.5x magnification.
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b. Summary of calculated values

Due to the noise in the data, the Young’s Modulus (E) was calculated from a trendline fit to the

first 100 points of data for every sample tested. The tensile strength corresponds with the

maximum stress achieved by the samples. The toughness was calculated from the area under the

stress-strain curve. Values are averaged for 5 to 7 samples per sample concentration. Average

values and raw data are shown below.
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Figure S23. Summary of measured mechanical properties. The Young’s Modulus for the
DMF samples was highly consistent as the initial polymer solution increased, but the samples
made with THF show a steady increase in £ with concentration. The tensile strength of the
samples produced with DMF were unchanging within error of one another, while the THF
samples showed an increase. The variability in DMF sample tensile strength is reflected in the
values calculated for toughness, but once again the values are all within error of each other. The
THF samples show little variation in toughness due to the decrease in elongation with increasing

initial solution concentration (see Figure 5a).
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¢. Raw data for uniaxial extension tests

Uniaxial extension tests were performed using spring-loaded steel grips and a 10 N load
transducer on a Criterion Load frame from MTS. All samples were deformed at a rate of 3/min.
In the graphs shown below, the sample data for a given initial solution condition is shown in
gray, with the representative trace, which had the closest alignment to the average elongation
ratio and ultimate tensile strength at break for each sample condition, highlighted in color. The
color used corresponds with the samples shown in Figure 5a. The data for samples produced
with DMF as the organic solvent shows a high degree of variability in the elongation at break at
lower initial polymer solution concentrations, with some fibers failing earlier (6 times original
length). Though the cause of this is unclear, it may potentially be attributed to slightly larger
outer pore regions allowing cracks to propagate more easily. As initial polymer solution
concentration increases for the samples produced using DMF, the elongation at break and
ultimate tensile strength of the hydrogels becomes more consistent. Dips and drops in the data
are attributed either to slight tearing of the fiber or to observed slippage of the hydrogel fiber

from between the clamps.

THF samples showed distinct trends in mechanical properties with increasing
concentration: as concentration increased, so did tensile strength and elastic modulus, consistent
with results reported in previous publications where THF was used as the organic solvent.

Conversely, the elongation at break decreased with increasing initial solution concentration.

S46



[}
G

o
S
T
(2]

; ol
ol 9 A
sl DMF 9.5wt% s & — DMF 11.5Wt%, /
7 /
7L / 7 /
= sl f g s 3 B
3 5 < € st 4
o B ! >
é:' 4 s | é:’ 4 g M
3 g 3 . -
2 A" 2 y 2
1} 1 . 1
0 N T A 0 . .|.|JI-|.‘|L-| 0 N -I-I-lrl‘h al
2 4 ] 8 10 12 2 4 8 8 10 12 14 2 4 6 8 10 12 14 18
Elongation Ratio Elongation Ratio Elongation Ratio
d e . f <[ A
== THF 11.0wt% °F — THF 12.5wt% ) ; ’,.\’ = THF 14.5wWt%
T T T
o
5 & 3
2 2 g
5 8 5

Elongation Ratio

Elongation Ratio

Figure S24. Stress-strain curves generated from uniaxial tensile tests for hydrogel fibers.
Representative samples are shown in color for a) DMF 9.5 wt%, b) DMF 10.5 wt%, ¢) DMF
11.5 wt%, d) THF 11 wt%, e) THF 12.5 wt%, and f) THF 14.5 wt%. A minimum of four
samples were tested for each sample condition. Though DMF samples showed greater variability
in mechanical properties (ultimate tensile rate) at low initial solution conditions, the average
values remained consistent. In contrast, samples prepared with THF increase in both average
modulus and tensile strength with concentration, but elongation at break decreases with

increasing concentration.
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13. Oscillatory shear rheology on hydrogels

While the injected fiber samples were amenable to uniaxial extension tests, the hydrogels produced
using conventional methods were brittle. The shear modulus of these hydrogels was measured via
oscillatory shear rheology using a TA Ares-G2 rheometer, first with a dynamic strain sweep to
determine the strain region appropriate for testing, and next with a dynamic frequency sweep from
0.1-10 rad/s. Interestingly, the hydrogel fibers showed no change in the storage modulus G’ with
solvent or initial strain, as the storage modulus was approximately equal at both 10 and 100%
strain. In contrast, the annealed “equilibrium” sample could only be tested at a strain of 2%. The
lack of difference between samples is most likely due to the consistent swelling ratio for all

samples.

THF 1.0 Pa.s.--10% Strain
2F 1 DMF 1.0 Pa.s.--10% Strain
- DMF 1.0 Pa.s.--100% Strain
- Equilibrium--2% Strain

Storage Modulus G'
I
|

Angular Velocity w (rad/s)

Figure S25. Oscillatory shear rheology measurements for conventional samples and
injected fiber hydrogel samples. Samples prepared through conventional methods were brittle
and were thus tested at low strain. The shear modulus of the hydrogel samples was five times
greater in the conventional samples than in the injected fiber samples, which is consistent with
expectations. Interestingly, the injected fiber samples showed a consistent storage modulus,

despite variations in both samples and strain.
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14. Small-Angle Light Scattering Experiments

a. Experimental Setup

PPy
a o = b
q, Plate grips
L2 \ | ) ,
_/ ( Movable mount

l,
Hydrogel
BS == - ' Threaded rod
—
EFL,

L1 ( ) / Fixed mount

) ly _ g [ 0.25 inches
s / /" 0.25inches
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Figure S26. SALS experimental setup. a) Schematic diagram of the scattered light where S is
the sample, 0 is the scattering angle, focused by lens L1 through beamstop (BS) through lens L2

to a CMOS detector. b) Scheme of the stretching sample holder.

Figure S26a represents the small-angle light scattering (SALS) setup, which has been published
previously.?® The ray diagram shows the initial laser of 625 nm scattered from the sample at an
angle 0 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

beam stop and is refocused through another convex lens L2 (Thorlabs-LA 1951A). The beam
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stop is at a focal length away from lens L1 and blocks all direct light from the laser. The 1; and I»
can be changed to optimize the g-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 per mm. This was later
used to determine the pixel-to-g conversion for the scattering patterns. The hydrogel was then
loaded to the sample setup. The I; was set to ~25 mm and I to ~75 mm. The room lights were
then turned off to avoid any background scattering. A scattering image was then taken for each

sample.

Figure S26b shows a schematic diagram of the sample setup. 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 z-direction. The

hydrogel can then be stretched to different lengths.
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b. Results
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Figure S27. SALS data for a hydrogel prepared from a 12.5 wt% polymer solution in THF.
2D scattering plot for a) unstretched and stretched samples at elongation ratios of b) 2, c¢) 3, and
d) 4. e) Intensity versus ¢ plot at elongation ratios of 0, 2, 3, and 4. f) Intensity versus azimuthal

angle, P, plot at elongation ratios of 0, 2, 3, and 4. g) Pore domain spacing, d, .
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The hydrogel pore domain spacing, d, and alignment were determined from the 2D scattering
plots shown in Figures S27a — d. The domain spacing for the unstretched sample was calculated
to be ~ 20 um in size using the equation, d = 27/q*, where ¢* is the primary scattering peak from
Figure S27e. The asymmetric 2D scattering plots indicate that the hydrogel pores are oriented
along the long axis of the gels. As the sample is stretched, the scattering band widens
perpendicular to the direction of stretch and decreases in intensity. Simultaneously, the
orientation of the pore domains, which is along the fiber, increases, as seen from the narrowing
of the scattering band and in the intensity versus azimuthal angle, ¥, plot in Figure S27f.
Furthermore, as the hydrogel is stretched, the in-plane distance between pores decreases from ~

20 um to 2-2.5 pm (Figure S27g).

S52



18. Property Comparison with Hydrogels in the Literature

Table S3: Reported values from the literature for maximum tensile strength, Young’s Modulus,
and elongation ratio at break for physical, single network, interpenetrating network,
supramolecular, and porous gels. Values not reported are indicated by “NR,” and values with an
asterisk were tested under compression. Reported values plotted with permission in Figure 5f of

the manuscript.

Reference in

Hydrogel Class Omax (MPa)

Manuscript

Physical Gel 1.5-5 0.2-5 2.2-35 36
Physical Gel 1-7.5 5 4.5-5.0 38
Physical Gel 0.004-0.43 NR 1.4 22
Physical Gel 20-200 NR 8.0 37
Single Network 2.5-5 2-20 3.5-5 12
Single Network 0.4-4 0.01-0.04 2.0-1.9 11
Single Network 0.025-0.4 0.001-2 2.0-8.0 13
Single Network 0.035-0.7 0.0184-0.072 5.0-8.0 4
Single Network 1-9 0.114-10 2.0 14
Interpenetrating

Network Gel 50-250 0.008-0.374 1.25-5.0 46
Ir;eertp;:irz:llg 2.1-3.1 0.5-6.5 4.0-9.0 47
Iri:tp;::fztzg 0.1-17.2 NR 7.0 48
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Reference in

Hydrogel Class Omax (MPa)

Manuscript
Supramolecular 0.5-6 NR 11-15 44
Supramolecular 0.01-0.052 NR 15-33 39
Supramolecular 0.75-2.5 NR 11-21 45
Porous 0.014-0.21* NR 1.25-1.63* 43
Porous 0.005-0.014* NR 1.15% 17
Porous 0.025-0.15%* 0.96-5.8 1.6* 40
Porous 0.12* 0.0073 1.95% 41
Porous 0.0025-0.015* 0.0015-0.023 1.5% 42
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