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ABSTRACT

Dynamic covalent chemistry (DCC) crosslinks can form hydrogels with tunable
mechanical properties permissive to injectability and self-healing. However, not all
hydrogels with transient crosslinks are easily extrudable. For this reason, two
additional design parameters must be considered when formulating DCC-crosslinked
hydrogels: 1) degree of functionalization (DoF) and 2) polymer molecular weight (MW).
To investigate these parameters, we formulated hydrogels comprised of two
recombinant biopolymers: (1) a hyaluronic acid (HA) modified with benzaldehyde (HA-
BZA) and (2) an elastin-like protein (ELP) modified with hydrazine (ELP-HYD). We
synthesized several hydrogel families with distinct HA MW and DoF while keeping the
ELP-HYD component constant. The resulting hydrogels had a range of stiffnesses, G’ ~
10-1000 Pa, and extrudability, which was attributed to the combined effects of DCC
crosslinks and polymer entanglements. In general, lower MW formulations required
lower forces for injectability, regardless of stiffness. Higher DoF formulations exhibited
more rapid self-healing. Gel extrusion through a cannula (2-m length, 0.25-mm
diameter) demonstrated the potential for minimally-invasive delivery for future
biomedical applications. In summary, this work highlights additional parameters that
influence the injectability and network formation of DCC-crosslinked hydrogels and

aims to guide future design of injectable hydrogels.

1. Introduction

Hydrogels have extensive biomedical applications, including tissue engineering, medical
devices, and therapeutic delivery vehicles.! One of the key benefits of hydrogels is the
tunable range of their mechanical properties (e.g., stiffness, self-healing, and
remodeling) that allows them to replicate essential features of the natural extracellular
matrix (ECM).%4 Furthermore, the potential extrudability of hydrogels is beneficial for

clinical translation,® as injection is a favorable route for delivery of cells and
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pharmaceuticals, including proteins®® and gene therapies.®11 However, producing
hydrogels that are simultaneously injectable, encompass a broad range of stiffness, and
retain their mechanical properties post-extrusion remains a challenge in the field.
Physical gels depend on transient crosslinks, such as hydrogen bonds and van der Waals
forces,'2 which generally allow for extrusion and injection. Nonetheless, the weak
nature of these bonds results in low stiffness gels.1213 On the other hand, chemical gels
depend on permanent crosslinks, which often provide increased stability and higher
stiffness.1213 However, typically these permanent crosslinks prevent extrusion,
requiring complex injection protocols,13-15 which greatly limits their clinical

translatability.

Dynamic covalent chemistry (DCC) has emerged as an alternative approach for
hydrogel crosslinking.16-1° The covalent nature of DCC provides mechanical strength to
the hydrogel, while the transient behavior allows the polymer chains to associate and
dissociate. This can enable injectability and recovery of the polymer network post-
extrusion, regaining the original mechanical properties.1720 However, not all DCC
hydrogels are injectable,?l especially using only hand-force as the extrusion method,
and not all DCC hydrogels are able to fully recover their pre-injection mechanical
properties.22-25 Literature has shown that properties at both the single macromolecule
level (e.g., polymer molecular weight)26-28 and the network level (e.g., density of
crosslinks) can directly affect the extrudability of gels.29-31 Thus, while DCC crosslinking
is often permissive for injectability, it is insufficient to universally predict hydrogel

injection.

Using DCC strategies, our group has previously demonstrated extrusion of recombinant
biomacromolecular hydrogels. Combining a chemically modified hyaluronic acid (HA), a
linear polysaccharide, with a modified elastin-like protein (ELP), we created a highly
tunable bioengineered hydrogel system, termed HELP.2132-35 HA is present throughout

the native ECM, readily biodegradable, and easily functionalized for a variety of
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crosslinking schemes making it an ideal candidate for hydrogel synthesis.1519.36-38
Further, the design of ELP’s amino acid sequence simultaneously confers mechanical
elasticity (inclusion of repetitive elastin-like peptides), cell-adhesion (inclusion of
fibronectin-derived RGD peptides), and facile chemical functionalization (inclusion of
lysine residues with primary amine side chains) (Fig. $1).3° Using an aldehyde-
functionalized HA and a hydrazine-functionalized ELP, the resulting HELP hydrogel is
stabilized through hydrazone bonds, a dynamic covalent crosslink (Fig. 1A-C). Previous
work demonstrated that these HELP hydrogels support the culture of primary human
adult intestinal organoids,3# can deliver therapeutics to the myocardium4%4! and can be
formulated as a bioink for 3D printing.3> Furthermore, the system'’s stiffness is tunable
through several variables, including crosslinking temperature, degree of chemical
functionalization, and polymer concentration.3? In addition, HELP formulations have
been shown to increase payload retention in a demanding myocardial injection model,
improving their clinical translation potential.2140 However, similar to other DCC
hydrogels, predicting the hand-injectability of different HELP formulations is a
challenge,?! highlighting the lack of knowledge of the impact of hydrogel design

parameters on injectability for DCC-crosslinked systems.

The versatility and synthetic control of the HA and ELP biopolymers make the HELP
hydrogel system an ideal platform to address this fundamental knowledge gap. In this
work, we evaluated the role of two macromolecular parameters, degree of
functionalization and polymer molecular weight, in modulating injectability and
recovery of mechanical properties for DCC-crosslinked HELP hydrogels. Specifically, we
synthesized a family of HELP formulations, with identical ELP content and varying 1)
HA degree of functionalization, with 6-30% of the carboxylic acids in the HA backbone
modified to present benzaldehyde motifs, and 2) HA molecular weight between 20-500
kDa (Fig. 1D). Interestingly, while high molecular weight HA (1000 kDa or larger) is

present in the healthy, native ECM, most HA used in engineered biomaterials have
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molecular weights ranging from 100 - 250 kDa.*247 For hydrogels, the mechanical
stiffness is related to the density of crosslinks, which can occur both through chemical
crosslinking reactions as well as physical associations and entanglements.2048-52 We
rationalized that both of our experimental variables were likely to alter the final
hydrogel stiffness. Changing the degree of HA functionalization will alter the
stoichiometric ratio of hydrazine to benzaldehyde reactive groups, and hence impact
the density of chemical crosslinking sites within the gel network. We hypothesize that
changing the HA molecular weight will lead to greater physical entanglements within
the gel network. While the role of these parameters in controlling gel stiffness is
somewhat intuitive, how they may impact injectability is less predictable, as
injectability can be related to hydrogel stiffness2-31 in addition to viscosity,3! yield
stress,>3-5> and fracture stress.2! Furthermore, the ability of a material to regain its
stiffness after injection is also challenging to predict. Thus, through systematic
rheological analysis of this family of HELP hydrogels, we sought to relate these
molecular-level design parameters to the final hydrogel stiffness, injectability, and
ability to self-heal following extrusion. In particular, to demonstrate the potential for
clinical translatability, we developed an in vitro model of catheter injection using a long,
thin cannula (Fig.1E). As HA becomes an increasingly common component of
engineered biomaterials, evaluating the relationship between HA molecular-level
design parameters and final hydrogel material properties will become ever more

important.
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Figure 1. A. Chemical structure of hyaluronic acid (HA) modified with benzaldehyde
(BZA) moiety, and scheme of elastin-like protein (ELP) modified with hydrazine (HYD)
moiety. B. Representation of HA-BZA mixed with ELP-HYD, spontaneously forming a
hydrazone bond, a dynamic covalent crosslink. C. Schematic of hydrogel network
formed upon mixing, termed HELP gel. D. Schematic of variables in this study: percent
modification of HA-BZA and molecular weight of HA. E. Model of injection through

cannula (L = 200 cm, ID = 0.25 mm) to demonstrate our goal and clinical translatability

2. Results and Discussion

Click-chemistry allows for controlled functionalization of HA while maintaining

polymer molecular weight
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The recombinant ELP was synthesized by bacterial expression and purified by inverse
temperature cycling as previously reported.3° To modify the ELP with hydrazine groups,
we performed an amidation of hydrazinoacetic acid onto the 14 lysine residues within
the primary ELP amino acid sequence, resulting in ELP-HYD32 (Fig.1A, Fig. S2). This
same ELP component was used throughout all HELP formulations at a final

concentration of 1 wt%.

Recombinant HA of varying molecular weights were purchased and bioconjugated with
benzaldehyde (BZA) through the amidation of propargyl amine followed by a copper
mediated click-chemistry reaction to synthesize HA-BZA,345657 (Fig. S3). Compared to
oxidation, which is an alternative method to synthesize aldehyde-presenting HA, this
click-chemistry approach does not result in polymer cleavage;>8>° thus, this synthetic
strategy retains the HA polymer molecular weight.21.58-60 The degree of functionalization
was tuned between 6-30% by varying the degree of amidation, and the final amount of
benzaldehyde modification was confirmed by NMR (Fig. S4-S8). When mixed in a 1:1
ratio (by mass, final concentration of 1% wt ELP-HYD and 1 wt% HA-BZA) of ELP-HYD
to HA-BZA, a gel is rapidly formed through the formation of hydrazone bonds that
crosslink the two biopolymers together (Fig.1B). The benzaldehyde-hydrazine reaction
has a relatively high equilibrium constant (Keq),6* which, results in stable HELP gels.3>
While the high BZA-HYD Keq results in slower remodeling,2! the crosslink still maintains
its dynamic nature at physiological pH and temperature,®! providing shear-thinning

properties that may allow for hydrogel injectability.

While it has been hypothesized that the reversible nature of DCCs would invariably lead
to injectable hydrogels,1316-18 that is not always the case. DCC hydrogels present a range
of extrudability behavior, with many gel strategies that are too difficult to extrude by

hand?13562.63 or extrude as fragmented gels that cannot regain their original mechanical
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properties.3>6468 Therefore, further exploration is necessary to uncover the

fundamental design rules of dynamic polymer networks that would lead to hydrogels

with both ease of injectability and robust mechanics. To probe our hypothesis that HA

functionality and molecular weight would impact the injectability and final mechanical

performance of the hydrogel, we first mechanically characterized the initial gel

properties, including gelation time, stiffness, viscosity, and fracture stress.
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Figure 2. Gelation characterization of a family of HELP gels with 20-kDa and 40-
kDa HA. A. Storage modulus of HELP formulations with 20-kDa HA with degree of BZA

modification ranging from 6 to 30 %. B. Visualization of trend-lines of storage moduli
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with respect to stoichiometric ratio of the crosslinking benzaldehyde to hydrazine
functional groups (BZA:HYD) for HELP formulations with 20-kDa HA, with standard
deviation (SD). SD values are listed in Table S1. C. Schematic of idealized mesoscale
structure of HA and ELP biopolymers at varying BZA:HYD ratios for formulations with
20-kDa HA. D. Storage modulus of HELP formulations with 40-kDa HA. E. Storage
moduli trend with respect to stoichiometric ratio of BZA:HYD with 40-kDa HA, with
standard deviation. SD values are listed in Table S1. F. Schematic of idealized mesoscale
structure at varying BZA:HYD ratios with 40-kDa HA. One-way ANOVA, *p < 0.05, **p<
0.01, **p < 0.001, ****p < 0.0001.

At low HA molecular weights, degree of functionalization has a parabolic effect on

gel stiffness

We combined the HA and ELP functionalized biopolymers to create a library of 15 HELP
formulations, all of which had 1% HA-BZA and 1% ELP-HYD by weight in 10X isotonic
phosphate-buffered saline (iPBS). Due to the pH sensitivity of the hydrazone reaction,®®
we selected to solubilize each biopolymer in 10X iPBS to provide stable buffering as the
reaction proceeds. Each gel was mechanically characterized through rheological
measurements assessing gelation time and storage (G’) and loss (G”) moduli. These
studies aimed to mirror the potential translational application, by mixing of the two
components at room temperature (23 °C, 15 minutes) to assess gelation time, followed
by an increase to 37 °C to simulate body temperature to assess initial gel stiffness. When
injected in vivo, we would expect the ions in the 10X iPBS buffer to rapidly diffuse into
the surrounding tissue and equilibrate with the surrounding fluid medium. Depending
on the site of injection, this may alter the final in situ mechanical properties of the gel, as
different body locations have different pH and ionic strengths.’? In previous studies, we
observed that measurement of initial gel stiffness ex vivo correlated with gel retention
in the rat myocardium,?! suggesting that relative mechanical properties measured ex

vivo reflect relative properties in vivo.
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The benzaldehyde-hydrazine reaction, responsible for the network crosslinking, has a
stoichiometry of one BZA to one HYD moiety.326165 Thus, by varying the degree of BZA
functionalization on the HA, we are directly changing the stoichiometric ratio of BZA to
HYD functional groups (BZA:HYD), which will impact the crosslink formation and initial
hydrogel stiffness.1271-73 We first evaluated the hydrogel gelation time, which we
defined as the time required to reach atan 6 =G”/G’ =1, at 1 rad/s, 1% strain, and room
temperature.’+77 Even though gelation time measurements had large standard
deviations, due to variations in mixing and start of data collection, there was a
noticeable decrease in gelation time with an increase in BZA functionalization for all
molecular weights (Fig. S9). This trend indicates that the polymer network was formed
more quickly as we increased the concentration of BZA in all HELP formulations, likely
due to a combination of increased DCC reaction kinetics as the concentration of BZA
reactant is increased!® resulting in a crosslinking density that reaches the percolation

threshold at earlier times.12

As previously reported, all HELP formulations experienced an increase in storage
modulus (~200 Pa) as the temperature increased from 23 °C to 37 °C,32 (Fig. S10). This
stiffening effect is a consequence of the conformational change in the ELP component
above its lower critical transition temperature (T¢).213278 ELP forms protein-rich
coacervates above the T, which serve as additional physical crosslinking sites’® within
the HELP formulations.21.32 All gel formulations were held at 37 °C for 15 minutes to

allow this process to occur prior to measurement of initial gel moduli.

In HELP formulations with the smallest HA (20 kDa), the gel stiffness followed a
parabolic trend with respect to the ratio of BZA to HYD (BZA:HYD) (Fig 2A-B). Within
this subfamily of gels (20 kDa HA), the maximum stiffness was achieved at a BZA:HYD
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ratio close to 1:1, a behavior similar to that for chemical hydrogels crosslinked with
static covalent bonds.128081 This parabolic behavior can be explained by examining the
functional group ratio (BZA:HYD) to predict the total number of possible crosslinks
between the biopolymers, (Fig. 2B). At ratios lower than 1:1, there is an excess of HYD
moieties and not enough BZA available to react with each HYD (Fig. 2C). This results in
a lower density of crosslinks and a lower storage modulus (average storage modulus
(G’avg) for gels with 6 % BZA was 19.7 £+ 1.5 Pa).127173 At a 1:1 ratio of BZA:HYD, the
actual concentration of available functional groups is similar to the stoichiometric ratio
of the crosslinking reaction. Thus, all functional groups could potentially participate in
crosslinking, which leads to an increased density of crosslinks and a higher storage
modulus of approximately 100 Pa (G’avg = 94.0 £ 16.8 Pa and G’avg = 111.3 Pa £+ 42.2, at
12% and 20% BZA respectively). As the concentration of BZA moieties to HYD moieties
is further increased, there is now an excess of BZA moieties, leading to rapid formation
of the network as evidenced by the decreased gelation time (Fig. S9). This rapid
gelation leads to a high prevalence of gel defects, such as dangling bonds and loops, that
do not structurally contribute to the continuous polymer network.”282-85 Further, as the
HA biopolymer is relatively short (20 kDa, about half the length of the 37-kDa ELP),
shorter percolating paths and fewer entanglements can be formed,>15286-90 as the chains
are unable to span across multiple neighboring ELP chains. These limitations decrease
the effective density of crosslinks in the hydrogel, lowering the modulus (G’avg = 19.2 +
8.5 Pa at 30 % BZA).

For intermediate HA molecular weight, increasing the degree of functionalization

will increase the gel stiffness

While the stiffness of HELP formulations with the 20-kDa HA follow a parabolic trend,
HELP formulations with higher molecular weight (e.g. 40 kDa HA) presented an overall
increase in stiffness as the BZA:HYD ratio increases (Fig. 2D,E). Many theories, such as

the sticky Rouse and the sticky reptation models®1-94 have been proposed to describe
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the behavior of dynamically crosslinked hydrogels; however, Cai et. al. has recently
developed a theoretical framework that considers the dynamic nature of the network on
a self-consistent, single-chain level.?52¢ We rationalized that by considering the single-
chain level, we could elucidate the effect of HA molecular weight on the stiffness of each
subfamily. Termed Brachiation theory, this model describes the transitory union of the
dynamic bonds along the chain backbone, allowing for a chain to move through the
polymer network via a mechanism of transient reaching, grabbing, and releasing of
other polymer chains.?> An essential aspect of this theory is its consideration of the

probability (pb) of the chain being bound at any moment, such that at equilibrium

KeogXcXM . a1 . :
eq” where Keq is the equilibrium constant, ¢ the polymer-chain

Ph = Fkeqmexity
concentration, and M is the number of binding sites per chain.?> Through this lens, HA
chains with a higher number of BZA reactive sites will have a greater probability for
more bound associations at any moment, contributing to a longer continuous

percolating pathway throughout the network (Fig. 2F) and a stiffer gel.86-90.95

At BZA:HYD ratios smaller than 1:1, there are not enough BZA moieties to react with all
HYD moieties, leading to low crosslink density and lower modulus? (40-kDa HA, 6 %
BZA G'avg = 44.0 + 35.2 Pa). As the BZA:HYD ratio increases, the number of functional
groups per HA chain is also increased, leading to an increase in modulus (40-kDa HA,
G'avg = 152.1 £+ 75.3 Pa at 12% BZA; G'avg = 652.5 £+ 220.6 Pa at 20% BZA; and G'avg =
773.3 + 174.2 Pa at 30% BZA).

Thus, while the gel sub-family formulated with 20-kDa HA had a stiffer modulus near a
BZA:HYD ratio of 1:1, for the 40-kDa HA sub-family the stiffest formulations occurred at
higher BZA:HYD ratios, consistent with the prediction of Brachiation theory. The longer
chain lengths of the 40-kDa HA sub-family have a greater likelihood to span across
neighboring ELP chains (Fig. 2F), allowing for longer continuous paths through the
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network.1286-90.95 [n addition, the longer HA chains may enable the formation of

entanglements that can also serve as effective structural crosslinks?2.
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Figure 3. Effect of chain length on the stiffness of HELP gels. A & B. Storage moduli
of HELP formulations with 100-kDa HA crosslinked at 23 °C (A), and 4 °C (B) with
degree of BZA modification ranging from 6, 12, 20 and 30 %. C. Lower critical transition
temperature (Tt) of ELP and ELP-HYD in 1X PBS and 10X isotonic PBS (10X iPBS),
showing the temperature at which the polymer undergoes a conformational change.

Chemical conjugation decreases the Ti while 1X PBS increases solubility. D. Storage
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moduli of all HELP formulations with 12 % BZA functionalization, with HA molecular
weight ranging from 20 to 500 kDa crosslinked at 23 °C. E. Schematic of entanglements
effects on storage moduli at increasing HA molecular weight. All data are averages +/-

standard deviation, one-way ANOVA, *p < 0.05, **p< 0.01, ***p < 0.001, ****p < 0.0001.

Impact of chain entanglements and lower critical transition temperature behavior

on effective crosslinking density

These observations led us to explore the potential limits of further increasing HA
molecular weight. On the one hand, increasing polymer molecular weight is expected to
increase entanglements, potentially resulting in a higher density of effective crosslinks
and stiffer gels. On the other hand, increasing polymer molecular weight can decrease
molecular mobility and cause greater gel defects, leading to less effective crosslinking
and weaker gels.>18597 Thus, to further study the role of HA molecular weight, we
synthesized sub-families of HELP formulations with 60- and 100-kDa HA. For the 60-
kDa sub-family, the gel stiffness increased as the BZA:HYD ratio increased (Fig. S11),
similar to the trend observed for the 40-kDa HA sub-family of gels. Thus, the 60-kDa HA

is also sufficiently long enough to follow the trends predicted by Brachiation theory.

Similar to the 20-kDa HA sub-family, the 100-kDa HA sub-family had a maximum
stiffness near a BZA-HYD ratio of 1:1, with decreasing stiffness at lower and higher
ratios (Fig. 3A). These data suggest that while the 40-kDa and 60-kDa sub-families fit
the Brachiation model, as the HA molecular weight is further increased, the presence of
network defects and decreased molecular mobility becomes more pronounced, leading
to a lower gel stiffness even at high BZA-HYD ratios. The higher susceptibility of 100-
kDa formulations to this phenomenon is due to its higher functionality per chain. For
example, the 30% modified, 100-kDa HA is estimated to have 75 BZA functional groups
per chain, compared to only 45 BZA functional groups for the 30% modified, 60-kDa HA.
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This increase in functionality greatly constrains molecular mobility, maintaining the
presence of network defects that were formed during initial mixing and rapid
crosslinking, which decreases the overall gel stiffness.”281-8595 As with all the HELP sub-
families, at higher degrees of modification (20% and 30%), the gelation time was so
short that G’ was typically larger than G” by the time rheological data collection was
initiated (about 20 seconds after initial mixing) (Fig. S9). We hypothesized that this
rapid crosslinking traps the HA polymers into a nonideal network structure, and these
defects are maintained for the 100-kDa HA formulations, which have decreased

molecular mobility, resulting in lower crosslinking efficiency.”?

To test this idea, we used temperature to slow down the crosslinking reaction. The ELP-
HYD and HA-BZA polymers were mixed and allowed to react for 5 min at 4 °C prior to
increasing the temperature to 23 °C for 15 min. As before, all rheological measurements
were made at 37 °C. In addition to slowing down the hydrazone crosslinking kinetics,
mixing at 4 °C also improves the accessibility of the ELP-HYD functional groups.21.3278
As expected, solubilizing the ELP-HYD in 10X iPBS lowers the T: to slightly below room
temperature (~20 °C, Fig. 3C). As previously described by others, increasing the
phosphate concentration in the buffer solution disrupts the hydration structure
surrounding the ELP, leading to a decrease in T.?%9° Thus, by mixing the ELP-HYD
below its T: (~20 °C, Fig. 3C), we allow the protein to be fully hydrated in the solution
and adopt an extended, random configuration®899 that allows for greater accessibility of
reactive sites. Furthermore, the slower reaction kinetics should allow for more
homogeneous mixing prior to the onset of gelation and a decrease in network defects.
Both of these effects would result in increased crosslinking efficiency and a stiffer gel.
Consistent with this hypothesis, mixing the ELP-HYD with the 30% functionalized 100-
kDa HA for 5 minutes at 4 °C increased the gel stiffness five-fold compared to mixing at
room temperature (G° ~ 1,500 Pa and 300 Pa, respectively, Fig. 3B). Interestingly,

mixing the sub-family of 100-kDa HA formulations at 4 °C rescued the Brachiation-like
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behavior, where gel stiffness increased as BZA-HYD ratio increased. This suggests that
the entrapment of the network in a defect-rich state could be overcome by crosslinking
the hydrogel at a lower temperature. As many biomaterial hydrogels employ polymers
with lower critical solution temperature behavior, including ELP,32 resilin-like
proteins,100 and poly(N-isopropylacrylamide),101 this strategy of crosslinking at lower
temperatures may be helpful for other systems. Taken together, these data demonstrate
that network defects and entanglements can have a pronounced impact on final gel

mechanical properties for high molecular weight HA formulations.

There is an upper limit to the contribution of HA entanglements to crosslinking

efficiency

To explore the impact of HA entanglements, we compared the gel stiffness for HELP
formulations of varying molecular weight and identical degree of BZA functionalization
(12%). This 12% degree of modification was selected since it allowed for adequate,
homogeneous mixing even for the 100-kDa HA HELP formulation, as evidenced by the
similar plateau modulus for gels crosslinked at 23°C and 4°C (Figs. 3A, B). All of these
12% formulations have identical concentrations of crosslinking functional groups,
regardless of HA molecular weight (20, 40, 60, 100, 500 kDa) and the same BZA:HYD
ratio of 0.8. Thus, the number of potential hydrazone crosslinks formed within the
network is theoretically constant. The small increase in stiffness seen from 20 kDa to 40
kDa is expected, as the dynamic polymer network connected pathway becomes longer
with an increase in molecular weight (Fig. 3D). As we continue to increase the
molecular weight to 60 kDa, there is a further increase in stiffness (Fig. 3D). This is
evidence of longer chains contributing to an increased probability of percolation paths
within dynamic hydrogels, as predicted by Brachiation theory (Fig. 3E). As the
molecular weight is further increased to 100 kDa and 500 kDa, the storage modulus
remains relatively constant, suggesting an upper limit to the contribution of

entanglements to the crosslinking efficiency.
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This observation can be supported by calculating the theoretical entanglement
concentration1296102 (c.) of the HA component in solution by itself. The ce for 500-kDa
HA is around 2.23 wt% (Table S2), which is close to the concentration of the HA
solution (2 wt%) prior to mixing with the ELP-HYD component. This suggests the
solution is already somewhat entangled before mixing and polymer mobility is highly
diminished. To check if this diminished mobility might result in insufficient mixing, we
compared the plateau storage moduli for gels crosslinked at 23°C and 4°C and found
they were similar (Fig. S12), suggesting that the 500-kDa, 12% BZA-modified
formulation is homogeneous. Thus, although the entanglements can act as physical
crosslinks, they also hinder accessibility to available reactive sites and preserve defects
within the network. Taken together, these two opposing effects counteract each other;
thus, above an upper limit of about 60-Da HA, the gel is not made significantly stiffer by
increasing the HA molecular weight. We next sought to understand how entanglements
and network defects might impact the injectability and self-healing behavior of these

dynamically associating gels.
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Figure 4. Analysis of gel fracture stress and injectability. A. Fracture stress

measurements of HELP formulations with 40, 60, 100, and 500 kDa HA, measured

through successive creep tests. Representative of n

= 3 plotted. B. Photographs of

injections of all six gel formulations shown in panel A. C. HELP gel extrusion force

measured with a load cell and at constant flow rate (0.5 ml/min). N=8-10 for each gel

formulation, average +/- standard deviation, one-way ANOVA, all p-values are *p < 0.05,

see Table S3 for specific p-values.

HELP formulations with higher molecular weight HA require higher extrusion

forces
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In literature, properties such as shear-thinning193104 and yield stress54105106 have been
shown to govern the extrudability of many physically crosslinked gels. While dynamic
crosslinked hydrogels share similar shear-thinning properties, a range of results in
injectability has been reported.65105107.108 This variation in injectability has also been
observed for different formulations of our HELP system.102132109 Similar to other
dynamic hydrogels, the HELP hydrogels can undergo fracture during injection,
suggesting that plastic deformation and failure are also parameters that must be

considered when designing injectable hydrogels.21.110

As one of the key advantages of hydrogels is their ability to mimic mechanical features
of the native ECM (G’ ~1,000 Pa), we focused on systematically assessing the
injectability of HELP formulations that are within this stiffness range.? Specifically, we
investigated the injectability of six HELP formulations spanning four different HA
molecular weights: 40-kDa HA, 20 and 30 % BZA, 60-kDa HA, 12 and 20 % BZA, 100-
kDa HA, 12 % BZA, and 500-kDa HA, 12 % BZA. First, we evaluated the gel fracture
stress and yield stress by performing a series of creep tests with exponentially
increasing applied stress, with 1,000 sec recovery time between each test, as previously
described.21.35111-113 [n this testing modality, the fracture stress can be defined as the
applied stress that leads to an abrupt decrease in observed viscosity, while the yield
stress is defined as the applied stress at which the gel is no longer able to fully return to
zero strain within the recovery time.112 All of the selected formulations were observed
to have a fracture stress (or) of similar magnitude (2000 - 5000 Pa), as well as a similar

yield stress (oy, ~100 Pa) (Fig. 4A, Fig. S13).

This range of fracture stress is consistent with previous results, in which HELP
formulations with of < 12,000 Pa were extrudable,?l suggesting all six formulations

would be injectable. We empirically assessed the hand-injectability of each selected
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formulation, by extruding through a 31-G needle attached to a 1-ml syringe. While all
gels were injectable, they appeared to have a fractured morphology immediately after
extrusion, suggesting that the gels fracture into discrete microgels before fluidization
and are not extruded as a uniform filament (Fig. 4B). Similar observations have been
reported for other injectable hydrogels, including those formed through peptide
assembly.105110  HELP formulations with HA of 60 kDa or less were consistently
injectable with one hand. However, hydrogels with 100- and 500-kDa HA often required
additional effort, with some samples requiring both hands to initiate extrusion through
the needle. To systematically quantify this effort, all gels were injected using a syringe
pump through a 31-G needle at 0.5 ml/min, and the extrusion force was measured with
a load cell (Fig. S14). Formulations with HA of 60 kDa or less required about 10 - 15 N,
while those with higher molecular weights (100- and 500-kDa) required 20 - 30 N, a

two-fold increase in the extrusion force (Fig. 4C).

A recent study has correlated hydrogel extrusion force (with a 5-ml syringe fitted to
either a 19-G or 31-G needle at 0.2 mm/s and 1 mm/s) with user effort for injection.114
They showed that study participants considered a gel to be easily injectable if the hand-
force required was under 12 N.11# Gels with extrusion forces from 38 - 64 N were
labeled as needing great effort to inject, and extrusion forces above 64 N were not
injectable.1* These published data correlate well with our observations, where
formulations with shorter molecular weight HA (60 kDa or less) were relatively easy to
inject and had extrusion forces between 10 - 15 N. In contrast, some effort was required
to inject formulations with higher molecular weight HA, and measured extrusion forces

ranged from 18 - 45 N (Fig 4C).

Thus, although these six formulations had similar stiffness, yield stress, and fracture

stress, they required different extrusion forces. Interestingly, the hydrogel formulations
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that required more effort to inject (e.g. 100- and 500-kDa HA) were also those more

susceptible to entanglements and network defects according to our stiffness analysis

(Figs. 2 & 3). These findings support our hypothesis that chain length and functionality

must be considered when formulating injectable hydrogels with DCC. Further, these

results suggest that potential clinical applications of HELP hydrogels should use

formulations with HA molecular weight of 60 kDa or less, which can provide both stiff

mechanics and easy hand-injectability.
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Figure 5. HELP hydrogel mechanics after extrusion. A. Storage modulus of HELP
formulations with 40-kDa HA (20 % and 30 % BZA functionalization) before and after
syringe-needle injection. B. Storage modulus of HELP formulations with 60-kDa HA (12
% and 20 % BZA functionalization) before and after syringe-needle injection. C.
Viscosity recovery at high (10 s1) and low (0.1 s'1) shear rates, average of n=3, HELP
formulations with 40-kDa HA (20 % and 30 % BZA functionalization). D. Viscosity
recovery at high (10 s1) and low (0.1 s1) shear rates, average of n=3, HELP
formulations with 60-kDa HA (12 % and 20 % BZA functionalization). E. Viscosity
transition from high to low shear rates, HELP formulations with 40-kDa HA (20 % and
30 % BZA functionalization). F. Viscosity transition from high to low shear rates, HELP
formulations with 60-kDa HA (12 % and 20 % BZA functionalization). One-way ANOVA,

n.s. = not significant.

HELP hydrogels quickly self-heal post injection

For many biomedical applications, it is desirable to have an injectable hydrogel rapidly
self-heal in situ. During self-healing, the material reforms the polymer network and
recovers its original mechanical properties.z1.49.54106115 [n some hydrogels crosslinked
with DCC bonds, the transient nature of the DCC bond can allow for the bulk of the
hydrogel to shear-thin into a lower viscosity upon application of force, resulting in a gel
that is injectable.116 The DCC bonds then reform after injection to “self-heal,” i.e, regain
the original mechanical properties. However, the hydrazone bond formed between BZA
and HYD moieties highly favors the bonded state (Keq = 1.5 x 103), which prevents our
gels from extruding in this manner. Instead, the DCC-crosslinked gels reported here are
injectable through a process of microgel fracture,?! which has also been reported for
other hydrogels including peptide- and protein-based materials.105110 This behavior is
why the HELP gels visibly break into discrete gel fragments upon extrusion (Fig. 4B).
Previously, injectability that occurs through microgel fracture has been associated with

rapid self-healing behavior. This is because the polymer network within the microgel
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fragments is relatively undisturbed, and only a few bonds must re-form between the
interfaces of the microgel fragments to self-heal into a continuous network. In contrast,
for hydrogels that undergo bulk shear-thinning, the entire polymer network must re-
form,104 a process that can take significant time. Thus, we hypothesize that after
injection, the HELP hydrogels should be able to quickly regain their stiffness and

demonstrate similar mechanical behavior pre- and post-injection.

To test this hypothesis, we analyzed the mechanical properties post-extrusion of HELP
formulations that are stiff (~1,000 Pa), yet easily hand-injectable (i.e., formulations with
40-kDa and 60-kDA HA). Each of these formulations (40-kDa HA, 20 % and 30 % BZA;
60-kDa HA, 12 % and 20 % BZA) was prepared within a 1-ml syringe with a 31-G needle
and allowed to gel for 1 hour at room temperature. Then, the hydrogels were extruded

directly onto the rheometer stage for mechanical characterization.

We allowed the gel to recover for up to 1 hour at 1 % strain and 37 °C to simulate body
temperature, during which time we observed a slight increase in the storage modulus,
with the storage modulus consistently higher than the loss modulus (Fig. S15). This
indicated that the network reformed, healing the fractured structure into a cohesive
hydrogel network. Next, we performed a frequency sweep (0.1 to 100 rad/s) at high
strain (10 %) to evaluate the final storage modulus and validate that the hydrogel was
still in the linear viscoelastic regime. All formulations were able to withstand these high
strains and did not show statistically significant differences in stiffness when compared

to the pre-injection hydrogels at the same conditions (Fig. 5A and B).

Interestingly, the degree of functionalization, within each subfamily, appeared to have

an impact on the kinetics of self-healing, which can be observed in the viscosity
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response when alternating between high (10 s-1) and low (0.1s1) shear rates (Fig. 5C-
F). All tested HELP hydrogels displayed reproducible viscous shear-thinning and self-
healing behavior, as expected (Fig. 5C and D). In addition, looking closer at the viscosity
response at the transition between high and low shear rates (Fig. 5E and F), we can
distinctly observe the faster plateau of viscosity for formulations with a higher degree of
functionality (i.e, 40-kDa HA at 30 % BZA; 60-kDa HA at 20 % BZA). Taken together,
this supports our hypothesis that the dynamic crosslinks allow the gel to rapidly

recover its mechanical properties.

HELP hydrogels have clinical potential as minimally-invasive delivery systems

Injection is a favorable route for delivery of therapies, including cells and
pharmaceuticals, for many different medical indications.>117.118 While many tissues can
be directly accessed by a syringe needle, other indications such as myocardial infarction
and neurovascular blockages require local delivery through the use of catheters. The
potential extrudability of hydrogels will depend on the geometry of the device (i.e.
diameter, length) through which it is extruded.103119 Specifically, the applied pressure
required to extrude a material (including physical hydrogels) will be directly
proportional to the length of the channel and inversely proportional to the radius of the
channell03.119 Since catheters can be substantially longer (~1.5 m) and narrower (~10-2
m) than a syringe, not all hydrogels that are hand-injectable through a syringe are

injectable through a catheter.120

Therefore, to evaluate the potential for clinical delivery through a minimally-invasive
catheter, we injected two HELP formulations through a long, thin cannula with length of
2 m and an inner diameter of 250 pm, longer and thinner than several clinically
employed catheters. The HELP formulation with 40-kDa HA and 20 % BZA
functionalization (Fig. S16) and the formulation with 60-kDa HA and 20 % BZA (Fig.
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1E) were both injectable using only hand force and were observed to re-form into a gel

after extrusion through the cannula.

3. Conclusion

Dynamic covalent crosslinked hydrogels have great potential for use as cell culture
platforms, tissue engineering scaffolds, and therapeutic delivery. Further, their tunable
mechanics and capacity for injectability allow for simple translation into many medical
applications. Nonetheless, more exploration is necessary to uncover the fundamental
design rules that allow formulation of DCC hydrogels that are injectable and have robust

mechanics.

To investigate the molecular parameters that might impact injectability, we developed a
family of ELP and HA dynamic gels crosslinked through hydrazone bonds. Specifically,
we varied the molecular weight of the HA and its degree of functionalization with the
BZA moiety. In general, gelation time rapidly decreased with an increase in degree of
functionalization within each molecular-weight subfamily. This rapid crosslinking leads
to nonideal network formation and increases the presence of defects. However,
concurrent with this effect, we also observed that increasing HA molecular weight
increased the hydrogel stiffness, due to chain entanglements and longer percolation
paths through the network, creating a more effectively crosslinked gel. Overall, these
two effects appear to offset each other. For lower HA molecular weights, the percolation
paths and entanglements are limited, so defect formation dominates at higher HA
functionalities. This phenomenon is observed in our 20-kDa HA subfamily, which
presents its lowest stiffness at its highest degree of functionalization (Fig. 2B).
However, in formulations with higher HA molecular weights, entanglements and longer

percolation paths have a larger contribution to the network, leading to an increase in
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stiffness. This is observed in our 40-kDa and 60-kDa HA subfamilies, where the highest

stiffness corresponds to the highest degree of functionalization (Fig. 2D, S11).

In a complementary analysis, we held the degree of functionalization constant and
evaluate the impact of changing HA molecular weight. In general, longer HA chains lead
to greater entanglements and longer percolation paths, resulting in stiffer hydrogels
(Fig. 3D). However, we also observed an upper limit to this effect, as further increasing
HA molecular weight to 100 kDa and higher did not further increase gel stiffness. This is
likely due to the diminished molecular mobility in highly entangled solutions, which
compromises the uniformity of the network. Interestingly, this behavior is predicted by
Brachiation theory, a recent model developed by Cai et al. to describe dynamically
associating polymer networks. In the Brachiation model, longer chains increase the
likelihood of chain entanglements and chain-spanning across the network, which is in
agreement with our observed experimental data. Further, Brachiation theory also
predicts that chains with higher functionalization have decreased mobility, consistent

with our observations of decreased gelation time.

Having evaluated the effects of HA functionality and molecular weight on the mechanics
of our family of hydrogels, we then aimed to elucidate their impact on gel injectability.
All of the tested gels were visibly fractured immediately after injection, suggesting that
injectability occurs through microgel fracture. While rheological studies quantified
similar fracture and yield stresses across all tested formulations, their extrusion forces
had significant differences. Lower molecular weight HA formulations (60-kDa and
below) had extrusion forces nearly half that of higher molecular weight HA
formulations (Fig. 4C). This is consistent with our hypothesis that the uniformity of the
polymer network has a direct impact on gel injectability, as this higher force is likely a

direct effect of the entanglements that are more prevalent in the higher molecular
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weight HA formulations. To demonstrate potential clinical translatability of our stiffer
formulations (G'~1,000 Pa), they were extruded by hand-force through a long, thin
cannula to simulate catheter delivery. Finally, we showed that the dynamic crosslinks in
the HELP hydrogel (formulations with 40-kDa and 60-kDa HA) reformed the polymer
network post injection, allowing the gels to self-heal and regain the original mechanical
properties. For this analysis, we found that increasing the HA functionalization resulted
in more rapid self-healing. While this is true for our formulations with intermediate
molecular weight HA, exploring the recovery kinetics for larger molecular weight
polymers whose entanglements may hinder self-healing is an interesting topic for

future investigation.

Taken together, we have demonstrated the need to consider both the degree of
functionalization and polymer molecular weight to achieve stiff, yet hand-injectable and
self-healing DCC hydrogels. Our results suggest that future efforts to design injectable
DCC gels should focus on formulations with a degree of functionalization similar to the
crosslinking reaction stoichiometry (for our system, a 1:1 ratio of BZA:HYD). This allows
optimal chemical crosslinking to occur and limits defect formation during the rapid
gelation of high functionality systems. Additionally, our results encourage the use of
medium-sized molecular weight polymers when formulating injectable DCC hydrogels.
Intermediate polymer chain lengths are long enough to form percolating paths through
the network without compromising molecular mobility; furthermore, longer chain
lengths can cause entanglements that significantly inhibit injectability. In summary, by
exploring the structure-function relationships between polymer molecular weight,
polymer functionalization, and gel material properties, we have increased
understanding of how to formulate injectable DCC hydrogels, greatly increasing their

clinical potential for future medical applications.
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4. Materials and Methods

Materials: Unless otherwise noted, all reagents were purchased from Sigma-Aldrich and
used without further purification.

Synthesis of elastin-like protein (ELP). The elastin-like protein (ELP) was synthesized
through recombinant protein expression as previously described.3? Briefly, plasmids
encoding the ELP amino acid sequence (Fig. S1) were transformed into BL21(DE3)
pLysS Escherichia coli (Life Technologies). The bacteria were grown in Terrific Broth at
37 °C, up to an ODeoo of 0.8, at which point ELP expression was induced by adding 1 mL
of 1 M isopropyl B-D-1-thiogalactopyranoside (IPTG, Fisher), for a final concentration
of 1 x 10-3 M. Expression continued for 7 h, after which the bacteria were pelleted and
resuspended in TEN Buffer (10 x 10-3 M Tris (Fisher), 1 x 10-3 M EDTA (Fisher), and 100
x 10-3 M NaCl (Fisher), pH 8.0). The pellet was lysed through three alternating freeze (-
80 °C) and thaw (4 °C) cycles. Deoxyribonuclease (DNAse) and phenylmethylsulphonyl
fluoride (PMSF) were added to the cell lysate at 1 x 10-3 M, to degrade DNA and inhibit
proteolysis, respectively. ELP was purified through cold (4 °C) and hot (37 °C) spin
thermocycling, dialyzed in deionized water (DI) for three days at 4 °C, changing water 2
to 3 times a day and using 3.5 kDa MWCO dialysis tubing (Spectrum Labs 132576). The

solution was then frozen, lyophilized, and stored at -20 °C.

Functionalization and Characterization of ELP with Hydrazine (ELP-HYD): The ELP was
modified following previously published protocols,21.32.34 by modifying the amine on the
lysine amino acid. In summary, the lyophilized ELP was dissolved in a 1:1 solution of
anhydrous dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) at a 3%
(w/v). Tri-Boc hydrazinoacetic acid (Tri-boc, 2 equivalence per ELP amine) was
dissolved in anhydrous DMF at 2.1 % (w/v), in a separate reaction vessel at room

temperature. Once dissolved, the tri-boc was activated with hexafluorophosphate
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azabenzotriazole tetramethyl uronium (HATU; 2.0 equivalence per ELP amine; Sigma,
445460) and 4-methylmorpholine (NMM, 5 equivalence per ELP amine). After 10
minutes, the activated tri-boc was added to the ELP in a drop-wise manner while
continuously stirring. The reaction was left to proceed overnight, under constant
stirring at room temperature. The modified protein was then precipitated by adding the
solution dropwise in ice-cold diethyl ether in a 1:4 volume ratio of ELP solution to ether.
The product was pelleted and dried under nitrogen overnight. To deprotect the
hydrazine functional group, the ELP pellets were resuspended in a 1:1 solution of
dichloromethane (DCM) and trifluoroacetic acid (TFA) with 5% (v/v) tri-
isopropylsilane (Sigma, 233781) for 4 hours under continuous stirring at room
temperature. The deprotected ELP-HYD was precipitated in ether, dried under nitrogen
overnight, and resuspended in DI water prior to dialyzing for three days at 4 °C,
changing water 2 to 3 times a day and using 3.5 kDa MWCO dialysis tubing (Spectrum
Labs 132576). The resulting solution was then filtered (0.22 pm) and lyophilized,

resulting in a fibrous white solid, which was stored at -20 °C.

Synthesis of azidopropyl-benzaldehyde (Azido-BZA): To prepare the small molecule for
the click-chemistry reaction, we modified 4-formylbenzoic acid (Sigma-Aldrich 124915-
25G) in two steps, as previously described.33 Briefly, 4-formylbenzoic acid was
dissolved in extra dry dichloromethane (DCM, Acros Organics 61030-0010), and N-
hydroxysuccinimide (NHS, 1.1 equivalence to 4-formylbenzoic acid) and 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, 1.1 equivalence to 4-
formylbenzoic acid) were added to the reaction vessel. The reaction was allowed to
proceed at room temperature overnight while stirring. The reaction was diluted in an
equal volume of DCM (Fisher Chemical D151-4) and transferred to a separatory funnel,
in which an equal volume of water was added to remove water-soluble byproducts. The
organic phase was collected, and this washing step was performed two additional times

with DI water, followed by two washes with brine solution (178.5 g sodium chloride / L
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DI water). The organic phase was collected, and magnesium sulfate (MgS04, Sigma-
Aldrich 793612-500G) was added to absorb any remaining water. The solution was
filtered and concentrated through a rotary evaporator, resulting in a white fluffy
powder of NHS-benzaldehyde. The NHS-benzaldehyde (NHS-BZA) was redissolved in
dry DCM. 3-azidopropylamine (Click Chemistry Tools AZ115-1000, 1.5 equivalence to
NHS-BZA) and diisopropyl ethyl amine (DIPEA; Sigma Aldrich D125806-100ML, 3
equivalence to NHS-BZA), a catalytic base, were added. The reaction proceeded for 24
hours at room temperature, capped, and stirring. The same washing steps of water and
brine and MgS04 were performed. The product was purified through a silica (Sigma-
Aldrich 60737-1KG) column in a mobile phase of 10:1 DCM:Acetone (Thermo Fisher
A18-4). Conversion into the final product, azido-propylbenzaldehyde (azido-BZA), was
verified through thin-layer chromatography (TLC silica gel, Millipore Sigma
105534.0001).

Functionalization and Characterization of Hyaluronic Acid with Benzaldehyde (HA-BZA):
Hyaluronic acid (HA) was functionalized following previously published protocols.21.33
First, HA was modified with an alkyne group. Hyaluronic acid sodium salt (LifeCore,
HA20K-1, HA40K-1, HA60K-1, HA100K-1, HA500K-1) was dissolved in MES buffer (0.2
M MES hydrate (Sigma Aldrich M2933-100G), 0.15 M NacCl in water; pH 4.5) to a 1 wt%
solution. Propargylamine (Sigma Aldrich P50900-5G) was added to the reaction vessel
at equivalences (eq.) depending upon the final BZA functionalization and the pH was
adjusted to 6 (1 eq. for 6 and 12 % BZA functionalization, 3 eq. for 20% BZA
functionalization, and 6 eq. for 30 % BZA functionalization). NHS and EDC were added
at the equimolar amount to BZA functionalization, and the reaction was stirred at room
temperature overnight. The final mixture was dialyzed for three days against DI water,
changing water 2 to 3 times a day, using 3.5 kDa MWCO dialysis tubing (Spectrum Labs
132576). After dialysis, the mixture was filtered through a 0.22 pm filter and
lyophilized, resulting in a white fibrous material of HA-alkyne (Fig. S3).
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As the final step to obtaining HA-BZA, the HA-alkyne solid was dissolved in isotonic 10x
PBS (10X iPBS) (81 mM sodium phosphate dibasic, 19 mM sodium phosphate
monobasic, 60 mM sodium chloride in Milli-Q water; pH adjusted to 7.4; 0.22 pm
filtered) supplemented with beta-cyclodextrin (Sigma C4767-25G) at a 1 mg/mL. Stock
solutions of 2.4 mM copper sulfate (Copper sulfate, 5-hydrate - JT Baker 1841-01) and
45.2 mM sodium ascorbate (Sodium L-ascorbate - Sigma A7631-100G) were prepared.
All solutions were degassed for 30 minutes under nitrogen. Finally, azido-BZA was
dissolved in extra dry dimethyl sulfoxide (DMSO, Acros Organics 61097-1000)
depending on the targeted BZA functionalization: 1 eq. with respect to the
corresponding HA-alkyne for 6 % BZA functionalization, and 2 eq. for 12, 20, and 30 %
BZA functionalization. Then, the sodium ascorbate and copper sulfate solutions were
added sequentially through an insulin syringe to the reaction vessel for a final
concentration of 452 uM and 24 pM, respectively. Finally, azido-BZA was added and the
final solution was degassed for 10 minutes. The reaction was left stirring for 24 hours at
room temperature. After 24 hours, an equal volume of 50 mM Ethylenediamine
Tetraacetic Acid Disodium Salt Dihydrate (EDTA, Fisher 02793-500) at pH 7.0, was
added to chelate the copper from the reaction and allowed to stir for 1 hour. Finally, the
mixture was dialyzed, filtered, and lyophilized as previously described, resulting in a
white fibrous solid. The final HA-BZA was characterized through H! NMR,2133 and the
different degrees of functionalization were quantified, resulting in (6 £ 3%, 12 * 3%, 20

+ 3%, 30 + 3%) (Fig. S4 - S8).

Hydrogel formation: All HELP hydrogels have a final composition of 1 wt % ELP-HYD
and 1 wt% HA-BZA in 10x iPBS (10X Isotonic PBS: 81 mM sodium phosphate dibasic, 19
mM sodium phosphate monobasic, 60 mM sodium chloride in Milli-Q water; pH
adjusted to 7.4; 0.22 um filtered), regardless of the HA molecular weight or degree of
functionalization. The components, HA-BZA and ELP-HYD, were dissolved at stock
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concentration of 2 wt% in isotonic 10x PBS overnight at 4 °C under continuous rotation.
Equal volumes of 2 wt% HA-BZA and 2 wt% ELP-HYD were mixed on ice, to prevent
ELP aggregation. This procedure allowed for the hydrazone crosslinks to spontaneously

form, creating the final gels with final concentration of 1 wt% HA and 1 wt% ELP.

Rheological Measurements: Stress-controlled ARG2 rheometer (TA Instruments) using a
20-mm diameter, cone-on-plate geometry, was used to perform all rheological analysis.
To prevent evaporation, a layer of heavy mineral oil was placed between the stage and

the cone-on-plate geometry for all measurements.

Gelation time and storage modulus: We performed a time-sweep at 1 % strain and 1.0
rad/s for 15 minutes at 23 °C, to allow for gelation at room temperature with the least
disturbance possible. Gelation time at 1.0 rad/s was defined as the point in which the
storage modulus (G’) becomes larger than the loss modulus (G”) (tan 6 < 1) for 40
consecutive seconds to account for noise on the recording.”+77 This was followed by a
temperature ramp to 37 °C at a rate of 3 °C per min, in which the gel was allowed to
equilibrate in a time sweep for 15 to 30 minutes, in which we saw the plateau in storage
modulus, (Fig. $10). The storage modulus of the gel was assessed in a frequency sweep
at 1 % strain from 0.1 to 100 rad/s, and the modulus reported at 1.0 rad/s. For pre- and
post-injection comparisons, the storage modulus was assessed at 10% strain, and

reported at 1.0 rad/s.

To assess the impact of rapid crosslinking on 100 kDa-HA HELP formulations, we added
a 5-minute time-sweep at 4 °C, also at 1.0 rad/s and 1% strain, followed by a
temperature ramp to 23 °C, to the beginning of the protocol described above. Stiffness

was reported at 1.0 rad/s and 1 % strain at 37 °C.
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Yield and Fracture stress: As before, the hydrogels were allowed to gel for 30 minutes at
23 °C, and gelation was confirmed by a frequency sweep at 1% strain, from 0.1 to 10
rad/s. Then, we evaluated the gel yield and fracture stress by performing a series of
creep tests with exponentially increasing applied stress with 1,000 seconds of recovery
time between each test, as previously described.2135111-113 Here, the recovery time
accounts for the relaxation present due to the hydrogel’s viscoelasticity. In the elastic
regime, before yielding, complete strain recovery is observed upon the removal of the
applied stress.111.112 Yield stress was defined as the applied stress in which the strain
does not fully recover after removing the applied stress, even after the end of recovery
time, indicated by the presence of non-zero plastic strain, e.g., yielding (permanent
deformation).111.112 Fracture stress was defined as the applied stress in which the
measured strain increased rapidly and indefinitely, indicating the hydrogel had
fractured (measured strain > 2000%, e.g., all gels failed at strains < 2000%) and the

geometry was rotating freely, at which point, the creep test was terminated.

To validate this procedure as an effective method for measuring fracture stress, we
applied newton'’s law of viscosity, below, where o is the applied stress, N pparent is the
apparent viscosity, y and y are the shear strain and shear rate respectively. By plotting
the apparent viscosity with respect to the applied stress (Fig. 5A), we observe an abrupt

decrease in viscosity is observed, as the strain sharply increases.
_ . .Y

0 = Mapparent Xy & Yy = ?
Our initial creep test had an applied stress of 1 Pa for 3 minutes, followed by 1,000
seconds of recovery at zero-stress to allow for the viscoelastic material to relax. The
next creep test was at 2 Pa, followed by the same recovery time. We continued this

repetition increasing the applied stress exponentially, i.e. 1, 2, 4, 8, 16 Pa...,, up to the
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point where the measured strain increased towards “infinity”, indicating the gel had

fractured.

Some creep tests at higher applied stresses were immediately terminated, collecting a
single data point. This indicates that, in these instances, the strain went quickly over the
fracture threshold (measured strain > 2000%) and the test was terminated, suggesting
brittle failure.2! The fracture stress, (Fig. S13), is an average of n = 3 - 5 of the applied
stress value at which the test was terminated. We observed a nearly constant apparent
viscosity for all formulations, indicating a Newtonian behavior, followed by a sudden
dip towards “zero viscosity” - indicating the strain increased towards “infinity”.

Therefore, we can conclude the gel fractured at the specific applied stress.?!

Hydrogel preparation for injectability assessment: To assess the injectability of our
material, we injected the gels through 1ml, 31 G insulin syringes (Becton Dickinson).
The two polymer stock solutions and the syringes were kept in ice for 10 minutes
before hydrogel formation, to ensure complete solubility of ELP. Then, holding the
syringe horizontally, we loaded 25 pL of each component, 2 wt% HA-BZA and 2 wt%
ELP-HYD, through the back of the syringe.2! Then, we carefully placed the plunger and
tilted the syringe upright, moving the plunger up-down 15 to 20 times to fully mix the
hydrogel. During mixing, care was taken to avoid pushing the hydrogel into the needle,
which could clog it. The syringe was placed on ice for 30 seconds after mixing, to
prevent the ELP from crashing out due to the heat from the friction. Then, the loaded
syringe was allowed to gel at room temperature for 45 to 60 minutes, ensuring full

gelation of the final 50 pL. HELP hydrogel.
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Extrusion force measurements: The extrusion force was measured through a load cell
(LCKD-500; Omegadyne, Sunbury, OH, F = 0 - 2224 N) coupled to a syringe pump
(SyringeONE:100, New Era Instruments)118 through a 3D printed adaptor, (Fig. S14). As
directed by the manufacturer, the load cell was calibrated with a calibrating weight of 1
kg (9.81 N), and the output was displayed in newtons (N). The hydrogels were prepared
within the syringes as previously discussed; however, the component volumes were
increased to 50 pL each. For better visualization of the extruded gel, 0.5 pL of red food
coloring was added to the hydrogel. The 100 pL hydrogels were mixed and allowed to
gel at room temperature for 45 - 60 min, and then mounted on the syringe pump and
injected at 0.5 mL/min. The maximum force displayed for each sample was recorded as

the extrusion force.118 Each formulation had 8 to 10 replicates.

Post-injection mechanical properties: To assess the mechanical properties of our
hydrogels post-injection, we formed the hydrogel inside the 1 ml 31 G syringe as
described above and injected directly on the rheometer’s stage at 37 °C to match body
temperature. We allowed the gel to equilibrate and recover post-injection for 15 - 60
minutes, in a time-sweep at 1 rad/s and 1% strain, (Fig. S15). To evaluate the stiffness
and resistance to high strain, the gels were subjected to a frequency sweep at 10 %
strain from 0.1 to 100 rad/s, and the modulus reported at 1 rad/s. Next, we analyzed
the shear-thinning and self-healing by performing flow peaks, holding for 30 seconds at
alternating shear rates 0.1 1/s (low) and 10.0 1/s (high), similar to previously
published protocols106.121-124 Here, shear-thinning and self-healing data is shown as an

average of n=3.

Statistical Analysis: For all figures, data is presented as the mean and standard deviation.
Individual replicates are represented as black points, where appropriate. Prior to

significance testing, normality and equality of variance were tested with Shapiro-Wilks,
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Normal QQ plots, and Brown-Forsythe at significance level 0.05, respectively. All data
was analyzed through an unbalanced one-way ANOVA, and Tukey’s post-hoc means
comparison at significance level 0.05. Outlier tests were conducted with ROUT, at Q =
1%. No outliers were identified. All significance is denoted as *p < 0.05, **p< 0.01, ***p <
0.001, ****p < 0.0001 and ns as not significant. All analysis was performed with

GraphPad Prism9.
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Dynamic covalent chemistry (DCC) crosslinks can form hydrogels with tunable mechanical
properties permissive to injectability and self-healing. However, not all hydrogels with
transient crosslinks are easily extrudable. This work highlights the importance of polymer
molecular weight and crosslinking functionality in influencing the injectability and network
formation of DCC-crosslinked hydrogels and aims to guide future design of injectable

hydrogels.
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