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ABSTRACT

The development of three-dimensional (3D) in vitro tissue culture models is critical for biomedical research. Hydrogel-based
systems have become preferred scaffolds for 3D models, as they have tunable viscoelastic properties, which are well-known to
influence cell morphology and function. Particularly, reversible hydrogel crosslinks formed through dynamic covalent chemistry
(DCC) can introduce viscoelastic behavior including stress relaxation. However, traditional strategies to increase relaxation rates
in DCC gels rely on faster bond kinetics, resulting in faster erosion rates that prevent their use for long-term 3D culture. As an
alternative strategy, we explore the use of molecular parameters (specifically molecular weight and degree of functionalization) to
carefully control hydrogel stiffness and stress relaxation behavior, creating different combinations of mechanics, while preventing
rapid erosion. To aid in interpreting our measurements, we develop and validate a modified theoretical model of gel viscoelasticity
to account for additional relaxation process, applying it to a two-component DCC gel composed of modified hyaluronic acid and
elastin-like protein. Finally, we utilize this tunable gel platform to explore the impact of scaffold viscoelasticity on encapsulated
human neural progenitor cells. In summary, this work expands the molecular design space of DCC hydrogels to achieve tunable

viscoelastic properties for 3D in vitro models.

1 | Introduction

The development of in vitro tissue culture models has been
paramount in biomedical research, as they allow mechanistic
studies with carefully controlled variables, hold potential for
high-throughput screening, and reduce our reliance on animal
models [1-4]. Thus, there is a growing interest in so-called “new
approach methodologies” (i.e., NAMs) such as organ-on-a-chip
systems, 3D cell culture models, and patient-derived organoids
that can improve our understanding of human development,
disease progression, drug discovery, and regenerative medicine
[4-11]. However, a central challenge in the field is the abil-
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ity to reproducibly emulate the complex biomechanical and
biochemical environment of native tissue matrices [1, 11, 12].

One of the key challenges is mimicking the viscoelastic mechan-
ical properties of natural tissue, which present a time-dependent
response to stress and deformation that can be exerted either by
cells or by external stimuli [12-16]. The importance of mechanical
cues to guide cell behavior has been widely reported, impact-
ing stem cell differentiation, cell migration, morphology, and
proliferation, among other processes [16-22]. More recently, the
importance of the kinetics of stress relaxation (a characteristic
of viscoelastic materials) has been highlighted, in addition to
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the more traditionally studied stiffness (storage modulus, G")
[12, 13, 22-24]. Both stiffness and stress relaxation rate can
significantly change across different tissues and different stages
of development or disease progression, impacting cell behavior
[13, 24]. As a consequence, hydrogels have risen to prominence as
ideal in vitro systems for studies of cellular biomechanics due to
their tunable mechanical properties [1, 2].

While the effects of hydrogel stiffness on cellular behavior have
been extensively explored [17-21, 25], studies on the consequences
of different stress relaxation rates, especially in combination
with varied stiffness, are less common. A key reason for this
constraint is the inherent difficulty of independently tuning
stiffness and stress relaxation kinetics within a cell-compatible
hydrogel. Moreover, fast stress-relaxing hydrogels tend to suffer
from rapid erosion profiles (often on the order of 1-3 days),
preventing longer cell culture times [26, 27].

Our group has previously utilized recombinant biopolymers
and dynamic covalent chemistry (DCC) to achieve hydrogels
with tunable stiffness, stress relaxation rate, injectability, and
cell-instructive domains [28-31]. These materials are formed
through a recombinant elastin-like protein (ELP) and recom-
binant hyaluronic acid (HA), which together we term HELP
gels. Recombinant biopolymers offer the advantages of being
biodegradable and cell-interactive (similar to native biopolymers)
while also being reproducible and synthesized with animal-free
methods (similar to synthetic polymers) [28, 32-34]. The ELP
protein incorporates alternating blocks of repetitive elastin-like
peptides that provide mechanical elasticity and cell-interactive
sequences derived from fibronectin that provide adhesion to
integrin cell-surface receptors [31, 32]. HA is one of the main
extracellular matrix (ECM) components throughout the human
body and can be chemically functionalized through bioorthogo-
nal chemistry [18, 35, 36]. The use of recombinant HA of specific
molecular weights allows us to explore the role of molecular
parameters in dictating macroscale hydrogel mechanics.

A commonly reported method to achieve DCC hydrogels with
tunable stress relaxation rates is to select crosslinks with varying
on-and-off rate kinetics [26, 37-41]. While successful, these
strategies also affect other hydrogel characteristics that are crucial
for in vitro modeling, such as gelation time [42] and erosion
kinetics [26]. When gelation time is too rapid or too slow, this can
prevent homogeneous cell encapsulation, and when erosion is too
rapid, this can prevent long-term cell culture. As an alternative
approach, we hypothesized that molecular manipulation of the
polymer molecular weight and/or degree of functionalization
would enable formulation of DCC hydrogels with tunable control
of stiffness and stress relaxation rate.

To test this hypothesis, we synthesize a large family of recom-
binant HELP hydrogels crosslinked through hydrazone DCC.
Through experimental rheological analysis and theoretical mod-
eling, we identify the molecular design parameters and polymer
physics principles that enable careful control over hydrogel
stiffness and stress relaxation rate without impacting erosion rate,
leading to hydrogel formulations with different combinations of
stiffness and relaxation behavior, and allowing us to indepen-
dently investigate the impact of each mechanical property in
tissue modeling.

To demonstrate the potential use of these materials for in vitro
tissue modeling, we explore how viscoelastic network properties
impact the morphology of human neural progenitor cells (NPCs)
over 7 days of culture.

Given the location of endogenous NPCs in the dentate gyrus of
the brain, in vitro models are critical to further study of human
brain development and disease progression [43, 44].

2 | Results and Discussion

2.1 | Tuning Stress Relaxation Through Reaction
Kinetics

The hydrogels used in this work are comprised of recombinant
HA and ELP, termed HELP hydrogels, with the total polymer
weight percentage being kept constant at 2 wt.% (1 wt.% HA
and 1 wt.% ELP) in all formulations. We chose a recombinant
ELP variant that incorporates the fibronectin-derived RGD amino
acid sequence that provides cell-adhesive interactions (Figure 1A)
[31, 32, 34]. To enable dynamic crosslinking, the ELP is chemi-
cally modified with hydrazine (HYD) moieties, as described in
our previous work [28, 32]. Similarly, HA was functionalized
with either aldehyde (ALD) (Figure 1B) or benzaldehyde (BZA)
(Figure 1C), to form dynamic hydrazone bonds with the HYD
displayed by ELP (Figure 1D). The reaction kinetics for ALD-
HYD are known to be faster than those for BZA-HYD, resulting
in different rates of dynamic bond formation and dissociation
[42, 45]. To evaluate the effect of reaction kinetics on bulk
hydrogel stiffness, we used three hydrogel formulations with
different ratios of HA-ALD and HA-BZA (0:100, 50:50, 100:0),
while keeping the HA M,, constant (60 kDa). For HELP gels
formulated with 6% functionalized HA, there were no statistically
significant differences in the plateau storage modulus (G’) among
the three ALD:BZA ratios (0:100, 50:50, and 100:0), with G’ values
of 268.9 + 48.5, 356.7 + 18.3, and 235.3 + 10.5 Pa, respectively,
(mean + standard deviation), suggesting that G’ is independent
of the ALD:BZA ratio (Figure 1E). We then formulated a family
of stiffer gels by increasing the HA functionalization to 12%. As
before, we observed that the ALD:BZA ratio had a small but non-
significant impact on final gel stiffness, with G’ values of 770.5 +
58.8, 714.9 + 104.9, and 630.1 + 79.0 Pa, for 0:100, 50:50, and 100:0
ALD:BZA ratios, respectively (mean + standard deviation) [29].

In contrast, the stress relaxation kinetics were found to strongly
depend on the bond kinetics (Figure 1F). The higher the
ALD:BZA ratio, the faster the stress relaxation kinetics, with HA-
ALD (100:0) gels dissipating 50% of the applied stress after about
2000 and 4000 s, for 6% and 12% functionalization, respectively. In
contrast, when only BZA-functionalized HA is used (0:100), the
relaxation kinetics are considerably slower; even after 12 h, the
12% functionalized HA HELP gel had only dissipated about 20%
of the applied stress.

As expected, the differences in ALD:BZA reaction kinetics not
only affected the time-scale of stress relaxation, but also the rate of
passive hydrogel erosion (Figure 1G). HELP hydrogels comprising
only HA-ALD (100:0, 12% functionalization) erode considerably
over a period of three days (25%) and almost completely after 14
days, while gels consisting of only HA-BZA (0:100, 12% function-
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FIGURE 1 | Reaction kinetics control stress relaxation kinetics and erosion profile. (A) Schematic of hyaluronic acid (HA) functionalized
with aldehyde (ALD) or benzaldehyde (BZA), and the elastin-like protein (ELP), including amino acid sequence, functionalized with hydrazine
(HYD). (B,C) Representation of ELP-HYD and HA-ALD (B) and HA-BZA (C) forming a dynamic hydrazone bond with fast and slow reaction kinetics,
respectively. (D) Schematic of a hydrogel network formed upon mixing HA-ALD and HA-BZA with ELP-HYD, termed HELP gel. (E,F). Storage modulus
(G') at an angular frequency of 1 rad s~! (E) and stress relaxation kinetics (F) of HELP hydrogels with different ratios of HA-ALD:HA-BZA, consisting
of HA with a M, of 60 kDa and a total amount of functionalization of either 12% (purple) or 6% (pink). (G) Erosion profile of HELP gels consisting of
60 kDa HA and with a total functionalization of 6% and 12% with either ALD (triangles) or BZA (squares). (E) One-way ANOVA, p < 0.05 *, p < 0.01 **,

p < 0.001 **, p < 0.0001 ****, Specific p-values are listed in Table S1.

alization) retain about 90% of their initial mass over the same
time-frame. For HELP gels with the lower 6% functionalization,
the erosion rate was even more rapid. Similar rapid erosion rates
have been reported for other DCC-crosslinked hydrogels [27, 40,
46, 47]. This rapid erosion hinders the utility of these materials as
scaffolds for in vitro tissue models. While the 50:50 formulation
presents faster stress relaxation and good stability, it requires
the synthesis and characterization of three different biopolymers:
ELP-HYD, HA-ALD, and HA-BZA. Thus, while tuning of the
crosslinker reaction kinetics is a straightforward way to achieve
faster stress-relaxing hydrogels, these materials have practical
limitations due to the interplay between synthesis demands,
stress relaxation limits, and erosion Kinetics. Given these results,
we aimed at decreasing the synthesis burden by exploring the
impact of other molecular parameters on the hydrogel viscoelastic
properties. Specifically, we vary the HA molecular weight and the
crosslinking density to formulate a two-component biopolymer
system, rather than a three-component system, with tunable
stress relaxation and stiffness, while maintaining high stability.

2.2 | Impact of Molecular Weight on Stiffness and
Stress Relaxation Kinetics

As an alternative to the use of crosslinking reaction kinetics to
control HELP gel stress relaxation rate, we next explored how HA
M, could alter HELP gel mechanics while keeping the ALD:BZA
ratio and degree of functionalization constant (0:100 and 12%,
respectively) (Figure 2A). We observed that the HA M, did have
an appreciable impact on both hydrogel stress relaxation rate
(Figure 2B) and stiffness (Figure 2C). Consistent with previous
results, increasing the M, results in an increase in hydrogel
stiffness (G’) due to an increase in polymer entanglements
(Figure 2C) [28, 48].

Interestingly, an inverse parabolic relationship was observed
when evaluating the effect of HA M, on network stress relaxation
kinetics (Figure 2D,E). Increasing HA M,, from 20 to 60 kDa
resulted in slower stress relaxation kinetics (Figure 2B,D,E). This
decrease is expected when the relaxation time (7) is governed
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FIGURE 2 | Stiffnessand stress relaxation kinetics of HELP hydrogels are tuned through HA M,,. (A) Schematic and color code of the different HA
M, formulations used in the study. All formulations used HA-BZA 12% functionalized, Figure S1. (B) Fraction of non-dissipated stress (¢ /o) against
time. (C) Storage modulus (G') at an angular frequency of 1 rad s~!. (D) Fraction of non-dissipated stress after 12 h. (E) Time necessary to dissipate 15%
of applied stress. (C-E) One-way ANOVA, p < 0.05 *, p < 0.01 **, p < 0.001 ***, p < 0.0001 ****. Specific p-values are listed in Table S2 (C), Table S3 (D),

and Table S4 (E). (B-E) Averages of n > 3 with standard deviation.

by entanglements between neighboring polymers, similar to
that observed for physical networks and polymer melts, where
relaxation time scales as 7 ~ M7, where z is a scaling factor
[49-51]. However, as HA M, was further increased to 100 kDa
and higher, the stress relaxation kinetics began to speed up again.
This phenomenon is highlighted by observing that the stress
relaxation profiles of the 20 and 500-kDa HELP gels are similar
(Figure 2B) despite the 500-kDa HELP gel being 7.5-fold stiffer
(Figure 2C). This trend suggests that the stress relaxation behavior
of DCC-crosslinked hydrogels cannot be accurately predicted by
simply applying traditional polymer physics models for entangled
polymer melts.

2.3 | Modified Maxwell Modeling of DCC
Hydrogels

Given this divergence from the expected stress relaxation behav-
ior based on polymer melt modeling, we hypothesized that
the mismatched sizes of the polymer chains, i.e. longer HA
(> 100 kDa) and relatively short ELP (~ 40 kDa), could be impact-
ing the observed mechanics. Previously, higher polymer M, has
been shown to cause network defects and possible entanglements

in the HELP system, which can affect other properties such
as erosion profile, stiffness, and injectability [28]. For example,
while polymer M, does not typically impact hydrogel stiffness
for irreversibly crosslinked networks, the brachiation theory of
reversibly crosslinked polymer networks predicts that as polymer
M, increases, the hydrogel stiffness also increases due to a greater
number of possible percolating connections throughout the
gel [48].

By extension, here we propose that the mismatch in chain
sizes (i.e., a large difference in relative polymer size) can lead
to different polymer reptation [52] and diffusion regimes that
affect the final relaxation profile to a greater extent than the
kinetics of the DCC bonds. To explore this idea in an empirical
model, we introduce the parameter g, which is the ratio of HA
to ELP molecular weight. When the HA chain is smaller than
the ELP polymer (i.e., HA ~ 20 kDa, ELP = 40 kDa, g = 0.5),
the HA chains are unable to span across multiple neighboring
ELP chains, [28, 53] leading to shorter or no percolating paths,
increasing chain mobility, and allowing for faster relaxation
(Figure 3A). At matched sizes of HA and ELP polymers (i.e.
HA =~ 40 kDa, g = 1.0), we envision an ideal network with
continuous percolating connections and optimal crosslinking at
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FIGURE 3 | Theoretical framework for the viscoelastic behavior of DCC gels with mismatched M,, (A-C) Schematic of polymer networks formed
when mixing ELP-HYD (blue) with HA-BZA (purple) of different M,,, where ¢ = My,;;4/Myprp- (A) When g < 1, short percolation paths are formed.
(B) When g = 1, a more uniform continuous network is formed. (C) When g > 1, a continuous and entangled network forms. (D) Modified Maxwell
Model of viscoelasticity including g parameter to account for polymer mismatched sizes. (E) Natural log of fraction of non-dissipated stress (o /o)
against time for all formulations (average of n = 3-4), compared to the theoretical fit of Modified Maxwell Model. Fitted values for Modified Maxwell
Model are listed in Table S5. (F) Natural log of fraction of non-dissipated stress (/o) against time normalized with respect to the q parameter for all
formulations (average of n = 3-4). (G) Schematic of polymer networks formed where g >> 1, leading to the trapping of the shorter ELP chains within
defects and entanglements, preventing them from making effective percolating paths. (H) Schematic of HELP gel with large g value, the large HA chains
(purple, Ry, , ) are in a semi-dilute regime with short ELP chains (blue, Ry, ,) in the dilute regime, such that many ELPs fit within one HA correlation
length (§574). (I) Time necessary to dissipate 15% of applied stress for the different HA M,, HELP formulations normalized with respect to g parameter.
One-way ANOVA, p < 0.05*, p < 0.01 **, p < 0.001 ***, p < 0.0001 ****_ Specific p-values are listed in Table S6.
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the stoichiometric ratio of the hydrazone bond (Figure 3B) [28].
When the HA polymer is slightly larger than the ELP polymer
(i.e. HA =~ 60-100 kDa, g = 1.5 — 2.5), the HA would not only
span across neighboring ELP chains and create long percolating
paths, but also loop and entangle around the ELP chains, [28] thus
decreasing chain mobility (Figure 3C).

To investigate this hypothesis, we propose applying a modified
version of the phenomenological Maxwell standard linear solid
model commonly used for viscoelastic materials [54-56]. In this
Modified Maxwell model, the elastic behavior is represented by a
spring with constant k,, while the viscous part of the material is
modeled through a dashpot with viscosity #, coupled to a spring
with constant k,, such that the characteristic relaxation time is
defined as 7, = n/k, (Figure 3D). In this model, stress relaxation
behavior after an applied constant strain is mathematically
represented by:

o) = [, + kyexp(- )] - & &

Given the expected impact of relative sizes of larger polymers
on diffusion rates and reptation, we propose to rescale the
characteristic relaxation time with the molecular weight ratio
g- This direct rescaling is also supported by the definition of
the SLS Maxwel model, where 7, « 7. Increasing polymer size
typically results in increased polymer viscosity [57], directly
increasing the damping effect represented by the 7 value. Here,
we propose the inclusion of the parameter g = Mot 15 account

MygpLp
for the mismatched sizes of the polymer chains, such that the
characteristic relaxation time is7, = q -7y, andatg=1,7. =17,
leading to:

o) = [k, + lqexp(—ﬁ)] > @

When applying this empirical model to the stress relaxation
profiles of our HELP hydrogels, we see that the model achieves
good correlation with the experimental data for formulations
with HA M,, spanning 20-100 kDa, with R? > 0.98 (Figure 3E,
fitting values in Table S5). This modified model describes the
behavior of the relaxation for all formulations with an HA M,,
lower than 500 kDa, supporting our hypothesis that the different
relaxation profiles are being driven by the mismatched sizes
of the polymer chains, whose fitting values can be found in
Table S5. Further, when scaling the relaxation behavior with
respect to g, effectively normalizing and removing the impact
of the mismatched polymer sizes, all the different formulations
with M54 < 100 kDa collapse into the same relaxation pro-
file (Figure 3F), despite having significantly different stiffness
(Figure 2C). This suggests that formulations that fit this model
have similar physical processes underlying their relaxation behav-
ior, likely the kinetics of the DCC bonds, and that the differences
are arising due to the mismatched polymer sizes. In addition,
as each formulation has the same theoretical number of DCC
crosslinks (given the constant functionalization of 12% BZA
independent of HA M,,), this also implies that the changes in
stiffness are likely driven by the mismatched polymer sizes.

However, this modified Maxwell model does not accurately
predict the behavior of the higher molecular weight formulation

(i.e., HA =~ 500 kDa, g = 12.5). We hypothesize that the highly
mismatched sizes of the two polymers lead not only to a mildly
decreased chain mobility, but to the actual trapping of the shorter
ELP chains within defects and entanglements, preventing them
from making effective percolating paths (Figure 3G,H) [52, 58-61].

2.4 | Blob Theory Clarifies Mismatched Behavior

In an attempt to better understand the impact of this size mis-
match, we propose to further refine the scaling laws describing
solutions with polymers of mismatched sizes, similar to the sys-
tem described here. To further highlight the increased probability
to form entanglements as HA M, increases, we can estimate the
theoretical polymer fractions, @, for the two polymers in a good
solvent and investigate their overlap regimes [57, 60, 62-64], as
follows:

o, =-L"""_y N 3)
' Vloml .

where v,, is the volume occupied by one Kuhn segment, N; is

the number of Kuhn segments of a chain of polymer i, and

Vi = ¢; is the concentration of chains, n;, per total volume. In
total

this analysis, as we are considering the situation right before the

chains start overlapping, we assume that the radius of gyration
(R,) is independent of the polymer fraction and that all chains
are behaving as an unperturbed real-chain self-avoiding random
walk in a good solvent in the dilute regime, such thatR, ~ b N 3/5,
where b is the Kuhn length of each monomer [57, 60, 62]. Thus,
the total volume is the sum of the volume occupied by the total
amount of HA and ELP chains as follows:

Viotal ~ Mgy (BN) + gy (BN 4)

At the overlap condition, the average volume of polymer chains
equals the total volume, transitioning into the semi-dilute regime.
Thus, assuming v, ~ b3, two independent overlap concentrations
are determined:

3/5
nge (ONZY g, (BN

(5)
thal Vtmal
* 4/5 * 4/5
1~ @ pNipp + @i Nypy (6)
" —4/5 N —4/5
sp ~ Nprp @y ~ Ny, M

As we have a mixture of asymmetric polymers, it is important
to remember that the weight concentration, C;, in wt.% of both
polymers is kept constant and equal in all our gel conditions
(e.g., Cyy = Cyrp =1 wt%). Thus, the number of chains, n;, in
the gel decreases with an increase in the molecular weight of the
larger polymer chain. If we assume the molecular weight of the
monomer for each polymer is the same, it follows that:

M,  n, MW,

Ci = =
thtal Vtotal

=c¢ MW, ®)

6 of 19

Advanced Functional Materials, 2026

35U8017 SUOWIWOD aAIRea.D 3|gedt|dde ayy Aq paulenob ale sap e YO ‘9sh JO Sa|nJ 104 Ariq i aulUQO A3]IAM UO (SUOIPUOD-pUe-SWIS)/WD A | 1M ARelq U uo//sdny) suonipuoD pue swid | aul 8aS *[9202/80/5z] uo ArlqiauliuQ AS|IM ‘AiseAluN plojuels Aq /zi9/ Wipe/z00T 0T/I0p/Wod A8 1M  Areq Ut uo"paoueApe//sdny wolj papeojumod ‘0 ‘8Z0E9TIT



M _ M . Cep Mprp  Mypa  Npy
Cua Mypa = Cerp MygLp e T TM —Q—N

CHA Rpa wELP E(LP)

9

It follows that the g parameter has an impact on the overlap
concentration of HA:

qﬁ

L~ QN (10)

ELP

Thus, by changing the ratio of asymmetry, g, while keeping all
polymer weight concentrations constant, it allows us to move
between different semi-dilute regimes (®; >> @), leading to
highly entangled solutions and additional relaxation modes.
Particularly, three cases could be considered: (A) a dilute large
polymer (HA) within a semi-dilute matrix of short polymer (ELP),
(B) a dilute short polymer within a semi-dilute matrix of large
polymer, and (C) both polymers are in the semi-dilute regime. The
analysis of these different cases is presented in the Methods S1.

The inverse relationship of @, ~ g~/ suggest the overlap
concentration of the HA will be smaller than ®;,,, indicating
that the 500 KDa-HA HELP formulation is likely in the second
scenario: a dilute short polymer (ELP) within a semi-dilute matrix
of long polymer (HA). When discussing polymer solutions, the
concept of ’blob’ and correlation length becomes important,
which can be defined as the region of a polymer chain of size
¢ that does not interact with other chains, but still presents an
excluded volume [57, 60, 62, 65]. At length scales larger than
the ’blob’ size, the Flory theorem suggests we can consider that a
chain behaves as an ideal chain of blobs [63], such that R, relates
to the number of monomers, N, as follows:

1/2
&pf<%> (1)

Here, g is the number of monomers per blob. To consider the
excluded volume interactions within each ’blob’, we can relate the
correlation length, &, to g by considering the blob as a swollen coil
in a good solvent (v = 3/5) [60, 62], such that:

E~bg’? 12)

Further, in the semi-dilute regime of a polymer i, the correlation
length has been related to the polymer fraction @ [60, 62, 65]:

& ~bao ! 13)

i

Thus, for the long polymer, HA, in this semi-dilute regime, R,
would be as follows:

1/2
Ny -3/4 N4
RSHA ~ §< g > ~b CI)HA q)—5/4 (14)

HA

~1/8 As1/2
Ry, ~b @y " Nyy 5)

As in our analysis, we have defined ¢ = Ny, /Ng;p.

-1/8 1/2
RgHA ~b CDHA/ q1/2 NEQP (16)

For the short polymer in our system, ELP, R, will depend on
whether the ELP chain is unperturbed within the HA ’blob’ or

if it extends beyond the ’blob’. Here, we can analyze the ratio a of
the correlation length to the unperturbed polymer size of the ELP
(Methods S1):

.\
a 3 ~<@) a7)

~ 3/5 )
b NELP HA

Assuming that the system is exactly at the overlap condition,

the start of the semi-dilute HA regime, such that ®;, = @, ,. It
follows, that:
.\ 3/4 _aysN 34
0] N
o~ ( §LP> N < ELP ) - qs/s (18)
o —4/5
HA Ny

Thus, as the mismatch sizes g increases, the more likely the ELP
chain would be to be unperturbed within the HA blob, and the
radius of gyration would be R, , ~ b NZ{;, Figure 3H. As «
decreases, the ELP chain will extend beyond the HA correlation
length (Methods S1). This analysis of R, of the two polymer
components allows the comparison of their relative volume, V,

in a polymer solution with respect to the g value:

VH A RgHA 3
~ = x g3/2 19
Ve R q 1)

8ELP

Thus, as the HA M,, becomes much larger (g increases), the
volume of the HA chain is exponentially higher than that of the
ELP. For instance at g = 12.5, for the 500 kDa HA, the volume
occupied by the HA chain is roughly ~ 45 times larger than
that of the ELP, Figure 3H. Therefore, the analysis through this
two-component blob theory clarifies our experimental results.
This size mismatch could potentially prevent the smaller ELP
chains from forming crosslinking bonds across multiple polymer
chains and inhibit the creation of a percolated network. In
this scenario, we reasoned that a new relaxation mode would
dominate, driven by the entanglements and interactions of
the larger chain rather than the kinetics of the DCC bonds
(Figure 3G,H).

To test this hypothesis, we designed a formulation with an even
larger HA M,, (i.e., HA = 1 MDa, q = 25), still functionalized
with BZA at 12%. We estimate the relative size of the 1 MDa
HA to be about 125-fold larger than that of the ELP polymer.
Interestingly, the 1 MDa formulation also relaxes very rapidly,
similar to the rate of the 500 kDa formulation, but displays
a more linear temporal relaxation, suggesting that the relax-
ation behavior is primarily governed by entanglements from
the onset of relaxation. This is further supported by analyzing
the normalized relaxation time (t/q) to reach 15% relaxation,
which is the same order of magnitude for all formulations with
HA M, <100 kDa, and drops to a significantly lower value
for formulations with HA M,, > 500 kDa (Figure 3I). Thus, as
an alternative strategy to selecting different DCC crosslinking
reactions to control the hydrogel stress relaxation rate, we
demonstrate that tuning g by altering the M, of one of the
polymer components can significantly impact network relaxation
dynamics.
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FIGURE 4 | The stiffness and stress relaxation of HELP gels is tuned through the degree of functionalization of HA. (A) Schematic and color
code of the different HA degrees of functionalization (Figure S1) used in the study, resulting in different ratios of the DCC reactive groups (r =
[BZA]/[HYD]). (B-D) Idealized schematics of polymer networks formed when mixing ELP-HYD (blue) with HA-BZA (purple) with different degrees
of functionalization, resulting in r < 1 (B), r = 1 (C), and r > 1 (D). (E) Storage modulus, G’, for the different HELP formulations. One-way ANOVA,
p<0.05 *, p<0.0001 ****, Specific p-values are listed in Table S7. (F) Fraction of non-dissipated stress (/o) against time. (G) Natural log of fraction

of non-dissipated stress (c/0() against time for formulations compared to the theoretical fit of Modified Maxwell Model. Fitted values for Modified
Maxwell Model are listed in Table S5. (E-G) Averages of n > 3 with standard deviation.

2.5 | Impact of HA Degree of Functionalization on
Stiffness and Stress Relaxation Kinetics

Having explored the impact of M, mismatch on stress relaxation,
we next set out to investigate the effect of the degree of chemical
functionalization of HA. To aid in our analysis, we define r as the
stoichiometric ratio between BZA and HYD crosslinking groups.
We first tested functionalization at 6%, 12%, and 20% BZA for
the 20-kDa and 60-kDa HA M,, formulations, corresponding to
stoichiometric ratios (r) of BZA:HYD reactive groups of 0.41, 0.81,
and 1.35, respectively, (Figure 4A-D). Here, it is important to
highlight that at r = 1, the concentration of available reactive
groups will match the stoichiometry of the hydrazone bond
reaction, which would be expected to produce the stiffest hydrogel
in a traditional, static covalent crosslinked system (Figure 4C).
However, for DCC chemistry, the reversible crosslinking reaction
has an equilibrium constant (K,,), which controls the number of
on- and off- bonds and is governed by Le Chatelier’s principle
[45]. Thus, by increasing the concentration of BZA (r > 1),
we favor the formation of new bonds, increasing the amount
of crosslinks formed at any given time within the network
(Figure 4D). In general, this is supported by our data, where
the increased functionalization of HA leads to increased stiffness
within the same family of HA M, hydrogels, attributed to a

higher crosslinking density (Figure 4E). In contrast, when r < 1,
the low amount of crosslinks leads to lower stiffness. This is
particularly evident in the 20-kDa HA functionalized with 6%
BZA, where no hydrogel is formed, likely due to the combined
effect of low functionalization and short HA chains leading to
the absence of a percolating network (Figure 4B,E). Thus, the
degree of functionalization is an experimental variable that can
be used to alter the network connectivity, and hence stiffness, in
DCC-crosslinked hydrogels.

We reasoned that these alterations in network connectivity would
also offer a means to tune the stress relaxation rate. Consistent
with this idea, at both lower and intermediate HA M, (i.e., 20 and
60 kDa), the hydrogels exhibited changes in stress relaxation rate.
Higher crosslinking density led to decreased chain mobility, with
fewer degrees of freedom and slower relaxation, as previously
reported in literature (Figure 4F,G). This behavior is observed
at low HA M, with the 12% BZA formulation relaxing faster
than the 20% BZA, as well as at intermediate HA M,,, with the
12% BZA formulation relaxing significantly slower than its 6%
counterpart. Interestingly, there seems to be a plateau to the
contribution of crosslinking density in slowing down relaxation,
as the 60-kDa HELP gels with 12% and 20% BZA functional-
ization have overlapping relaxation profiles. Importantly, our
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FIGURE 5 | Stressrelaxation behavior in hydrogels with large polymer size mismatch is driven both by entanglements and DCC kinetics. (A) Storage
modulus (G") for the different HELP formulations with high HA M,,. One-way ANOVA, p<0.05 *, p<0.01 **, p<0.0001 ****, Specific p-values are listed
in Table S8. (B-D) Schematic of polymer networks formed when mixing ELP-HYD (blue) with HA-BZA (purple) with different % functionalization,
where r = [BZA]/[HYD], resulting in r <1 (B), r =1 (C), and r > 1 (D) (E) Two-Component DCC Network model of viscoelasticity, including both
the g parameter to account for polymer mismatched sizes, and a second spring-dashpot representing the additional relaxation mode. (F) Fraction of

non-dissipated stress (o /o) against time. (G) Natural log of fraction of non-dissipated stress (o/0() against time compared to the theoretical fit of
Two-Component DCC Network model. Fitted values for Two-Component DCC Network model are listed in Table S9. Averages of n > 3 with standard

deviation.

modified Maxwell model accurately describes the stress relax-
ation behavior for these five HELP formulations (Figure 4G), with
the decrease in crosslinking density captured by a decrease in
the k, (Table S5 and Figure S2) value for hydrogels with lower
degree of functionalization. Thus, while keeping the identity of
the DCC chemistry the same (i.e., all BZA-HYD crosslinks), the
stress relaxation rate of the hydrogel can be tuned either by
changing polymer molecular weight or by changing the degree
of functionalization.

2.6 | Modified Maxwell Model for Large Polymer
Chains

Interestingly, for HELP gels with relatively high HA M,
(> 500 kDa) where there is a large HA:ELP M, mismatch (g >>
1), the degree of HA functionalization impacts gel mechanics
in a different way compared to formulations with g near 1. In
particular, the stiffness decreases considerably as HA function-
alization is increased from 12% to 20% (i.e., r from 0.81 to 1.35)
(Figure 5A). This supports our hypothesis that the large M,
mismatch is leading to the formation of a network with more
entanglements and defects that prevent effective crosslinking
(Figure 5B-D) [52, 61, 66]. Consistent with this idea, as q is

increased even further (HA ~ 1 MDa, g = 25) while keeping the
degree of functionalization constant (12%, r = 0.81), the resulting
gel stiffness continues to decrease (Figure 5A).

The earlier discussion on the overlap concentrations and blob
theory in the HELP system can further improve our understand-
ing, as the larger q will lead to a transition into a semi-dilute
regime leading the relative volumes occupied by each polymer
to be exponentially different. Our earlier analysis suggests that
as the ‘q’ increases, the smaller chains are unable to create a
percolated network, and a novel relaxation mode dominates,
driven by interactions of the larger polymer chain. Thus, this
analysis supports the presence of a secondary mode of relaxation
as a hypothesis consistent with our observed trends.

Another important parameter is the predicted entanglement
concentration for the HA polymer, which similarly scales with
q~*°> (Methods S2), suggesting the higher the mismatch, the
lower the HA entanglement concentration. If we consider the
entanglement concentration of solely unmodified HA in a good
solvent, we can use literature data to estimate the entanglement
concentration, CZ"Z;T;:"W ~ 2.24 wt% and CZZ‘;;}Z :mm ~1.31
wt% (Table S10), which is similar or lower than the concentration

of the precursor HA-BZA solutions, 2 wt%, suggesting the
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precursor solutions are already partially entangled [28, 48, 51,
57, 58]. Thus, as the HA M,, increases, homogeneous mixing of
the two polymeric solutions becomes more challenging, resulting
in uneven network formation with possible defects. This can
prevent the formation of a uniformly crosslinked network and
lead to low effective crosslinking density and lower stiffness
(Figure 5A). As with the intermediate HA M, formulations, the
higher amount of entanglements and decreased chain mobility
for higher HA functionalization are also reflected in the observed
stress relaxation behavior. Similar to formulations with interme-
diate HA M,,, lower functionalization leads to a higher stress
relaxation rate that decreases with increasing functionalization
up to a plateau value (Figure 5E).

To probe network topology and investigate the presence of entan-
glements, we performed large amplitude oscillatory rheology
(LAOS) of our formulations [67, 68]. Literature suggests that the
presence of a loss modulus overshoot in LAOS is indicative of
entanglements that act as transient “solids” that are eventually
forced to flow due to the ever growing external deformation
[68]. Performing LAOS in our formulations with short (20-kDa)
and large (1-MDa) HA M, we distinctly see the increase of
strain overshoot indicative of the increase in local entanglements
present in the formulations with large mismatched M, Figure S3.
This evidence supports our blob theory-informed hypothesis that
a secondary relaxation mode is present in highly mismatched
HELP formulations.

However, as described earlier, the empirically based single-
dashpot Maxwell model modified with g terms still does
not accurately fit experimental data for very large g values
(Figure 3E). Based on our empirical findings, we reasoned that
this was likely due to the larger number of local entanglements
present in the longer HA chains, which would also contribute
a relaxation timescale to the overall network viscoelasticity.
With the intention to provide an interpretation of the impact
of mismatched molecular weight within the semi-dilute regime
on relaxation behavior, we propose an additional modification
to our model. Here, to capture this extra relaxation mode, we
propose the addition of a second spring-dashpot to represent
entanglement relaxation, with spring constant k, and viscosity
7),, such that the characteristic relaxation time is defined as 7, =
1,/k, (Figure 5E). In this Two-Polymer DCC Network model,
the stress relaxation behavior after an applied constant strain is
mathematically represented by:

t t
a(t) = [k, + klexp(_ﬁ) + kzeXP(—T—ez)] & (20)

With this further modification, the Two-Polymer DCC Network
model accurately captures the viscoelastic behavior of all formu-
lations tested, including the high g formulations (i.e. HA M,
500 kDa and 1 MDa) (Figure 5G, Figures S2, S4, and Table S9).

To investigate the applicability of this model to other hydrogel
formulations, we replaced our ELP-HYD with a 60-kDa HA-HYD,
creating an HA-only, homopolymer formulation. This HA-HYD
was mixed with 20-kDa, 60-kDa, 500-kDa, and 1-MDa HA-BZA,
all modified at 12%, yielding a range of MW ratios: g = 0.33,
1, 8.33, and 16.66, respectively. Overall, formulations without
the ELP relaxed more quickly (Figure S5). This is likely due

to the formation of ELP aggregates at 37°C [28, 32, 69], which
restricts the movement of the polymer chains, thus slowing
down relaxation. In the HA-only system, we see the relaxation
behavior of the 1-MDa formulation and the 500-kDa formulation
overlap. This suggests that although the polymer size transition
ratio is different from the HELP system, at large enough MW
mismatches, the relaxation is influenced significantly by local
entanglements. Both empirical models were applied to the HA-
only system, and the Two-Polymer DCC Network model provided
a better fit for the behavior of this system than the single-
component modified SLS Maxwell (Tables S11, S12 and Figures S5,
S6), supporting our hypothesis that mismatched MW sizes can
lead to hydrogels with two relaxation modes.

Regarding the HELP system, this empirically-based phenomeno-
logical model suggests that at low functionalization, the relax-
ation is dominated by the movement of the long uncrosslinked
but entangled chains, leading to a faster rate of relaxation
(Figure 5B). By increasing the functionalization, the kinetics of
the bonds slow down the relaxation (Figure 5C) as the crosslink-
ing density increases. However, at high functionalization, there
is a substantial decrease in crosslinking density as reflected by
the decrease in stiffness. Thus, this suggests that the slower
stress relaxation seen at high functionalization in high HA
M, formulations is likely also dominated by the movement of
entangled chains, which have highly restricted mobility due to
entrapment of the ELP chains (Figure 5D). This decrease in
mobility is also captured by our model; while 7., has similar
values for our 6% and 12% BZA formulations of 500 kDa HA, it
almost doubles for our 20% BZA formulation.

2.7 | Hydrogel Viscoelasticity Alters Neurite
Morphology

After establishing these design rules for how molecular-level
polymer parameters control the stiffness and stress relaxation
kinetics of HELP hydrogels, we next evaluated the effect of gel
mechanics on cellular behavior. Specifically, we explored how gel
viscolasticity impacted the morphology and neurite outgrowth of
human-induced pluripotent stem cell-derived neural progenitor
cells (hiPSC-NPCs), as these cells are known to be mechanosen-
sitive [21, 29, 30]. There are inherent difficulties associated with
directly studying the human brain, as samples are restricted to
post-mortem and biopsy tissues, providing limited information
since they are constrained to a specific timepoint in neural
development and disease progression [43, 44, 56]. In addition,
the information acquired by functional neuroimaging is also
limited due to inherent resolution challenges [70]. Moreover, the
applicability of in vivo models developed from studying rodent
brains to human physiology is restricted by the anatomical and
physiological disparities between the two species (i.e., rodent
and human) [71, 72]. Therefore, the advancement of human
in vitro models are critically important to study human brain
development and disease. To probe the mechanical versatility of
our HELP gel formulations and their application in 3D in vitro
tissue culture models, we encapsulated hiPSC-NPCs in HELP gels
of five different formulations (Figure 6).

One of the key advantages of controlling viscoelasticity through
our chosen molecular parameters, HA M, and degree of
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FIGURE 6 | The viscoelastic characteristics of hydrogels impacts neurite morphology in 3D tissue culture system. (A) Erosion profile of selected

HELP gels. (B) Frequency sweep of selected HELP gel formulations ranging from 0.01 to 250 rad/s, storage modulus (G’, filled symbols) and loss modulus
(G”, open symbols). (C) Fraction of non-dissipated stress (o /o) against time. (D) Table with selected HELP gel formulations with their respective storage
modulus (G"), and fraction of non-dissipated stress at 12 h (¢ = o /g,), both reported as mean + standard deviation, Top right. Representative maximum
projection fluorescence images of hNPCs encapsulated at 30,000 cells 4L~ within all five gel formulations after 7 days of culture with labeled cell
nuclei (DAPI, blue) and neuritic extensions (TUBB3, cyan), and stemness marker (Sox2, magenta), with comparison relationships. (E) Cable length of
individual neurites through quantifying TUBB3-expressing projections with the SNT toolbox. (F) Cell-cluster sizes wuantified based on DAPI staining,
identifying objects > 40 pixel units in diameter. Kruskal-Wallis, p<0.05 *, p<0.0001 ****_ Specific p-values are listed on Table S13(E) and Table S14(F).
(G). Tubulin abundance normalized by nuclei (DAPI) count. (H). Percentage of Sox2+ cells. One-way ANOVA, p < 0.05 *, p < 0.01 **, p < 0.0001 ****,
Specific p-values are listed on Table S15(G) and Table S16(H). Images analyzed, N=10, with n > 323 (E) and n > 116 (F). Specific N and n values are

listed in Table S17.

functionalization with BZA, is the increase in long-term hydrogel
stability (Figure 6A). Standard approaches to tune stress relax-
ation by altering the DCC bond kinetics, such as incorporating
ALD moieties as the crosslinking motif, have been shown to
result in rapid hydrogel erosion (Figure 1G). Our unique approach
retains the use of BZA moieties, known to have a slower on-
off binding rate. This leads to a decrease in erosion for all
selected gel formulations, with a maximum of 25% erosion over
two weeks (Figure 6A), while ALD formulations experienced
75%-100% erosion over the same time period (Figure 1G). To
allow for comparison between the relaxation behavior of all
formulations analyzed in this paper, we present all relaxation
profiles, characteristic times for 15% relaxation, and fraction of
non-dissipated stress after 12 h in Supplementary Information
(Figures S7 and S8). These data demonstrate that by tuning
molecular parameters, we can achieve similar relaxation behavior

as by altering DCC bond kinetics (Figure S7E). Having analyzed
all potential formulations, we selected the HELP gel formulations
such that we would have a set of stiffness-matched gels and a
set of stress relaxation-matched gels (Figure 6B,C), allowing us to
separately investigate the effects of each variable. The hydrogels
selected for the in vitro study had the following HA M, and
degree of functionalization parameters: 60 kDa and 12% BZA
(Gel1),500 kDa and 12% BZA (Gel 2), 500 kDa and 6% BZA (Gel 3),
60 kDa and 6% BZA (Gel 4), and 20 kDa and 12% BZA (Gel 5)
(Figure 6D). Briefly, Gel 1 and Gel 2 have similar stiffness, while
Gel 1 has a slower stress relaxation rate. ‘Gel 2 and Gel 5 have
a similar stress relaxation rate, but Gel 2 has a higher stiffness.
Gel 1 has a higher stiffness and a slower stress relaxation rate
than Gel 4. Gel 4 and Gel 5 have similar stiffness, but Gel 5 has a
slower stress relaxation rate. Finally, Gel 3 and Gel 4 have similar
stiffness and stress relaxation rate.
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Encapsulated cells were exposed to identical media for 7 days
and then immunostained for SIII-tubulin (TUBB3), a neuronal
lineage marker and key component of neuritic projections, and
Sox2, a marker of NPC stemness (Figure 6D) [29, 30]. Quantitative
morphology metrics included measurements of cable length to
compare neurite extension (Figure 6E) and cell cluster size to
compare the propensity to form neurospheres (Figure 6F). NPCs
frequently grow as neurospheres when cultured in suspension,
and when encapsulated can grow either as neurospheres or
dispersed cells [30]. In our earlier work, we have shown that
hiPSC-NPCs encapsulated in fast stress-relaxing, intermediate
stiffness (G’ ~ 800 Pa) HELP gels using a 50:50 BZA:ALD ratio
(12% functionalization) exhibited a highly branched morphology
with neurites extending throughout the gel from dispersed
cells [29].

When comparing Gel1and Gel 2 (G| ~ G} and g, > 7,), while the
faster relaxation rate did not lead to increased neurite outgrowth,
there was significantly higher expression of TUBB3 (Figure 6E-
H). The expression of neural stemness marker Sox2 was higher
in Gel 1, with a higher number of Sox2+ cells. There was also
the presence of large cell clusters in Gel 2 (HA 500 kDa 12 %BZA
formulation), which appeared to be where the majority of SIII-
tubulin expression was localized. Looking at Gel 2 and Gel 5
(G, > GLand o, ~05), these similar relaxation rates led to widely
differing results, suggesting this phenomena may be driven by
the lower stiffness of Gel 5, which resulted in increased neurite
outgrowth, smaller cell clusters, and higher expression of both
BIII-tubulin and Sox2. We saw similar behavior when comparing
the cellular responses in Gel 1 and Gel 4 (G| > G} and o, >
a,), with the lower stiffness corresponding to longer neurites
with higher expression of SIII-tubulin and Sox2. For Gel 4 and
Gel 5 (G, = G and 0, < 75), which are both of lower stiffness,
the faster relaxation rate of Gel 4 corresponded to a higher
expression of SIII-tubulin and Sox2, although the cable length,
our metric for neurite outgrowth, was higher for Gel 5(HA 20 kDa
12% BZA formulation), suggesting that there may be an optimal
combination of stiffness and relaxation rate to promote neurite
extension. An unexpected finding is that Gel 2, with intermediate
relaxation rate (o, > 0, > 0,) and high stiffness, presented the
lowest cable length of all conditions. This formulation (Gel 2) also
led to the formation of large cell clusters with high expression
of BII-tubulin (Figure 6F). These data may indicate that the
higher HA M,, and the secondary relaxation mode driven by
entanglements might hinder neurite outgrowth. One way to
investigate this is to compare the formulations with similar
stiffness and stress-relaxation rate, Gel 4 and Gel 3 (G} ~ G} and
o, ~ 0;), but differing HA M,, (60 kDa and 500 kDa, respectively)
(Figure 6F). Although they had similar cable lengths, the lower
HA M, formulation (Gel 4) resulted in higher expression of both
BIII-tubulin and Sox2 and fewer cell clusters (Figure 6G,H). These
data are consistent with the idea that higher HA M, may impact
cell morphology, potentially through secondary relaxation modes
caused by polymer entanglements, leading to the formation of
cell clusters. We hypothesize this behavior could be due to the
lower crosslink concentration, which may lead to local relaxation
rather than continuous bulk matrix relaxation. Previous work has
shown that many cellular processes, including cell spreading and
migration, have non-linear responses to matrix stiffness, stress
dissipation, and the concentration of cell-receptor ligands [24,
29, 54, 73-76]. Our data suggest that neurite outgrowth is also

a non-linear consequence of stiffness and stress relaxation rate.
Specifically, we observe that the combination of high stiffness
and fast stress relaxation rate prevents efficient neurite extension,
while low stiffness and fast stress relaxation rate enhances neu-
rite extension. Importantly, these non-linear interactions within
biological systems highlight why it is technologically important
to design materials with control over both stiffness and stress
relaxation rate.

Overall, these results provide insight into the potential effects of
both stiffness and stress-relaxation on cell morphology, agreeing
with previous results and demonstrating that the synergy of
lower stiffness with fast stress-relaxation rates can correlate with
increased stemness maintenance and neurite outgrowth [21, 29,
30]. Further, the enhanced stability of these formulations lend
themselves to future cellular biomechanics studies to explore
in detail the mechanosignaling pathways responsible for the
observed phenotypes.

3 | Conclusions

Three-dimensional models of in vitro tissue culture enable
high-throughput drug screening, mechanistic studies, and the
investigation of human development, making them indispens-
able for biomedical research. Further, their ability to recapitulate
biochemical and mechanical characteristics of tissues allows
the field to move away from animal studies and to explore in
vitro models as animal-free “new approach methodologies” (i.e.,
NAMSs). The use of hydrogels as 3D tissue culture models has been
widely explored, as their tunable viscoelastic and biochemical
properties are known to impact cell morphology and function.
Particularly, DCC crosslinked gels have risen to prominence since
the reversible nature of their bonds allows for the introduction of
stress-relaxation, a key mechanical characteristic of native ECM.
Traditional methods to tune the stress-relaxation and viscoelas-
ticity of DCC gels are based on bond kinetics, which directly
affect gel erosion rates, typically preventing their use for multi-
day 3D tissue culture. Here, we demonstrate the use of molecular
parameters (HA M, and degree of BZA functionalization) to
control the viscoelasticity of DCC hydrogels while still allowing
for week-long culture experiments.

Specifically, by varying only the HA M, in our HELP system,
we investigated the effects of mismatched polymer sizes (HA vs.
ELP) on gel stress relaxation and stiffness behavior. As expected,
higher molecular weight typically led to higher gel stiffness (G’).
Longer polymers have a greater number of potential crosslinking
sites per chain, and hence a larger number of possible percolating
paths through the network [48]. Interestingly, we observed that
the mismatched polymer sizes strongly influence the network
stress-relaxation rates. Varying HA M,, had a parabolic effect on
the relaxation rate of the gels: formulations with high HA M,
(500 kDa) relaxed as fast as low HA M, (20 kDa). To understand
this, we developed and validated an empirically-based modified
Maxwell Model of gel viscoelasticity, in which we include the ratio
of polymer molecular weight, g = M, ;;4 /M 51, as a normalizing
parameter. This model fits the behavior of all formulations with
low and intermediate HA M,,, where their relaxation behavior
collapses into a single trendline when normalized by q. However,
this empirical model fails to replicate the behavior of the high HA
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M, formulation (500 kDa), suggesting additional mechanisms of
relaxation are in place when the polymers are highly mismatched
in size, likely driven by entanglement movement. The increased
presence of entanglements was validated through the strain over-
shoot behavior seen in LAOS in highly mismatched formulations;
however, future studies to acquire structural information through
analysis such as SAXS would be beneficial in further understand-
ing this phenomenon. In addition, the presence of this secondary
relaxation mode is supported by the analysis of the relative sizes
of the polymers in solution, as the difference in size scales expo-
nentially with the mismatch parameter q. Thus, long polymers
lead to different semi-dilute regimes, allowing more crowded,
entangled solutions and additional relaxation mechanisms. The
relaxation of HELP gels is further tunable through the degree
of functionalization of BZA on our HA chain, with increasing
functionalization leading to slower-relaxing hydrogels due to the
increase in crosslinking density. While our modified Maxwell
model captures this increase in elasticity in low and intermediate
HA M,, it again fails to explain the behavior at very high HA
M, (= 500 kDa). To address this, we introduced the Two-Polymer
DCC Network model, where, in addition to the g parameter, we
added a second spring-dashpot to represent a secondary mode
of relaxation. This phenomenological framework was able to
describe the viscoelastic behavior of all characterized HELP gel
formulations across the full ranges of HA M, and degree of
functionalization that were tested. Thus, this phenomenological
model provides a helpful conceptual understanding in which
to predict the viscoelastic behavior of HELP gels. As DCC gels
can be designed using a variety of different polymer backbones
and crosslink chemistries, an exciting area for future study is to
explore if the Two-Polymer DCC Network model developed here
can also describe the viscoelastic behavior of other DCC gels. For
example, DCC hydrogels with alternative kinetics, such as oxime
and imine bonds, as well as alternative polymer backbones, such
as alginate or polyethylene glycol, can be studied to explore the
applicability of the theoretical framework described here.

Given the importance of gels as 3D in vitro tissue culture systems,
we then demonstrated the applicability of these formulations to
culture hiPSC-NPC for one week. As a key advantage, we were
able to keep the crosslinking chemistry (and hence crosslinking
reaction kinetics) constant across all formulations, resulting in
gels that were sufficiently stable for multi-day culture. By sepa-
rately modulating the stiffness and relaxation rate, we observed
that softer gels (G’ ~200 Pa) with intermediate to fast stress-
relaxation rates lead to higher expression of a stemness marker
and increased neurite outgrowth. Interestingly, we also observed
that gels formulated with high HA M, (500 kDa) correlated
with increased formation of cell clusters (i.e., neurospheres),
suggesting that secondary relaxation modes may also influence
cell phenotype. Cells can “sense” the viscoelastic properties of
their surrounding matrix through several different mechanisms;
thus, this family of modular gels is well suited for future studies
of the mechanisms of cellular mechanosignaling [24, 30, 31].

In summary, this work expands the molecular design space of
DCC hydrogels to achieve tunable viscoelasticity for 3D in vitro
models, decreasing our reliance on bond kinetics and improving
our conceptual understanding of relaxation modes. Given the
large design space of DCC hydrogels and their ability to support
long-term culture of human cells, these materials are well suited

to replace and complement animal studies of disease progression
and drug discovery in the future.

4 | Experimental
4.1 | Materials

All reagents were purchased from Sigma-Aldrich and used
without further purification, unless otherwise noticed.

4.1.1 | Synthesis of Elastin-Like Protein

The ELP was synthesized through recombinant protein expres-
sion as previously described [28]. Briefly, ELP encoding plasmids
were transformed into BL21(DE3) pLysS Escherichia coli (Life
Technologies). The bacteria were grown in Terrific Broth at 37 °C.
When the OD600 reached a value of 0.8, the ELP expression was
induced with an 1 mM of isopropyl 5-d-1-thiogalactopyranoside
(Fisher) and the expressed proceeded for 7 h. Subsequently, the
bacteria were pelleted and resuspended in TEN Buffer (10 mM
Tris (Fisher), 1 mM ethylenediamine tetraacetic acid disodium
salt dihydrate (EDTA, Fisher), and 100 mM NacCl (Fisher), pH
8.0) [28]. Alternating freeze and thaw cycles were used to lyse
the cell pellet. Deoxyribonuclease and phenylmethylsulphonyl
fluoride were added to the cell lysate at 1 mM [28]. ELP was
purified through thermocycling followed by dialysis in deionized
water (DI) with 6 water changes, having a minimum residence
time of 6 h in-between changes, at 4°C. The purified protein was
lyophilized and stored at —20°C [28].

4.1.2 | Functionalization and Characterization of
ELP-HYD

The ELP was modified following previously published proto-
cols [32, 34]. In short, a hexafluorophosphate azabenzotriazole
tetramethyl uronium (HATU) enabled amidation reaction was
used to modify the amine on he lysine amino acid of the ELP.
The lyophilized ELP was dissolved in a solution of equal volumes
(3% (w/v)) of anhydrous dimethyl sulfoxide (DMSO) and N,N-
dimethylformamide (DMF) [28]. In a separate vessel, tri-boc
hydrazinoacetic acid was dissolved at 2.1% (w/v) in anhydrous
DMF, at room temperature. The dissolved tri-boc was activated
with HATU (2.0 equivalence per ELP amine; Sigma, 445460) and
4-methylmorpholine (NMM, 5 equivalence per ELP amine) for 10
min [28]. The activated tri-boc molecule was added to the ELP
solution dropwise under continuous stirring, and the reaction
was left to proceed overnight [28]. The tri-boc modified protein
was precipitated in ice-cold diethyl ether in a 1:4 volume ratio
of reaction solution to ether [28]. The product was pelleted and
dried under nitrogen for 3 days [28]. In order to deprotect the
hydrazine group, the pellet was resuspended in a solution of equal
volumes of dichloromethane (DCM) and trifluoroacetic acid
supplemented with 5% (v/v) tri-isopropylsilane (Sigma, 233781).
After 4 h the deprotected ELP-HYD was precipitated in ether,
dried under nitrogen for 3 days, and resuspended in DI water
at 4 °C [28]. The protein was dialyzed against DI water with
6 water changes, having a minimum residence time of 6 hours
in-between changes at 4 °C. The resulting solution was sterile
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filtered (0.22 um) in a biosafety cabinet, lyophilized, and stored
at —20 °C.

4.1.3 | Functionalization and Characterization of
Hyaluronic Acid with Benzaldehyde (HA-BZA) or
Aldehyde (HA-ALD)

HA of different MW were purchased from Lifecore: HA20K-1,
HA40K-1, HA60K-1, HA100K-1, HA500K-1, HA1IM-1 (viscosity-
averaged MW of each HA as reported by Lifecore is listed in
Figure S9). To evaluate the PDI and confirm the measurements
provided by Lifecore, we previously reported gel permeation
chromatography on these reagents (Figure S9). Depending on the
measurement method, due to the polydispersity of these samples,
the viscosity-averaged, weight-averaged, and number-averaged
molecular weights will all be slightly different. HA was func-
tionalized following previously published protocols [28]. First,
HA of different molecular weights (LifeCore, HA20K-1, HA40K-
1, HA60K-1, HA100K-1, HA500K-1, HA1M-1) was modified with
an alkyne group through an EDC/NHS reaction at different
equivalences depending upon the desired final BZA or ALD
functionalization (1 eq. for 6% and 12% functionalization, 3 eq. for
20% functionalization) [28]. The reaction proceeded at room
temperature overnight. The final mixture was dialyzed against DI
water with 6 water changes, having a minimum residence time
of 6 hours in-between changes. After dialysis, the mixture was
filtered through a 0.22 um filter and subsequently lyophilized.

To achieve HA-BZA or HA-ALD, a copper-catalized azide-
alkyne cycloaddition, also known as a copper-click reaction
was performed on the HA-alkyne. Briefly, 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 um
filtered) supplemented with -cyclodextrin at a 1 mg mL ™" [28].
Stock solutions of 2.4 mm copper sulfate (Copper sulfate, 5-
hydrate - JT Baker 1841-01) and 45.2 mm sodium ascorbate
were prepared [28]. All solutions were degassed for 30 min
under nitrogen flow. Finally, azido-BZA or azido-ALD (Santa
Cruz Biotechnology) was dissolved in extra dry DMSO (Acros
Organics 61097-1000) depending on the targeted BZA or ALD
functionalization: 1 eq. with respect to the corresponding HA-
alkyne for 6% functionalization, and 2 eq. for 12% and 20%
functionalization [28]. The reagents were added to the solution
as previously described, and the reaction proceeded for 24 h at
room temperature [28]. Then, the reaction stopped by chelating
the copper with 50 mM EDTA (Fisher 02793-500) [28]. Last,
the mixture was dialyzed, filtered, and lyophilized as previously
described. The degree of functionalization of HA-BZA was eval-
uated through 'H NMR [20, 77], and the different degrees of
functionalization were quantified, resulting in 6% + 3%, 12% + 3%,
and 20% + 3% (Figure SI).

4.1.4 | Functionalization Hyaluronic Acid with
Hydrazine (HA-HYD)

First a N-(3-azidopropyl)-2-hydrazineylacetamide was synthe-
sized as previously published [78]. Briefly, a dimethylaminopy-
ridine (0.2 eq.) catalyzed EDC (1.3 eq.) reaction was performed

in DCM by combining tri-Boc hydrazinoacetic acid (1 eq.) with
azidopropyl amine (1.3 eq). The reaction proceeded overnight
under continuous stirring. Following the reaction, the solvent
was removed through a rotary evaporator, and the molecule was
purified through silica gel chromatography. The protecting Boc
groups were then removed by solubilizing the material in 1:1
DCM/TFA mixture for 4 h, and the final N-(3-azidopropyl)-2-
hydrazineylacetamide (azido-HYD) was precipitated into ether
[78]. Following this synthesis, HA-60kDa was functionalized with
hydrazine group following the same protocol used to achieve HA-
BZA, except the azido-BZA was substituted with azido-HYD as
the functionalizing motif. All equivalences were the same ones
applied to achieve 12% HA functionalization.

4.1.5 | Hydrogel Formation

All HELP hydrogels have a final composition of 1 wt.% ELP-
HYD and 1 wt% HA-BZA or HA-ALD in 10x iPBS, regardless
of the HA molecular weight or degree of functionalization. The
components, HA-BZA or HA-ALD and ELP-HYD, were dissolved
at a stock concentration of 2 wt.% in 10X iPBS overnight at 4 °C
under continuous rotation. Equal volumes of 2 wt.% HA-BZA or
HA-ALD and 2 wt.% ELP-HYD were mixed on ice, to prevent ELP
aggregation. This procedure allowed for the hydrazone crosslinks
to spontaneously form, creating gels with final concentration of 1
wt.% HA and 1 wt.% ELP.

4.2 | Rheometry

Rheological characterization was performed on an ARG2
rheometer (TA Instruments) equipped with a Peltier plate
using a 20-mm cone-plate geometry with an angle of 1 °. All
rheology was performed on gels crosslinked directly on the
rheometer stage, as this yields the most consistent and high-
quality data. It is important to highlight that different solvents
(e.g. water, phosphate-buffered saline, specific different cell
culture media, in vivo interstitial fluid, etc.) will each impact
hydrogel swelling behavior differently, which can directly impact
entanglements and accessibility of crosslinking groups. As a
consequence, we used an on-stage crosslinking protocol to yield
reliable data that can be compared across different research
groups and across different formulations, regardless of intended
downstream application.

The two components of the HELP hydrogels (ELP-HYD and HA-
BZA or HA-ALD) were pre-mixed in an 0.6 mL Eppendorf tube
and loaded onto the rheometer with the measurement starting
10 s after mixing. The gelation was monitored through a time-
oscillation measurement at an angular frequency (w) of 1 rad s'~
and a shear strain amplitude (y) of 1 %. The gel is loaded on
the rheometer and kept at 4 °C for 5 min. Subsequently the
temperature is ramped to 23 °C at a heating rate of 3 °C min~"
and the measurement continues isothermal for 15 min. The
temperature was then ramped to 37 °C at a heating rate of
3°Cmin”' and the measurement continues isothermal for 15 min.
Finally, frequency-sweep, from 0.01 to 250 rad/s, was performed
at a shear strain amplitude of 1 % at 37 °C. The sample then
remained at 37 °C at a 1.0 % strain for 5 min. A step stress
relaxation at a constant shear strain amplitude of 10 % was
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performed, and relaxation was followed for at least 12 h. Each
experimental condition was measured in at least triplicates, n >
3. In relaxation profile plots, the normalized data is presented as
the average and shaded area represents the standard deviation. To
test for potential interactions between unmodified ELP and HA,
we performed rheology on a mixture of HA and ELP (both at 1
wt.%, similar to our hydrogel formulations), and no gelation was
observed (Figure S10).

4.3 | Modeling

All modeling was performed through Matlab R2025a. First, all
exported files were separated into each of the rheometry steps,
and the stress relaxation step was isolated. Each stress relaxation
experiment was normalized with respect to initial stress and
smoothed through a standard moving average algorithm. Once
normalized, the average stress relaxation profile was calculated
for each experimental condition for the first 12 h of relaxation.
To assess the characteristic relaxation time (z,) at ¢ = 1 (40 kDa-
HA), the normalized averaged relaxation data of this condition
was fitted to the Modified Maxwell Model, [k, + klexp(—ri)],
0

where k,, k,, and 7, were optimized fitting parameters, find-
ing the 7, ~ 28661. Then, all conditions were fitted to the
Modified Maxwell Model with a their respective set 7, = q - 7,
and k,, k, were the optimized fitting parameters. When fitting
the Two-Component DCC Network model, [k, + klexp(—L) +

kzexp(——)] the same set 7, was maintained, and k,, kl, k,,

and 7., Were the optimized fitting parameters. All averaged
empirical data was fitted to the corresponding models through
a non-linear least-squares local solver, ’Isqcurvefit’, which was
run 500 times, through a GlobalOptimSolution combined with
a MultiStart, to ensure the optimal solution despite potential
multiple local minima. As the fitted parameters are representative
of physical properties, all fitting parameters (k,, k,, k,, and 7,)
were constrained to be > 0.

4.4 | iPSC-hNPC Differentiation and
Encapsulation

We differentiated human induced pluripotent stem cells (hiPSCs)
into neural progenitor cells through a dual SMAD inhibition
kit (Stem Cell Technologies) [30]. After 13 days of differenti-
ation, we dissociated all cells with Accutase (Sigma-Aldrich),
and passaged onto plates coated with poly-d-lysine (50 ug/mL;
Sigma-Aldrich) and laminin (10 ug/mL; Roche) [30]. From
day 13 onward, the differentiated NPCs were maintained in
N3 culture medium, which is composed of 1:1 DMEM/F12
(Thermo Fisher):Neurobasal (Thermo Fisher), N2 supplement
(1%, Thermo Fisher), B27 supplement (2%, Thermo Fisher),
GlutaMAX (1%, Thermo Fisher), MEM non-essential amino acids
(1%, Thermo Fisher), and Penicillin-Streptomycin (1%, Thermo
Fisher) [30].

All NPCs were encapsulated on days 18-22 of differentiation.
Before encapsulation, the cells were dissociated with Accutase,
pelleted by centrifugation, and counted. The NPC pellets were
resuspended in 2 wt.% ELP-HYD solution at two times the
selected final cell density within the gel (i.e., 60,000 cells/uL for

a final cell density of 30,000 cells/uL). The cell suspensions were
thoroughly mixed with the selected 2 wt.% HA-BZA solution, and
10 uL gels were cast in 4 mm diameter, 0.8 mm height silicone
molds. The molds were placed into 24-well plates [30]. The gels
crosslinked for 5 min on ice, 15 minutes at room temperature (RT),
and 10 min at 37 °C. Then, we added the N3 media supplemented
with 10 uM Y27632 (Tocris Biosciences) [30]. Fresh media without
Y276332 was replenished the next day. Media changes were
performed daily for 7 days.

4.5 | Cell Viability

At day 7 (end-point), Live/Dead kit (Invitrogen) was used to
assess cell viability at 37 °C. Encapsulated gels were washed in
phosphate buffered saline (PBS, Invitrogen) for 5 min per wash
for three washes total, and incubated with 4.0 uM calcein-AM and
4.0 uM ethidium homodimer-1in PBS for 30 min [21]. All samples
were rinsed in PBS, and imaged on a confocal microscope (Leica
STELLARIS 5) at 10x and 20x magnification. Z-stacks of 100 -
150 um height were taken with 10-um z-steps at three different
locations in each hydrogel, Figure S11 [21].

4.6 | Immunocytochemistry

At the end-point, the gel-encapsulated cells were fixed in 4%
paraformaldehyde in PBS for 20 min at RT. The samples were
then washed three times with PBS and stored at 4 °C until use.
The fixed samples were permeabilized with 0.25% (v/v) Triton X-
100 in PBS (PBS-T) for 1 hour at RT and then blocked with 5%
(w/v) bovine serum albumin (BSA; Roche), 5% (v/v) goat serum
(Gibco), and 0.5% Triton X-100 in PBS for 3 h at RT [30]. An
antibody solution was prepared in PBS with 2.5% (w/v) BSA,
2.5% (v/v) goat serum, and 0.5% (v/v) Triton X-100. The following
primary antibodies were used accross all conditions: mouse anti-
B3-tubulin (1:400, Cell Signaling, mAb 4466) and rabbit anti-Sox2
(1:400, Cell Signaling, mAb 23064). Primary antibody incubation
was performed for 48 h at 4 °C. After two nights, all samples
were washed three times with PBS-T for 30 min each, and then
secondary antibodies were diluted in antibody dilution solution
as follows: goat anti-rabbit Alexa Fluor 488 (1:500, Invitrogen,
A-11008), goat anti-mouse Alexa Fluor 555 (1:500, Invitrogen,
A-21422). 4’,6-diamidino-2-phenylindole (DAPI; 1 ug/mL, Cell
Signaling, 4083s) was included to stain for nuclei [30]. Secondary
antibodies were incubated overnight at 4 °C. The following
day, samples were washed three times with PBS-T for 20 min
each and then mounted onto #1 coverslips with ProLong Gold
AntiFade Mountant (Thermo Fisher) [30]. After curing for 24 h,
stained hydrogels were imaged with a confocal microscope (Leica
STELLARIS 5, Las-X software). All images were taken at a z-depth
of at least 50 um from the coverslips to avoid possible confounds
imparted by the mechanical properties of the glass. Z- stacks of
250 um height were taken with 10-um z-steps at five different
locations in each hydrogel [30].

4.7 | Image Analysis

Allin vitro experiments were performed in 3 independent gel/cell
experimental replicates, out of which N = 10 randomly selected
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fields-of-view from 2 gels were quantified. The length of indi-
vidual neurites was characterized by manually tracing TUBB3-
expressing projections, and quantified with the SNT toolbox,
where each cell represents one data point (n), Table S17 23,29, 79—
81]. Cluster size was quantified using CellProfiler based on DAPI
staining, identifying objects > 40 pixel units in diameter using
no method to distinguish between clumped objects. CellProfiler
was also used to quantified the number of Sox2+ cells and area
occupied by TUBB3+ neurites [30]. Briefly, nuclei and cells were
immunolabeled with the relevant markers or antibodies and iden-
tified using“IdentifyPrimaryObjects” with the“Minimum Cross-
Entropy” thresholding method. TUBB3-labeled neurites were
identified by passing the TUBB3 images through “EnhanceOr-
SuppressFeatures”, “IdentifyPrimaryObjects”, and “MeasureIm-
ageAreaOccupied” [30]. All quantification on a per cell basis was
done by normalizing either the Sox2 count or the area of TUBB3
expression by nuclei count.

4.8 | Hydrogel Erosion

Each biological environment possesses different ionic strengths,
amounts of proteins and polysaccharides, and levels of pro-
teases, all of which will impact erosion and potential enzymatic
degradation [78, 82, 83]. To assess solely the passive erosion
caused by crosslink exchange and polymer chain diffusion into
the supernatant, rather than enzymatic degradation, this study
was performed with PBS, a common reagent in cell culture
laboratories, as a standardized manner to assess erosion. For
the erosion study, gels with a volume of 40 uL were cast in
the bottom of 0.5 mL Eppendorf tubes following the protocol
described above. After gelation, 200 uL of PBS was added on top of
the gels and the Eppendorfs were closed, and incubated at 37 °C.
The entire volume of supernatant was removed and replaced
at each experimental timepoint, and the supernatant stored at
—80 °C prior to analysis. A uronic assay was used to quantify
the amount of HA released into the supernatant, as described
earlier [84]. Unmodified HA samples of the same M, were used
as standards and PBS-filled wells used to blank the readings.

4.9 | Hydrogel Swelling

As hydrogel swelling can impact rheological properties, we per-
formed a swelling test on our HELP formulation in comparison
with HA-only formulation using a 60-kDa HA-BZA with 12%
functionalization, combined with either an ELP-HYD or an 60-
kDa HA-HYD. We weighted empty 4-mm silicone molds before
casting any gel. All gels were casted at a total volume of 10
uL, and dried overnight under vacuum. The mass of each dried
sample was measured, and the sample was incubated in 1 mL
of PBS for 3 h at room temperature. After incubation, the
mass of the swollen sample was measured. Overall, the HELP
formulations displayed a significantly lower increase in normal-
ized swelling ratio post-incubation, Figure S12. This suggests
HELP formulations have relatively low swelling when compared
to other common polymeric formulations, presumably due to
ELP aggregation. Further, it supports that prior to optimization
for a specific, intended biomedical use, swelling studies and
rheological measurements should be performed on gels swollen
with the relevant, appropriate biological solution.

4.10 | Statistical Analysis

For all figures, except Figure 6E,F, data are presented as the mean
and standard deviation. Individual replicates are represented as
symbols points, where appropriate. Prior to significance testing,
normality and equality of variance were tested with Shapiro-
Wilks, Normal QQ plots, and Brown-Forsythe at significance
level 0.05, respectively. All data were analyzed through an
one-way ANOVA, and Tukey’s post hoc means comparison at
significance level 0.05. Data on Figure 6E-F are not normally
distributted. Thus, it was analyzed by a Kruskal-Wallis with
Dunn’s post hoc means comparison at significance level 0.05. 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 Prism10.
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