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Tuning Polymer Hydrophilicity to Regulate Gel Mechanics
and Encapsulated Cell Morphology

Renato S. Navarro, Michelle S. Huang, Julien G. Roth, Kelsea M. Hubka, Chris M. Long,
Annika Enejder, and Sarah C. Heilshorn*

Mechanically tunable hydrogels are attractive platforms for 3D cell culture, as
hydrogel stiffness plays an important role in cell behavior. Traditionally,
hydrogel stiffness has been controlled through altering either the polymer
concentration or the stoichiometry between crosslinker reactive groups. Here,
an alternative strategy based upon tuning the hydrophilicity of an elastin-like
protein (ELP) is presented. ELPs undergo a phase transition that leads to
protein aggregation at increasing temperatures. It is hypothesized that
increasing this transition temperature through bioconjugation with
azide-containing molecules of increasing hydrophilicity will allow direct
control of the resulting gel stiffness by making the crosslinking groups more
accessible. These azide-modified ELPs are crosslinked into hydrogels with
bicyclononyne-modified hyaluronic acid (HA-BCN) using bioorthogonal, click
chemistry, resulting in hydrogels with tunable storage moduli (100–1000 Pa).
Human mesenchymal stromal cells (hMSCs), human umbilical vein
endothelial cells (HUVECs), and human neural progenitor cells (hNPCs) are
all observed to alter their cell morphology when encapsulated within
hydrogels of varying stiffness. Taken together, the use of protein hydrophilicity
as a lever to tune hydrogel mechanical properties is demonstrated. These
hydrogels have tunable moduli over a stiffness range relevant to soft tissues,
support the viability of encapsulated cells, and modify cell spreading as a
consequence of gel stiffness.
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1. Introduction

Hydrogels are commonly used as
biomimetic scaffolds for 3D cell encapsula-
tion and tissue engineering applications.[1]

Because they are able to recapitulate key
aspects of the biochemical and biomechan-
ical microenvironment, hydrogels are an
attractive platform for studying cell–matrix
interactions in a controlled manner.[2,3] A
variety of natural and synthetic polymers
have been utilized as cell-encapsulating
materials, but potential limitations exist for
both material classes. Natural biomaterials,
such as collagen and reconstituted base-
ment membranes, are degradable and con-
tain natural cell-interactive components,
but they can suffer batch-to-batch variability
and exhibit limited tunability of mechanical
properties.[4] On the other hand, synthetic
materials like polyethylene glycol (PEG)
offer well-defined, highly tunable systems,
but they are bioinert and must be function-
alized with bioactive molecules to permit
cellular interaction.[5–7] Recombinant
protein-based biomaterials offer an alter-
native that is reproducible, cell-interactive,
and facilitates the independent tuning of
biochemical and biomechanical properties,

emerging as an advantageous 3D culture platform for a variety of
cell types.[8–10]

Elastin-like proteins (ELPs) are a class of mechanically tunable,
protein-engineered materials well-suited for studying encapsu-
lated cell response to matrix-derived signaling cues.[11] Mechan-
ically tunable hydrogels are particularly attractive for 3D cell cul-
ture, as hydrogel stiffness has been shown to play important roles
in cell spreading, proliferation, and differentiation.[12–15] Tradi-
tionally, ELP hydrogel stiffness has been controlled through al-
tering either the polymer concentration or the stoichiometry be-
tween crosslinker reactive groups.[9,16,17] While these strategies
have been used successfully to modulate hydrogel stiffness, it is
often technically cumbersome to modify mechanical properties
without impacting other material properties such as adhesive lig-
and density or mesh size. Therefore, it would be beneficial to ex-
plore additional cell-compatible strategies for tuning mechanical
properties of ELP hydrogels. Here, we present an alternative ap-
proach to modulating hydrogel stiffness that is based upon tun-
ing ELP hydrophilicity.
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ELPs exhibit lower critical solution temperature (LCST) behav-
ior, defined as formation of protein-rich aggregates at tempera-
tures above the transition temperature (Tt).

[18–20] ELPs with in-
creased hydrophilicity will have a higher Tt. Several approaches
have been used to tune the Tt of ELPs, including changing the
amino acid sequence,[21,22] altering the pH of the gel precursor
solution,[23] altering the pH at the time of gel crosslinking,[24]

and adding salts or surfactants to alter the ionic strength.[25,26]

While a range of hydrogel stiffness is achievable through these
approaches, materials for cell encapsulation must necessarily be
cell compatible. Since cells are influenced by signaling from their
surrounding microenvironment, alterations in pH and ionic
strength that deviate from physiological conditions may affect
cell viability and thus may not be suitable approaches for study-
ing cell mechanobiology. While modifying amino acid residues
offers a potential solution, this approach requires bacterial trans-
formation, expression, and purification of multiple different pro-
teins, increasing the complexity required for such studies. An
ideal strategy would therefore involve tuning the hydrophilicity
of ELP while maintaining physiological culture conditions and
without requiring redesign of the amino acid sequence.

In this work, we have designed a bioorthogonal, covalently-
crosslinked, protein-engineered hydrogel wherein the hy-
drophilicity is tuned by the conjugation of pendant hydrophilic
moieties. Bioconjugation of the ELP with azide molecules con-
taining varying numbers of ethylene glycol repeats results in
a shift in the Tt as the LCST behavior is perturbed. To initiate
gelation, the different azide-functionalized ELPs are mixed
with bicyclononyne-functionalized hyaluronic acid (HA) and
allowed to crosslink via a strain-promoted azide-alkyne cycload-
dition (SPAAC) reaction. While we have previously reported
a hyaluronan–elastin-like protein (HELP) matrix formed via
hydrazone-mediated crosslinking,[17,27] SPAAC crosslinking
presents a bioorthogonal approach for creating a cell compatible
hydrogel platform, termed HELP-SPAAC hydrogel. Increas-
ing the hydrophilicity and the Tt of the azide-functionalized
ELPs was found to offer a simple, cell-compatible strategy to
tune HELP-SPAAC gel stiffness. These gels supported the
viability and phenotypic maintenance of encapsulated human
mesenchymal stromal cells (hMSCs), human umbilical vein
endothelial cells (HUVECs), and human induced pluripotent
stem cell-derived neural progenitor cells (hNPCs). Furthermore,
we observed that tuning gel mechanics in this manner resulted
in cell type-dependent morphological differences for all three
cell types, supporting the future use of these materials in cell
mechanobiology studies.

2. Results and Discussion

2.1. Synthesis and Characterization of Azide-Modified ELP

Recombinant proteins are uniquely suited biomaterials for 3D
cell culture as they combine desirable traits from both natural
and synthetic polymers, namely: biocompatibility, biodegradabil-
ity, reproducibility, and customizability. These proteins can be en-
gineered to mimic both biochemical and biomechanical proper-
ties that cells experience in the native extracellular matrix,[28,29]

and these signaling cues have been shown to be particularly im-
portant in influencing cell behavior in 3D cell culture.[30]

In this work, we use a previously reported, recombinantly ex-
pressed ELP that contains alternating repeats of amino acid se-
quences derived from the native human extracellular matrix pro-
teins fibronectin and elastin.[29] Specifically, these two sequences
include 1) an extended, cell-adhesive sequence derived from fi-
bronectin that contains the integrin-binding peptide RGD and 2)
an elastin-like sequence that provides elastic mechanical proper-
ties and sites for chemical modification (Figure 1A; Figure S1,
Supporting Information). In particular, the elastin-like region
is composed of fifteen repeats of the canonical elastin-like pep-
tide VPGXG, where the “X” residue position is designed to be
80% isoleucine and 20% lysine. This sequence results in an ELP
with an LCST of ≈32 °C, which allows for facile protein purifica-
tion through alternating cycles of hot and cold centrifugation.[31]

Additionally, the primary amine side chains of lysine residues
represent a versatile reactive group for a variety of chemical
modifications, including nucleophilic substitution and amida-
tion coupling.[17,32,33]

Here, the lysine residues were bioconjugated with azide-
containing molecules selected to have zero, five, or twelve ethy-
lene glycol repeats (Figure 1B). We hypothesized that increas-
ing the length of these short polyethylene glycol (PEG) linkers
would increase the hydrophilicity of the ELP and hence increase
the LCST. PEG has been extensively used to enhance protein and
polymer solubility in a range of systems.[34–36]

The azide-containing molecules were conjugated to the ELP
via a hexafluorophosphate azabenzotriazole tetramethyl uro-
nium (HATU)-mediated amidation reaction, resulting in three
ELP variants: ELP–Azide (AZ), ELP–PEG5–AZ (PEG5AZ), and
ELP–PEG12–AZ (PEG12AZ) (Figure 1C). Importantly, this reac-
tion proceeds in a non-aqueous solvent, preventing any poten-
tial phase separation of the relatively hydrophobic ELP reactant
and AZ product from occurring. This choice of reaction condi-
tions also simplifies post-processing, as product purification and
concentration is achieved through facile precipitation by addition
of diethyl ether. Nuclear magnetic resonance (NMR) characteri-
zation shows disappearance of a peak at 2.75 ppm, which is as-
signed to the lysine residue,[37] indicating all three reactions were
successful (Figure 1D). Further quantification of primary amines
using a colorimetric trinitrobenzene sulfonic acid (TNBSA) as-
say demonstrated that we successfully modified the lysines with
azide-containing molecules (Figure 1E). Additionally, Fourier-
transform infrared (FTIR) spectroscopy indicated the appearance
of a new azide stretch at ≈2100 cm−1 (Figure 1F). These data con-
firm that all three azide-containing ELP variants were success-
fully synthesized.

2.2. ELP Undergoes an LCST-Driven Phase Transition

ELP exhibits an LCST behavior, which is characterized by a tran-
sition from a soluble phase to an insoluble protein-rich coacer-
vation phase upon heating above the Tt (Figure 2A). This pro-
tein aggregation is an entropy-driven event that is dependent
on several factors including the amino acid sequence (i.e., hy-
drophobicity), protein concentration, number of repeating seg-
ments (i.e., molecular weight), buffer concentration, and pH. The
temperature-triggered aggregation results in the association of
hydrophobic side chains, obscuring them from the solvent and
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Figure 1. Schematic and characterization of azide-modified ELP. A) Amino acid sequence of ELP cell-adhesive domain and elastin-like domain, which
contains the lysine amino acid (K) used for coupling to azide-containing molecules. B) Azide-containing molecules with increasing hydrophilicity from
left to right. C) Reaction conditions and products for each of the resulting azide-modified ELPs; R = ELP. D) NMR spectra (600 MHz in D2O) of azide-
modified ELPs demonstrate a decreased peak at 2.75 ppm attributed to reaction of the primary amine side chain on lysine residues. E) Quantification of
unmodified amines on ELP before and after coupling reaction (n= 3, data are averages± standard deviation, ****p< 0.0001, one-way ANOVA with Tukey
post hoc test). F) FTIR observation of azide functional group stretching (≈2100 cm−1) before and after coupling reactions. HATU, hexafluorophosphate
azabenzotriazole tetramethyl uronium; NMM, 4-methylmorpholine; DMSO, dimethyl sulfoxide; DMF, dimethylformamide; RT, room temperature.

liberating water molecules.[38] The fifteen elastin-like peptide re-
peats of ELP are composed primarily of hydrophobic amino acids
that decrease solubility. Our engineered ELP intersperses these
hydrophobic elastin-like peptide repeats with a more hydrophilic,
cell-adhesive sequence derived from fibronectin, resulting in a fi-
nal Tt of ≈32 °C (Figure 2B).

Protein hydrophilicity can also be tuned by modifying the pro-
tein after expression with an array of chemically active molecules.
In this work, we postulate that by using increasingly hydrophilic,
azide-containing molecules (AZ, PEG5AZ, and PEG12AZ), we
can modulate the protein’s solubility and Tt. Observations of the
three, chemically modified ELPs at distinct temperatures (4, 23,
and 37 °C) revealed that their solutions were all transparent at
4 °C, demonstrating solubility at this temperature. At 23 and
37 °C, both the AZ and PEG5AZ solutions were turbid due to
the formation of optically dense, protein-rich coacervates (Fig-
ure 2C). Uniquely, the PEG12AZ formulation showed no visible
change in the solution’s optical properties at all tested tempera-
tures. Quantification of the Tt through optical density measure-
ments further demonstrated successful tuning of the Tt across

a range of cell compatible temperatures: Tt = 20, 30, and 37 °C
for AZ, PEG5AZ, and PEG12AZ, respectively (Figure 2B; Figure
S2, Supporting Information). As expected, the more hydrophilic
azide-containing molecules resulted in higher Tt.

Taken together we have demonstrated a method to modulate
the hydrophilicity and hence, the Tt of an engineered ELP by
the conjugation of pendant, azide-containing molecules, with-
out requiring modification of the primary amino acid sequence.
Upon bioconjugation with the azide functional group, the hy-
drophilic primary amine side chains of the lysine residues are
replaced with the relatively more hydrophobic azide moiety, re-
ducing the overall hydrophilicity of the ELP and resulting in a
lower Tt compared to the unmodified ELP. The ethylene gly-
col oligomers present in PEG5AZ and PEG12AZ serve to sol-
vate the hydrophobic ELP motifs and result in an increased Tt,
with PEG12AZ achieving a Tt higher than that of unmodified
ELP. The range of resulting Tt (20–37 °C) spans that commonly
used in mammalian cell culture and cell manipulation protocols,
suggesting these materials may be appropriate for further explo-
ration as a cell-encapsulating matrix. Specifically, azide-modified
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Figure 2. ELP displays a lower critical solution temperature (LCST) phase transition. A) Schematic depicting how temperature influences ELP hydropho-
bicity, leading to formation of polymer-rich aggregates above the LCST and increasing the translational entropy of associated solvent water molecules.
B) Representative curves of unmodified ELP and ELPs modified with their respective azide molecules (1% w/v in PBS) present distinct LCST behaviors
as measured by optical density (𝜆 = 300 nm). C) ELP solutions (1% w/v in 10× PBS) modified with azide molecules exhibit observable changes in optical
clarity in response to temperature increases. D) Schematic depicting how decreasing hydrophilicity leads to formation of protein aggregates, which
obscures available crosslinking groups and reduces the overall modulus.

ELP can be covalently crosslinked with bicyclononyne-modified
hyaluronic acid (HA-BCN) to form a 3D hydrogel network us-
ing bioorthogonal SPAAC click chemistry. We hypothesize that
the assembly of ELP aggregates above the Tt could obscure the
azide-containing reactive groups, and thus be a straight-forward
method to tune the crosslinking density and hence, control hy-
drogel stiffness (Figure 2D).

2.3. Bioorthogonal Crosslinking of HELP-SPAAC Gels and Tuning
Stiffness with Hydrophilicity

To demonstrate our hypothesis that changing protein hy-
drophilicity will result in gels with varying stiffness due to
thermally-triggered protein aggregation, we crosslinked each of
the three ELPs with HA-BCN. Recombinant hyaluronic acid was
chosen as the second major component of the gel as it is a
polysaccharide commonly found in the extracellular matrix and
has been reported to provide biochemical signals that enhance
gel–cellular interactions in 3D culture.[39] The hyaluronic acid
was modified with bicyclononyne as previously published,[40] at
a relatively high degree of modification (≈19%) (Figure S3, Sup-
porting Information). The HA-BCN was used to form a gel net-
work by mixing with the azide-containing ELPs via a bioorthog-
onal SPAAC reaction (Figure 3A). This reaction was chosen as
the click chemistry cycloaddition proceeds without catalyst or ad-
ditives, and it is not temperature-dependent. Therefore, we can
exclusively compare the effects of temperature-triggered aggre-
gation that result in azide binding groups being obscured and
this effect on the gel mechanical properties. Upon mixing the
19%-modified HA-BCN with the azide-modified ELP in a one-to-

one mass ratio, we achieved a stoichiometric ratio of 1:1.7 for the
AZ:BCN reactive groups, which ensures that all available azide
groups can bind when accessible.

We postulated that crosslinking the gels below the Tt would al-
low the greatest accessibility of pendant azides and hence form
the maximum number of crosslinks possible before the ELP un-
dergoes thermal aggregation. In contrast, if ELP thermal aggre-
gation is allowed to occur at the same time as chemical crosslink-
ing, we hypothesize that this will obscure the azides and pre-
vent effective crosslinking, resulting in weaker gels. To test this,
three different crosslinking temperature profiles were used, and
the resulting storage and loss moduli, G′ and G″, respectively,
were measured. The temperatures were chosen such that they
are easily obtainable using common laboratory equipment. For
each temperature profile, the overall gelation time was kept con-
stant at 30 min, which was sufficient to reach a plateau modu-
lus for all conditions (Figure S4, Supporting Information). Previ-
ous work has demonstrated that a range of cell types can tolerate
a 30-min encapsulation protocol prior to receiving nutrient-rich
medium.[31,33] The three crosslinking temperature profiles were:
5 min at 4 °C, 15 min at 23 °C, 10 min at 37 °C (Temperature
Profile I); 15 min at 23 °C, 15 min at 37 °C (Temperature Profile
II); and 30 min at 37 °C (Temperature Profile III) (Figure 3B). The
specific times spent at each temperature were chosen to yield gels
with distinct moduli while maintaining a constant gelation time.
Rheological studies showed that crosslinking with temperature
profile I (below the Tt) produced the stiffest gel (i.e., highest G′)
for all three ELP variants (Figure 3C). At temperature profile II
(crosslinking near the Tt), the moduli for all three gel formula-
tions were lower compared to profile I. This decrease in modu-
lus was most dramatic for the gel formulation containing AZ (the
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Figure 3. Protein hydrophilicity and gelation temperature regulate mechanical properties of bioorthogonally crosslinked HELP-SPAAC gels. A) Schematic
illustration of SPAAC-crosslinked hydrogels formed from azide-functionalized ELP and bicyclononyne-functionalized HA. B) Three distinct temperature
profiles (I, II, and III) were used during gel crosslinking. C) Storage moduli (G′, filled symbols) and loss moduli (G″, open symbols) of HELP-SPAAC
hydrogels during a frequency sweep at a fixed strain of 1% for the three temperature profiles and each of the HELP-SPAAC gel formulations.

ELP variant with the lowest Tt). These results are consistent with
the idea that azide reactive groups are obscured near the Tt and
are no longer accessible for crosslinking. At temperature profile
III, where we have surpassed the Tt for both AZ and PEG5AZ and
are more closely approaching the Tt of PEG12AZ, we see that all
moduli have drastically decreased compared to profiles I and II.
These data suggest that changes in crosslinking temperature can
lead to varying degrees of ELP aggregation, thereby potentially re-
stricting accessibility to azide functional groups and altering the
final crosslink density.

2.4. LCST Induces Protein Aggregation and Alters Gel Opacity

To evaluate the hypothesis that changes in gel stiffness are due
to differences in ELP aggregation and hence altered azide acces-
sibility, we explored how manipulating the thermal transition be-
havior can alter gel opacity. ELP-based hydrogels are typically op-
tically dense, owing to the increased light scattering caused by hy-
drophobic ELP aggregates that are formed above the Tt.

[41] Previ-
ous work reported that the optical density and microarchitecture
of ELP-PEG hydrogels were strongly influenced by the crosslink-
ing temperature, such that crosslinking above the Tt increased
the optical density and resulted in the formation of ELP-rich pro-
tein domains.[42] Thus, we can use gel opacity as a simple and

quick indicator of potential microscopic ELP aggregation within
our HELP-SPAAC gels.

The gel optical properties were assessed at all three tempera-
ture profiles for all three ELP formulations (Figure 3B), both at
the initial and final temperatures of the gelling process. Consis-
tent with our hypothesis, we found that as the temperature was
increased above the Tt for each condition, the gels became more
optically dense as the ELP aggregates caused scattering of visible
light (Figure 4A). With a Tt of 37 °C, PEG12AZ-containing gels
were optically transparent at all temperature profiles. In contrast,
gels formulated with the more hydrophobic PEG5AZ or AZ were
opaque at the end of all three temperature profiles. To quantify
the final gel optical properties, we measured the transmittance
of visible light through all nine gels (three gel formulations
crosslinked at three temperature profiles, Figure 4B). As ex-
pected, the final gel transmittance depended strongly on the
hydrophilicity of the azide-containing ELP, with gels formulated
from PEG12AZ exhibiting the greatest transmittance at all three
temperature profiles. Evaluating the temporal change in optical
density during the crosslinking process, transmittance through
the gel was found to decrease as the temperature increased past
the Tt, consistent with the idea that ELP aggregation is causing
the change in opacity (Figure 4C). For example, in the case of
gels formulated from PEG5AZ, a rapid decline in transmittance
was observed with temperature profile III, whereas temperature
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Figure 4. LCST induces ELP aggregation within HELP-SPAAC gels and alters gel opacity. A) Representative photographs demonstrating gel opacity at
specific times for the three temperature profiles shown in Figure 3; initial temperature = Ti, final temperature = Tf. B) Final gel transmittance at Tf for all
gel formulations crosslinked using the three temperature profiles (n = 4, data are averages ± standard deviation, ***p < 0.001, ****p < 0.0001, two-way
ANOVA with Tukey post hoc test). C) Representative transmittance over time for the three temperature profiles and each of the three HELP-SPAAC
gel formulations. D) 3D reconstruction of CARS images of HELP-SPAAC gels crosslinked with temperature profile II. Regions of bright intensity are
protein-rich ELP aggregates. E) Quantification of CARS data showing volume percentage of gel occupied by ELP-rich aggregates for all gel formulations
crosslinked using the three temperature profiles (n = 5, data are averages ± standard deviation, **p < 0.01, ****p < 0.0001, two-way ANOVA with Tukey
post hoc test). F) Quantification of CARS data showing number of ELP-rich aggregates for all gel formulations crosslinked using the three temperature
profiles (n = 5, data are averages ± standard deviation, **p < 0.01, ***p < 0.001, ****p < 0.0001, two-way ANOVA with Tukey post hoc test).

profiles I and II yielded a slower decline in transmittance as
the gels were allowed to crosslink at temperatures below the Tt
(≈30 °C) before transitioning to 37 °C.

To confirm that the change in optical density is due to for-
mation of hydrophobic ELP aggregates, we used coherent anti-
Stokes Raman scattering (CARS) microscopy[43] to observe the
microarchitecture of HELP-SPAAC gels crosslinked with all
three temperature profiles. We have previously validated CARS
microscopy as a noninvasive method to characterize ELP aggre-
gates within crosslinked gels.[9,17,23,44,45] CARS offers advantages
over other imaging modalities by bypassing the need for sample
dehydration so that the gel structure can be observed in its na-
tive, hydrated state. Furthermore, it probes inherent molecular
vibrations, circumventing the need for fluorophores. Here, this
was crucial as the Tt of ELP was found to be acutely sensitive

to functionalization of crosslinking groups; hence, the addition
of fluorophores may affect the thermal transition properties of
our HELP-SPAAC gels. CARS imaging of samples crosslinked
with temperature profile II corroborated the previously observed
trend, with increased observation of ELP aggregates found in gels
with lower hydrophilicity, and limited observation of ELP aggre-
gates in the optically clear PEG12AZ-containing gels (higher hy-
drophilicity, Figure 4D). This trend is maintained in temperature
profiles I and III as well (Figure S5, Supporting Information).
Furthermore, quantification of CARS images showed statistically
significant trends in both the overall volume percentage of ELP
aggregates and the number of ELP aggregates as a consequence
of ELP hydrophilicity (Figure 4E,F). While CARS micrographs
showed that gels crosslinked with temperature profile III seem
to have fewer ELP aggregates compared to those crosslinked with
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temperature profile II, the decrease in transmittance suggests
that increased aggregation is still occurring in these gels. The rea-
son for this inconsistency may be that the size of the hydropho-
bic aggregates in these samples was below the resolution limit of
CARS, approximately 350 nm laterally.[23,46] Overall, these data
suggest that hydrogel hydrophilicity differentially regulates the
degree of ELP aggregation and overall optical density of the gel.

2.5. Correlating Hydrogel Optical Properties with Mechanical
Properties

Taken together, the data on gel mechanical properties (Figure 3)
and optical properties (Figure 4) support our hypothesis that ma-
nipulation of ELP hydrophilicity can be used to tune the stiffness
of HELP-SPAAC gels through altering the degree of ELP aggre-
gation. Gels formulated with AZ readily form hydrophobic aggre-
gates due to their decreased hydrophilicity, impairing the ability
of crosslinks to form and yielding relatively compliant gels (Fig-
ure 5A). The addition of PEG linkers increases the hydrophilic-
ity of the ELP, reducing the degree of ELP aggregation and in-
creasing the accessibility of azide groups available for crosslink-
ing, ultimately resulting in stiffer gels. While PEG spacers have
also been shown to prevent hydrogel interactions through steric
hindrance, the ethylene glycol linkers used here are relatively
small (n = 5–12) compared to PEG spacers used for those ap-
plications (n > 100), suggesting that our resulting gel properties
are primarily attributable to the increase in overall protein hy-
drophilicity rather than a disruption of protein interactions.[47]

For each gel formulation, final gel transmittance—an indicator
of ELP aggregation—increased with increasing gel stiffness (Fig-
ure 5B). For example, when gels are crosslinked with temperature
profile I, all three gel formulations are allowed to form crosslinks
below their Tt during the 4 °C incubation period, increasing ac-
cessibility to azide functional groups and resulting in limited ELP
aggregation, yielding stiffer and more transparent gels. In con-
trast, gels formed with temperature profile III are crosslinked at
or above their Tt, and the resulting ELP aggregation drives the
formation of more compliant gels with limited transmittance,
which we attribute to limited accessibility of the azide functional
groups to participate in crosslinking. With temperature profile II,
which uses an intermediate crosslinking temperature of 23 °C,
an intermediate stiffness and transmittance is observed. There-
fore, for each gel formulation, a range of hydrogel stiffness can
be achieved by altering the temperature of gelation, consistent
with our original hypothesis. Importantly, for each ELP variant,
this control over gel stiffness is obtained without altering the gel
chemistry, as cells are known to be exquisitely sensitive to the lo-
cal chemical environment. Thus, these data demonstrate the util-
ity of manipulating temperature profiles as a method for tuning
ELP hydrogel stiffness for potential use in studies of cell-matrix
biomechanics.

2.6. Gel Mechanics Alters Cell Morphology in a Cell
Type-Dependent Manner

To confirm that HELP-SPAAC gels support viability of a range
of cell types, hMSCs, HUVECs, and hNPCs were encapsulated

Figure 5. Gel transmittance and hydrogel storage modulus are correlated.
A) Average shear storage moduli (G′) of HELP-SPAAC gels for all gel for-
mulations crosslinked using the three temperature profiles (n = 3, data
are averages ± standard deviation, **p < 0.01, ****p < 0.0001, two-way
ANOVA with Tukey post hoc test). B) Final gel transmittance increases
with increasing hydrogel stiffness for each gel formulation (n = 3, data
are averages ± standard deviation). Dashed lines represent a fitted linear
trend line to guide the eye.

within PEG5AZ-containing HELP-SPAAC gels. This hydrogel
formulation was chosen because PEG5AZ-containing HELP-
SPAAC gels are able to achieve the widest range of stiffness
by varying the temperature profile used for crosslinking while
keeping the gel chemistry constant (Figure 5A). Ideal culture
conditions for most cell types are 37 °C and 5% CO2, so it was
particularly important to assess the viability of cells subjected
to temperature profile I, which is the condition where cells are
kept the longest in non-physiological culture conditions (total
of 20 min). Using a Live/Dead cytotoxicity assay, short-term
viability (24 h post-encapsulation) was ≈96% for hMSCs, ≈93%
for HUVECs, and ≈90% for hNPCs (Figure S6A, Supporting
Information), indicating that the gelation procedure was well
tolerated. We next demonstrated that the HELP-SPAAC gels sup-
port cell viability and phenotypic maintenance over longer times.
All three cell types remained highly viable in the hydrogels 7 days
after encapsulation, with viabilities of ≈96% for hMSCs, ≈96%
for HUVECs, and ≈91% for hNPCs (Figure S6A, Supporting
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Information). For all HELP-SPAAC gels in this study, the
concentration of fibronectin-derived RGD peptide motifs was
1 × 10–3 м, which is known to promote cell adhesion and
spreading.[48] After 1 week in culture, hMSCs exhibited a char-
acteristic spread morphology and expressed the MSC surface
marker CD44 (Figure S6B, Supporting Information), consistent
with previous results which demonstrate MSC spreading in 3D
cultures that enable cell adhesion and matrix remodeling.[33]

Similarly, HUVECs retained expression of the endothelial
marker CD31 and began to form multicellular structures after
1 week (Figure S6B, Supporting Information), both of which
are indicative of endothelial cell phenotypic maintenance in
vitro.[49] Lastly, hNPCs cultured for 1 week in HELP-SPAAC
gels stained positive for the neuronal marker 𝛽-tubulin III and
extended neuritic projections throughout the hydrogel (Figure
S6B, Supporting Information), suggesting that the encapsulated
hNPCs maintained their neuronal phenotype.[50] These results
indicate that HELP-SPAAC gels support the in vitro culture and
phenotypic maintenance of hMSCs, HUVECs, and hNPCs.

Next, we evaluated the cell response to changes in hydrogel
mechanics by encapsulating the three cell types within PEG5AZ-
containing HELP-SPAAC gels using the three temperature pro-
files described above. Crosslinking with temperature profiles I,
II, and III, resulted in gels with storage moduli of ≈1 kPa,
≈600 Pa, and ≈150 Pa, respectively (Figure 5A). The ability to in-
dependently control the mechanical properties of HELP-SPAAC
hydrogels while keeping the gel chemistry (i.e., the total PEG con-
tent) constant makes this an attractive system for studies of 3D
cell mechanobiology. Hydrogel stiffness in particular has been
shown to regulate cellular morphology, behavior, and cell fate in
3D.[50–52] After 7 days in culture, hMSCs exhibited morphologi-
cal differences across the three hydrogels, with statistically sig-
nificant increased cell spreading in stiffer gels, while thinner,
spindle-like morphology was observed in the more compliant
gels (Figure 6A,B). Similarly, HUVECs also displayed increased
spreading in stiffer gels along with increased formation of multi-
cellular structures, while HUVECs in the lower stiffness gels re-
mained as rounded, single cells (Figure 6C,D). Interestingly, in
contrast to the behavior of hMSCs and HUVECs, hNPCs exhib-
ited the opposite trend, with cell spreading and neurite outgrowth
significantly increased in lower stiffness gels (Figure 6E,F). Taken
together, these data demonstrate that changes in cell morphology
mediated by matrix mechanics are cell type-dependent (Table S1,
Supporting Information).

These trends in cell spreading are consistent with previously
published observations of each cell type independently across a
variety of biomaterials. When compared with other biodegrad-
able gels of similar stiffness (≈1–5 kPa), hMSCs have been re-
ported to increase spreading in stiffer 3D substrates.[53] Similarly,
studies of HUVEC spreading within biodegradable gels of simi-
lar stiffness (≈180–1200 Pa) have also reported increased spread-
ing and a vasculature-like phenotype in stiffer gels.[54] It is im-
portant to note that cell mechanosensing and spreading of high
tension-generating cells, such as hMSCs and HUVECs, within
3D gels typically requires that the cells be able to remodel the sur-
rounding polymer network, often through incorporation of hy-
drolytically degradable elements.[48,55,56] The HELP-SPAAC gels
used here can undergo enzymatic remodeling through the local
action of both hyaluronidases and proteases.[9,27,57,58] Neural-type

cells are reported to generate much smaller stresses on their sur-
rounding matrix.[59] While few studies have specifically investi-
gated hNPCs within 3D gels, our observations parallel what was
observed for murine NPCs and chick dorsal root ganglia, which
show increased neurite extension in softer 3D matrices.[60–63]

Overall, these results highlight the exquisite sensitivity and cell
type-specific behaviors that cells exhibit in response to matrix me-
chanical cues. Precise control over and independent tuning of
matrix mechanical properties is therefore crucial for modulating
cell behavior, both for fundamental studies of cell biology and for
clinical translation of biomaterials.

Hydrogel stiffness should be carefully considered when de-
signing biomaterial platforms for cell culture. Previously re-
ported methods for modulating stiffness of HELP gels include
changing the degree of polymer functionalization or tuning the
polymer weight percent, but these methods require either alter-
ing the gel chemistry or the gel composition.[17,27] Within the
HELP-SPAAC system, the LCST transition property of ELP is
a useful design feature that can be leveraged to tune hydrogel
stiffness without changing either gel chemistry or composition
(Figure 5). Importantly, the temperatures required to achieve
the range of stiffness in these studies are commonly used in
other cell culture protocols and were well tolerated by a variety
of cell types (Figure S6, Supporting Information). Specifically,
these temperature transitions are prevalent in routine cell cul-
ture tasks, such as placing cells on ice after trypsinization, main-
taining cells at room temperature during a passage, and transi-
tioning to physiological temperature after placing cells in the in-
cubator. The stiffness range reported here resulted in significant
changes in cell morphology across three different cell types (Fig-
ure 6), demonstrating that this range of gel mechanics is biologi-
cally relevant. These data demonstrate that the tuning of ELP hy-
drophilicity, and hence LCST behavior and pendant-crosslinker
accessibility, can control hydrogel mechanical properties and rep-
resents a promising strategy to prepare matrices for a range of
biomaterial applications.

3. Conclusion

We hypothesized that covalently crosslinking the ELP and HA
polymers together at temperatures below, at, or above the Tt
would alter the accessibility of the azide reactive groups and
hence the resulting gel stiffness. Consistent with this idea, gels
formed between HA-BCN and azide-containing ELPs resulted in
a stiffness (G′) range of 100–1000 Pa under our crosslinking tem-
perature profiles. Therefore, modulating polymer hydrophilicity
and temperature profile obviates the need to increase stiffness
through increased polymer weight percent or degree of polymer
functionalization. To validate our hypothesis that this difference
in gel stiffness is due to changes in ELP aggregation that alter
azide accessibility, we evaluated the gels by CARS microscopy to
measure the volume fraction of ELP aggregates and quantified
the opacity by light absorbance. As ELP hydrophilicity increases,
the volume fraction of protein aggregation was found to decrease
for all three thermal profiles. As ELP aggregates cause scattering
of visible light, we also observed increased light transmittance
for gels crosslinked below the Tt, with PEG12AZ producing op-
tically transparent hydrogels for all thermal profiles. Taken to-
gether, these data demonstrate that crosslinking at temperatures
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Figure 6. Mechanical properties of HELP-SPAAC hydrogels influence cell spreading and morphology of hMSCs, HUVECs, and hNPCs. A,C,E) Represen-
tative images of cell morphology (hMSCs, HUVECs, and hNPCs, respectively) within HELP-SPAAC hydrogels (formulated with PEG5AZ) with varying
temperature profiles after 7 days. Nuclei staining with DAPI shown in blue, and F-actin staining with phalloidin shown in red. B,D,F) Quantification
of actin area after 7 days in HELP-SPAAC hydrogels with varying temperature profiles for hMSCs, HUVECs, and hNPCs, respectively. In (B) and (F),
actin area is normalized per cell using the DAPI counter-stain; while in (D), actin area per multicellular cluster is reported (see Experimental Section).
Kruskal–Wallis with Dunn’s multiple comparisons test was used for data analysis: **p < 0.01, ****p < 0.0001. For (B), n = 1063, 823, and 899 (I, II,
and III) cells examined over N = 3 independent gel samples. For (D), n = 386, 448, and 503 (I, II, and III) cells examined over N = 3 independent gel
samples. For (F), n = 3357, 3013, and 3067 (I, II, and III) cells examined over N = 3 independent gel samples.

below the Tt increases azide accessibility and results in stiffer,
more transparent gels.

Precise control over gel mechanical properties is crucial for
modulating cell behavior. To demonstrate that our range of me-
chanical properties could alter cell behavior, we encapsulated hM-
SCs, HUVECs, and hNPCs in our HELP-SPAAC gels for 3D in
vitro cell culture. Specifically, in gels formed using PEG5AZ, cells
remained viable and expressed phenotypic markers for up to 7
days post-encapsulation. By using ELP hydrophilicity to modu-
late hydrogel stiffness, we observed that encapsulated hMSCs,
HUVECs, and hNPCs exhibited differential cell type-dependent

responses in cell morphology and spreading. Overall, this work
presents a promising strategy for regulating gel mechanics by
leveraging protein hydrophilicity as a design parameter, expand-
ing the methods available for tailoring biomaterial properties.

Future directions could expand on this work by utilizing the
unreacted BCN functional groups to conjugate additional cell-
adhesion ligands or regulatory signals to drive specific cell be-
havior. Other promising approaches of this technology can of-
fer a method to temporally control the stiffness of the resulting
gel. For example, gels could be formed using temperature pro-
file I and subsequently cooled to room temperature at designated
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time points. The lower temperature may reduce the ELP aggre-
gates formed and make the azide functional groups available for
further crosslinking, resulting in a stiffer modulus and further
broadening the applications of this hydrogel platform.

4. Experimental Section
Materials: Reagents were purchased from Sigma-Aldrich and used

without further purification unless otherwise noted.
Expression and Purification of ELP: ELP was produced via recombinant

protein expression as described previously.[31] The amino acid sequence of
ELP used in these experiments is shown in Figure S1, Supporting Informa-
tion. Briefly, pET15b plasmids encoding the ELP sequence under control
of the T7 promoter were transformed into BL21(DE3)pLysS Escherichia coli
(Life Technologies). The bacteria were cultured in terrific broth to an OD600
of 0.8, at which point 1 × 10–3 м isopropyl 𝛽-D-1-thiogalactopyranoside
(IPTG, Fisher) was added to induce protein expression. After 7 h, the cells
were pelleted, suspended in TEN buffer (10 × 10–3 м Tris (Fisher), 1 × 10–3

м EDTA (Fisher), and 100 × 10–3 м NaCl (Fisher), pH 8.0), and lysed via
alternating freeze–thaw cycles. Cell lysate was treated with deoxyribonu-
clease (DNase) and 1 × 10–3 м phenylmethanesulfonyl fluoride (PMSF) to
inhibit proteolysis. ELP was purified by inverse thermal cycling, dialyzed
against deionized (DI) water for three days, and lyophilized to yield a white
fibrous solid.

Synthesis of Azide-Functionalized ELP: To modify ELP with azide func-
tional groups, lyophilized ELP was dissolved in anhydrous dimethyl sulfox-
ide (DMSO) at 75 mg mL−1 and allowed to stir for ten min before adding
an equal volume of anhydrous N,N-dimethylformamide (DMF) and al-
lowed to stir for an additional ten min. In a separate flask, azidoacetic
acid, azido-PEG5-acid (BroadPharm), or azido-PEG12-acid (BroadPharm)
(2 eq. per ELP amine) was dissolved in the same volume of DMF used to
dissolve the ELP. Once dissolved, hexafluorophosphate azabenzotriazole
tetramethyl uronium (HATU, 1.1 eq. per azide) and 4-methylmorpholine
(2.5 eq. per azide) were quickly added and allowed to react for 10 min.
Next, the azide solution was added to the ELP solution slowly over the
course of ten min and left to react overnight. The reaction was then pre-
cipitated in ice-cold diethyl ether (Fisher), pelleted, and vacuum dried. The
resulting protein was dissolved in DI water (1% w/v), dialyzed for three
days, sterile filtered using a 0.22 μm filter, and lyophilized to yield a white
fibrous solid.

Characterization of Azide-Functionalized ELP: The ELP lysine modifi-
cation was assessed with 1H NMR using a Varian Inova 600 Hz NMR
spectrometer. ELP samples were dissolved at 10 mg mL−1 in deuterated
water, and spectra were collected at 4 °C. The modification was verified
by comparing the decrease in integrated signal of lysine protons (𝛿 =
2.75). The modification was further confirmed by quantifying the number
of free primary amines per ELP polymer using the trinitrobenzene sulfonic
acid (TNBSA) assay (Pierce). Modified ELP was dissolved in 0.1 × 10–3 м

sodium bicarbonate buffer (pH 8.0) at a concentration of 0.25 mg mL−1.
A standard curve was prepared from serial dilutions of 0.5 mg mL−1 un-
modified ELP dissolved in bicarbonate buffer. In each well of a 96-well
plate, 140 μL of samples or standards were mixed with 70 μL of 0.01%
w/v TNBSA in bicarbonate buffer, and the mixture was incubated at room
temperature for 2 h protected from light. The reaction was then quenched
by adding 70 μL of 10% w/v sodium dodecyl sulfate (SDS) and 40 μL of
1 n HCl. Absorbance was measured at 335 nm using a Molecular De-
vices SpectraMax M2 plate reader. The number of free primary amines
on the modified ELP was calculated by comparing to the standard curve
generated from unmodified ELP. Incorporation of azides onto the ELP was
demonstrated using FTIR spectroscopy to identify the presence of an azide
stretch peak near 2100 cm−1. FTIR was performed using a Nicolet iS50
FT/IR Spectrometer in the Stanford Soft Materials Facility.

Lower Critical Solution Temperature Measurements: Unmodified and
modified ELP were dissolved in 1× PBS (Corning) at a concentration of
10 mg mL−1. 200 μL of each solution and a PBS blank were pipetted into
a quartz cuvette with 1 mm path length. Absorbance readings at 300 nm

were collected on a circular dichroism instrument with a temperature con-
troller (Jasco J-815 Spectropolarimeter). The temperature was increased
from 4 to 65 °C at a rate of 1 °C per min. The temperature was allowed to
stabilize for 10 s before each measurement.

Synthesis and Characterization of BCN-Functionalized HA: 100 kDa
sodium hyaluronate (HA, Lifecore Biomedical) was modified with BCN-
amine as described previously.[40] Briefly, HA was completely dissolved
in 100 × 10–3 м MES buffer (pH 7.0) at 1% w/v. Once dissolved, 1-
Hydroxybenzotriazole hydrate (HOBt, Fisher) (2 eq. to the HA dimer unit)
was added to the HA and allowed to dissolve for 30 min. In a separate
vial, endo-Bicyclo[6.1.0]non-4-yne-9-ethylenediamine (BCN-amine, Conju-
Probe) (2 eq.) was dissolved in a 6 mL solution of acetonitrile (MeCN)
and DI water (5:1 v/v) to which 1-ethyl-3-(-3-dimethylaminopropyl) car-
bodiimide hydrochloride (EDC, Fisher) (2 eq.) was added and allowed to
dissolve. The solution was then added over the course of 30 min into the
dissolved HA solution and allowed to react overnight. The reaction mix-
ture was dialyzed for two days against a 10% MeCN solution, followed
by 3 days against DI water. The solution was then sterile filtered using a
0.22 μm filter and lyophilized to produce a white fibrous solid. The degree
of modification on HA-BCN was quantified using 1H NMR by integration
of the proton signal of the methylene group adjacent to the amine group
(𝛿 = 4.1, 2H) relative to that of the methyl groups on N-acetylglucosamine
of the HA backbone (𝛿 = 1.8, 3H).

Formation of HELP-SPAAC Hydrogels: Lyophilized HA-BCN and ELP-
azide were separately dissolved in 10× isotonic PBS (81 × 10–3 м sodium
phosphate dibasic, 19 × 10–3 м sodium phosphate monobasic, 60 × 10–3

м sodium chloride (Fisher) in DI water, pH 7.4) at a stock concentration
of 2% w/v overnight at 4 °C. The final solutions were kept on ice until use.
An equal volume of HA and ELP were mixed in a tube, and 10 μL of the
resulting mixture were pipetted into each silicone mold (4 mm diameter,
0.8 mm height, plasma bonded to a 12 mm circular #2 coverglass, Electron
Microscopy Sciences). The gels were allowed to crosslink using the three
different temperature profiles described in Figure 3B.

Hydrogel Rheological Characterization: Gels were crosslinked in situ on
an ARG2 rheometer (TA instruments) with a 20 mm, 1° cone geometry and
a solvent trap to prevent sample dehydration. To determine gelation time
and confirm gel formation, a time sweep was performed at 1% strain and
1 rad s−1 oscillatory frequency following the three temperature conditions
described in Figure 3B. This protocol was followed by a frequency sweep
from 0.1 to 100 rad s−1 at a fixed 1% strain. The storage and loss moduli
were taken to be the values at 1 rad s−1 from these measurements.

Characterization with CARS Microscopy: ELP aggregation was visual-
ized and quantified within gels by CARS microscopy using an inverted mi-
croscope (Nikon Ti2-E with a C2 confocal scanning head and a Nikon CFI
Apochromat TIRF 100XC oil immersion objective). The carbon–hydrogen
(C–H) vibrations were coherently driven by overlapping two near-infrared
laser beams in time and space, generated by a picosecond-pulsed laser
system (APE picoEmerald S, 2 ps pulse length, 80 MHz repetition rate, and
10 cm−1 bandwidth) composed of a 1031 nm mode-locked Nd:YVO4 laser
and an optical parametric oscillator (OPO) tunable between 700–960 nm
(pumped by the second harmonic of the 1031 nm laser). The OPO wave-
length was set to 791.8 nm to drive the symmetric stretching vibration of
CH3 at 2930 cm−1. The quadratic dependence of the CARS signal on the
number density of the probed C–H vibrational group, inherently present in
the ELP polymer structure, provided sharp contrast for the polymer-dense
regions without the need for external labels or other disruptive sample
preparations. A photomultiplier tube (Hamamatsu, R6357) was used to
detect the CARS signal produced by simultaneously scanning the two exci-
tation beams over the sample pixel-by-pixel. The input power at the sample
position was 30 mW for the pump (OPO) beam and 10 mW for the Stokes
(1031 nm) beam.

For each of the nine experimental conditions, five image stacks at dif-
ferent positions in the same sample were acquired. Each stack consisted
of 21 slices at a resolution of 512 × 512 pixels (31.82 × 31.82 μm) per
image with a dwell time of 10.3 μs per pixel and 2× frame averaging. Slices
were spaced 0.4 μm apart for a total imaging depth of 8 μm. All images
were analyzed using the Fiji distribution package of ImageJ.[64] Each stack
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was processed using east shadow correction, Gaussian blur, background
subtraction, and Fourier bandpass filtering. Prior to quantification,
particles were thresholded with the “Rényi entropy” method, segmented
with the “Disconnect Particles” command, and counted using the “3D
Objects Counter” command.[65]

Optical Density Characterization: HELP-SPAAC gels of 40 μL were
formed at the bottom of a 96-well plate and optical density was mea-
sured with a temperature-controlled plate reader (BioTek Synergy Neo2
Hybrid Multi-Mode Reader). For all gels, precursor solutions were kept
on ice prior to mixing. To characterize the optical density of gels formed
using temperature profile I, the 96-well plate was incubated at 4 °C for
5 min before being placed in the plate reader, after which it was allowed
to crosslink according to the temperature profiles described in Figure 3B.
For temperature profiles II and III, the plate was immediately placed in
the plate reader and allowed to crosslink using the temperature profiles
described in Figure 3B. Absorbance was measured at 500 nm. Once the
plate was placed inside the plate reader, measurements were taken every
30 s over the course of the 30 min gelation process. Final transmittance
was taken to be the values after 30 min of these measurements.

Cell Culture and Encapsulation: hMSCs from a 25 year old male donor
were purchased from Lonza (PT-2501), expanded in Dulbecco’s modified
Eagle medium (DMEM, Fisher) plus 10% fetal bovine serum (FBS, Fisher),
and used between passage 3–6. HUVECs from pooled donors were pur-
chased from Lonza (C2519A), expanded in EGM-2 (Lonza), and used be-
tween passage 3–5. As previously reported,[66] human induced pluripotent
stem cells isolated from at 27 year old male were differentiated in N3 me-
dia consisting of DMEM/F12 (Fisher), Neurobasal (Fisher), 1% N-2 Sup-
plement (Fisher), 2% B-27 Supplement (Fisher), 1% GlutaMax (Fisher),
1% MEM NEAA (Fisher), and 2.5 μg mL−1 human recombinant insulin
(Fisher). For the first 11 days, N3 media was further supplemented with 5
× 10–6 м SB-431542 (Tocris) and 100 × 10–9 м LDN-193189 (Stemgent).
At Day 12, the cells were dissociated with Cell Dissociation Solution and
plated onto plates coated with 50 μg mL−1 Poly-d-Ornithine and 5 μg mL−1

Laminin (Roche). hiPSC-derived NPCs were then cultured in N3 media
without SB-431542 or LDN-193189 until Day 16 when they were dissoci-
ated and encapsulated. hiPSC-derived NPCs were used between passage
18–22.

Prior to encapsulation in HELP-SPAAC hydrogels, cells were dissoci-
ated, counted, and pelleted by centrifugation. Gel solution was prepared
by mixing a 2% w/v ELP-azide solution with a 2% w/v HA-BCN solution in
an Eppendorf tube. For all gels, precursor solutions were kept on ice prior
to mixing. Cell pellets were resuspended in the gel solution at the desired
final cell densities (final densities: 1 × 106 cells mL−1 for hMSCs, 7.5 ×
106 cells mL−1 for HUVECs, and 3 × 107 cells mL−1 for hNPCs), which are
consistent with densities used in other 3D culture methods.[9,33,53] The
cell suspensions were mixed thoroughly, and 10 μL gels were cast in 4 mm
diameter, 0.8 mm height silicone molds, which were then placed into 24-
well plates for culture. The gels were allowed to crosslink according to the
temperature profiles described in Figure 3B and then were covered with
the appropriate expansion medium. hMSC and HUVEC media were re-
plenished every other day, and hNPC media was replenished daily.

Cell Viability Measurements: On Day 1 and Day 7 of culture, cell viabil-
ity was characterized using Live/Dead staining (Life Technologies). Briefly,
live (calcein AM) and dead (ethidium homodimer-1) stains were diluted
in DPBS according to the manufacturer’s protocol, and gels were allowed
to incubate for 10 min at 37 °C in the diluted solution. After incubation,
samples were inverted onto a glass coverslip and imaged using a Leica
SPE confocal microscope. Fiji was used to measure the number of cells
with intact or damaged membranes, and results were plotted in Graph-
Pad Prism 9.0.

Immunocytochemistry: Cells were fixed and stained within the hydro-
gel. To prepare samples for fixation, each well was washed with PBS. Sam-
ples were fixed by incubating with 4% paraformaldehyde (PFA) at 37 °C for
30 min. Fixation solution was then aspirated and three 10 min washes of
PBS were performed. Cells were permeabilized for 1 h with 0.25% v/v Tri-
ton X-100 in PBS (PBST), then blocked for 3 h in PBS with 5% w/v bovine
serum albumin (BSA, Roche), 5% v/v goat serum (Gibco), and 0.5% v/v

Triton X-100. Primary antibody dilutions were prepared in PBS with 2.5%
w/v BSA, 2.5% v/v goat serum, and 0.5% v/v Triton X-100 (Antibody Dilu-
tion Solution) using the following antibodies as appropriate: mouse anti-
HCAM (1:100, Santa Cruz Biotechnology no. sc-7297), mouse anti-CD31
(1:200, Abcam no. ab24590), and mouse anti-𝛽3-Tubulin (1:200, Cell Sig-
naling no. 4466). Primary antibody incubation was performed overnight at
4 °C. Antibody solutions were removed, and three 30 min washes in PBST
were performed. Secondary antibody staining was performed using goat
anti-mouse Alexa Fluor 488 (1:500; Invitrogen, no. A-11001) diluted in An-
tibody Dilution Solution. DAPI (1 μg mL−1) and phalloidin-TRITC (0.2 μg
mL−1) were included to stain for nuclei and F-actin, respectively. Sec-
ondary antibody incubation was performed overnight at 4 °C. Secondary
antibody solution was then removed and three 20 min washes in PBST
were performed. Samples were then mounted onto a number 1 coverslip
using ProLong Gold Antifade mounting medium (Fisher) and allowed to
cure for 24 h before imaging on a Leica SPE confocal microscope. Images
were taken at a depth at least ≈50 μm away from the coverglass and were
presented as maximum intensity projections (100 μm z-stack depth).

Image Analysis: Actin spread area was analyzed from fluorescent actin
images using CellProfiler.[67] For each cell, nuclei were identified using
the “IdentifyPrimaryObjects” command with a “Minimum Cross-Entropy”
thresholding method. For hMSCs and hNPCs, actin area was normalized
on a per cell basis. To do so, the “IdentifySecondaryObjects” command
with a “Propagation” method was used, which identified actin objects us-
ing the nuclei as a starting point. This method would find dividing lines
between clumped objects where the secondary object showed a change in
staining, such as a dimmer or brighter line, using local image similarity to
identify boundaries between cells. For HUVECs, actin area was reported
per multicellular cluster, where the “IdentifyPrimaryObjects” command
was used to identify distinct actin objects. The area of each actin object
was plotted using GraphPad Prism 9.0.

Statistical Analysis: Statistical analysis and plotting were performed
using GraphPad Prism 9.0. In vitro experiments had three independent
gel samples in each experiment. Statistical significance was assessed us-
ing a one-way ANOVA with Tukey post-hoc test, unless otherwise noted.
No outlier tests were performed, and all data points were included in the
analyses. All errors are reported as the standard deviation of error (SD).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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