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ABSTRACT: Hydrogels cross-linked through dynamic covalent
chemistry (DCC) can mimic the viscoelastic properties of native
biological tissues; however, these materials often suffer from rapid
erosion, greatly limiting their application in biological studies. To
address this challenge, we developed a DCC hydrogel with
enhanced stability by sparsely distributing static covalent bonds,
termed “spot-welds,” throughout the network. These spot-welds
served as anchor points to prevent polymer erosion and
significantly improved gel stability without compromising viscoe-
lasticity. Specifically, our single-network system (termed HELP)
consisted of two recombinant biopolymers, hyaluronic acid (HA)
and an engineered elastin-like protein (ELP), each modified to
cross-link through both dynamic hydrazone bonds and static strain-
promoted azide−alkyne cycloaddition (SPAAC) bonds. Gels with and without sparsely distributed spot-welds had similar stiffness
(G′ ∼ 800 Pa), stress relaxation rates (τ1/2 ∼ 6000 s), and shear-thinning behavior, resulting in gels that were viscoelastic and
extrudable through a 3D printing syringe. Importantly, the spot-welds significantly improved gel stability, with DCC-only gels
suffering complete erosion by day 4, while spot-welded gels remained stable for at least 14 days. This combination of enhanced gel
stability with viscoelastic mechanics enabled the 3D culture and maturation of human stem cell-derived cardiomyocytes. While
elastic control gels resulted in loss of cardiomyocyte phenotype, the spot-welded viscoelastic gels supported cardiomyocyte
spreading, spontaneous beating, and expression of α-actinin and troponin T. In summary, sparsely distributing static cross-links on
each biopolymer within a dynamic covalent network results in an injectable and printable single-network hydrogel with viscoelastic
mechanics and significantly enhanced stability, supporting 3D cardiomyocyte culture and maturation.

■ INTRODUCTION
Hydrogels are attractive platforms for tissue engineering as
they are able to mimic the biochemical and biomechanical
properties of the native extracellular matrix (ECM).1 Static
cross-linking strategies are often employed to form a stable and
robust hydrogel network, but hydrogels formed through static
covalent bonds are elastomeric and often require a hydrogel
degradation mechanism to permit cell spreading and
function.2,3 Recently, dynamic covalent chemistry (DCC) has
gained interest as an alternative cross-linking mechanism as
DCC-based hydrogels have reversible linkages with tunable
on−off exchange rates, enabling control over hydrogel
viscoelasticity.4,5 In particular, DCC cross-links have been
used to engineer hydrogels that exhibit stress relaxation, a
time-dependent matrix property that plays an important role in
providing instructive and physiologically relevant cues to guide
cell behavior.6,7 In other applications, the transient nature of
DCC cross-links has been leveraged to design shear-thinning
and self-healing materials.8,9 While a range of on−off exchange

rates is achievable with DCC, faster relaxation time scales are
often preferable to enable cell-mediated remodeling,10

extrusion-based bioprinting,11 and improved injectability.12

However, rapid on−off exchange rates leads to faster hydrogel
erosion,13−16 as polymers at the edges of the hydrogel can
become fully detached from the network and diffuse away,
significantly limiting the use of faster-relaxing hydrogels for
tissue engineering and cell culture applications.

To overcome this limitation, a common strategy is to design
interpenetrating network hydrogels, with a DCC-cross-linked
network intermingled with a static covalently cross-linked
network.13,14,17 For example, to stabilize fast stress-relaxing
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hydrogels for culture of mesenchymal stromal cells, a dual-
network hydrogel cross-linked with dynamic hydrazone bonds
was stabilized with a secondary SPAAC-cross-linked net-
work.13,14 This design resulted in long-term stability of
biomimetic hydrogels for 3D cell culture; however, the
networks typically have limited injectability and extrudability
due to the static network. A complementary approach is
through sequential cross-linking of the hydrogel, where a shear-
thinning, DCC-cross-linked network is first injected or
extruded, followed by secondary cross-linking via static
covalent bonds to stabilize the network.18,19 This design
resulted in successful injectability; however, the final hydrogel
network typically exhibits elastic behavior.18 Other methods
have incorporated secondary static cross-linking networks to
stabilize highly dynamic physical gels,20−23 but these
approaches typically result in the static network having a
significant impact on the viscoelastic properties. Therefore,
when designing dynamic covalent hydrogels for biological
applications, it is crucial to consider the trade-off between
cellular-scale matrix dynamics with bulk hydrogel stability.

Here, we present an alternative biomaterials strategy to
achieve single-network, viscoelastic, injectable hydrogels with
long-term stability. Specifically, we hypothesized that sparse
distribution of static covalent cross-links onto each polymer
within a single, dynamic network would significantly improve
stability without compromising injectability and viscoelasticity.
Each polymer would still maintain significant conformational
flexibility to dynamically rearrange its local network due to the
prevalence of DCC cross-links. However, because each
polymer chain is also connected to the network through
selective static covalent bonding, the polymers are unable to
fully detach from the network, preventing undesired erosion.
We termed this network design of sparsely distributed static
covalent bonds through the hydrogel network “spot-welding.”

To explore this hypothesis, we demonstrate the spot-welding
concept using a previously reported family of DCC hydrogels
composed of hyaluronic acid (HA) and elastin-like protein
(ELP), termed HELP gels.24 These HELP gels are cross-linked
by dynamic hydrazone bonds that are compatible with 3D cell
culture of neural progenitor cells,25,26 intestinal organoids,27

hepatic organoids,28 and pancreatic cancer organoids.29

Previously, these DCC-cross-linked HELP gels were limited
to slower on−off bond exchange kinetics to achieve stability for
weeks-long culture periods. Here, to expand the viscoelastic
properties of these HELP hydrogels while maintaining their
long-term stability, we demonstrate the spot-welding concept
with static SPAAC bonds and dynamic hydrazone bonds with
faster on−off bond exchange kinetics to create “Spot-weld
(SW) HELP” gels. These SW HELP gels maintain similar
stress relaxation rates, resist erosion, and exhibit improved
stability compared to “Dynamic HELP” gels without the
SPAAC cross-links. To highlight the versatility of SW HELP
gels for tissue engineering applications that require both
viscoelastic mechanics and long-term gel stability, we
demonstrate the successful use of our SW HELP hydrogels
for 3D cardiomyocyte culture and extrusion-based 3D printing.

■ MATERIALS AND METHODS
ELP Expression and Purification. ELP was recombinantly

expressed in bacterial cells as previously described.30 Briefly,
BL21(DE3)pLysS Escherichia coli (Life Technologies) were trans-
formed with pET15b plasmids containing the ELP sequence
downstream of an inducible T7 promoter. A single transformed

colony was used to inoculate a starter flask containing autoclaved
growth medium (terrific broth (Thermo Fisher), 0.4% glycerol
(Thermo Fisher), 100 μg/mL ampicillin (Thermo Fisher)). The
starter culture was incubated overnight, while shaking, for 16 h at 37
°C, after which the culture was transferred into 12 expression flasks
each containing 1 L of autoclaved growth medium. At an OD600 of
0.8, protein expression was induced by adding 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG; Thermo Fisher) to the culture. The
cultures were incubated for an additional 7 h, and then the cells were
pelleted by centrifugation and lysed in TEN buffer (10 mM tris base
(Thermo Fisher), 1 mM EDTA (Thermo Fisher), 100 mM NaCl
(Thermo Fisher); pH 8.0) through three cycles of freezing and
thawing. After the first thaw, deoxyribonuclease (Sigma-Aldrich) and
phenylmethanesulfonyl fluoride (PMSF; Thermo Fisher) were added
to inhibit proteolysis. ELP purification occurred through three
successive thermal cycling steps. The resulting 37 kDa protein was
dialyzed against Milli-Q water for 3 days, with water changes
performed three times a day, after which it was lyophilized and stored
at −20 °C.
Synthesis of ELP-AZD for Static HELP. ELP was functionalized

with an azide group on the primary amines as previously described.31

Briefly, ELP was dissolved at 7.5 wt % in anhydrous dimethyl
sulfoxide (DMSO; Sigma-Aldrich) and then an equal volume of
anhydrous N,N-dimethylformamide (DMF; Sigma-Aldrich) was
added to the same flask. Separately, azido-PEG5-acid (2 equiv per
ELP amine; BroadPharm) was dissolved in equal volume DMF and
then hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU, 1.1 equiv per azide; Sigma-Aldrich) and 4-methylmorpholine
(2.5 equiv per azide; Sigma-Aldrich) were added sequentially and
allowed to react for 10 min. The azide solution was then added,
dropwise, to the ELP solution and left to react overnight. The reaction
was precipitated in ice-cold diethyl ether (Thermo Fisher) and dried
overnight under nitrogen gas. The resulting protein was dialyzed
against Milli-Q water for 3 days, with water changes performed twice
daily, after which it was sterile filtered, lyophilized, and stored at −20
°C.
Synthesis of ELP-HYD for Dynamic HELP. ELP was function-

alized with a hydrazine group on the primary amines as previously
described.24 Briefly, ELP was dissolved at 7.5 wt % in anhydrous
DMSO and then an equal volume of anhydrous DMF was added to
the same flask. Separately, tri-Boc-hydrazinoacetic acid (2 equiv per
ELP amine; Sigma-Aldrich) was dissolved in equal volume DMF and
then HATU (2 equiv per ELP amine) and 4-methylmorpholine (5
equiv per ELP amine) were added sequentially and allowed to react
for 10 min. The tri-Boc-hydrazinoacetic acid solution was then added,
dropwise, to the ELP solution and left to react overnight. The reaction
was precipitated in ice-cold diethyl ether and dried overnight under
nitrogen gas. To deprotect, the ELP pellets were dissolved in a
solution of equal parts dichloromethane (DCM; Sigma-Aldrich) and
trifluoroacetic acid (TFA; Sigma-Aldrich). After dissolution, 5% (v/v)
tri-isopropylsilane (Sigma-Aldrich) was added and the reaction was
allowed to proceed for 4 h under continuous stirring. The reaction
was precipitated in ice-cold diethyl ether and dried overnight under
nitrogen gas. The resulting protein was dialyzed against Milli-Q water
for 3 days, with water changes performed twice daily, after which it
was sterile filtered, lyophilized, and stored at −20 °C.
Synthesis of ELP-HYD/AZD and ELP-PEG12-HYD/AZD for SW

HELP. ELP-HYD/AZD was synthesized by first modifying ELP with
tri-Boc-hydrazinoacetic acid, deprotecting, precipitating in ice-cold
diethyl ether and drying under nitrogen overnight as described above.
The resulting ELP-HYD was then further functionalized with an azide
group on the tyrosine residues as previously described, using 4-
phenyl-3H-1,2,4-triazoline-3,5(4H)-dione (PTAD).32 Briefly, ELP-
HYD was dissolved at 1 wt % in a solution of equal parts 100 mM
sodium phosphate buffer (pH 8.0), 50 mM Tris buffer, and DMF at 4
°C. Equimolar amounts of PTAD-PEG4-azide (BroadPharm) and
1,3-dibromo-5,5-dimethylhydantoin (Sigma-Aldrich) were dissolved
separately in DMF and then mixed together to activate the PTAD-
azide, which should cause the solution to change colors to ruby red.
The activated PTAD mixture (1.3 equiv PTAD per tyrosine, Figure
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S3b) was then vortexed and added to the protein solution over the
course of 15 min. The reaction was allowed to proceed at 4 °C for 4 h
before dialyzing against 10% (v/v) DMF for 1 day and Milli-Q water
for 3 days. Samples were subsequently sterile filtered, lyophilized, and
stored at −20 °C.

To synthesize ELP-PEG12-HYD/AZD, ELP was first modified with
t-Boc-N-amido-PEG12-acid (BroadPharm) on the primary amines
following the same HATU-mediated amidation reaction, deprotected,
dialyzed, and lyophilized as described above to yield an ELP-PEG12-
NH2 intermediate. The ELP-PEG12-NH2 was then functionalized with
Boc-L-cysteic acid (Santa Cruz Biotechnology) following the same
HATU-mediated amidation reaction, deprotected, dialyzed, and
lyophilized as described above. The cysteic acid-modified ELP was
then modified with tri-Boc-hydrazinoacetic as described above. Before
deprotection, the resulting Boc-protected ELP-PEG12-HYD was then
further functionalized with PTAD-PEG4-azide on the tyrosine
residues as described above at a ratio of PTAD to tyrosine of
5.2:4.0. The reaction was allowed to proceed at 4 °C for 4 h before
dialyzing against 10% (v/v) DMF for 1 day and Milli-Q water for 3
days and lyophilized. The resulting protein was then deprotected,
dialyzed, and sterile filtered as described above. Samples were
subsequently lyophilized and stored at −20 °C.
Synthesis of HA-BCN for Static HELP. Sodium hyaluronate

(HA, 100 kDa; Lifecore Biomedical) was functionalized with
bicyclononyne groups as previously described.31 Briefly, HA (1 wt
%) and 1-hydroxybenzotriazole (HOBt, 2 equiv per HA dimer unit;
Thermo Fisher) were dissolved in 100 mM MES buffer (pH 7.0). In a
separate vial, endo-BCN-amine (2 equiv per HA dimer unit; Conju-
Probe) and 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hy-
drochloride (EDC, 2 equiv per HA dimer unit; Thermo Fisher) were
sequentially dissolved in a 5:1 solution of acetonitrile (MeCN; Sigma-
Aldrich) and Milli-Q water. This solution was then added slowly into
the dissolved HA solution and allowed to react overnight before
dialyzing against 10% (v/v) MeCN for 2 days and Milli-Q water for 3
days. The solution was subsequently sterile filtered, lyophilized, and
stored at −20 °C.
Synthesis of HA-ALD for Dynamic HELP. HA (100 kDa) was

functionalized with aldehyde groups as previously described.25 Briefly,
HA (1 wt %) was dissolved in MES buffer (0.2 M MES hydrate
(Sigma-Aldrich), 0.15 M NaCl; pH 4.5). After the HA was fully
dissolved, propargylamine (0.8 equiv per HA dimer unit; Sigma-
Aldrich) was added to the reaction mixture, and the pH was adjusted
to 6.0. N-hydroxysuccinimide (NHS, 0.8 equiv per HA dimer unit;
Thermo Fisher) and EDC (0.8 equiv per HA dimer unit) were first
dissolved in MES buffer and then added sequentially to the reaction
mixture. The reaction was allowed to proceed overnight to form an
HA-alkyne intermediate. The reaction was dialyzed against Milli-Q
water for 3 days, with water changes performed twice daily, after
which it was sterile filtered, lyophilized, and stored at −20 °C.

HA-alkyne was then functionalized with aldehyde groups via
copper-catalyzed azide−alkyne click chemistry to achieve HA-ALD.
HA-alkyne (1 wt %) was dissolved in 10× isotonic phosphate-
buffered saline (PBS; 81 mM sodium phosphate dibasic, 19 mM
sodium phosphate monobasic, 60 mM sodium chloride; pH 7.4)
along with 1 mg/mL β-cyclodextrin (Sigma-Aldrich). The mixture
was degassed under nitrogen gas for 30 min. Sodium ascorbate
(Sigma-Aldrich) and copper(II) sulfate pentahydrate (Sigma-Aldrich)
were dissolved in Milli-Q water and degassed under nitrogen gas
before sequentially adding them to the HA-alkyne solution to reach
final concentrations of 4.52 and 0.24 mM, respectively. Ald-CH2-
PEG3-azide (2 equiv per alkyne group; BroadPharm) was added to
the reaction mixture, and the solution was degassed for an additional
10 min. The reaction was allowed to proceed for 24 h, and then an
equal volume of 50 mM EDTA (pH 7.0) was added for 1 h to chelate
the copper. The reaction was dialyzed against Milli-Q water for 3
days, with water changes performed twice daily, after which it was
sterile filtered, lyophilized, and stored at −20 °C.
Synthesis of HA-ALD/BCN for SW HELP. HA (100 kDa) was

first functionalized with endo-BCN-amine, dialyzed, sterile filtered,
and lyophilized as described above. HA-BCN was then functionalized

with Ald-CH2-PEG3-azide, dialyzed, sterile filtered, and lyophilized as
described above.
NMR Characterization. To quantify the efficiency and degree of

modification, samples were assessed by 1H nuclear magnetic
resonance (NMR) spectroscopy (Varian Inova, 600 MHz) using
deuterated DMSO or D2O (Thermo Fisher) as a solvent. For ELP,
the hydrazine modification efficiency was determined by comparing
the integration of methyl protons of the Boc group (δ = 1.46 and 1.39,
27H) with the aromatic protons of tyrosine (δ = 7.00 and 6.62, 4H)
in Boc-protected ELP. The azide modification efficiency was
determined by quantifying the peaks on the PTAD (CH2, δ = 2.56,
2H). For ELP-PEG12-HYD/AZD we additionally observed a peak
corresponding to the PEG (δ = 3.6, 2H). For HA, the bicyclononyne
modification efficiency was quantified by integrating the proton signal
of the methylene group adjacent to the amine group (δ = 4.1, 2H)
relative to the methyl groups on N-acetylglucosamine of the HA
backbone (δ = 1.8, 3H). The aldehyde modification efficiency was
quantified by integrating the proton signal of the aldehyde group (δ =
8.1, 1H) relative to the methyl groups on N-acetylglucosamine of the
HA backbone (δ = 1.8, 3H).
FTIR Characterization. To validate the presence of azides on the

ELP backbone, Fourier transform infrared (FTIR) spectroscopy was
performed using a Nicolet iS50 FT/IR Spectrometer. The presence of
an azide stretch peak near 2100 cm−1 confirmed the incorporation of
azides. Lyophilized samples (∼1 mg) were ground together with
potassium bromide (∼100 mg) and pressed into pellets using the
Port-A-Press KBr Pellet Die Kit. Spectra were recorded in
transmission mode at room temperature (RT) in the mid-infrared
range (4000−400 cm−1). Acquired data were autobaselined,
normalized, and smoothed through a standard moving-average
algorithm in MATLAB.
Lower Critical Solution Temperature Measurements. ELP

was dissolved at 1 wt % in PBS and added to a quartz cuvette with 1
mm path length. PBS was used as a blank. Absorbance readings at 300
nm were collected on a circular dichroism instrument with a
temperature controller (Jasco J-815 Spectropolarimeter). The
temperature was ramped up from 4 to 65 °C at a rate of 1 °C/
min. The temperature was allowed to stabilize for 10 s before each
measurement.
Formation of HELP Gels. Lyophilized HA and ELP were

dissolved separately at 2 wt % in 10× isotonic PBS overnight at 4 °C.
The ELP solution was kept on ice until use. For Static HELP, an equal
volume of HA and ELP were mixed in a tube, and 10 μL of the
solution were pipetted into a 4 mm diameter, 0.8 mm height silicone
mold (plasma bonded to a 12 mm circular no. 2 coverglass; Electron
Microscopy Sciences). The gels were then incubated on ice for 5 min,
at RT for 15 min, and at 37 °C for 10 min. For Dynamic HELP and
SW HELP, 5 μL of HA were pipetted into each silicone mold and
kept on ice. Five μL of ELP were then pipetted directly onto the HA
and mixed by swirling the pipet tip in a circular motion. The gels were
then incubated at RT for 15 min and at 37 °C for 10 min. All gels had
a final concentration of 1 wt % modified HA and 1 wt % modified
ELP.
Hydrogel Rheological Characterization. Gels were mixed in a

tube and then immediately deposited onto the stage of an ARG2
rheometer (TA Instruments) with a 20 mm, 1° cone geometry. Heavy
mineral oil was used to prevent sample desiccation over the course of
the measurement. Samples were allowed to cross-link at an oscillatory
strain of 1% and angular frequency of 1 rad/s following each gel’s
respective gelation protocol (see Formation of HELP Gels). A
frequency sweep was performed to measure the shear moduli of each
sample at 37 °C and 1% oscillatory strain over a frequency range of
0.1 to 100 rad/s. The storage moduli at 1 rad/s were reported. The
samples were then incubated at 37 °C for 5 min at an oscillatory strain
of 1% and angular frequency of 1 rad/s to allow the rheometer
geometry to equilibrate. Then, a stress relaxation test was performed
at a constant 10% strain over a period of 24 h. The τ1/2 was reported
as the time required for the stress to drop to half its initial value.
Shear-thinning tests were performed at oscillating shear rates of 0.1
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and 10 s−1, and self-healing tests were performed at oscillating shear
strains of 0.1 and 300%.
Hydrogel Erosion Assays. To measure ELP erosion, a

fluorescently labeled ELP was synthesized via the reaction of a Cy5
NHS ester (Lumiprobe) with the remaining primary amines present
on the ELP. ELP was prepared at a 9:1 ratio of unlabeled ELP to Cy5-
labeled ELP. HELP gels were formulated as described above, and then
1 mL of media was added to each well. At the same time each day,
200 μL of media was collected for measurement, and then a media
change was performed with 1 mL of fresh media. The fluorescence
signal of the Cy5-labeled ELP in the media (640 nm excitation, 670
nm emission) was measured on a plate reader. To calculate the
cumulative ELP released, we summed the fluorescence measurements
across all time points and normalized by the total amount of
fluorescent ELP signal from a single gel. The total amount of
fluorescence from a single gel was determined by first completely
degrading the remaining gel at the final time point. After 14 days, the
remaining gels were treated with hyaluronidase (2000 U/mL) and
elastase (250 U/mL) to completely degrade the gels. To calculate the
percentage of ELP remaining in the gel at each time point, the
cumulative normalized fluorescence signal was subtracted from 100.

To measure HA erosion, 40 μL HELP gels were formed at the
bottom of microcentrifuge tubes and 250 μL of PBS was added to
each gel. The entire volume of liquid was collected and replaced with
new PBS at the indicated time points and stored at −80 °C until
ready for analysis. After 14 days, the remaining gels were treated with
hyaluronidase (2.86 mg/mL) and elastase (5 U/mL) to completely
degrade the gels. A uronic acid assay was carried out similarly as
previously described.33 Briefly, 50 μL of each sample was added to a
black, clear-bottom 96-well plate. 200 μL of sulfuric acid (Sigma-
Aldrich) with 25 mM sodium tetraborate (Sigma-Aldrich) were added
to each well. The plate was incubated at 100 °C for 10 min and
cooled at RT for 15 min. 50 μL of 0.125% (w/v) carbazole (Sigma-
Aldrich) in absolute ethanol (Thermo Fisher) were then added to
each well. The plate was incubated at 100 °C for 10 min and cooled at
RT for 15 min. Sample absorbance at 520 nm was measured on a
plate reader immediately. A standard curve was generated with
unmodified HA. To calculate the cumulative HA released, we
summed the absorbance measurements across all time points and
normalized by the total absorbance signal from a single gel. The total
absorbance from a single gel was determined by first completely
degrading the remaining gel at the final time point. To calculate the
percentage of HA remaining in the gel at each time point, the
cumulative normalized absorbance signal was subtracted from 100.

To characterize spatial distribution of encapsulated cargo,
fluorescent microspheres were mixed with the gel precursors prior
to forming HELP gels in 4 mm molds as described above such that
the final concentration of fluorescent microspheres was 0.1% (w/v).
At the indicated time points, fluorescence images were taken on a
Leica THUNDER imager with a 10× objective.
Cardiomyocyte Differentiation and Encapsulation. Human

induced pluripotent stem cells (hiPSCs) were differentiated into
cardiomyocytes as previously described.34 Briefly, hiPSCs were seeded
at 500,000 cells per well of a 6-well plate coated with human
embryonic stem cell (hESC)-qualified Matrigel (Corning) and
expanded for 3 days in mTeSR Plus media (STEMCELL
Technologies) before initiating differentiation. On day 0 of differ-
entiation, 3 mL of B26 media, consisting of RPMI 1640 (Thermo
Fisher) and B27 supplement minus insulin (2%, Thermo Fisher),
supplemented with 6 μM CHIR99021 (Selleck Chemicals) were
added to each well. On day 2, 2 mL of B26 media were added to each
well without aspirating the existing media. On day 3, the media was
replaced with 3 mL of fresh B26 media supplemented with 2 μM
Wnt-C59 (Selleck Chemicals). On day 5, the media was replaced with
3 mL of fresh B26 media. On day 7, the media was replaced with 3
mL of fresh B27 media, consisting of RPMI 1640 and B27 supplement
with insulin (2%, Thermo Fisher). On day 9, the media was replaced
with 2 mL of RPMI 1640 minus glucose (Thermo Fisher) and B27
supplement with insulin. The resulting cardiomyocytes were
encapsulated at day 11.

Before encapsulation, cardiomyocytes were dissociated with
TrypLE Select Enzyme 10× (Thermo Fisher), pelleted by
centrifugation, and counted. Cell pellets were resuspended in 2 wt
% ELP solution at 2× the desired final cell density (i.e., 1 × 105 cells/
μL for a final cell density of 5 × 104 cells/μL). 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 cross-link as described
above before adding B27 media. Media was replenished every other
day.
Characterization of Encapsulated Cells. To assess cell viability,

hydrogels were incubated in calcein-AM (2 μM; Invitrogen) and
ethidium homodimer-1 (4 μM; Invitrogen) for 10 min at 37 °C. The
gels were then inverted onto a glass coverslide and imaged with a
confocal microscope (Leica SPE) using a 20× air objective.

To perform immunostaining, hydrogels were fixed with 4%
paraformaldehyde in PBS at RT for 20 min before washing with
PBS three times for 10 min each. Samples were permeabilized with
PBS-T (0.25% (v/v) Triton X-100 in PBS) for 1 h at RT and then
blocked with 5% (v/v) goat serum (Gibco), 5% (w/v) bovine serum
albumin (BSA; Roche), and 0.5% Triton X-100 in PBS for 3 h at RT.
The following primary antibodies were diluted in antibody dilution
solution (PBS with 2.5% (v/v) goat serum, 2.5% (w/v) BSA, and
0.5% (v/v) Triton X-100): mouse anti-cardiac troponin T (1:200,
Invitrogen, ma5-12960) and rabbit anti-sarcomeric alpha actinin
(1:200, Abcam, ab137346). The samples were incubated with the
primary antibody solution for 48 h at 4 °C. After incubation, the
samples were washed with PBS-T three times for 30 min each, and
then the following secondary antibodies were diluted in antibody
dilution solution: goat anti-rabbit Alexa Fluor 488 (1:500, Invitrogen,
A-11008) and goat anti-mouse Alexa Fluor 594 (1:500, Invitrogen, A-
11032). At this step, 4′,6-diamidino-2-phenylindole (DAPI; 1 μg/mL,
Cell Signaling, 4083s) was also included to stain cell nuclei. The
samples were incubated with the secondary antibody solution
overnight at 4 °C. The following day, samples were washed with
PBS-T three times for 20 min each and then mounted onto no. 1
coverslips with ProLong Gold AntiFade Mountant (Thermo Fisher).
Images were acquired using a confocal microscope (Leica SPE) using
either a 20× air or 63× oil objective.
Image Analysis. Sarcomeric α-actinin expression and cardiac

troponin T expression were quantified using CellProfiler. Cells were
immunolabeled with the relevant antibodies and identified using
“IdentifyPrimaryObjects” with the “Minimum Cross-Entropy” thresh-
olding methods, followed by “MeasureImageAreaOccupied”. To
quantify beating rate and contraction area, videos were recorded for
10−20 s, at 0.5 s intervals, using a brightfield image microscope. To
calculate the displacement field of the beating hiPSC-CMs, individual
frames of brightfield images were extracted from time-lapse videos and
analyzed using PIV-MyoMonitor, an open-source particle imaging
velocimetry-based software that applies a particle image velocimetry
software for contractility analysis.35 Corresponding heat map images
were created, and ImageJ was used to quantify the % of highlighted
pixels per frame.
3D Printing. 3D printing was carried out on a custom-built

bioprinter modified from an M2 Rev E plastic 3D printer
(MakerGear) as previously described.35 Briefly, the thermoplastic
extruder of the printer was removed and replaced with a mount
designed to hold Replistruder 4 syringe pumps, while the control
board was replaced with a Duet 2 WiFi board with RepRapFirm-
ware.36 Each ink material was loaded into a 2.5 mL Hamilton syringe
and allowed to gel in the syringe at RT for 30 min before printing.
The lattices (9 mm × 9 mm, 6 windows each) were printed on glass
slides with 27 G blunt needles with an extrusion width of 0.21 mm.

The printability of each ink material was tested by assessing the
shape fidelity of the printed lattices. After printing, the lattices were
imaged using a Leica THUNDER microscope in brightfield mode
(2.5× air objective, tile-scan). The window printability (Prw) and ink
spreading (Sp) were quantified using eqs 1 and 2, respectively:37,38
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where Aa and At are the actual and theoretical areas of the printed
window, respectively, and L is the perimeter of the window. An ink
material that prints with ideal shape fidelity would have window
printability Prw = 1 and ink spreading Sp = 0.
Statistical Analysis. Statistical analysis and plotting were

performed using GraphPad Prism version 10 software. In vitro
experiments had at least three independent gel samples in each
experiment. 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). Details of specific statistical methods for each
figure are included within the figure captions. For all studies, not
significant (ns; p > 0.05), *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.

■ RESULTS AND DISCUSSION
Designing a Single-Network Hydrogel with Both

Static and Dynamic Covalent Bonds. We designed a
series of single-network HELP hydrogels consisting of HA and
ELP, with either static covalent bonds alone, dynamic covalent

bonds alone, or both bond types (Figure 1). Here, HA was
chosen as it is a key component of the ECM that provides
essential biophysical and biochemical signals.39,40 Additionally,
HA possesses a high degree of chemical functionality and
hydrophilicity, making it amenable to appending and solvating
a variety of dynamic and static cross-linking groups.39,41 The
ELP variant used here is a previously reported engineered
protein featuring elastin-like domains interspersed with
integrin-binding domains derived from the ECM protein
fibronectin.32,42 This highly specific amino acid sequence
enables both cellular recognition as well as site-specific
bioconjugation reactions, where the degree of functionalization
can be carefully controlled by the availability of specific amino
acids. Together, HA and ELP serve as ideal biopolymers for
engineering single-network hydrogels as they merge cellular
compatibility with the ability to precisely customize the density
and type of cross-linking motif.

To form HELP gels with static covalent cross-links (Static
HELP), HA is modified with a bicyclononyne group to yield
HA-BCN, and ELP is modified with an azide group to yield
ELP-AZD (Figure 1a). When these two components are
mixed, static covalent bonds are formed through a copper-free
SPAAC reaction, resulting in an elastomeric hydrogel (Figure
1a).31 To form HELP gels with DCC cross-links (Dynamic

Figure 1. Approach for static, dynamic, and spot-weld cross-linking of hyaluronic acid and elastin-like protein in HELP hydrogels. (A) Schematic
illustration of Static HELP hydrogels formed when static covalent cross-links occur between bicyclononyne-functionalized HA and azide-
functionalized ELP. (B) Schematic illustration of Dynamic HELP hydrogels formed when dynamic covalent cross-links occur between aldehyde-
functionalized HA and hydrazine-functionalized ELP. (C) Schematic illustration of Spot-weld (SW) HELP hydrogels formed from bicyclononyne-
and aldehyde-functionalized HA and azide- and hydrazine-functionalized ELP.
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HELP), HA is modified with aliphatic aldehyde groups to yield
HA-ALD, and ELP is modified with hydrazine groups to yield
ELP-HYD (Figure 1b). Upon mixing HA-ALD and ELP-HYD,
dynamic covalent hydrazone cross-links stabilize the hydrogel
network while permitting matrix stress relaxation (Figure
1b).10,25 Unfortunately, hydrogels formed through the cross-
linking of aliphatic aldehydes and hydrazines are prone to rapid
erosion due to the fast exchange rates of these DCC cross-
links,13,14 rendering them ill-suited for the longer time scales
required for 3D cell culture and tissue engineering applications.
To overcome this limitation and enhance the stability of these
DCC-based HELP gels, we were inspired by a common
technique used in the metals manufacturing industry, spot-
welding, where small localized spots join separate sheets of
metal together. To form HELP gels with spot-welds (SW
HELP), we combined both static covalent SPAAC cross-links
and dynamic hydrazone cross-links within a single-network
hydrogel. Specifically, the HA is modified with both
bicyclononyne groups and aldehyde groups to yield HA-
ALD/BCN, and the ELP is modified with both azide groups
and hydrazine groups to yield ELP-HYD/AZD (Figure 1c).
We envisioned that this distinct combination of chemistries
would enhance the mechanical integrity while preserving the
viscoelastic properties of Dynamic HELP gels to enable matrix
remodeling and injectability.

To synthesize HA-ALD/BCN for SW HELP, HA with a
molecular weight of 100 kDa was modified through sequential
reactions to enable both static and dynamic covalent cross-
linking. First, HA was modified with an alkyne group via a 1-
ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC)-medi-
ated amidation reaction between the carboxylic acid on the HA

and propargylamine to form an HA-alkyne intermediate
(Figure S1). Following this intermediate step, a subsequent
copper-catalyzed click reaction between HA-alkyne and a
heterobifunctional azide-aldehyde molecule produced HA-
ALD (Figure 2a). To achieve robust hydrogel mechanical
properties, we aimed for a 10−12% degree of aldehyde
modification, which has previously been demonstrated to yield
a Dynamic HELP hydrogel with a storage modulus of ∼800
Pa.26 Nuclear magnetic resonance (NMR) characterization
revealed the appearance of a peak at 7.90 ppm, corresponding
to the protons on the triazole linkage, indicating that the HA-
ALD was ∼11% modified before the introduction of the static
binding ligands (Figure 2b). Following the synthesis and
characterization of HA-ALD, a subsequent EDC-mediated
reaction catalyzed by 1-hydroxybenzotriazole (HOBt) was
carried out between the remaining available carboxylic acids on
the HA-ALD biopolymer and a bicyclononyne-amine molecule
(Figure 2a). The resulting HA-ALD/BCN was then charac-
terized by NMR to verify the presence of both dynamic and
static binding ligands (Figure 2b). The subsequent amidation
reaction did not alter the degree of aldehyde modification
(∼11%), and a similar degree of bicyclononyne modification
(∼15%) was achieved.

ELP was modified with the corresponding static and
dynamic reaction partners to enable the formation of a
single-network hydrogel. The modularity of ELP enables
precise design of amino acid sequences for site-specific
bioconjugation reactions. By selecting the primary amino
acid sequence, we controlled the position and frequency of
reactive residues to introduce orthogonal cross-linking
chemistries. Specifically, lysine (K) and tyrosine (Y) residues

Figure 2. HA is modified with aldehyde and bicyclononyne functional groups for spot-welding. (A) Schematic illustration of sequential chemical
modification steps to synthesize HA-ALD/BCN. (B) NMR spectra (600 MHz in D2O) of unmodified HA, HA-ALD, and HA-ALD/BCN
demonstrate the emergence of a peak at 7.90 ppm, corresponding to the addition of the aldehyde group, and a peak at 4.10 ppm, corresponding to
the addition of the bicyclononyne group.
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(13 and 4 per ELP chain, respectively) were targeted for
modification (Figure 3a). First, the primary amines on the
lysine residues (along with the primary amine at the N-
terminus) were modified with hydrazine functional groups via
a hexafluorophosphate azabenzotriazole tetramethyl uronium
(HATU)-mediated amidation reaction, yielding ELP-HYD
(Figure 3b). NMR characterization revealed ∼99.6% mod-
ification of the available primary amines (Figure S2). To then
specifically functionalize the tyrosine residues, we conjugated
azide-bearing molecules via a tyrosine-selective ene-type
reaction (Figure 3c). By tuning the molar ratio of azide/
tyrosine, we were able to carefully control the number of azide
functional groups per ELP from 1 to 4, as characterized by
NMR (Figure S3). Additionally, Fourier transform infrared
(FTIR) spectroscopy revealed the appearance of an azide
stretch at ∼2100 cm−1 (Figure 3d), confirming the successful

modification of ELP-HYD/AZD with 1, 2, 3, and 4 azides per
ELP.

ELPs display lower critical solution temperature (LCST)
behavior, where above a characteristic transition temperature,
Tt, the protein polymer undergoes an entropically driven phase
separation.43,44 Our previous work has demonstrated the
tunability of the Tt through altering protein hydrophilicity.31

Because the azide-bearing groups are highly hydrophobic, we
hypothesized that the addition of increasing numbers of azides
may decrease the Tt. This change in Tt would result in the
formation of protein-rich aggregates that could impact
hydrogel mechanical properties,31 so we sought to characterize
the Tt of the newly modified ELP polymers. As expected,
optical density measurements revealed a trend of decreasing Tt
as the number of azides per ELP increased (Figure 3e).
Additionally, when cross-linked with HA-ALD/BCN, all ELP
variants formed hydrogels (Figure 3f), but the resulting HELP

Figure 3. Azide modification of ELP alters the transition temperature (Tt) and resulting hydrogel stiffness. (A) Amino acid sequence of ELP cell-
adhesive domain and elastin-like domain, which contains the lysine amino acid (K) used for coupling to hydrazine groups and the tyrosine amino
acid (Y) used for coupling to azide groups. (B) Reaction conditions for the conjugation of hydrazine groups to lysines in ELP. (C) Reaction
conditions for the conjugation of azide groups to tyrosines in ELP. (D) FTIR observation of azide functional group stretching (∼2100 cm−1)
before and after coupling reactions. (E) Representative normalized optical density measurements to characterize the Tt of ELP-HYD modified with
0 azides and ELP-HYD/AZD modified with 1, 2, 3, and 4 azides (1% w/v in PBS) as a function of temperature. (F) Representative frequency
sweeps performed at a fixed strain of 1% showing storage moduli (G′, filled symbols) and loss moduli (G″, open symbols) for HELP gels formed
with ELP-HYD modified with 0 azides and ELP-HYD/AZD modified with 1, 2, 3, and 4 azides. (G) Average shear storage moduli (G′) of HELP
gels formed with ELP-HYD modified with 0 azides and ELP-HYD/AZD modified with 1, 2, 3, and 4 azides (N = 3 gels, data are averages ±
standard deviation). Statistical analyses performed as two-way ANOVA with Tukey’s multiple comparisons test (G). *p < 0.05 and ****p <
0.0001.
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gels exhibited a concomitant decrease in storage modulus as
the number of azides per ELP increased (Figure 3g). With the
addition of 4 azides, the resulting storage modulus was ∼200
Pa, significantly decreased from Dynamic HELP gels with no
azides (∼800 Pa). This decrease in storage modulus has been
previously attributed to the assembly of ELP aggregates above
the Tt that obscure available cross-linking sites on the ELP.31

Taken together, these results indicate that conjugation of ELP
with an increasing number of azide moieties lowers the Tt,
which in turn decreases the storage modulus of the resulting
HELP hydrogel.
Tuning ELP Hydrophilicity Yields Stiffness-Matched

SW HELP Gels. To incorporate SPAAC cross-links into the

HELP hydrogels while maintaining constant hydrogel stiffness,
we devised an alternative bioconjugation strategy for hydrazine
functionalization. In our previous work, we demonstrated that
protein hydrophilicity could be tuned by conjugating the ELP
with increasingly hydrophilic molecules, which in turn
modulates the resulting protein solubility and Tt.

31 Therefore,
we hypothesized that bioconjugation of a more hydrophilic,
hydrazine-containing molecule would offset the decrease in
hydrophilicity due to the conjugation of hydrophobic azide
groups.

To increase the hydrophilicity of the hydrazine functional
group, a 12-mer polyethylene glycol (PEG) and cysteic acid
linker were first conjugated to the primary amines of ELP via

Figure 4. Engineering a SW HELP gel with similar viscoelastic properties to Dynamic HELP. (A) Reaction conditions and intermediates for the
synthesis of ELP-PEG12-HYD, containing a hydrophilic 12-mer PEG and cysteic acid linker. The primary amine of the ELP lysine residue is first
modified with a Boc-protected PEG12-amine, followed by a Boc-protected cysteic acid, and finally with a hydrazine functional group. (B) NMR
spectra (600 MHz in D2O) of ELP before and after functionalization demonstrate a decreased peak at 2.75 ppm attributed to reaction of the
primary amine side chain on lysine residues. (C) Representative normalized optical density measurements of ELP-HYD modified with 0 azides,
ELP-HYD/AZD modified with 4 azides, and ELP-PEG12-HYD/AZD modified with 4 azides (1% w/v in PBS) as a function of temperature. (D)
Average shear storage moduli (G′) of HELP gels formed with only dynamic covalent cross-links (termed Dynamic), a combination of dynamic and
static cross-links using ELP-HYD/AZD with 4 azides (termed 4 azides), a combination of dynamic and static cross-links using the hydrophilic ELP-
PEG12-HYD/AZD with 4 azides (termed 4 azides + PEG), and static covalent cross-links only (termed Static) (N = 3 gels, data are averages ±
standard deviation). (E,F) Normalized representative stress relaxation curves (E) and stress relaxation half-lives (τ1/2, F) of HELP gel formulations
shown in panel (D). (N = 5 gels, data are averages ± standard deviation). Statistical analyses performed as two-way ANOVA with Tukey’s multiple
comparisons test (D,F). ***p < 0.001.
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the same HATU-mediated amidation reaction before the
addition of the hydrazine functional group, yielding ELP-
PEG12-HYD (Figure 4a). PEG molecules have been used in a
variety of systems to increase polymer solubility and have been
demonstrated to be cell compatible.45−47 Cysteic acid is a
modified version of the naturally occurring amino acid cysteine
with a highly hydrophilic sulfonic acid group that has also been
used to increase the solubility of various molecules.48,49 Thus,
the combination of the two hydrophilic moieties was expected
to substantially increase ELP hydrophilicity. Following
hydrazine addition, the azide groups were then conjugated to
the tyrosine residues on the ELP following the same protocol
as before, yielding ELP-PEG12-HYD/AZD.

We chose to incorporate the hydrophilic linker to the ELP
containing 4 azides as this would provide the maximum
amount of static SPAAC cross-links possible within the current
system, resulting in a ratio of 4 azide groups to 14 hydrazine
groups per ELP chain. Using the Flory−Stockmayer gelation
model, we predicted the percolation threshold, pc, of a
hydrogel with 4 azide groups per ELP chain and 37.5
bicyclononyne groups per HA chain to be 0.178.50 This
means that only 17.8% of the SPAAC cross-links within the
hydrogel must be reacted to form a percolating network of
static bonds. In contrast, a system with only 2 azide groups per
ELP chain has a theoretical pc of 0.436, which implies a much
higher SPAAC cross-linking efficiency would need to be
achieved to form a percolating network of static bonds. NMR

characterization revealed the disappearance of a peak at 2.75
ppm, which is assigned to the lysine residue,51 confirming that
the lysine-targeting reactions were successful (Figure 4b).
Additionally, the increased peak at 3.50 ppm, corresponding to
PEG, confirmed the successful modification of ELP-PEG12-
HYD (Figure 4b). As expected, the addition of the hydrophilic
PEG and cysteic acid linker was sufficient to shift the Tt from
∼25.5 °C for ELP-HYD/AZD with 4 azides to ∼57.5 °C for
ELP-PEG12-HYD/AZD with 4 azides (Figure 4c).

As this new Tt is substantially higher than temperatures used
in mammalian cell culture protocols, we anticipated that this
ELP with the hydrophilic PEG and cysteic acid linker would
ameliorate the previously observed aggregation-induced
decrease in hydrogel stiffness. To confirm this, we cross-linked
ELP-HYD, ELP-HYD/AZD with 4 azides, and ELP-PEG12-
HYD/AZD with 4 azides (each at 1 wt %) with the same dual-
functionalized HA-ALD/BCN (1 wt %) as before (Figure 2a).
When ELP-PEG12-HYD/AZD was mixed with HA-ALD/BCN
(denoted as “4 azides + PEG”), the stiffness was significantly
increased compared to ELP-HYD/AZD (denoted as “4
azides”), yielding a shear storage modulus of ∼730 Pa (Figure
4d). Importantly, the shear storage modulus of the hydrogel
formed with ELP-PEG12-HYD/AZD was not significantly
different from that of Dynamic HELP gels formed with ELP-
HYD (containing 0 azides) (Figures 4d and S4a,b). Therefore,
increasing the Tt through altering protein hydrophilicity was

Figure 5. SW HELP gels with sparse static cross-links exhibit enhanced stability compared to Dynamic HELP gels. (A) Quantification of Cy5-
labeled ELP remaining in Dynamic HELP and SW HELP gels over 14 days of exposure to media (N = 4 gels, data are means ± standard deviation).
(B) Quantification of HA remaining in Dynamic HELP and SW HELP gels over 14 days of exposure to phosphate buffered saline (PBS) (N = 4
gels, data are means ± standard deviation). (C) Representative fluorescence reconstructions showing y−z planes of fluorescent microparticles
encapsulated within Dynamic HELP and SW HELP gels over 14 days of exposure to media. (D) Measurement of fluorescence intensity across gel
depth (z-direction, where z = 0 is the bottom of the gel) of fluorescent microparticles encapsulated within Dynamic HELP and SW HELP gels at
days 1, 3, and 7 (N = 5 gels, shaded bands represent 95% confidence intervals of the respective means).
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Figure 6. SW HELP gels support the 3D culture of hiPSC-CMs. (A) Schematic of experimental workflow for cardiomyocyte differentiation and
encapsulation experiments. (B) Quantification of cell viability after 1 and 7 days of culture (N = 3 gels, data are means ± standard deviation). (C)
Representative maximum projection fluorescence images of hiPSC-CMs encapsulated within Static HELP and SW HELP gels after 14 days labeled
for cardiac troponin T (cTnT, red) and α-actinin (green). Nuclei are counterstained with DAPI (blue). (D) Higher-magnification representative
maximum projection fluorescence images of hiPSC-CMs encapsulated within Static HELP and SW HELP gels after 14 days. (E,F) Quantification
of the percentage of α-actinin expression (E) and cardiac troponin T expression (F) in Static HELP and SW HELP gels after 14 days (N = 5 gels,
data are means ± standard deviation). (G) Displacement vector field heat maps generated from hydrogel contraction videos of hiPSC-CMs
encapsulated within Static HELP and SW HELP gels after 14 days. Blue and black backgrounds designate areas where the tracking algorithm could
and could not identify fiducial markers, respectively. (H,I) Quantification of beating rate (H) and contractile area (I) of hiPSC-CM cultures within
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able to increase hydrogel stiffness, consistent with the idea that
the cross-linking groups were being obscured at a lower Tt.

The viscoelastic properties of the HELP gels were next
evaluated through a stress relaxation test, where a constant
10% strain was applied, and the resulting stress was measured
over time (Figure 4e). A 10% strain falls within the linear
viscoelastic regime of the HELP gels (Figure S4d−f).
Interestingly, the addition of the 4 azides in either ELP-
HYD/AZD (“4 azides”) or ELP-PEG12-HYD/AZD (“4 azides
+ PEG”) did not significantly affect the stress relaxation profile
or half-life (τ1/2), with all three stress-relaxing conditions
resulting in a τ1/2 of ∼6000 s (Figure 4e,f). This suggests that
the presence of sparsely distributed static covalent bonds has a
negligible effect on gel relaxation. Taken together, we have
demonstrated a method to functionalize ELP with azide groups
that can participate in sparse static covalent cross-linking while
maintaining the stiffness and stress relaxation rate of Dynamic
HELP gels. Given the similar shear storage moduli and stress-
relaxing properties to the Dynamic HELP gels, subsequent
studies were carried out with HELP hydrogels formed using
ELP-PEG12-HYD/AZD containing 4 azides, henceforth
referred to as SW HELP.

A static, elastic HELP gel (Static HELP) was also fabricated
as a control through SPAAC-mediated covalent cross-linking
between an azide-functionalized ELP (1 wt %) and a
bicyclononyne-functionalized HA (1 wt %) (Figure 1a), as
previously described.31 Static HELP gels were formulated to
exhibit similar stiffness to Dynamic and SW HELP gels
(Figures 4d and S4c) but display minimal relaxation of stress
under a constant applied strain (Figure 4e).
Sparse Static Cross-Links Improve the Stability of

Viscoelastic HELP Gels. Stress-relaxing hydrogels formed
through dynamic covalent bonds are prone to rapid erosion
due to the fast exchange kinetics of the dynamic hydrogel
cross-links.13,14 As a result, this rapid degradation limits their
potential use for both in vivo and in vitro biological
applications where long-term stability or long-term culture is
required. We hypothesized that incorporating static SPAAC
cross-links into our dynamic hydrogel network would limit
hydrogel erosion and improve long-term stability. Because the
highly stable SPAAC-participating groups are directly function-
alized to the polymer backbones, they serve as “spot-welds” to
anchor the polymers in place and stabilize the single network
hydrogel while still enabling local polymer movement to
maintain viscoelastic properties.

To assess the effect of SPAAC cross-links on the stability of
the hydrogel over extended time periods, HELP hydrogels
were created with the following conditions: Dynamic HELP (1
wt % ELP-HYD and 1 wt % HA-ALD) and SW HELP (1 wt %
ELP-PEG12-HYD/AZD and 1 wt % HA-ALD/BCN). Polymer
release from the hydrogel was then monitored over time with
regular washes to simulate media changes. For ELP erosion, a
fluorescently labeled ELP was incorporated in both gel
formulations, and fluorescence in the media was measured
over time. While the Dynamic HELP gels exhibited full loss of
ELP after 4 days, the SW HELP gels dramatically limited the
extent of ELP erosion, with >60% ELP remaining after 14 days
(Figure 5a). For HA erosion, a colorimetric uronic acid assay

was used to measure the cumulative HA released from the
hydrogels over time. With the addition of SPAAC cross-links,
the amount of HA remaining after 14 days increased to ∼70%,
compared to only ∼6% of HA remaining for the Dynamic
HELP gels without SPAAC cross-links (Figure 5b). These
results indicate that incorporating a controlled amount of
sparsely distributed SPAAC cross-links in a hydrogel network
with dynamic covalent cross-links can tune the erosion profile
of the hydrogels from days to weeks.

As an additional practical metric for characterizing hydrogel
stability, we investigated the ability of the gels to retain cargo
(e.g., cells or microparticles) over extended time. We loaded
fluorescent microparticles into both hydrogel formulations and
imaged them to determine their spatial distribution over 2
weeks. Within the Dynamic HELP gels, all the microparticles
settled to the bottom of the culture plate by Day 3 and were
subsequently washed away with the next media change (Figure
5c,d). The microparticles within the SW HELP gels not only
remained suspended within the hydrogels over the two week
period, but they also maintained a homogeneous distribution
throughout the entire hydrogel (Figure 5c,d). Overall, SW
HELP exhibits improved hydrogel stability and distribution of
embedded cargo compared to Dynamic HELP while
maintaining similar stress-relaxing properties.
SW HELP Gels Promote Cardiomyocyte Spreading

and Synchronous Beating. As a demonstration of the utility
of this hydrogel platform for 3D cell culture, we evaluated
whether SW HELP hydrogels could support the culture of
human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs). hiPSC-CMs are sensitive to cell−cell and cell−
ECM interactions, which are known to regulate their
proliferation, differentiation, and maturation.52,53 At the same
time, hiPSC-CMs require long maturation periods (∼14 days)
to electrically couple and synchronize, and they also exert
substantial mechanical forces on their environment as they
contract.54,55 However, in 3D matrices that exhibit long-term
stability, mechanical confinement often precludes the ability of
cells to undergo morphological changes and establish the
cellular interconnectivity that is required for signal propagation
and maturation.6,56 Viscoelastic matrices offer a promising
approach to enable cell-mediated remodeling of the matrix and
overcome 3D mechanical confinement. Therefore, the 3D
culture of hiPSC-CMs requires a remodelable, viscoelastic
hydrogel that can withstand contractile forces over long culture
periods.

We first investigated how hiPSC-CM morphology and cell
fate were influenced by matrix viscoelasticity. hiPSC-CMs were
differentiated in 2D following previously established protocols,
and spontaneous contraction was observed on day 8−9 of
differentiation. On day 12 of differentiation, spontaneously
beating hiPSC-CMs were encapsulated in SW HELP gels
(viscoelastic, remodelable) and Static HELP gels (more elastic,
nonremodelable) and cultured for 14 days (Figure 6a). Using a
live/dead cytotoxicity assay, short-term viability (24 h post-
encapsulation) was ∼93% in SW HELP gels and ∼95% in
Static HELP gels, indicating high cytocompatibility of the
hydrogel encapsulation process (Figures 6b and S5). High cell
viability was also maintained after 7 days of culture, with ∼97%

Figure 6. continued

Static HELP and SW HELP gels after 14 days (N = 5 gels, data are means ± standard deviation). Statistical analyses performed as two-way
ANOVA with Šid́aḱ’s multiple comparisons test (B) and two-tailed unpaired t-test (E,F,H,I). ***p < 0.001 and ****p < 0.0001.
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viability in SW HELP gels and ∼96% viability in Static HELP
gels (Figures 6b and S5). After 14 days of culture, hiPSC-CMs
were fixed and stained for the cardiomyocyte-specific protein
troponin T (cTnT) and the contractile machinery protein
(sarcomeric α-actinin) (Figure 6c,d). In Static HELP gels,
hiPSC-CMs exhibited limited α-actinin expression and a
disorganized sarcomeric structure, likely due to an inability
to remodel their surrounding matrix (Figure 6d,e). In contrast,
SW HELP gels supported cell-mediated remodeling of the
dynamic hydrogel environment, resulting in hiPSC-CMs with a
more spread morphology, increased expression of α-actinin,
and maintenance of striated sarcomeres (Figure 6d,e). The
ability to remodel the viscoelastic matrix also enabled the
formation of an interconnected network of hiPSC-CMs within
SW HELP gels, while those in Static HELP gels remained in
isolated clusters. Additionally, while both conditions supported

cell viability, SW HELP gels supported maintenance of the
cardiomyocyte phenotype, as hiPSC-CMs in SW HELP gels
exhibited significantly higher expression of cTnT compared to
those in Static HELP gels (Figure 6f).

To compare cardiomyocyte functional activity in SW HELP
vs Static HELP gels, we measured the global contraction
behavior of the hiPSC-CM-laden hydrogels after 14 days of
culture and maturation. An image analysis tool was used for
automated contractility assessment of 3D cardiac tissues.35

From this algorithm, heat maps of displacement vector fields
were generated that correspond to hydrogel contraction and
relaxation behavior (Figure 6g). Notably, hiPSC-CMs
encapsulated within SW HELP gels displayed enhanced
coordination, with large areas of the hydrogel beating
synchronously (Video S1). In comparison, hiPSC-CM beating
only occurred in a few sparse clusters of cells in various

Figure 7. Printability of SW HELP gels (A,B). Viscosity recovery at high (10.0 s−1) and low (0.1 s−1) shear rates of Dynamic HELP (A) and SW
HELP (B) gels. (C) Yield stress measurements of Dynamic HELP and SW HELP gels (N = 3 gels, data are means ± standard deviation). (D)
Representative brightfield images of printed lattices (left) and photographs of ink filaments extruded from 27 G blunt needles (right) of Dynamic
HELP, SW HELP, and Static HELP gels. (E,F) Quantification of window printability (Prw, E) and ink spreading (Sp, F) of lattices printed with
Dynamic HELP and SW HELP gel inks. Data in (E,F) are plotted as box and whisker plots, with whiskers showing the minimum and maximum
values, and a superimposed scatter plot where individual points represent the values for individual windows (for Dynamic, n = 42 windows from N
= 5 prints; for SW, n = 51 windows from N = 6 prints). (G) Quantification of Cy5-labeled ELP remaining in Dynamic HELP and SW HELP gels
over 14 days after extrusion through a 27 G blunt needle (N = 3 gels, data are means ± standard deviation). (H) Representative fluorescence
images of Cy5-labeled Dynamic HELP and SW HELP gels after extrusion through a 27 G blunt needle on days 2 and 14. Statistical analyses
performed as two-tailed unpaired t-test (C,E,F).
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discrete locations throughout the Static HELP gels (Video S2),
and these cells exhibited a slower beating rate (Figure 6h). The
lack of synchronicity within Static HELP gels could be
attributed to the poor establishment of interconnected
networks in static, confining environments, which hinders the
cell−cell communication required to ensure proper propaga-
tion of electrical potential. As a result, the fraction of the
overall hydrogel that underwent contraction was significantly
reduced in the Static HELP gels compared to the SW HELP
gels (Figure 6i). Importantly, the SW HELP gels persisted in
culture for 14 days despite the mechanical contractions
induced by the beating cardiomyocytes, which was not
observable with Dynamic HELP gels, as these fully eroded
after only 4 days. These results suggest that our SW HELP
platform exhibits both desirable viscoelastic properties for
enabling cell−cell contact and signal propagation while also
maintaining structural stability, ultimately supporting the
phenotypic maintenance and synchronized contractile activity
of hiPSC-CMs.

While the primary difference between SW HELP and Static
HELP gels is their stress relaxation rate, they also exhibit other
differences that could contribute to the observed cardiomyo-
cyte phenotypes. Of note, the functional groups participating
in cross-linking differ between the two gel conditions
(primarily hydrazone in SW HELP vs primarily SPAAC in
Static HELP). While SPAAC is a bioorthogonal reaction, the
aldehyde groups present in SW HELP could engage with
primary amines on cell surface proteins to form Schiff bases,
and the potential cellular effect could be explored in future
work. Additionally, the Tt of ELP-AZD used in Static HELP is
∼30 °C,31 while the Tt of ELP-PEG12-HYD/AZD used in SW
HELP is ∼57.5 °C. This difference in the Tt could result in
changes in ELP microstructure, as ELPs with a lower Tt have
been reported to form ELP-rich aggregates within the
hydrogel.31 Altogether, the collective matrix properties of the
SW HELP gels provide a permissive environment for hiPSC-
CM culture and signal propagation, and the contributions from
these individual matrix properties should be further explored in
future studies.
SW HELP Gels Maintain the Injectability and

Printability of Dynamic HELP Gels. In addition to 3D
cell culture, another potential application that has leveraged
dynamic hydrogels is 3D extrusion bioprinting. In these
applications, the transient DCC cross-links provide increased
injectability through a syringe that, once extruded, reform to
reinforce the printed structure.57 In our previous work, we
showed that although the Dynamic HELP gel formulation was
highly printable, the resulting hydrogels lacked stability and
eroded over time,11 similar to what we observed here (Figure
5). A DCC-cross-linked hydrogel with slower exchange
dynamics offered enhanced hydrogel stability, but suffered in
terms of printability and exhibited significantly slower stress
relaxation rates.11 In contrast, our SW HELP gels are able to
maintain faster stress relaxation rates similar to Dynamic HELP
gels while still maintaining hydrogel stability due to the
sparsely distributed static cross-links. We hypothesized that
this combination of viscoelasticity and stability would make
this material an ideal bioink candidate for 3D extrusion
printing.

To assess the potential for 3D printing, we first characterized
the flow properties of SW HELP gels compared to Dynamic
HELP gels. Both Dynamic and SW HELP gels displayed
viscous shear-thinning and self-healing behavior, which is

characterized by measuring the viscosity in response to
alternating high (10.0 s−1) and low (0.1 s−1) shear rates
(Figures 7a,b and S6a) and the modulus recovery in response
to alternating high (300%) and low (0.1%) strains (Figure
S6b,c). Additionally, upon looking closer at the transition
between high and low shear rates, we observed that both
hydrogel conditions quickly reached a plateau viscosity (Figure
S6a), suggesting rapid self-healing behavior. We next evaluated
the yield stress of the hydrogels by performing a steady state
stress sweep, in which the stress is incrementally increased
logarithmically.58 The yield stress is then defined as the lowest
applied stress that causes the material to yield and flow,
indicated by a sharp drop in viscosity.59 Both Dynamic and SW
HELP gels were observed to have a yield stress of similar
magnitude (σy ∼ 1−2 kPa) (Figure 7c). These data suggest
that SW HELP gels should be printable despite the inclusion of
sparse static cross-links.

To directly test this idea, we evaluated whether the static
cross-links influenced the printability of the HELP gels during
extrusion printing. Before printing, we first allowed the
hydrogel network to form a fully cross-linked network within
the print syringe. After this equilibration time, we printed the
HELP gels into a 9 mm by 9 mm lattice structure. For both
Dynamic and SW HELP gels, a continuous filament could be
extruded through the print syringe, resulting in fully formed
lattices (Figure 7d). In contrast, extrusion of Static HELP gels
yielded broken filaments that deposited inconsistently,
resulting in incomplete lattice structures (Figure 7d). Shape
fidelity was quantitatively assessed from the printed lattice
structures using two metrics, window printability (Prw) and ink
spreading (Sp, also termed diffusion rate in some manu-
scripts37,60). Similar Prw and Sp were observed for Dynamic
and SW inks, though Dynamic HELP had slightly better print
fidelity (higher Prw and lower Sp) than SW HELP (Figure
7e,f). Despite this, Prw was ∼0.9 in both cases, which falls
within the range (Prw ∼ 0.9−1.1) that has been previously
demonstrated to have the best filament morphology and
mechanical stability of 3D printed hydrogel constructs.38

Furthermore, Sp ∼ 40% in both cases, which represents an
improvement from other works that have optimized hydrogel
ink formulations for print fidelity (Sp ∼ 60%).61 Finally, the
extruded SW HELP gels persist for at least 14 days, while the
extruded Dynamic HELP gels erode completely by day 4
(Figures 7g,h and S7). Altogether, these results demonstrate
that the addition of sparse static cross-links in SW HELP gels
do not greatly impact printability in this system, highlighting
the potential for SW HELP gels to be leveraged in 3D
extrusion bioprinting applications.

■ CONCLUSION
Spot-welding of engineered hydrogels has the ability to expand
the versatility of dynamic covalent hydrogels for many
applications in biomaterials and tissue engineering. Here, we
developed a viscoelastic, shear-thinning hydrogel where fast-
exchanging DCC cross-links were stabilized by a sparsely
distributed network of static SPAAC cross-links. Through
targeting the unique side chains of specific amino acids on
ELP, we were able to demonstrate precise control over
bioconjugation of different functional groups on a single
polymer. To mitigate the decrease in storage modulus that
accompanied the addition of azide groups to the ELP, we
altered the protein hydrophilicity to tune the Tt and reduce
protein aggregation, which allowed us to generate stiffness-

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.5c02162
Chem. Mater. 2025, 37, 9758−9774

9770

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c02162/suppl_file/cm5c02162_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c02162/suppl_file/cm5c02162_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c02162/suppl_file/cm5c02162_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c02162/suppl_file/cm5c02162_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c02162/suppl_file/cm5c02162_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c02162/suppl_file/cm5c02162_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c02162/suppl_file/cm5c02162_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c02162?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


matched Static, Dynamic, and SW HELP gels. SW HELP gels
exhibited drastically improved hydrogel stability compared to
Dynamic HELP gels while maintaining statistically similar fast
stress relaxation rates. Because SW HELP gels were able to
withstand hydrogel erosion for at least 14 days, they were well-
suited for the 3D culture of human pluripotent stem cell-
derived cardiomyocytes, a highly contractile and mechanically
active cell type. Using the SW HELP gel platform, we
demonstrated the importance of a fast-relaxing yet long-term
stable 3D hydrogel for promoting the phenotypic maintenance
and synchronous contraction of cardiomyocytes. While
Dynamic HELP gels may also enable sufficient matrix
remodeling, their rapid erosion rates preclude the possibility
of longer culture periods required for observing cardiomyocyte
maturation and engineering cardiac tissues. Furthermore, the
presence of SPAAC cross-links within the SW HELP gels does
not impinge upon their extrudability through a print syringe,
positioning SW HELP gels as ideal bioink materials for 3D
bioprinting applications.

Here, we demonstrate two important biological applications
that benefit from SW HELP gels, but future directions could
expand on this work by evaluating the suitability of SW HELP
gels in additional biomedical contexts. For example, toward
fabricating more complex 3D structures, future studies could
explore the use of SW HELP gels in embedded bioprinting.62

In addition, organoids also undergo lengthy maturation periods
and require remodelable matrices to support expansion,63,64 so
SW HELP gels could be explored for the culture of patient-
derived organoids. For studies of in vivo regeneration, hydrogel
scaffolds must similarly balance sufficient matrix remodeling
and local retention to recruit and support cell infiltration.65,66

As we have already demonstrated the injectability of SW HELP
gels, future studies could evaluate their in vivo stability and
capacity to support tissue regeneration. Lastly, we envision that
spot-welding will be a generalizable approach that can be
implemented with a variety of polymers beyond ELP and HA.
In particular, for systems that typically undergo considerable
swelling, spot-welds could also help prevent erosion due to
swelling. Similarly, while here we demonstrated the spot-
welding concept using hydrazone bonds, several different types
of covalent and physical interactions exist that can be used to
create adaptable gels,4 and the modularity of our platform
would support future studies to incorporate these alternative
chemistries as spot-welds as well.

In summary, spot-welding offers a simple yet powerful
solution to the problem of rapid erosion in dynamic covalent
hydrogels, while maintaining their viscoelastic properties. This
unique combination makes spot-welded gels highly versatile for
diverse applications. Their ability to support cell-mediated
matrix remodeling without losing structural integrity is ideal
for in vitro human tissue modeling applications. Their
injectability opens opportunities for future in vivo applications,
and their extrudability and self-healing qualities make them
excellent candidates for 3D bioprinting. Overall, this
biomaterials strategy holds immense potential to advance
both fundamental and translational studies in tissue engineer-
ing and regenerative medicine.
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