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ABSTRACT: Hydrogels are used for a wide range of biomedical applications. While mechanical characterization of hydrogels is
frequently performed in isotonic saline, the chemical identity of these solutions may vary widely from the ionic environments
encountered during their use. To explore this idea, we test the mechanical properties of a hydrogel cross-linked with dynamic
covalent chemistry (DCC) in several physiologically relevant ionic solutions that mimic different biological conditions. Specifically,
we evaluate rheological properties of a hydrazone-cross-linked hydrogel composed of recombinant, chemically modified hyaluronan
and elastin-like protein (ELP). Our results show that the shear moduli and stress relaxation properties of DCC hydrogels can vary
significantly in different ionic environments. We identify the thermoresponsive nature of ELP and changes in hydrazone bond
kinetics as the primary reasons for the observed differences in mechanical properties. Taken together, this work elucidates
mechanisms underpinning changes in hydrogel mechanics in different physiological solutions.

■ INTRODUCTION
Hydrogels are utilized broadly throughout several applications
in biomedical engineering. For example, they are used as tissue
engineering scaffolds for regenerative medicine, as 3D matrices
for in vitro cell models of development and disease,1 as drug
delivery vehicles for controlled release,2,3 and as inks for 3D
bioprinting.4,5 Depending on the specific application, hydrogel
mechanical properties must be tuned to meet the intended
requirements. For instance, a common goal is to mimic the
native biomechanical properties of the endogenous extrac-
ellular matrix (ECM).1,6,7 Thus, it is critically important to
accurately predict hydrogel mechanical properties during use in
operando. Hydrogels are frequently tested for rheological
properties in phosphate buffered saline (PBS) before under-
going in vitro or in vivo testing for applications.8 However, the
composition of PBS often varies from solutions experienced
during actual use, which can lead to marked discrepancies
between measured and actual “in-use” mechanical proper-
ties.9,10

In particular, prior work shows significant differences in
mechanical properties for physical hydrogels when exposed to
different physiologically relevant solutions.9,11,12 Physical
hydrogels are cross-linked through noncovalent interactions,

such as electrostatic or hydrogen bonds, that are inherently
responsive to environmental conditions including ionic
concentrations and pH.13,14 This environmental responsive-
ness is often exploited to design so-called “smart” hydrogels
that dramatically alter their mechanical properties in different
solutions. For example, ionically cross-linked hydrogels, such as
alginate-based materials and many peptide-assembled systems,
require a threshold of ionic strength to support gelation and to
rationally tune their mechanical properties.15,16 On the other
hand, some physically cross-linked hydrogels have less intuitive
responses to changes in ionic strength and character. For
instance, collagen hydrogels soaked in Kokubo’s simulated
body fluid (SBF) were found to degrade rapidly in 14 days and
lose mechanical stability, while collagen hydrogels soaked in
PBS were found to erode slower and retain their mechanical
characteristics.9 Mechanical property changes like these may
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highly affect the efficacy of the hydrogel for specific biological
applications.

While changes in mechanical properties of physical hydro-
gels in different ionic environments have been explored
broadly, chemical hydrogels, i.e. those cross-linked with
covalent bonds, have not been as widely studied in this
context. Once cross-linked, ionic strength and character are not
expected to modify static covalent bonds, so statically cross-
linked chemical hydrogels are less responsive to different ionic
solutions compared to physical hydrogels.17 Recently, a newer
type of chemical hydrogel cross-linked through dynamic

covalent chemistries (DCC) has emerged within biomaterials
applications.18,19 Since the ECM is a dynamic environment,
adaptable DCC hydrogels have become attractive 3D matrix
mimetic platforms.20,21

Typically, DCC hydrogels can be made stiffer and more
stable than physically cross-linked hydrogels,22 while having
adaptable self-healing properties that are lacking in covalently
cross-linked hydrogels.23 For an ideal DCC network, the
hydrogel mechanical properties will be related to the
thermodynamics and kinetics of the bond exchange.24,25 For
example, the hydrogel stiffness will be governed by the average

Figure 1. (A) Schematic of Hyaluronan and Elastin-Like Protein (HELP) hydrogels formulated with reversible cross-links through dynamic
covalent chemistry (DCC). (B) Characteristics of biological buffers used in this study. While each of the buffers are isotonic, they differ in
concentration of phosphate and chloride ions. Additional biological components are also present in DMEM and SBF. (C) Plateau shear storage
moduli (G′) of HELP hydrogels formulated in different biological buffers. Data are averages with SD, n = 3 independent gels. Statistical analysis
was an ordinary one-way ANOVA with Tukey multiple comparisons correction; *p < 0.05, **p < 0.01. (D) Representative curves of normalized
stress relaxation over time for HELP hydrogels formulated in SBF and 10× iPBS.
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concentration of DCC cross-links at thermodynamic equili-
brium.26,27 In contrast, the time-dependent mechanical
properties, such as the network stress relaxation rate, will be
related to the bond exchange kinetics.19,22,28−31 As the
thermodynamics and kinetics of DCC reactions are known
to be sensitive to solvent conditions such as pH, we
hypothesized that DCC hydrogel mechanics would also be
sensitive to solvent conditions, similar to the adaptable
physically and ionically cross-linked gels described above.20

For example DCC hydrogels designed with boronate ester
cross-links are known to be sensitive to phosphate buffers.32−35

Similarly, hydrazone DCC reactions are known to be sensitive
to pH, with acid catalysis leading to faster exchange kinetics.19

As hydrazone-based hydrogels are becoming more widely used
for biomedical applications, we sought to explore how their
mechanical behavior could be impacted by different physio-
logical conditions.

Hydrazone-cross-linked biomaterials have been designed
with both natural36 and synthetic polymers.37 Previously, our
group formulated a DCC hydrogel made of a benzaldehyde
modified hyaluronan (HA-BZA) and hydrazine modified
elastin like protein (ELP-HYD).38 Mixing these two polymers
together creates a hydrogel cross-linked through hydrazone
bonds, termed HELP (Figures 1A, and S1−S3).

Both HA and elastin are found within the native cell
environment,7 and the amino acid sequence of the ELP can be
designed to mimic cell surface integrin binding peptides like
RGD which confer cell adhesion.39 The HELP hydrogel is
both mechanically and biochemically tunable, leading to the
utilization of this hydrogel in many different bioengineering
applications that require specific mechanical properties.28,40−44

Here, we employ the HELP hydrogel to explore the effects of
physiological solutions on the mechanical properties of
hydrazone-cross-linked hydrogels. Our results demonstrate
that differences in physiological solution can significantly alter
both the stiffness and the stress relaxation rate of HELP
hydrogels. Because cells alter their phenotype in response to
mechanosignaling induced by changes in stiffness and stress
relaxation rate, these results underscore the importance of
considering solvent effects when formulating DCC hydrogels
for biological applications.45−48 Using a suite of experimental
methods and biologically relevant solutions (Figure 1B and
Table S1), we uncover the molecular mechanisms that play a
role in driving the observed differences in HELP hydrogel
mechanical properties. We find that the composition and ionic
strength of different physiological solutions impact polymer
solubility and bond kinetics, resulting in altered mechanical
properties. Taken together, this study highlights the critical
importance of performing rheological characterization studies
in application-relevant solutions when designing and formulat-
ing adaptable DCC hydrogels.

■ MATERIALS AND METHODS

Elastin-like Protein Expression and Purification
Elastin-like protein (ELP) was produced with recombinant protein
expression using Escherichia coli BLR (DE3) cells (Novagen). pET15b
plasmids containing the ELP coding sequence (Figure S1) were
introduced into the BLR (DE3) cells, and the transformed bacteria
were plated on Luria Broth (LB) agar (25 g/L LB; Millipore and 15
g/L agar; Millipore) supplemented with ampicillin (200 μg/mL;
Thermo Fisher). Plates were incubated overnight at 37 °C. Individual
colonies were then inoculated into Terrific Broth (TB, 47.6 g/L;

Thermo Fisher) with 0.4% glycerol (Thermo Fisher) containing 200
μg/mL ampicillin and cultured overnight at 37 °C.

The next day, 20 mL of this starter culture was distributed into 12
one-liter baffled flasks containing fresh TB medium. Cultures were
incubated at 30 °C and constantly agitated. ELP production was done
using a hyperexpression strategy in which cells were grown for 24 h
without induction by isopropyl β-D-1-thiogalactopyranoside (IPTG).

Purification of the expressed ELP followed previously established
protocols.38 Bacterial pellets were resuspended in TEN buffer (10
mM Tris Base, 1 mM EDTA, and 100 mM NaCl; pH 8.0). Cell lysis
was achieved through three freeze−thaw cycles. Phenylmethylsulfonyl
fluoride (PMSF, 1 mM; Thermo Fisher) and deoxyribonuclease I (10
μM; Sigma-Aldrich) were added to inhibit proteases and degrade
nucleic acids. The lysate was subjected to three rounds of inverse
transition cycling, exploiting the ELP’s lower critical solution
temperature (LCST) behavior and aided by the addition of salt to
promote selective precipitation.

After freeze−thaw cycling, the protein solution was dialyzed at 4 °C
in 10-kDa molecular weight cutoff (MWCO) tubing (Spectrum
Laboratories) against 4 L of deionized water, with the deionized water
replaced two to three times a day for 3 days. The dialyzed material
was then passed through a 0.22-μm sterile filter, frozen, and
lyophilized. The resulting dry ELP was stored at −20 °C in a sterile
50 mL tube with desiccant.

Functionalization and Characterization of ELP with
Hydrazine
The ELP was functionalized with hydrazine on the primary amine of
its lysine residues, following established procedures.40,43,44,49 Briefly,
lyophilized ELP was dissolved at 3% (w/v) using a 1:1 mixture of
anhydrous dimethyl sulfoxide (DMSO; Sigma-Aldrich) and N,N-
dimethylformamide (DMF; Sigma-Aldrich). In a separate vessel, tri-
Boc hydrazinoacetic acid (used at two molar equivalents per ELP
amine; Sigma-Aldrich) was dissolved in anhydrous DMF to a
concentration of 2.1% (w/v) at room temperature. After dissolution,
the tri-Boc reagent was activated by adding hexafluorophosphate
azabenzotriazole tetramethyl uronium (HATU, 2 equiv per ELP
amine; Sigma-Aldrich) and 4-methylmorpholine (5 equiv per ELP
amine; Sigma-Aldrich). After 10 min, this mixture was added
dropwise to the ELP solution under constant stirring, and the
reaction was allowed to proceed overnight at room temperature.

To isolate the modified protein, the reaction mixture was
introduced dropwise into ice-cold diethyl ether at a 1:4 ratio of
ELP solution to ether, causing the product to precipitate. The
precipitate was collected, dried under nitrogen overnight, and
subjected to deprotection of the hydrazine moiety by resuspending
the material in a 1:1 solution of dichloromethane (DCM; Sigma-
Aldrich) and trifluoroacetic acid containing 5% (v/v) tri-isopropylsi-
lane (Sigma-Aldrich). This mixture was stirred at room temperature
for 4 h. The resulting deprotected ELP-HYD was again precipitated in
ether, dried under nitrogen, and dissolved in deionized water before
dialysis. Dialysis was carried out for 3 days at 4 °C using 10-kDa
MWCO tubing (Spectrum Laboratories), with water changes two to
three times daily. The final solution was filtered through a 0.22-μm
membrane, lyophilized, and the resulting fibrous white solid was
stored at −20 °C. Structural confirmation was performed on both the
protected and deprotected ELP-HYD using 1H NMR spectroscopy
(Varian Inova, 600 MHz) using DMSO-d6 as a solvent (Figure S2).

Functionalization and Characterization of Hyaluronan
with Benzaldehyde
Hyaluronic acid (HA) was functionalized according to established
methods.40,43,44,49 The first modification introduced an alkyne group.
Sodium hyaluronate (HA, 60 kDa; LifeCore) was dissolved in MES
buffer (0.2 M MES hydrate (Sigma-Aldrich) and 0.15 M NaCl in
water, pH 4.5) to create a 1 wt % solution. Propargylamine (Sigma-
Aldrich) was then added at 0.8 equivalence per HA dimer unit, and
the reaction pH was adjusted to 6. N-hydroxysuccinimide (NHS;
Thermo Fisher) and 1-ethyl-3-(3-(dimethylamino)propyl)-
carbodiimide hydrochloride (EDC; Thermo Fisher) were both
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introduced at 0.8 equivalence per HA dimer unit, and the mixture was
allowed to react for 24 h at room temperature with continuous
stirring. The product was dialyzed for 3 days against deionized water
using 10-kDa MWCO tubing (Spectrum Laboratories), with two to
three water changes per day, and subsequently lyophilized to yield a
fibrous HA−alkyne solid.

To complete the synthesis of HA-BZA, the HA−alkyne was
dissolved at 1% (w/v) in isotonic 10× iPBS (81 mM sodium
phosphate dibasic, 19 mM sodium phosphate monobasic, 60 mM
sodium chloride in Milli-Q water; pH 7.4; filtered through 0.22-μm
membrane) supplemented with β-cyclodextrin (Sigma-Aldrich) at 1
mg/mL at room temperature. Fresh 10× stock solutions of sodium
ascorbate (45.2 mM; Sigma-Aldrich) and copper sulfate (2.4 mM;
Sigma-Aldrich) were prepared in MES buffer (0.2 M MES hydrate
(Sigma-Aldrich) and 0.15 M NaCl in water, pH 4.5), and all solutions
were degassed under nitrogen for 30 min. 4-Azidobenzaldehyde
(Santa Cruz Biotechnology) was dissolved in anhydrous DMSO
(Sigma-Aldrich) to be added to the reaction vessel at 1 equivalence
per alkyne group. The solution was degassed for an additional 10 min,
then sodium ascorbate and copper sulfate were added sequentially
using an insulin syringe to reach final concentrations of 4.52 mM and
0.24 mM, respectively. Azido-BZA was added last, and the combined
reaction mixture was further degassed for 10 min before stirring at
room temperature for 24 h.

After the 24-h reaction period, an equal volume of 50 mM EDTA
(Thermo Fisher, pH 7.0) was introduced to chelate the copper
catalyst, and the mixture was stirred for an additional hour. The
material was subsequently dialyzed, filtered, and lyophilized following
the same procedure as above, producing a white fibrous HA-BZA
product. Structural confirmation was performed using 1H NMR
spectroscopy (Varian Inova, 600 MHz) using D2O as a solvent
(Figure S3).
Functionalization and Characterization of Hyaluronan
with Hydrazine
Synthesis of N-(3-azidopropyl)-2-hydrazineylacetamide was carried
out prior to HA functionalization. To generate this molecule, tri-Boc−
hydrazinoacetic acid (1 equivalence) was combined with azidopropyl
amine (1.3 equivalence), along with EDC (1.3 equivalence) and 4-
dimethylaminopyridine (0.2 equivalence), in DCM. The mixture was
left to react overnight with continuous stirring. Afterward, the solvent
was removed under reduced pressure using a rotary evaporator, and
the crude material was purified with silica gel chromotography. The
resulting Boc-protected compound was exposed to a 1:1 DCM/TFA
solution for approximately 4 h to remove the protecting groups.
Following deprotection, the product was precipitated into ether,
yielding an oil-like yellow solid.

Subsequent HA modification followed the same procedure used for
generating HA−benzaldehyde, with the exception that the newly
prepared N-(3-azidopropyl)-2-hydrazineylacetamide replaced 4-azi-
dobenzaldehyde as the modifying agent. Each HA dimer unit was
reacted with 1 equivalence of propargylamine, EDC, NHS, and the
synthesized hydrazine-containing compound. 1H NMR measurements
(Varian Inova, 600 MHz) were performed in D2O to confirm product
identity (Figure S4).
Physiological Buffers
Physiological buffers were created according to the recipes in Table
S1. All solutions were brought to pH ∼ 7 and filtered through a 0.22-
μm membrane before use.
Hydrogel Formation
All HELP hydrogels were prepared to contain a final concentration of
1 wt % ELP-HYD and 1 wt % HA-BZA in the appropriate
physiological buffer. HA-BZA and ELP-HYD were each dissolved to
2 wt % in the selected solvents and allowed to equilibrate overnight at
4 °C while rotating. The pH of each 2 wt % ELP-HYD and HA-BZA
solution prior to hydrogel formation was measured using Thermo
Fisher pH paper strips (Figure S5). The two 2 wt % stock solutions
were then combined in equal volumes on ice, to prevent ELP
aggregation during mixing. Upon combining the components,

hydrazone bonds formed spontaneously, yielding hydrogels with
final concentrations of 1 wt % HA and 1 wt % ELP. All HA-HA
hydrogels were prepared similarly, but with 1 wt % HA-HYD instead
of 1 wt % ELP-HYD in the final hydrogel composition.
Rheological Measurements
A stress-controlled AR-G2 rheometer (TA Instruments) equipped
with a 20 mm cone-and-plate setup was used to characterize the
materials while allowing gelation to occur directly on the rheometer
stage. For measurements on hydrogels soaked in different solutions,
an 8 mm parallel-plate configuration was utilized. To minimize sample
dehydration during all tests, heavy mineral oil was applied around the
interface between the plates and the sample.
Gelation with 20 mm Cone Geometry
Standard Temperature Ramp Protocol. A time sweep was first

conducted at 1% strain and 1.0 rad/s for 15 min at 23 °C to allow the
material to gel under ambient conditions. The sample was then heated
to 37 °C at 3 °C/min, followed by a 10 min equilibration time sweep
during which the storage modulus reached a steady plateau (Figures
S6A,C). To determine the gel’s final stiffness, a frequency sweep
(0.1−100 rad/s) was performed at 1% strain, and the storage modulus
was reported at 1.0 rad/s (Figure S7).
Prolonged Temperature Ramp Protocol. A long time sweep at

each temperature was conducted to ensure more complete chemical
cross-linking. A time sweep was conducted at 1% strain and 1.0 rad/s
for 1 h at 4 °C. The sample was then heated to 23 °C at 3 °C/min,
followed by a 1 h equilibration time sweep. Finally, the sample was
heated to 37 °C at 3 °C/min, followed by another 1 h equilibration
time sweep (Figure S6B). Similar to above, to determine the gel’s final
stiffness, a frequency sweep (0.1−100 rad/s) was performed at 1%
strain, and the storage modulus was reported at 1.0 rad/s.
Gelation with 8 mm Plate Geometry
To perform 24-h and 7-day hydrogel soaking experiments, HELP
hydrogels were formed in 8 mm diameter molds. Gelation was
performed under the same conditions as described for the standard
temperature ramp protocol with the 20 mm cone geometry (15 min at
23 °C followed by 10 min at 37 °C). Hydrogels were soaked in the
respective solutions for 24 h or 7 days at 37 °C before being released
from the molds with a spatula as an intact disk. The disk was placed
on a piece of sandpaper adhered to the rheometer stage, which was set
to 37 °C. Another piece of sandpaper was adhered to the bottom of
the 8 mm plate geometry surface to prevent slippage. The loading gap
was adjusted until a normal force of 0.1 N was measured by the
rheometer. The final storage modulus was subsequently characterized
using a frequency sweep at 1% strain over 0.1−100 rad/s, with the
value at 1.0 rad/s reported.
Stress Relaxation Measurements
To measure stress relaxation rates of the hydrogels, a standard
gelation protocol was followed on the rheometer as described above.
Following the frequency sweep, the sample remained at a 1% strain
for 10 min. After this, a step stress relaxation at constant shear strain
amplitude of 10% was performed, and relaxation was followed until
the hydrogel relaxed to 20% of the initially measured stress, t20%. The
data was analyzed by finding the average of at least 10 different stress
data points when shear strain was initially applied to the hydrogel and
normalizing the time course data set to this average.
Lower Critical Solution Temperature Measurements
ELP-HYD was prepared at 10 mg/mL in various physiological buffers.
For each condition, 200 μL of the solution was transferred into a 1
mm path-length quartz cuvette. Absorbance at 300 nm was recorded
using a temperature-controlled circular dichroism spectrometer (Jasco
J-815). The sample was heated from 4 to 65 °C at 1 °C/min, with a
10-s equilibration period before each reading. Buffer-specific blanks
were collected and subtracted from the corresponding sample
measurements. Data were then normalized to the maximum optical
density. The transition temperature was defined as the midpoint (0.5
normalized absorbance) of the resulting curve. All measurements were
performed in triplicate.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.5c02684
Biomacromolecules 2026, 27, 3222−3236

3225

D
ow

nloaded from
 pubs.​acs.​org/​bom

af6/​article-pdf/​27/​5/​3222/​64760801/​bm
5c02684.​pdf by STAN

FO
R

D
 U

N
IV user on 25 August 2026

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.5c02684/suppl_file/bm5c02684_si_001.pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.5c02684?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 2. (A) Plateau shear storage moduli (G′) of HELP hydrogels formulated in different PBS dilutions with a standard temperature ramp. (B)
Tt of ELP dissolved in each buffer. Data are averages with SD, n = 3 independent samples. Statistical analysis was an ordinary one-way ANOVA
with Tukey multiple comparisons correction; statistical significance is represented with compact letter display (CLD) where data sets that are
statistically different (with *p < 0.05) are represented with different letters, and data sets without statistical difference share a letter. (C) Idealized
schematics of HELP hydrogels with (top) full chemical cross-linking below the Tt, (bottom left) reduced chemical cross-linking due to ELP
aggregate formation that obscures chemical reactive groups, and (bottom right) network with both chemical cross-links and physical cross-links due
to interchain ELP aggregation. (D) Transition temperature of ELP plotted against shear modulus of HELP hydrogels after standard temperature
ramp in each physiological buffer. Lines represent linear regression fits with R-squared values reported. (E) Plateau shear storage moduli (G′) of
HELP hydrogels formulated in different solutions after standard temperature ramp, further 8-h incubation at 4 °C, and final temperature ramp to
37 °C for 10 min. (F) Plateau shear storage moduli (G′) of HELP hydrogels formulated in different solutions cross-linked with a prolonged
temperature ramp protocol that includes chemical cross-linking at 4 °C for 1 h. For panels (A, E, and F): Data are averages with SD, n = 3
independent gels. Statistical analysis was an ordinary one-way ANOVA with Tukey multiple comparisons correction; *p < 0.05, **p < 0.01, ns =
not significant.
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Dynamic Light Scattering Measurements
Dynamic light scattering experiments were conducted using a Malvern
Zetasizer Nano ZS (Malvern Instruments Ltd., UK). The set
temperature was 37 °C for all measurements. HA-BZA was dissolved
at 0.1 wt % and 0.22-μm filtered before 100 μL was loaded into a
microcuvette (BrandTech Scientific). The measurement was repeated
three times for each loaded solution, and the average was counted as
one experimental replicate. Three experimental replicates were
obtained for each physiological buffer condition. The hydrodynamic
diameter was taken as the mean size of the majority peak as
determined by volume.
Reaction Kinetics Analysis
All kinetic measurements were carried out on a UV−visible light plate
reader (BioTek Synergy H1) using UV-transparent 96-well plates
(Corning). For each experiment, absorbance values were corrected by
subtracting a blank containing only a single model component, BZA.
Both samples and blanks were prepared in triplicate (n = 3).

The characteristic absorbance wavelength for the hydrazinoacetic
acid and benzaldehyde (HydAA−BZA) hydrazone bond was taken as
λHydAA = 280 nm, as reported previously,50 and the molar extinction
coefficient was determined to be approximately 12000 M−1 cm−1. For
each physiological buffer, the pH of the solution was matched to be
similar to that for the full-length polymers as reported in Supporting
Figure S5.

For kinetic analysis, 50 μM HydAA and 50 μM BZA were mixed to
a final volume of 200 μL, and absorbance readings were collected over
several hours. Following blank correction, absorbance values were
converted to concentration using the extinction coefficient. The
resulting concentration−time profiles were then fitted in MATLAB to
a reversible second-order reaction model to extract the forward and
reverse rate constants. The kinetic modeling was done according to
previously published work.50

Statistical Analysis
Across all figures, results are reported as mean ± standard deviation,
with individual data points shown as black markers when applicable.
Statistical comparisons were performed using a one-way ANOVA
followed by Tukey’s posthoc test at a significance threshold of 0.05.
Significance levels are indicated as *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, and “ns” for nonsignificant differences. For
data sets that include multiple overlapping significance comparisons,
significance is instead conveyed using compact letter display (CLD),
where groups that differ statistically (*p < 0.05) are labeled with
different letters, and groups without significant differences share the
same letter. All statistical analyses were conducted using GraphPad
Prism 10.
Results and Discussion
Different Physiological Buffers Affect Shear Modulus and

Stress Relaxation. To study the effects of different ionic solutions
on HELP hydrogels, we initially selected a small panel of
physiologically relevant, isotonic solvents commonly used in
bioengineering research (Figure 1B, full recipes shown in Table
S1). PBS is used for a wide variety of applications in cell culture and
biomaterials characterization.51,52 Other applicable ionic solutions
include SBF and cell culture medium.53 SBF mimics the inorganic
composition of human blood plasma, relevant for characterizing
hydrogels for in vivo applications.53,54 Dulbecco’s modified eagle
medium (DMEM) is a popularly used cell culture medium that has
also been utilized in studies observing properties of biomaterials over
time.55−58 Finally, our group has used an in-house solvent that
consists of the same components and isotonic properties of PBS while
containing 10× the amount of phosphates to enhance buffering
capacity, which we name 10× isotonic PBS (10× iPBS).41,43

To evaluate the impact of solvent choice on the shear modulus of
HELP hydrogels, each component was dissolved in each buffer and
kept at 4 °C overnight. Both components were mixed at 4 °C on the
rheometer stage before quickly bringing the temperature to 23 °C for
15 min, ramping the temperature to 37 °C, and then holding the
temperature at 37 °C for 10 min. Time sweep measurements confirm

that hydrogels have reached a plateau in mechanical properties before
the end of this procedure (Figure S6A). After this standard
temperature ramp procedure is complete, we then perform frequency
sweep measurements at 37 °C and report the shear modulus within
the linear region (Figure S7). Results showed that when both the HA
and ELP components are dissolved in one of the four isotonic
solutions prior to gelation, the plateau shear storage modulus (i.e. G′
or stiffness) of the resulting hydrogel can vary significantly (Figure
1C). The shear modulus of HELP hydrogels formulated in 1× PBS
(∼1400 Pa) was approximately 5× stiffer compared to HELP
hydrogels prepared using SBF or 10× iPBS (∼300 Pa). In contrast,
gels prepared in DMEM formed significantly lower stiffness gels than
other conditions (∼30 Pa). In general, these shear moduli fall within
the range reported for most soft tissues (300 Pa−30,000 Pa).6

In addition to stiffness, hydrogel stress relaxation rate is known to
significantly impact cellular responses.42,48,59−62 Unlike traditional
elastic chemical hydrogels, DCC hydrogels are viscoelastic and will
undergo stress relaxation � a viscoelastic property also exhibited by
the native ECM.6,7,60,63 To explore if solvent properties impact HELP
gel stress relaxation behavior, we selected two solutions (SBF and 10×
iPBS) that resulted in similar HELP gel stiffness (G′ ∼ 300 and ∼350
Pa, respectively). Upon application of a constant stress, we observed
significant differences in relaxation behavior from the two gels, despite
their similar stiffness (Figure 1D). Specifically, HELP hydrogels
formulated in SBF relaxed about 35× faster than hydrogels prepared
in 10× iPBS (time required for HELP gels to relax 20% of their initial
stress under constant strain (t20%) ∼320 s for SBF and ∼11,500 s for
10× iPBS). Although these rates of relaxation are slower than that
reported for native tissues (t20% ∼ 0.1 s−100 s), prior work has
detailed that these rates still have potential to significantly alter cell
mechanosignaling.42,62

To probe the molecular mechanisms underpinning these observed
hydrogel mechanical differences, we next studied the different
components of the HELP hydrogel in a more isolated manner.
Specifically, we sequentially characterized potential changes in the
chemically modified ELP, HA, and the hydrazone bonding between
them.

Ion Content Impacts HELP Mechanics through ELP
Solubility
ELPs exhibit a lower critical solution temperature (LCST) in aqueous
solutions and undergo a phase change above their transition
temperature (Tt) to form a polymer-rich phase and a polymer-lean
phase.64−66 This Tt is known to be heavily dependent on both ion
identity and concentration,67−69 prompting us to investigate if
changes in ELP solubility might be partially responsible for the
observed changes in HELP gel mechanics.

Previous work has shown that some ELP-based hydrogels stiffen
when tuning the ELP to have a higher Tt.

70,71 In these cases,
increasing Tt allows for a greater extent of cross-linking with ELP
polymers in an extended formation, reducing any obscuring of cross-
linking functional groups that occurs as the ELP aggregates with
increasing temperature. In contrast, other works report the opposite
trend, where lower ELP Tt increases hydrogel stiffness since the ELP-
rich domains serve as additional cross-links.49 Here, we hypothesize
that the presence of both chemical cross-links and ELP physical cross-
links will result in stiffer hydrogels, while the oversaturation of one
may lead to a weaker hydrogel. To explore this hypothesis, we
examined the relationship between ELP Tt and HELP shear modulus
in different physiological buffers.

First, we prepared gels using a dilution series of PBS solutions (5×
PBS, 2.5× PBS, 1× PBS, and 0.1× PBS) to keep ion identity the same
while decreasing ionic strength. Both HA and ELP were dissolved in
these solutions and cross-linked using the previously described
protocol. In general, we observed that lower bulk ion concentration
correlated with higher hydrogel shear modulus (Figure 2A), with gels
formulated in 0.1× PBS exhibiting an approximately 10-fold higher
shear modulus compared to those prepared in 5× PBS.

Next, to characterize the Tt of the ELP-HYD in each of our
physiological solutions, we performed optical density measurements
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as the temperature increased from 4 to 65 °C (Figure 2B). Overall, we
observed that Tt increased as the PBS salt concentrations were diluted
up to 1× PBS. Past this point, (e.g., 0.1× PBS and deionized water (DI
water)) a slight decrease in Tt was observed. These results are
consistent with previously reported nonlinear changes in ELP LCST
values as a function of chaotropic salt concentration.67,72−74

Chaotropic ions decrease the structuring of water (i.e. “structure
breakers”). At low salt concentrations, direct ionic binding of
chaotropic anions to amides in the backbone of ELP causes a “salting
in” effect, causing ELP to be more soluble compared to in deionized
water.67 However, in more concentrated salt solutions, the excess
anions polarize water molecules surrounding ELP, increasing the
thermodynamic cost of hydrating its hydrophobic regions and leading
to a lower Tt.

67 In contrast, kosmotropic ions increase the structuring
of liquid water (i.e. “structure makers”). Kosmotropic ions will
typically “salt-out” proteins, even at low concentrations.67 Thus, for
PBS, which includes both chaotropic and kosmotropic ions, there is a
parabolic relationship between ELP Tt and ion concentration.

When comparing the ELP Tt in the other physiological buffers, we
must consider the role of both ion identity and concentration (Figure
2B,2C, and Table S1). The relative ability of anions and cations to
modulate the solubility of proteins is commonly described through
use of the Hofmeister series, a ranking of ions based on how they
affect properties of solubilized proteins.75,76 When comparing the 1×
PBS and 10× iPBS (which have similar osmolarity (Figure 1B, and
Table S2)), the largest difference is the presence of fewer Cl− ions and
more HPO4

2− ions in the 10× iPBS buffer. In this case, Cl− ions are
considered more chaotropic, while HPO4

2− ions are more
kosmotropic, suggesting that the 10× iPBS may have more overall
kosmotropic character compared to 1× PBS. Thus, as expected, ELP’s
Tt in 10× iPBS is lower than its Tt in 1× PBS.

The formulations of SBF and DMEM differ substantially from 1×
PBS. Notably, SBF has the addition of tris(hydroxymethyl)-
aminomethane hydrochloride (i.e. Tris−HCl) (Table S1). Tris−
HCl is often considered more chaotropic and is frequently used to
improve protein stability due to its strong pH buffering capacity.77,78

The ELP Tt in SBF was statistically similar to that in 1× PBS. DMEM
has the addition of many components including glucose, amino acids,
and vitamins, which have variable effects on protein solubility
depending on context.79−81 We observed a significantly higher ELP Tt
in DMEM compared to 1× PBS.

We next checked if a correlation existed between the ELP Tt and
the observed differences in gel mechanical properties. Interestingly,
the HELP hydrogel with the lowest shear modulus was fabricated in
DMEM, the buffer with the highest ELP Tt (Figure 2D). We
hypothesized that in this case, the hydrogel can undergo complete
chemical cross-linking while the ELP is still soluble (Figure 2C, top
panel). In contrast, for buffers with lower ELP Tt, the chemical cross-
linking can occur at the same time as the physical ELP aggregation.
Thus, the impact of ELP Tt on the gel mechanical properties will
depend on the relative rates of these two processes (i.e. chemical
cross-linking and ELP phase transition) and the resulting network
structure.

When comparing across all physiological buffers, the correlation
between ELP Tt and HELP shear modulus was not apparent (Figure
2D). For example, while 1× PBS and SBF have similar ELP Tt,
hydrogels produced in SBF have much weaker mechanical properties.
This is potentially because the identity of the ions alters the rate of the
chemical cross-linking reaction and/or the rate of the ELP phase
change, making it difficult to predict the impact on final network
structure across this broad range of buffers. However, when
considering only the PBS dilution series, a clear correlation was
observed, with the presence of more ions resulting in lower ELP Tt
and weaker hydrogels (Figure 2D). This is presumably due to ELP-
rich domains forming earlier in the chemical cross-linking period,
which can obscure the hydrazine cross-linking groups and lead to less
effective cross-linking and weaker gels (Figure 2C, bottom left panel).
Similar results have been reported previously for other ELP-based
hydrogels with variable Tt.

70,71

To test the idea that rapid ELP aggregation can obscure the
hydrazine reactive groups leading to fewer chemical cross-links and
weaker hydrogels, we modulated the temperature of the hydrogel
post-cross-linking. After first measuring the shear modulus using our
standard temperature ramp cross-linking protocol (15 min at 23 °C
followed by 10 min at 37 °C), we performed an 8-h incubation at 4
°C to potentially break physical cross-links before finally reheating to
37 °C for 10 min. We chose to test hydrogels dissolved in 5× PBS and
1× PBS for comparison, since the chemical cross-linking at 23 °C
occurs above the transition temperature for 5× PBS (17 °C) and
below the transition temperature for 1× PBS (31 °C). For the
samples made in 5× PBS, we found that the new modulus
measurements significantly increased after cooling and then reheating.
This aligns with our interpretation that the early formation of physical
cross-links due to ELP aggregation can obscure the hydrazine groups,
resulting in fewer chemical cross-links and a lower modulus hydrogel.
On the other hand, hydrogels made in 1× PBS exhibited no
significant difference in shear modulus after the extra 4 °C incubation
period, as expected. Interestingly, the modulus of the 5× PBS
hydrogel did not recover to the value of the 1× PBS hydrogel after
this long incubation at colder temperature, suggesting that some
physical cross-linking was not able to be untangled within this 8-h
period (Figure 2E).

For non-PBS buffers, the morphology of the ELP aggregates in the
final network structure may be different due to differing rates of
chemical cross-linking and ELP aggregation. We hypothesize this
could result in the formation of interchain aggregates (i.e. physical
cross-links) across neighboring chains of ELP that stiffen the
hydrogels (Figure 2C, bottom right panel). Notably, this reasoning
would predict that lower ELP Tt would result in stiffer hydrogels (i.e.
the opposite trend as observed for the PBS dilution series). Indeed,
for the DMEM, SBF, and 10× iPBS buffers, this correlation between
lower Tt and stiffer hydrogels was observed (Figure 2D).

To test the idea that interchain ELP aggregation leads to physical
cross-linking that can stiffen the hydrogels, we performed the
chemical cross-linking at 4 °C for 1 h before holding at 23 °C for
1 h and then 37 °C for 1 h (Figure S6B). In this procedure, ELP
should be fully soluble in all tested solutions during the initial 1-h
chemical cross-linking time at 4 °C. As expected, we observed that the
HELP hydrogel shear moduli became statistically similar across all
buffers (Figure 2F).

As a final demonstration of how ionic conditions can modify HELP
hydrogel mechanics through modulation of ELP solubility, we
prepared hydrogels in aqueous solutions containing one of two
different salts (NaCl or NaH2PO4) at two different concentrations
(181 mM or 90.5 mM). We found that the more dilute solutions of
both types of ions resulted in higher transition temperatures and
higher shear moduli (Figure S8). These data are consistent with our
findings that bulk dilution of PBS buffer results in a higher ELP
transition temperature, which tends to result in higher hydrogel shear
modulus. When comparing the two solutions made at 90.5 mM, the
hydrogel made in NaCl showed both lower transition temperature
and lower shear modulus compared to the hydrogel made in
NaH2PO4. At the higher concentration of 181 mM, the hydrogels
made in NaCl and NaH2PO4 had similar mechanical shear moduli.
Previous literature shows that increasing the concentration of
individual ions can eventually result in “salting out” of ELP at lower
temperatures.67

Thus, taken together, these data demonstrate that changes in the
ELP Tt in different physiological buffers can significantly impact the
resulting storage modulus of the cross-linked HELP hydrogel. As the
aggregates can both hinder chemical cross-linking and form interchain
aggregates that add physical cross-links to the network, the final gel
mechanical properties depend on the specific ionic identity and
concentration within the buffer.

Hyaluronan Has a Similar Hydrodynamic Diameter in
Different Physiological Buffers
After establishing ELP Tt as one probable cause of differences in shear
modulus of HELP hydrogels in different buffers, we next sought to
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identify if any changes in the HA component of the hydrogel also
contribute to mechanical property differences.

Specifically, we wanted to explore if solution composition changed
HA polymer extension at 37 °C (i.e. hydrodynamic diameter), as this
may affect the extent of cross-linking or the force required to further
extend the polymer, both of which could impact the modulus of the
resulting HELP network..82−85 While HA polymers do not exhibit an
LCST, they are anionic polyelectrolytes that may have altered chain
flexibility and extensibility depending on buffer ion identity and
concentration.86,87 To explore this idea, we dissolved the
benzaldehyde-modified HA (HA-BZA) in the different physiological
buffers and utilized dynamic light scattering (DLS) to measure
average hydrodynamic diameter at 37 °C as a metric of configura-
tional flexibility. No statistically significant differences in HA-BZA
diameter were observed (Figure 3A), suggesting that HA-BZA may
have similar conformational entropy across all of the physiological
buffers.

These data further suggest that HA-BZA does not significantly
contribute to the observed changes in HELP hydrogel mechanics in
different physiological buffers. To systematically confirm this, we
replaced the ELP component of the hydrogel with a hydrazine-
modified HA (Figures 3B, and S4). HA-HA hydrogels were formed
following identical cross-linking conditions as previously described for
HELP hydrogels, with final concentrations of 1 wt % for each polymer
component. Using the same standard temperature ramp as that for the
HELP hydrogels, we observed that the cross-linked materials reached
a plateau in mechanical moduli before the end of this procedure
(Figure S6C). Oscillatory rheology for HA-HA hydrogels formed in
each of the physiological buffers displayed no significant differences in

shear modulus (Figure 3C). Taken together, the HA hydrodynamic
diameter measurements and the HA-HA gel rheology suggest that the
HA component of HELP hydrogels does not contribute significantly
to differences in shear moduli in different buffer conditions.
Furthermore, these data suggest that gels made only of HA
biopolymers may be more resistant to stiffness changes in different
ionic conditions.
Hydrazone Bond Kinetics Are Altered in Different Buffer
Conditions
After characterizing the effects of ionic conditions on each of the two
biopolymer components independently, we next explored the effects
of ionic conditions on the chemical cross-links between the two
biopolymers. Previously, we identified that the kinetic competition
between physical and chemical cross-linking of HELP hydrogels
directly affects the HELP shear modulus. To further explore this idea,
we utilized a simplified model system to quantify hydrazone bond
kinetics within different buffers in the absence of any physical cross-
links. Specifically, we utilized freely solubilized benzaldehyde (BZA)
and hydrazinoacetic acid (HydAA) molecules (each at 50 μM) to
allow for UV spectroscopic characterization of the hydrazone
concentration over time.50,52,88 The forward and reverse reaction
rate constants, k1 and k−1, respectively, along with the thermodynamic
equilibrium constant (Keq) were calculated by fitting the concen-
tration over time to a second-order reaction rate (Figure 4A).50

Interestingly, we found that the thermodynamic equilibrium
constant of the hydrazone cross-linking reaction was not significantly
different between buffer conditions (Figure 4B). For a chemical
hydrogel at equilibrium in the absence of physical cross-links, the
shear modulus should be directly related to the number of effective

Figure 3. (A) Hydrodynamic diameter of HA-BZA dissolved in each buffer, detected using DLS at 37 °C. Data are averages with SD, n = 3
independent solutions. (B) Schematic of Hyaluronan-Hyaluronan (HA-HA) hydrogels formulated with reversible, hydrazone cross-links by mixing
benzaldehyde- and hydrazine-modified HA. (C) Shear moduli of HA-HA hydrogels dissolved in each buffer. Data are averages with SD, n = 3
independent gels. For panels (A and C), statistical analyses were ordinary one-way ANOVA with Tukey multiple comparisons correction; ns = not
significant.
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chemical cross-links at any given instant in time, which is governed by
Keq for a well-mixed system.26,27,52 Consistent with this idea, HELP
hydrogels chemically cross-linked at 4 °C to prevent physical cross-

linking all displayed similar shear moduli across all buffers tested
(Figure 2F). This further supports the idea that the observed
differences in stiffness for the HELP hydrogel system when cross-

Figure 4. (A) Model reactants used to characterize hydrazone bond reaction rate constants in different buffers. (B) Thermodynamic equilibrium
constant and (C) forward and reverse reaction rate constants of hydrazone bond reaction in different buffers. (D) Time required for HELP gels to
relax 20% of their initial stress under constant strain (t20%). (E) Reverse reaction rate constants plotted against t20%. The dashed line with a slope of
−1.6 represents fit of data excluding 10× iPBS with R-squared value reported. (F) Time required for HA-HA gels to relax 20% of their initial stress
under constant strain when formulated in 5× PBS and SBF. Panels (B, C, D, F): Data are averages with SD, n = 3 separate hydrogels. Statistical
analyses were ordinary one-way ANOVA with Tukey multiple comparisons correction; “ns” for not significant differences. Statistical significance is
represented with compact letter display (CLD) where data sets that are statistically different (with at least *p < 0.05) are represented with different
letters, and data sets without statistical significance are represented with the same letter.
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linked at higher temperatures are due to the competition between the
kinetics of the physical and chemical cross-linking processes.

While the thermodynamic equilibrium constants were similar, the
separate forward and reverse reaction rate constants were significantly
different across the various ionic solutions (Figure 4C). For example,
the k1 in 10× iPBS was about eight-times higher than that for 2.5×
PBS. As the effect on k−1 for the two buffers was approximately
similar, the combined effect on Keq was negligible. Thus, the observed
differences in HELP shear modulus for these two formulations
(Figure 2C) are likely due to changes in ELP Tt and not due to
changes in hydrazone bond thermodynamics.

Given that the forward and reverse reactions rate constants had
similar changes across the different buffers, this suggests that
hydrazone bond catalysis is likely occurring in the different ionic
solutions. General acid catalysis is known to influence the kinetics of
hydrazone chemistry.89−91 Consistent with this idea, within the PBS
dilution series, lower buffering capacity (i.e. more dilute solutions)
tended to result in more acidic hydrogel environments (Figure S5)
and higher reaction rate constants (Figure 4C). Similarly, DMEM
contains many amino acids that may promote hydrazone exchange
through nucleophilic catalysis.52,92,93

For dynamic hydrogels, the kinetics of bond exchange are thought
to directly influence the network stress relaxation modes.94,95 For
example, the addition of a catalyst can significantly increase the stress
relaxation rate of hydrazone-cross-linked hydrogels.28,96 Thus, we next
explored if the hydrazone bond off-rates correlated with the observed
hydrogel relaxation time scales. We measured the time required for
the HELP gels to dissipate 20% of the initial stress upon application of
a constant 10% strain (t20%) in each of the buffers (Figure 4D).
Interestingly, the stress relaxation rate displayed significant variability
for the different HELP gels. For example, gels formulated in 5× PBS
had a t20% that was over 100-times slower than that for gels formulated
in SBF (Figure 4D), despite having similar stiffness (Figure 2D). The
stress relaxation of dynamic hydrogels is closely related to the
breaking of cross-links, dissipating the net stress experienced by the
hydrogel.97−99 For example, prior literature for supramolecular,
guest−host hydrogels has suggested that an inverse power-law scaling
exists between cross-linker kinetic off-rate and the network stress
relaxation rate.100 We observed that our HELP gel formulations
followed this general power-law trend with a slope of −1.6, with the
exception of hydrogels formulated in 10× iPBS (Figure 4E). This may

be due to confounding effects of the ELP Tt, which we reasoned
would also play a significant role in modulating the gel stress
relaxation rate. Prior literature has observed that hydrogel networks
with dense cross-links may create a more constrained network
topology, resulting in slower stress relaxing hydrogels even in the
presence of high molecular dissociation constants.101 ELP aggregation
during cross-linking would likely lead to chain entanglements that
could slow down stress dissipation. Consistent with this idea, we
observed a trend across all HELP gel formulations where gels with
lower ELP Tt (i.e. more ELP aggregates) had longer stress relaxation
times (Figure S9).

To separate the effects of ELP Tt and hydrazone bond kinetics on
gel stress relaxation rate, we replaced the ELP-hydrazine with HA-
hydrazine to formulate an HA-only hydrogel. We characterized the
stress relaxation times of HA-HA gels formulated in 5× PBS and SBF,
the two buffer conditions that had the largest difference in k−1 (100-
fold). While the 5× and SBF HA-HA gels had similar shear storage
moduli (182 and 260 Pa, respectively, Figure 3C), the 5× PBS gel
stress relaxation time was approximately 2.5-times slower than that of
SBF (Figure 4F). This confirms that the ionic conditions can have a
significant impact on the exchange rate of dynamic covalent cross-
links within hydrogels, and thus significantly alter their stress
dissipation behavior. As the stress relaxation rate of biomaterials
can have profound impacts on cell phenotype,42,48,59−62 these results
highlight the importance of considering the ionic environment when
designing hydrogels to achieve specific viscoelastic properties.

Shear Modulus Is Stabilized When Initially Dissolved in
Highly Buffered Solutions
After confirming that HELP hydrogel mechanics were sensitive to
different buffer conditions, we next sought to identify methods to
mitigate these effects. We hypothesized that initially forming the
hydrogel in a solution with higher buffering capacity may allow for
more stable hydrogel mechanical properties even when exposed to
different ionic conditions after formation. To test this idea, we
dissolved the individual ELP and HA components in either 1× PBS or
the more highly buffered 10× iPBS. The solubilized HA and ELP
components were mixed and incubated according to the cross-linking
procedure described above (23 °C for 15 min and then 37 °C for 10
min). Following cross-linking, the hydrogels were then soaked in one
of four physiological buffers for 24 h at 37 °C (Figure 5A).

Figure 5. (A) Schematic of experimental design. Chemically modified HA and ELP are dissolved in 1× PBS or 10× iPBS, then mixed to form
HELP hydrogels. Fully cross-linked hydrogels are then soaked in different physiological buffers at 37 °C before shear storage modulus
measurements are performed. (B) Plateau shear storage moduli (G′) of HELP hydrogels formulated in 1× PBS or (C) 10× iPBS and then soaked
for 24 h in different physiological buffers. Data are averages with SD, n = 3 independent gels. Statistical analysis was an ordinary one-way ANOVA
with Tukey multiple comparisons correction; **p < 0.01, ns = not significant.
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Rheological characterization at the end of the 24-h incubation
period was performed to determine the plateau shear modulus at the
linear region of the frequency sweep at 37 °C. Hydrogels originally
formulated in 1× PBS exhibited statistically significant differences in
shear modulus when soaked in PBS and SBF, decreasing from 600 to
350 Pa, respectively (Figure 5B). In contrast, we found that HELP
hydrogels originally formulated in 10× iPBS displayed statistically
similar shear moduli after being soaked in each of the different buffers
(Figure 5C). This suggests that hydrogels formed in 10× iPBS are
more mechanically stable in response to different ionic conditions
compared to hydrogels formed in 1× PBS, potentially due to the
increased buffering capacity of 10× iPBS (Table S3). Thus, when
preparing HELP hydrogels for in vitro or in vivo applications that are
expected to encounter different ionic environments, formulating the
gel in 10× iPBS may prevent unwanted changes in mechanical
properties. For longer incubation periods (∼1 week), hydrogels
formed in 10× iPBS maintained their mechanical properties when
incubated in 1× PBS or 10× iPBS at 37 °C (Figure S10).
Interestingly, when soaked in DMEM, both hydrogels formulated
with 1× PBS and 10× iPBS experienced significant weakening over 7
days, potentially due to amino acid-driven hydrolysis of the hydrazone
cross-links.52 In contrast, hydrogels formulated with 10× iPBS and
then incubated for 1 week in SBF experienced significant stiffening,
which may be due to formation of calcium phosphate mineral deposits
from the high concentration of phosphate ions in 10× iPBS in
combination with the calcium ions in SBF.102−104 Taken together,
these data strongly support the measurement of biomaterial properties
over time durations and in buffer conditions that mimic the intended
application.

■ CONCLUSION
In summary, we report that a dynamic covalently cross-linked
hydrogel, HELP, exhibits differences in both shear modulus
and stress relaxation rate when formulated in different ionic
solutions.

We found that differences in HELP hydrogel shear moduli
are largely due to changes in ELP LCST transition. There
exists a complex relationship between transition temperature
and hydrogel shear modulus. The presence of both physical
and chemical cross-links in the HELP hydrogel gives rise to a
parabolic relationship between Tt and HELP hydrogel shear
modulus. Very high Tt results in lower stiffness due to the
absence of physical cross-links, while very low Tt also results in
lower stiffness due to interference with the formation of
chemical cross-links. Due to these offsetting effects, the final
stiffness can be difficult to predict and will depend on
processing variables such as the cross-linking temperature.
Thus, for hydrogels composed of biopolymers with thermor-
esponsive solubility, we recommend characterizing their
mechanical properties using ionic buffers that replicate the in
operando environment as closely as possible.

Additionally, we identified that the dynamics of hydrazone
bond kinetics can vary significantly in different physiological
buffers, resulting in alterations in hydrogel stress relaxation
behavior. Importantly, this trend was present both in hydrogels
with and without ELP, suggesting that this observation is
generalizable across different hydrogel formulations. Here only
two gel compositions were explored: HELP and HA-HA, both
with dynamic covalent hydrazone cross-links. As other
biopolymeric hydrogels with hydrazone cross-links have been
reported,105−107 an interesting future direction would be to
verify these trends for a more diverse range of hydrogel
formulations.

Interestingly, since the forward- and reverse-reaction rates of
the hydrazone bond were similarly impacted, the overall
thermodynamic equilibrium constant was relatively unchanged

across different buffer conditions. Thus, for HA-only hydrogels
(without the thermoresponsive ELP), changing the ionic buffer
had negligible impact on the gel stiffness, even though the
stress relaxation rate was significantly altered. Future
investigations could explore the role of ionic conditions on
other types of DCC reactions with differing kinetics. Many
types of DCC hydrogels24,108 are being developed for a range
of biomedical applications, and future studies should fully
consider the effects of physiological solutions on mechanical
properties for these new materials.18 For example, phosphate
buffers have been reported to have similar effects on the
mechanical properties of boronate ester hydrogels.32−35

Additionally, we specifically characterized the plateau shear
storage modulus and stress relaxation rate, as these parameters
are frequently reported in the biomaterials literature. However,
depending on the application, other mechanical properties can
also be critical. For example, in the field of 3D bioprinting,
yield stress, extensional viscosity, and shear thinning behavior
are important material properties.109−111 Future studies could
examine how changes in ionic conditions potentially alter these
other important rheological properties.

Finally, our data also demonstrate that hydrogels can alter
their mechanical properties when they are exposed to new
ionic buffers. Interestingly, the hydrogel sensitivity was
decreased when the materials were initially formulated in a
solution with higher buffer capacity. Thus, our results highlight
the importance of considering the full set of processing
conditions and characterizing the final hydrogel mechanical
properties in an environment that mimics in operando use. This
is particularly important for hydrogels in contact with living
systems, because mechanical properties are known to greatly
impact cell phenotype.42,48,59−62 Taken together, these data
identify the ionic environment as a previously under-
appreciated factor in controlling DCC hydrogel mechanical
properties.
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