Open Access Article. Published on 06 February 2025. Downloaded on 6/28/2026 7:22:25 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Biomaterials

Science

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Biomater. Sci., 2025, 13,
1501

Received 4th October 2024,
Accepted 5th December 2024

DOI: 10.1039/d4bm01323a

Crosslink strength governs yielding behavior in
dynamically crosslinked hydrogels+

2 Abigail K. Grosskopf,® Grace Jiang, {2 ® Krutarth Kamani,®

2 Brigitte Schmittlein,® Sarah C. Heilshorn, @ ¢
xb.d.efg

Noah Eckman,
Michelle S. Huang,
Simon Rogers (2 < and Eric A. Appel

Yielding of dynamically crosslinked hydrogels, or the transition between a solid-like and liquid-like state,
allows facile injection and utility in translational biomedical applications including delivery of therapeutic
cells. Unfortunately, the time-varying nature of the transition is not well understood, nor are there design
rules for understanding the effects of yielding on encapsulated cells. Here, we unveil underlying mole-
cular mechanisms governing the yielding transition of dynamically crosslinked gels currently being
researched for use in cell therapy. We demonstrate through nonlinear rheological characterization that
the network dynamics of the dynamic hydrogels dictate the speed and character of their yielding tran-
sition. Rheological testing of these materials reveals unexpected elastic strain stiffening during yielding, as
well as characterization of the rapidity of the yielding transition. A slower yielding speed explains
enhanced protection of directly injected cells from shear forces, highlighting the importance of mechani-
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Introduction

Dynamically crosslinked hydrogels (DCHs) are water-swelled
polymer networks that are not permanently crosslinked, but
are instead formed by transient associations between polymer
chains." The increased interest in the unique capabilities of
these materials has given rise to their use as diverse bio-
medical tools, having been used in the fields of 3D printing,
wound repair, adoptive cell therapy, drug delivery, vaccines,
and beyond.>* Dynamic associations may allow these hydro-
gels to be injectable, respond to physiological cues, and allow
for cellular mobility and nutrient transport while affording
structural stability. The viscoelasticity and yield-stress behavior
of these dynamic networks additionally afford protection to
cells from shear stress-induced lysis during injection, improv-
ing efficacy of cell delivery technologies.”® Unfortunately, the
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cal characterization of all phases of yield-stress biomaterials.

transient associations of the network imbue the material
with complex rheological properties that have been histori-
cally challenging to characterize.” Theory-based approaches
or fundamental rheological studies that analyze the mechani-
cal properties of transiently crosslinked networks usually
rely on intentionally architected materials or simplifications,
often conceptualizing the network as a single-mode Maxwell
model to fit stress relaxation and linear frequency sweeps
and calculate kinetic parameters.®'" Yet, novel materials
being implemented in biological studies rarely obey model
behavior and exhibit highly complex rheological features,
so qualitative descriptions are necessary.'>'® Additionally,
the lack of standardization in mechanical and cell
viability testing makes it difficult to compare materials head-
to-head.

In general, DCHs are elastoviscoplastic materials which
also exhibit time-dependent (thixotropic) elastic and viscous
behavior."*® The yielding transition of these materials is of
particular interest for their biomedical use case.” The tran-
sition of DCHs from a solid-like state to a liquid-like state
corresponds to the breaking of the transient crosslinks. This
transition is not instantaneous in time nor does it occur at a
single well-defined yield stress value, creating complications in
the characterization of the transition.’” During injection, a
material begins in a quiescent equilibrium state before being
subjected to extremely high shear rates (>10* s™) during flow,
breaking the transient associations. After injection, the cross-
links reform on a characteristic time scale, during which the
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material is subject to a creep (constant stress) condition as it is
confined within tissue or under the skin. Understanding the
material response during all operating conditions is critical to
evaluating a DCH, especially the yielding transition, but typi-
cally, material evaluation focuses on the linear (pre-yield)
viscoelastic regime. Indeed, many authors only report a single
value (G', the storage modulus) for the mechanical characteriz-
ation of DCH materials. Large-amplitude oscillatory shear
(LAOS) is an attractive option for evaluation of a range of
mechanical properties, as it probes the pre-yield, yielding, and
post-yield behavior of a given material."®'® While the strain
rates involved in injection and oscillatory rheology differ by
orders of magnitude, LAOS experiments capture well the fun-
damental physics of the yielding transition and have been
shown to correspond with steady flows.”®*! Unfortunately,
physical interpretation of LAOS data, especially in the non-
linear regime where the stress response becomes non-sinusoi-
dal, is difficult.'®®* Recently a suite of techniques has
emerged, including sequence of physical process (SPP)
analysis,>>** which aid in the interpretation of LAOS data.
Recent advances have also evaluated the yielding of soft
materials on a spectrum from brittle to ductile, where brittle
refers to a sudden yielding transition whereas ductile materials
yield gradually.>

In this work, we applied SPP analysis of LAOS data to three
clinically relevant DCHs with various crosslink chemistries.
Previous studies have characterized the cytocompatibility and
immunogenicity of these materials,”*>° but information on
how their yielding behavior impacts encapsulated cells is
limited. We use a whole-waveform approach to visualize
stress-strain or time-dependent modulus and phase angle
data which is usually discarded in LAOS experiments. SPP ana-
lysis enables us to avoid relying on interpretation of higher-
order sinusoids, which can be difficult to understand experi-
mentally. The networks we evaluated exhibit similar linear
viscoelastic properties, including their storage modulus G’,
which is proportional to crosslink density in dissociative
polymer networks.?® We characterized the yielding transition
of the networks and show critical qualitative and quantitative
differences in the yielding process explained by the crosslink
thermodynamics. Additionally, we use a geometric technique
for stress decomposition to examine the time-varying elastic
responses of the material and show an elastically derived
strain overshoot which corresponds to the activation energy
needed to break crosslinks and begin flow. SPP analysis was
used to calculate instantaneous phase angles and phase angle
velocities, which we correlated to a yielding speed, or abrupt-
ness of the yielding transition.>® To verify the finding of an
increased yielding speed, or more fracture-like yielding in
materials with stronger crosslinks, we tested the protection of
encapsulated cells to injection at high shear rates and found
that gels with more ductile yielding transitions afford greater
protection of cells from shear forces (Fig. 1A). By applying
sophisticated rheological techniques to complex materials
which have been put into practice in the biomaterials litera-
ture, this work serves to bridge the gap between rheological
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studies which examine model materials and the biomedical
materials science community.

Experimental
Preparation of polymer/nanoparticle hydrogels

Polymer/nanoparticle (PNP) hydrogels were synthesized by
physical mixing of a hydrophobically-modified hydroxypropyl
methylcellulose (HPMC, Sigma-Aldrich) polymer (400 kDa)
with core-shell (block)-polyethylene glycol-polylactic acid nano-
particles (NPs) with a hydrodynamic radius of 32 + 1 nm.
Synthesis and characterization of this material has been
reported previously.>" Gels were prepared at a ratio of 2 wt%
HPMC-C12 to 5 wt% PEGPLA NPs. After physical mixing in an
Eppendorf tube, the gels were centrifuged to remove bubbles
and left at 4C overnight.

Preparation of calcium/alginate hydrogels

Ultrapure sodium alginate was purchased from NovaMatrix
(PRONOVA UP LVG). The sodium alginate was dissolved at
4 wt% in phosphate buffered saline (PBS). Alginate stock solu-
tion was rapidly physically mixed with two syringes and an
elbow mixer (McMaster-Carr) with a slurry of calcium sulfate
(Sigma) powder in HBSS. Final gels were formulated at 1 wt%
alginate polymer and 15 mM Ca”*. Rheological measurements
were taken directly after the gel was observed to be
homogeneous.

Preparation of hyaluronic acid/elastin-like protein hydrogels

Hyaluronic acid (HA, LifeCore Biomedical), modified with 12%
aldehyde groups and with a molecular weight of 100 kDa, was
dissolved in phosphate-buffered saline (PBS) at a concen-
tration of 1 wt%. Similarly, elastin-like protein (ELP) modified
with hydrazine was dissolved in PBS at the same concen-
tration. Details on the formulation of these gels have been
published previously.>” Briefly, HA-aldehyde is prepared by a
two-step synthesis to first add alkyne groups using carbodi-
imide chemistry, then an aldehyde is added using an azide-
alkyne click reaction. ELP-hydrazine is prepared via activation
of the carboxylic acid residues and reaction with hydrazinoace-
tic acid. Both solutions of ELP-hydrazine and HA-aldehyde
were stored at 4 °C prior to use. Gels were formulated by phys-
ically mixing the HA and ELP solutions in an Eppendorf tube.
The gel was centrifuged to remove air bubbles, then left over-
night at 4C before rheological measurements.

Rheometry

Rheological measurements were collected on a TA DHR-2 rhe-
ometer. All measurements were taken with a serrated 20 mm
parallel plate geometry to minimize slip artifacts, along with a
water solvent trap to prevent evaporation. A gap size of 600 pm
was used for all runs. To ensure the no slip condition was
being attained, frequency sweeps were run at two different gap
sizes to ensure identical measurements. Frequency sweeps
were run from 0.1 Hz to 100 Hz at 0.5% amplitude for alginate

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Linear rheological comparison of dynamically crosslinked hydrogels. (A) The mechanical disruption of cell membranes during injection is
influenced by the yielding speed of the encapsulating material. (B) Dynamically crosslinked hydrogels (DCHs) are formed by transient crosslinks in
which dynamic exchange allows reversible network formation. (C) Schematic of the three DCH highlighted in this investigation. Polymer/nano-
particle hydrogels are formed by entropy-driven adsorption of a hydrophobically-modified cellulose polymer onto the surface of core—shell (poly)
ethylene glycol-(poly)lactic acid nanoparticles. Calcium/alginate hydrogels are formed by ionic interactions in an “eggbox” architecture between
divalent cations and the anionic monomers. Hyaluronic acid—elastin-like protein (HA—-ELP) hydrogels are formed by hydrazone bond formation
between the aldehyde-modified HA and hydrazine groups on ELP. (D) Frequency sweeps of the three DCH materials, showing similar linear visco-
elastic gel-like plateau behavior. (E) Comparison of the crosslink equilibrium constant for the DCH materials, showing increasing crosslink strength
of the materials, but all reversible. Data adapted from ref. 9 and 26.

gels and 1% amplitude for PNP and HA-ELP gels which is in
the linear viscoelastic regime for all materials. LAOS measure-
ments were taken by running a logarithmic amplitude sweep
from low to high strain amplitude while saving the instan-
taneous stress and strain. Amplitude sweeps were run at a fre-
quency of 0.1 Hz to prevent inertial artifacts. After the run, the
geometry was visually inspected to confirm that material had
not been ejected from between the plates.

This journal is © The Royal Society of Chemistry 2025

Sequence of physical processes analysis

Sequence of physical processes (SPP) analysis (Rogers et al
2019)** was carried out on the time-varying stress and strain
data exported from the rheometer, using MATLAB software.
The stress curves were fit using Fourier analysis to n = 5 odd
harmonics, which was qualitatively observed to be the appro-
priate number of harmonics which fit the data without overfit-
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ting noise or introducing numerical instability (ESI
Discussiont). The software produced time-varying modulus
and phase angle data. The odd Fourier fit to the stress curve
was used for subsequent stress decomposition analysis.

Cell viability after high-strain rate injection

Human umbilical vein epithelial cells (HUVEC, ATCC) were
cultured in GM-2 endothelial cell growth medium (Lonza) sup-
plemented with 1% pen-strep at 37 °C and 5% CO,. Cells were
passaged at 80% confluence and all passage numbers used in
this study were below 10. For encapsulation, cells were trypsi-
nized with 0.05% trypsin/EDTA, centrifuged at 300g for
5 minutes, and then counted and resuspended in PBS to an
appropriate volume. For each gel, a cell/PBS slurry was added
to the liquid precursor followed by gentle physical mixing of
the gels. The gels were allowed to rest for one hour on ice
before injection. 100 pL of gel/cell mixture was injected using
a syringe pump at 3.0 mL min™" through a 30G needle (L.D. =
0.159 mm) in triplicate onto a 24-well plate pre-loaded with a
solution of calcein-AM at 10 pM (Santa Cruz Biotechnology).
The plates were centrifuged at 50g for 1 minute to ensure good
surface contact for microscope imaging. After 1 hour incu-
bation at 37 °C confocal microscope images (Leica, 10x objec-
tive) were taken of the entire gel surfaces in one representative
focal plane.

Results and discussion
Comparison of hydrogel systems

To apply the SPP-LAOS approach to multiple relevant bioma-
terials platforms, we chose three separate DCHs which have
distinct crosslinking mechanisms (Fig. 1). The three systems
can be ordered from weakest crosslinks to strongest crosslinks,
although all the crosslink chemistries have dynamic character.
Polymer-nanoparticle (PNP) hydrogels are formed by a multi-
valent, noncovalent entropy-driven association between a
hydrophobically-modified polymer which adsorbs to the
surface of nanoparticles which act as crosslinkers.” Alginate
hydrogels are formed through the dimerization of two polymer
chains (conceptualized through the “egg-box” model) by ionic
interactions between Ca”** ions and anionic monomers along
the polysaccharide backbone.?® Finally, hyaluronic acid/
elastin-like protein (HA-ELP) hydrogels are formed by cross-
linking of hyaluronic acid (HA) polymers by dynamic hydra-
zone bonds formed between aldehyde modification groups on
HA and hydrazine modification groups on ELP.>**** The equili-
brium constants (K.,) of the three systems range between 10°
and 10°, representing crosslinks which are stable enough to
form percolated gel networks, but which can be broken upon
application of mechanical stresses relevant for processes such
as injection. The linear rheological properties of the three net-
works are all similar (Fig. 1D), with relatively flat frequency
responses of both dynamic moduli along the experimentally
relevant frequency range. These materials do not exhibit time-
temperature superposition, so collection of additional fre-
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quency data is not feasible.” The slope of the storage modulus
decreases from low to high crosslink strength, which could be
attributed to either more arrested behavior or decreased dis-
persity of the polymer networks between the hydroxypropyl-
methylcellulose (HPMC) polymer (highly disperse) and ELP
(monodisperse). Interestingly, even though the crosslinking
strategies of the networks are quite different and correspond-
ingly have a range of crosslink free energies of binding
(Fig. 1E), all three have an approximately similar number
crosslink densities and linear elastic modulus G}, values in
accordance with network theory (ESI section 11). From low to
high crosslink strength, the loss modulus G” decreases, which
could be attributed to stronger confinement effects on solvent
molecules. Stress relaxation experiments of the three
materials, which have been shown to affect cell motility and
stem cell fate,®® show that increasing crosslink strength corres-
ponds to slower chain rearrangement and thus slower relax-
ation of applied stress (ESI Fig. 21). However, crucially, the
linear characterization of the materials fails to describe their
yielding transition and flow properties, so additional charac-
terization was required.

LAOS elucidation of material regimes

Because the implementation of these injectable materials (e.g.,
by injection) requires control over their behavior before,
during, and after yielding, we sought to implement a charac-
terization technique which could probe multiple regimes. We
used large-amplitude oscillatory shear to characterize the
different material regimes of the DCHs. The measurement was
taken by performing oscillatory rheology sweeps from small to
large amplitudes at low frequency to avoid inertial artifacts.
1-Dimensional amplitude sweeps are shown in Fig. 2A, with
the dynamic moduli G’ and G” remaining flat in the linear
regime and then falling off in the nonlinear regime as the gel
structure breaks down during yielding. Yet, in the nonlinear
viscoelastic regime, the moduli lose significance as in-phase
and out-of-phase portions of the stress response. Therefore, we
used parametric Lissajous stress/strain curves to examine the
material behavior regimes (Fig. 2B). In the elastic regime, the
Lissajous curves approximate straight lines with slope G’, since
tan(s) < 1. As the material yields, the curves enclose more area
as the viscous response grows in importance, and non-linear
effects emerge. Finally, in the flow regime, successive curves
have a constant value of stress for many values of strain, seen
by the curves flattening at the top; this may represent evidence
of shear-banding.”’ In Fig. 2C, we added the strain rate
(simply the time derivative of the strain) as a third spatial vari-
able to better illustrate the yielding transition. The first strik-
ing difference between the curves is the presence of a stress
overshoot in some formulations evaluated. PNP gels didn’t
exhibit a stress overshoot, as the curves increased in strain and
approached a plateau value for stress. In contrast, the Ca/algi-
nate gels exhibited a robust stress overshoot, as the elastic
region curves attained a higher value of stress than the flow
plateau by about 2-fold. Finally, the HA-ELP gels exhibited an
extremely large overshoot value, obtaining a stress in the

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Large-amplitude oscillatory shear rheology. (A) Amplitude sweeps show the extent of the linear viscoelastic regime and subsequent yielding
of the DCH materials at high strain. Beyond the linear viscoelastic regime, the dynamic moduli are fit to the fundamental mode of the strain oscil-
lation and are not representative of the complete material response. (B) Illustration schematic of Lissajous curves which demonstrate the yielding
transition from a mostly elastic material response to a mostly viscous material response. (C) 3-Dimensional Lissajous curves for the DCH materials,
illustrating the stress overshoot before yielding and which illustrate the gradual nature of yielding for weakly crosslinked materials, to the sudden
yielding transition for strongly crosslinked materials.
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elastic regime nearly 10 times higher than in the terminal flow
regime. The yielding transition can also be qualitatively
assessed from these 3D curves. We conceptualized the pre-
yielding curves as lying on a shared plane then transitioning
to an orthogonal plane once yielded (ESI Fig. 51). From low to
high crosslink strength, the materials exhibited a more
gradual to more abrupt yielding transition. While it is difficult
to pinpoint an exact strain for which the PNP gel yields, the
Ca/alginate and HA-ELP gels exhibited a more sudden tran-
sition, occurring largely between two successive amplitude
strains. A sudden yielding transition may afford more pre-
cision and predictability in processing, whereas a gradual
yielding transition may afford the advantage of less abrupt
changes in the environment of encapsulated cells. These
results show how visualization of amplitude sweeps in mul-
tiple dimensions can elucidate qualitative differences in the
yielding transition of these materials.

Elastic strain decomposition

Next, we used strain decomposition to better understand the
physical origins of the observed stress overshoots. The elastic
and viscous portions of the oscillation stress were calculated
as follows:*”

o'(t) = (o(y) = o(=7))/2
o"(t) = (o(r) +o(=7))/2

where o(y) represents the stress oscillation as a function of the
oscillation strain y, and ¢'(¢) and ¢”(¢) represent the elastic and
viscous portions of the stress oscillation, respectively. From
there, we visualized the Lissajous curves for the time-varying
elastic stress with respect to strain (Fig. 3A). The curves tran-
sition from straight lines in the linear regime to exhibiting
strongly non-linear effects at large y,. For all the curves, we
observed an initial increase in the maximum stress value
before the material yields and the maximum stress declines to
a plateau value. The magnitude of the elastic stress overshoot
greatly increased between the three materials corresponding
with increasing crosslink strength. We hypothesized the physi-
cal origin of the elastic stress overshoot in Fig. 3B. At equili-
brium, polymer strands are connected by the dynamic cross-
links. As strain increases, the strands are pulled apart, with
increasing stress, until at a critical stress the crosslinks break,
and the material begins to flow. Stronger crosslinks require a
greater activation energy to break, and thus more stress is
required to initiate flow. After the crosslinks have been broken,
the residual elasticity is due to the intrinsic elasticity of the
polymer chains. We hypothesize that the drastic reduction in
the stress post-yield we observed in these materials is due to
the onset of shear-banding.”’ For more strongly crosslinked
gels, the onset of shear banding is more pronounced and
results in a drop-off in stress as heterogeneities develop in the
flow field.

To better quantify the elastic stress overshoot, we adopted
the definition of a generalized elastic modulus I"(¢t) = ¢'/y,
measuring the ability of the material to store energy in the

(elastic)

(viscous)
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nonlinear regime. This definition eliminates the need to rely
on a single harmonic fit to the stress, as is normally done for
G' and G". We then compared I measured at y, (corres-
ponding to maximum extension of elastic elements) to I at
small angles, which is equivalent to G’ (Fig. 3C). This approach
measures the nonlinearly increased stiffness of the material at
its most extended state, showing that the more strongly cross-
linked gels undergo an elastic strain stiffening before a rapid
decrease in stiffness post-yielding.*® Importantly, we analyzed
stress data from successive amplitudes, rather than identifying
strain stiffening in one period.*® Finally, in Fig. 3D, we
measured the ratio of the maximum of the elastic stress for a
given amplitude to the value of elastic stress during flow
(defined as the plateau value on the stress/strain Lissajous
curves at post-yield y,). This metric measures the effective
elastic stress overshoot and demonstrates a trend from weakly
crosslinked gels which display little stress overshoot, to more
strongly crosslinked gels which have a stress overshoot of over
10 times the flow value. We hypothesized that this value
describes the yielding behavior on an axis from “smooth” to
“fracture-like”. Considering the extreme case for each type of
material helps to explain this distinction. On one extreme, a
liquid displays no yield stress as increasing strain acquires
higher and higher values of stress. For an elastic solid, once
the material fractures, the retained stress drops to zero. This
spectrum of yielding behaviors highlights the difficulties in
defining single yield stress values for dynamically associating
networks.

It is also important to highlight the distinction between
this elastic stress overshoot effect and the previously reported
weak strain overshoot in the loss modulus during yielding, a
common feature of rubbers and other soft materials. The
viscous (G") strain overshoot arises from the “de-caging” of
solvent molecules as the structure of the network begins to
break down and local yielding occurs, whereas we hypothesize
the elastic strain stiffening effect to arise from chain extension
in the pre-yielding regime before crosslinks are broken.*® To
investigate whether these effects are correlated, we tested the
yielding behavior of other hydrogels that exhibit a weak strain
overshoot in the loss modulus during yielding, but indeed
which exhibit no elastic strain overshoot, thus implying the
distinct and uncorrelated nature of these phenomena (ESI
Fig. 41). In the DCH materials we tested, the increasing cross-
link strength also corresponds to greater viscous overshoot
along with the elastic overshoot, but these trends are evidently
not universal.

Phase angle velocity and yielding speed

To further examine the rapidity of the yielding transition, we
used time-varying Cole/Cole (G'/G") plots to visualize the value
of the dynamic modulus during each oscillation. Traditionally,
the dynamic moduli are given in the nonlinear regime as fits
to the fundamental mode of the stress, but this neglects non-
linear effects. We took advantage of the SPP definition of the
time-varying dynamic moduli G{ and Gf, which correspond to
the instantaneous material behavior in the non-linear regime

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Molecular theory of the elastic stress overshoot. (A) Elastic stress decomposition from LAOS experiments. The overall stress response is
decomposed into elastic and viscous portions, and here is plotted the Lissajous curve of the elastic stress against the strain for a series of oscillations.
Colors represent the progression from small strain amplitude and the linear regime (cool colors) to high strain amplitude and the nonlinear regime
(hot colors). (B) Schematic of the molecular origin of the elastic stress overshoot. As extension of chains increases, the dynamic crosslinks continue
to connect individual chains. At a critical strain, the crosslinks break allowing the network to flow. For weakly crosslinked materials, the crosslinks
break at a lower chain extension. At high crosslink strength, the chains extend to a greater extent, causing a nonlinear increase in the stiffness before
yielding. (C) Strain stiffening during yielding. Here, we compare the generalized elastic modulus evaluated at the maximum extension of each cycle,
I"(yo), to the stiffness in the linear viscoelastic regime I"(yeias). Which is equivalent to G'. Weakly crosslinked materials show little strain stiffening,
while the strongest crosslinked materials undergo drastic pre-yield elastic strain stiffening. (D) Elastic stress overshoot. We compare the maximum
value of the elastic stress for each oscillation to the terminal stress, approximately the yield stress of the material. Stronger crosslinks result in an

overshoot above the terminal stress, caused by the increase in stiffness at high extension.

and accounted for changes over the course of one oscillation,
including yielding and un-yielding. Over the course of a half-
oscillation, the material sweeps through one loop of the
Lissajous curve as the instantaneous dynamic moduli G{ and
Gt change with respect to time (Fig. 4A). The instantaneous
phase angle &; is defined by the orientation of the vector G* =
G’ +iG" in the complex plane, with the phase angle velocity &
defined as the time derivative of &.. In the linear viscoelastic
limit, the time-varying moduli are constant, as the stress
response is sinusoidal. As the material begins the yielding
transition and nonlinear effects are introduced, the curves
transition to a more liquid-dominated behavior (Fig. 4B). We
then defined the material yielding speed in the LAOS experi-
ment as the maximum of the phase angle velocity during a
single oscillation. Fig. 4C shows the maximum yielding speed
over the course of the LAOS experiment, illustrating the
increased rapidity of the yielding transition with increasing
crosslink strength and thereby corroborating the observations
in Fig. 2C.

This journal is © The Royal Society of Chemistry 2025

Protection of cells during high shear-rate injection

Efficacy of directly-injected cell therapies is limited by the loss
of viability of cells due to membrane disruption during injec-
tion.> Non-Newtonian injection media have been shown to
improve the viability of injected cells due to protection from
shear forces,® but design constraints that improve or worsen
the viability for a given condition have not been established. It
is currently hypothesized that the plug flow character of the
gels during injection protects the cells from shear forces, or
gradients in the flow velocity. Plug flow during the injection of
DCHs may occur due to shear-banding or slip on the sides of
the needle. We hypothesized that the character of the yielding
transition would thus affect the viability of cells, as brittle
yielding may introduce gradients in the velocity field which
disrupt cell membranes. To assess the protection of cells from
injection, we loaded HUVEC (human umbilical vein epithelial
cells) at a concentration of 6.67e5 cells per mL into each DCH
material and injected them at clinically relevant flow rates
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Fig. 4 Speed of yielding as measured by Cole/Cole plots. (A) Schematic of a parametric Cole/Cole plot, which illustrates yielding within one oscil-
lation. In the nonlinear regime, we calculate the instantaneous storage and loss moduli G{ and Gy In this plot, the material starts out solid-like, with
Gt > Gy. As the material yields, the curve sweeps counter-clockwise, crossing the line of tan(é) = 1 as the response becomes liquid-like. The instan-
taneous speed of the phase angle, &, is shown here by the color of the curve at each point. (B) Overlay of Lissajous curves for an amplitude sweep,
with cooler colors representing greater strain amplitude. In linear viscoelasticity, the curve is a single point, as the moduli are constant. As yielding
proceeds, the curves transition to the left as the material becomes more liquid-like than solid-like. (C) Speed of yielding as calculated by the phase
angle rate. We choose the Cole/Cole Lissajous curve which has the largest area and take the yielding speed to be the maximum of the derivative of
the instantaneous phase angle. Stronger crosslinks cause more catastrophic yielding and thus are represented by greater yielding speeds.
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Fig. 5 Viability of encapsulated HUVEC cells post high-shear rate injection. HUVEC cells were encapsulated at a concentration of 6.67 x 10> cells
per mL in each DCH as well as a PBS control, and injected at a clinically relevant flow rate (3 mL min™?, shear rate ~2.5 x 10° s, ESI section 1})
through a 30 gauge needle. Cells were then stained with calcein AM stain, and the viability of injected cells was compared against a non-injected
control. (A) Percent viability was calculated as the ratio of living cells between the injected and non-injected groups. Data is shown as mean of
5 measurements + SEM. (B) Representative microscope images of each group. Scale bar shown is 1 mm.

through a 30G needle to impose a high shear-rate condition. use. These findings provide a design criterion for biomaterials
We then measured the relative viability of the cells versus non- which encapsulate cells for direct-injection therapies, as well
injected controls (Fig. 5). In accordance with our hypothesis, as a verification of the importance of characterizing the
we found that the PNP hydrogel, which exhibits the most yielding transition of dynamic hydrogels for translational
ductile yielding, affords the greatest protection of cells, at a applications.

level consistent with previous studies.® We found that more

brittle yielding causes the cells to experience more membrane

disruption due to velocity gradients and thus the Ca/alginate Conclusion

and HA-ELP hydrogels caused lower cell viability upon injec-

tion. Different cell lines may have different levels of sensitivity = Characterizing and understanding the yielding transition
to membrane disruption, so each cell type for a specific of soft materials has been a long-standing challenge.
therapy could require a unique material selection for optimal Sophisticated rheological techniques have recently been devel-

1508 | Biomater. Sci,, 2025, 13, 1501-1511 This journal is © The Royal Society of Chemistry 2025
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oped which attempt to model or apply greater understanding
to the rheological response in the nonlinear regime, but these
are often applied to model materials with relatively simple
architectures. Moreover, less attention is given to the tran-
sition regime of yielding itself, especially the time-varying
response of materials in the transition regime. Here, we
applied fundamental rheological techniques to assess the
yielding transition of three different dynamically associating
hydrogel networks which have relevance for translational use
in various biomedical applications. Through large-amplitude
oscillatory shear experiments and subsequent sequence of
physical processes analysis, we were able to differentiate and
quantify critical differences between smooth and catastrophic
yielding in these dynamic hydrogels, dictated by the relative
strength of the hydrogel crosslinks. We documented for the
first time an elastically-derived stress overshoot in dynamic
hydrogels using LAOS, corresponding to an elastic strain stiff-
ening due to the nonlinearly increasing stiffness of polymer
chain extension. We showed that the materials with smoother
yielding transitions afforded greater protection to entrapped
cells from shear forces or heterogeneities in the flow field
introduced by fracture-like yielding. Most importantly, we
intend this work to be a demonstration and accessible guide
for of the application of sophisticated rheological techniques
for investigators creating novel dynamic materials for cell
encapsulation. While we solely studied the phenomenology of
yielding and its effect of on encapsulated cells, the aging and
impact of material properties on cell proliferation and fate is
also crucial to developing biomaterials for the clinic. Further
work might assess the importance of the elastic stress over-
shoot in mechanotransduction of encapsulated cells, since
these dynamically crosslinked materials are globally shear-
thinning but may exhibit strain hardening on the length scale
of an individual cell. Additionally, further work may seek to
connect kinetic parameters, such as &, and k., of the individ-
ual crosslinks to the behavior of the yielding transition.
Overall, this investigation highlights the importance of
complete mechanical characterization of translational
biomaterials.
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