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1. Introduction

Dictated cell adhesion and migration using
microfluidic-controlled synthetic hydrogels
exhibiting programmable viscoelasticities
Haochen Yang,? Ziyuan Li,*® Gilad Davidson-Rozenfeld, (2’ © Meng Li,?

Yuxing Shang,1° Linjie Chen,? Yingchao Ma,? Yifan Ge,*° Itamar Willner
Junji Zhang 2 *@

*< and

Mechanosensing interactions between the extracellular matrix (ECM) and the intracellular cytoskeleton are
fundamental to cellular functions such as motility, proliferation, and adhesion, driven by the dynamic,
bidirectional, tension-regulated maturation of focal adhesion (FA) sites. We demonstrate that native
mechanosensing interactions and their downstream functions are precisely controlled using synthetic
hydrogels. We introduce a microfluidic-assisted synthesis of imine-crosslinked hyaluronic acid-gelatin
copolymer hydrogels (HAG), enabling controlled, predefined gradient viscoelasticity. Specifically, three native
tissues (muscle, epidermis, and cartilage)-mimicking HAG hydrogels were prepared, matching their effective
Young's modulus (Ymod) and stress relaxation time (ry,). Enhanced cell spreading and directional cell
migration are observed, with a preference for substrates with tissue-matching viscoelasticity. These
mechanosensing reactions are confirmed by traction force microscopy, revealing a tight correlation between
native tissue mechano-properties and the hydrogel viscoelastic parameters. We demonstrate that the
signaling efficacies of the FAK and associated YAP/TAZ pathways, central regulators of FA formation and cell
migration, are tuned by substrate tissue-matching viscoelasticity. We implement these preprogrammed
viscoelastic gradient hydrogels as spatiotemporal cell-separation matrices, enabling viscoelasticity-driven
migration of binary cell mixtures. This work provides a potent platform for studying cell-material interactions,
offering significant potential applications in tissue engineering, immunotherapy, and regenerative medicine.

integrin with the ECM result in the counter-bridged binding of
the cytoskeleton to the integrin, resulting in the ECM-dictated

The interactions between the intracellular skeleton and the
extracellular matrix (ECM) orchestrate diverse physiological
and pathological processes such as embryogenesis, homeosta-
sis, cancer progression, tissue repair, and wound healing."™
The primary interactions of the transmembrane-embedded
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adaptive rearrangement of the cytoskeleton (actomyosin fibers)
complexes, sensing the traction force induced by the fibers, and
the restoring stress exerted by the ECM-bound integrin.>® The
mechanosensing functions of the cells are, then, translated into
mechanotransduction signaling of cell functions.” " These are
reflected by downstream phosphorylation/dephosphorylation
YAP/TAZ-mediated transformations leading to motility, prolifera-
tion, and adhesion functions.”*™* Concomitantly, the mechan-
osensing ECM-induced interactions lead to adaptive focal
adhesion (FA) sites controlled by the bidirectional, tension-
regulated, mechanosensing interactions with the ECM.">'® For
tight celllECM interactions, the recruitment of YAP/TAZ-
mediated intracellular proteins stabilizing the FA site proceeds
(FA maturation), whereas weak cell-ECM interactions lead to
inhibited FA sites.'”'® That is, the bidirectional mechanosensing
cell-ECM interactions control intracellular signaling and mechan-
ical cell behavior.>'*>*

Substantial research efforts are directed to mirror cell-
ECM interactions through biomimetic cell-synthetic hydrogel

J. Mater. Chem. B


https://orcid.org/0000-0002-1414-7711
https://orcid.org/0000-0001-9710-9077
https://orcid.org/0000-0003-2823-4637
http://crossmark.crossref.org/dialog/?doi=10.1039/d6tb00438e&domain=pdf&date_stamp=2026-05-01
https://rsc.li/materials-b
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6tb00438e
https://pubs.rsc.org/en/journals/journal/TB

Open Access Article. Published on 05 May 2026. Downloaded on 5/5/2026 10:20:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

interactions.?*®

Diverse methods to synthesize hydrogels of con-
trolled stiffness (and elasticity) were reported.>*° The interactions
of cells with stiffness-controlled hydrogel matrices were examined,
and the links between the hydrogel stiffness and cell behavior were
demonstrated.> > Particularly, the gel stiffness-controlled differ-
entiation of stem cells to target cells was demonstrated. For
example, stiff hydrogels induced differentiation of stem cells into
osteoblasts, whereas lower-stiffness hydrogels induced stem cell
differentiation into adipocytes.*® Moreover, hydrogels exhibiting
gradient stiffness demonstrate preferred directional migration
(durotaxis) toward higher stiffness.’”*° These stiffness-controlled
cell-ECM reactions were implemented for advanced biomaterial
engineering, developing patterned cell arrays,"** wound
healing,**> advanced cell therapy platforms,*®*” robotics,**">°
and regenerative medicine.”"

Nevertheless, native ECM environments are defined not only
by their static elasticities but also influenced by the dynamic
viscoelastic properties of the matrices.”>>> The static elasticity
properties of hydrogel substrates are characterized by shear
oscillatory rheometry®®®” and Young’s modulus (often mea-
sured by indentation methods),”’ > and the dynamic viscoe-
lastic properties are characterized by rheometry-based static
strain application while probing the substrate stress decay. This
generates the stress relaxation time, 74/, defined as the time
interval upon which the stress reaches half of its initial value,
indicating how the gel substrate dissipates stress.’**° > Indeed,
recent studies emphasized the significance of hydrogel viscosity
on cell behavior.®*** Time-dependent energy dissipation within
the gel matrices leads to a significant effect on the cell behavior,
such as cell spreading, morphology, and motility.®*"*® Impor-
tantly, native tissues and their interfaces often exhibit gradual
transitions in viscoelastic properties rather than discrete, homo-
geneous mechanical states. Such spatial heterogeneity plays a
critical role in regulating cell behavior, particularly at interfacial
regions where cells experience continuously varying mechanical
cues. However, most existing hydrogel systems are limited to
uniform viscoelastic properties, which fail to recapitulate these
physiologically relevant gradients. The parallel effects of viscos-
ity and elasticity of hydrogels on cell functions have been
scarcely investigated.®®’® This is mainly due to difficulties in
synthesizing hydrogels of programmable, precise viscoelasticity,
particularly substrates revealing gradient viscoelasticity.

Here we wish to report on a microfluidic-based method to
synthesize precise and reproducible hydrogels exhibiting defined
viscoelastic properties and programmable substrates consisting
of gradient viscoelastic features. Specifically, we apply the
method to synthesize hydrogels consisting of hyaluronic acid/
gelatin (HAG),”"” revealing programmable and gradient viscoe-
lasticity, and examine the interactions of different kinds of cells
with the different synthetic hydrogel substrates. We find that
similarly to native cell-ECM interactions, where mechanosensing
cell functions are dictated by the viscoelasticity of the ECM, the
viscoelasticity of the synthetic gels dictates cell functions. We
find that viscoelasticity matching between synthetic hydrogel
matrices and the corresponding cell tissue is crucial for con-
trolling cell adhesion and migration on these substrates. The
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mechanoresponsive behavior of the cells on the respective
synthetic matrices and, the mirrored tissue viscoelasticity, are
rationalized by cell spreading area evaluation, traction force
microscopy imaging, and probing focal adhesion sites by con-
focal microscopy and immunoblotting experiments. Substrate-
dictated directional migration on the gradient viscoelastic
hydrogels is demonstrated. The results are applied to highlight
the spatial separation of different cell types using predesigned,
programmable gradient viscoelastic hydrogel frameworks.

2. Experimental section

All reagents were obtained from commercial sources and used
without further purification unless otherwise noted. Essential
experimental procedures and supplementary data are provided
in the Supporting Information, including materials and instru-
mentation, preparation and oxidation degree characterization
of oxi-HA, fabrication of HAG hydrogels, Fourier transform
infrared (FTIR) spectroscopy, scanning electron microscopy
(SEM), rheological and nanoindentation measurements, pre-
paration of decellularized matrices, cell culture and cytotoxicity
assays, cell migration experiments on viscoelastic gradient
substrates, Western blotting, immunofluorescence staining,
traction force microscopy, and image analysis.

3. Results and discussion

3.1. Microfluidic-controlled synthesis of hyaluronic acid/
gelatin hydrogels exhibiting programmable viscoelasticity

Synthetic hydrogels consisting of imine-crosslinked hyaluronic
acid (HA) and gelatin copolymer (HAG) frameworks were pre-
pared, Fig. 1A and Fig. S1, generating complex ECM mimetic
matrices. The gel is stabilized by covalent imine bonds, supra-
molecular H-bonds, and electrostatic interpolymer ion-pairing.
The nature of bonds stabilizing the gel enables the synthesis of
tunable viscoelastic gels, adjusted by the ratio of the flexible HA
and gelatin chains, while balancing the different parameters
stabilizing the gels. Fourier transform infrared spectroscopy
(FT-IR) confirmed the formation of the HAG hydrogels, where
the 1646 cm™' and 1544 cm™' bands of the -C=N, formed
between the aldehydes of oxidized HA (HA,,) and -NH of gelatin,
Fig. S2. The approach to crosslink HAG hydrogels, which exhibit
precisely controlled viscoelasticity, is achieved by automated pro-
grammed flow-rate modulation of pregelation solutions contain-
ing the HA and gelatin, Fig. 1B. The apparatus used to fabricate the
gels enabled a compositional precision of 0.01% (w/v) deposition
of the respective droplets, which enabled highly reproducible
synthesis of the gradient viscoelastic hydrogels, presenting a major
advancement in preparing viscoelastic-gradient gels over conven-
tional fabrication methods, Fig. S3. The capability of the method to
generate gels exhibiting tailored viscoelastic gradients (measured
by rheometry and nano-indentation) is further demonstrated in
Fig. 1C, and Fig. S4-S11, and Tables S1-S3. Accordingly, the gel
fabrication methodology enables the tailoring of precise viscoelas-
tic compositional landscapes that offering the generation of

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 (A) Schematic structure of the hyaluronic acid (HA)/gelatin crosslinked hydrogel frameworks (HAG). (B) Microfluidic programmable synthesis of
HAG framework of gradient viscoelasticity and their programmed composition. (C) Panel I. Effective Young's moduli (Ymod) values mapping a series of
HAG frameworks at different HA/gelatin compositions and concentrations. Panel Il. A map of stress relaxation time (r12) values of HA/gelatin
corresponding to different compositions and concentrations. (D) Effective Ymod and 14, values of distinct biological tissues (muscle, epidermis, and
cartilage), and selected HAG gels (HAG-2, HAG-3, and HAG-4) mirroring the effective Ymod and 71/, values of the biological tissues. (E) Effective Ymod
and 71, values of the microfluidic-controlled synthesized gradient hydrogel consisting of HAG-2, HAG-3, and HAG-4, positioned in between two
hydrogels, HAG-1 and HAG-5, exhibiting lower and higher viscoelastic properties.

mechanical dynamic viscoelastic microenvironments presented in

native tissues.

3.2. Fabrication of tissue-mimetic viscoelastic hydrogels

The capability to synthesize tailored viscoelastic hydrogel
matrices provides a versatile means to prepare viscoelastic
gradient hydrogels, overlapping the mechanical features of

This journal is © The Royal Society of Chemistry 2026

native tissues. This would allow to probe the effects of the
viscoelastic gradient matrices on the cell functions, comprising
the tissues, exhibiting overlapping mechanical features.

The mechanical properties of three different types of tissues

corresponding to muscle, epidermis, and cartilage were
evaluated, and the respective effective Young’s modulus values
and stress-relaxation (t/,) parameters are provided, Fig. 1D.

J. Mater. Chem. B
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Moreover, the method to prepare precise viscoelastic gradient
gels was adopted to synthesize three gels, HAG-2, HAG-3,
and HAG-4, exhibiting viscoelastic properties analogous to the
mechanical properties of the tissues, Fig. 1D. That is, the
viscoelastic HAG-2 mimics the mechanical properties of
muscle tissue, HAG-3 mimics the mechanical properties of
epidermis tissue, and HAG-4 mimics the mechanical properties
of cartilage tissue. We further synthesized two hydrogels that
extend the boundaries of the viscoelastic parameters to lower
(HAG-1) and higher (HAG-5) mechanical properties, demon-
strated by the set of three tissue-mimicking hydrogels. The
successful preparation of the gradient viscoelastic hydrogels
was supported by Scanning Electron Microscopy (SEM) analysis,
Fig. S12. The pore sizes and densities of the gradient viscoelastic
hydrogels are controlled by parameters that govern the different
hydrogels. While the gels demonstrating low mechanical para-
meters show large pore sizes of low density, the gels characterized
by higher mechanical viscoelastic parameters demonstrate smal-
ler pore sizes and higher densities. Subsequently, a continuous
viscoelastic gradient hydrogel framework, composed of the three
hydrogels, framed between hydrogels HAG-1 and HAG-5 was
fabricated. Fig. 1E depicts the continuous viscoelastic gradient
parameters 7, and Young’s modulus across the gel frameworks.

3.3. Directional cell migration and spreading on tissue-
mimetic gradient viscoelastic hydrogels

The mechanosensing properties of three types of cells, C2C12
myoblasts, NIH-3T3 fibroblasts, and mouse chondrocytes, were
evaluated on the non-linear gradient viscoelastic hydrogel, shown
in Fig. 1E, by probing the individual cell migration trajectories
and spreading area on the hydrogel substrates exhibiting
complex viscoelasticity. The individual migration and spreading
area features of the respective cells were probed by analyzing
time-lapse microscopy over a time period of 12.5 hours following
cell attachment (it should be noted that cytotoxicity assessment
of the fabricated hydrogels demonstrated excellent biocompat-
ibility for all three cell lines and well-spread morphology of the
cells on the substrates over a time period of 7 days, see Fig. S13).
Fig. 2A(i) depicts the mechanosensing behavior of the C2C12
cells, revealing a clear preference towards tissue viscoelasticity
corresponding to muscle tissue. Positioning the C2C12 cells at
the HAG-1/HAG-2 interface demonstrated, after 12.5 hours, a
profound cell migration efficacy towards the HAG-2 gel domain,
exhibiting a viscoelasticity of effective Young’s modulus of 85 kPa
and 14, of 8.3 seconds (while avoiding the softer region HAG-1
characterized by Young’s modulus of 18 kPa and 7, of 2.9
seconds). Similarly, positioning of the C2C12 cells at the interface
of HAG-2/HAG-3 demonstrated a profound migration efficacy
toward the HAG-2 region (while avoiding migration to the stiffer
HAG-3 region characterized by a Young’s modulus of 230 kPa and
74/ Of 23.8 seconds), Fig. 2A(ii). In addition, positioning of NIH-
3T3 fibroblasts at the interface of HAG-2/HA-G3 reveals migration
trajectories preferentially towards the stiffer HAG-3 region,
mimicking the epidermis (while avoiding the softer HAG-2),
Fig. 2B(i). Positioning the NIH-3T3 cells at the interface between
HAG-3/HAG-4 resulted in a preferred migration trajectory towards
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the softer HAG-3 hydrogel region (while avoiding the stiffer HAG-
4 hydrogel region, characterized by a Young’s modulus of 654 kPa
and 74/, of 56 seconds), Fig. 2B(ii). Finally, the positioning of
chondrocytes at the interface of HAG-3/HAG-4 demonstrated
preferred migration towards the stiffer HAG4 region, mimicking
the cartilage tissue (while avoiding the softer HAG3), Fig. 2C(i).
Similarly, positioning the chondrocytes at the interface of HAG-4/
HAG-5 demonstrated preferred migration towards the softer
HAG-4 region (while avoiding the stiffer HAG-5, characterized
by a Young’s modulus of 856 kPa and 7,, of 98 seconds),
Fig. 2C(ii). Moreover, control experiments using hydrogels of
uniform viscoelastic properties, matching the viscoelasticity of
HAG-2, HAG-3, or HAG-4, resulted in non-directional migration
patterns of the corresponding cells, Fig. S14. Thus, the gradient
viscoelasticity of the substrates, rather than the absolute mechan-
ical features of the hydrogels, is essential to guide the directional
cell migration. The results demonstrated that cells migrate pre-
ferentially toward hydrogel regions that mimic the viscoelastic
properties of their native tissues by mechanosensing the analog
viscoelastic properties of synthetic gradient hydrogel substrates,
toward adhesion and migration properties.

Moreover, Fig. 2 displays the average spreading area of the
three cell lines on the corresponding overlapping HAG hydro-
gels. The C2C12 cells exhibited a maximum averaged spreading
area of 1166 um> when seeded on HAG-2 muscle-mimicking
hydrogel,”* while the spreading on the other two hydrogel
compositions (HAG-1, HAG-3) demonstrated no statistical sig-
nificance between each other, but substantially smaller cell
spreading area as compared to cells grown on HAG-2,
Fig. 2A(iii). Likewise, NIH-3T3 cells seeded on HAG-3 epidermis
mimetic hydrogel revealed a maximum averaged spreading area
of 1164 um?, while the spreading on the other two hydrogel
compositions (HAG-2, HAG-4) demonstrated no statistical sig-
nificance between each other, but substantially smaller cell
spreading area as compared to cells grown on HAG-3,”
Fig. 2B(iii). Similarly, chondrocyte cells seeded on HAG-4 carti-
lage mimetic hydrogel composition revealed a maximum aver-
aged spreading area of 941 um”, and a substantially smaller
spreading area when grown on HAG-3 or HAG-5,”° Fig. 2C(iii).
That is, the viscoelastic properties of the hydrogel substrates
control not only the migration directionality of the cells but also
regulate their spreading area on different hydrogel substrates.
The results suggest that the spreading and migration properties
are driven by dynamic mechanical forces induced by the gra-
dient viscoelastic properties of the hydrogel matrices.

3.4. Viscoelasticity modulated cell-traction forces on HAG
hydrogels

To further characterize the mechanical forces exerted by adher-
ent cells on the hydrogel substrates, we used the traction force
microscopy (TFM) method.””®® This technique provides a
quantitative method for evaluating the contractile forces
exerted by cells, which are transmitted to the extracellular
matrix (ECM) or synthetic substrates via focal adhesions.
According to this method, fluorescent beads are embedded as
markers in the viscoelastic matrix. The cells adherent to the

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Adaptive directed migration cell migration dictated by gradient hydrogel viscoelasticity and cell spreading areas of the cells and variable
viscoelastic gels: (A) (i) schematic directed C2C12 cell migration positioned at different sites of a gradient hydrogel composite consisting of HAG-1, HAG-
2, and HAG-3. (ii) Left — cell migration trajectories taken after 12.5 hours from seeding the cells at the central position of the interconnecting boundary
between HAG-1 and HAG-2. Right — angular displacement of analyzed cell migration trajectories. (i) Left — migration trajectories of C2C12 cells
positioned at the center of HAG-2 and HAG-3 boundary. Right — angular displacement of analyzed cell migration trajectories. (iii) Spreading areas of
C2C12 cells on HAG-1, HAG-2, and HAG-3, composed of constant pre-designed viscoelasticity. (B) (i) Schematic preferred cell migration of NIH-3T3
cells on HAG-2/HAG-3 or HAG-3/HAG-4 hydrogel substrate. (ii) Cell migration trajectories (and angular displacement), positioned at: left — the center of
HAG-2/HAG-3, and right — at the center of HAG-3/HAG-4. {iii) spreading areas of NIH-3T3 cells on distinct preprogramed viscoelastic hydrogels HAG-2,
HAG-3, and HAG-4. (C) (i) Schematic mechanosensing-induced directed migration of chondrocyte cells seeded at the intersection of HAG-4/HAG-4 or
HAG-4/HAG-5. (ii) Substrate-induced cell migration trajectories (and angular displacement) of chondrocyte cells positioned at: left — center of
interconnected HAG-3/HAG-4, and right — center of HAG-4/HAG-5. (iii) Spreading areas analysis of chondrocyte cells seeded on the viscoelastic HAG-3,

HAG-4, and HAG-5.

viscoelastic substrate pull the matrix-embedded beads, thereby
deforming their microscopic positions. By fluorescent micro-
scopy imaging of the spatial position of fluorescent beads
before cell adherence and after cell wash, the degree of dis-
placed pattern of the bead markers is evaluated. Using elasticity
theory models, the displacement patterns are converted into
traction stress maps, which display quantitative stress values

This journal is © The Royal Society of Chemistry 2026

characterizing the mechanical forces exerted by adherent cells
on the substrate. Accordingly, the three cell types, C2C12
myoblasts, NIH-3T3 fibroblasts, and mouse chondrocytes, were
each cultured on the five well-defined viscoelastic bead-
embedded hydrogel substrates (HAG-1-HAG-5).

The mechanical traction forces of the cells, characterizing
the cells adherence on the different gel frameworks, were

J. Mater. Chem. B
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Fig. 3 Force-traction microscopy (TFM) images of fluorescent beads embedded in HAG hydrogels, subjected to displacement by mechanosensing-
induced, single-cell adhesion. (A) (i) TFM image corresponding to C2C12 cells interacting with pre-programmed HAG-1, HAG-2, and HAG-3. (ii)
Maximum traction force values corresponding to the interactions between C2C12 cells with the respective hydrogels (derived upon analyzing the
traction stress maps reconstructed from bead-displacement vectors for each hydrogel, error bars derived from N = 3 experiments). (B) (i) TFM analysis of
NIH-3T3 cells seeded on the respective HAG, distinct pre-programmed hydrogels HAG-2, HAG-3, and HAG-4. (ii) Max traction force values of NIH-3T3
cells on the respective HAG hydrogels. (C) (i) TFM images, and (ii) max traction force induced by chondrocyte cells on HAG-3, HAG-4, and HAG-5

hydrogels.

evaluated and exemplified in Fig. 3 and Fig. S15. The experi-
mental C2C12 traction forces on the three gels, HAG-1, HAG-2,
and HAG-3, are displayed in Fig. 3A(i). The maximum traction
force of the cells evaluated from a collection of cells (C2C12
Cells), Fig. 3A(ii), is observed on the HAG-2 hydrogel (85 kPa),
compared to considerably lower forces observed on the softer
HAG1 (18 kPa) or higher stiffness HAG-3 (230 kPa). Therefore,
the stress associated with cell traction forces exerted by the
C2C12 cells with HAG-2 hydrogel correlates well with the
mechanosensing preference for HAG-2 viscoelasticity, demon-
strating a preferred adherence of the C2C12 cells onto HAG-2
over HAG-1 and HAG-3. Moreover, NIH-3T3 cells exerted trac-
tion forces on the three gels, HAG-2, HAG-3, and HAG-4, as

J. Mater. Chem. B

displayed in Fig. 3B(i). The maximum traction force of the cells
evaluated from NIH-3T3 cells, Fig. 3B(ii), is observed on the
HAG-3 hydrogel (230 kPa), as compared to considerably lower
forces observed on the softer HAG-2 (18 kPa) or higher stiffness
HAG-4 (230 kPa). That is, the stress associated with cell traction
forces exerted by the NIH-3T3 cells with HAG-3 hydrogel
correlates well with the mechanosensing preference for HAG-
3 viscoelasticity, demonstrating a preferred adherence of the
NIH-3T3 cells onto HAG-3 over HAG-2 and HAG-4. Similarly, the
force exerted by the chondrocytes on HAG-3, HAG-4, and HAG-5
is displayed in Fig. 3C(i). The maximum traction force of the
cells evaluated from chondrocytes, Fig. 3C(ii), is observed on
the HAG-4 hydrogel (654 kPa), while revealing significantly

This journal is © The Royal Society of Chemistry 2026
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lower forces on the softer HAG-3 (18 kPa) and lower forces on
the higher stiffness HAG-5 (230 kPa), demonstrating preferred
adherence on HAG-4 viscoelasticity as compared to HAG-3 and
HAG-5. Collectively, all three cell types demonstrate enhanced
forces exerted to the surface of the viscoelastic hydrogel, dis-
playing similar properties mimicking their native tissue.

The quantitative mechano-adherent features of the cells
with the hydrogel matrices reflect the mechanosensing inter-
actions of the cells with the substrate viscoelasticity. The
traction force microscopy results fit well with the mechanosen-
sing features of the viscoelastic substrate. It is worth noting
that the traction force microscopy results correlate well with the
cell spreading area results. That is, the cells demonstrated a
preference for spreading and cell adherence upon cultivation
on regions that resemble their native tissue’s viscoelasticity
over hydrogels differing in their viscoelastic properties. More-
over, as asymmetric traction forces drive cell polarization and
migration towards areas of higher forces, these findings likely
explain the observed viscoelasticity-directed cell migration on
these gradient hydrogels.

3.5. Hydrogel viscoelasticity-dictated cellular focal adhesion
maturation

The studies described in Sections 3.1-3.4 present biomimetic
modeling of cell-ECM interactions by probing mechanosensing
and mechano-force interactions between different cell lines
and synthetic hydrogels exhibiting varying viscoelasticity, by
analyzing single cells within a colony environment. The study
introduced controlled directional migration on gradient hydro-
gels, as well as traction force microscopy measurements on
different viscoelastic hydrogels, demonstrating a tight relation-
ship between the native tissue mechanoproperties (Y modulus
and 1q,) and the viscoelastic parameters of the synthetic
hydrogel substrates.

The migration/adhesion features in nature involve, however,
complex biochemical cues controlled by cell-extracellular matrix
(ECM) interactions leading to the formation or dissociation of
focal adhesion (FA) complexes, which regulate intracellular cytos-
keleton activity toward the assembly of FA protein complexes and
their maturation. These include the mechano-responsive actin-
induced phosphorylation/dephosphorylation of the YAP/TAZ pro-
teins, which, upon dephosphorylation, are translocated into the
cell nuclei, acting as transcriptional co-activators expressing FA
maturation protein complexes.">”””%%! That is, favored cell-ECM
interactions mediate actin-based signaling, enhancing FA
maturation. In contrast, disfavored cell-ECM interactions are
anticipated to weaken actin-based signaling toward FA matura-
tion. Accordingly, we argued that the quantitative evaluation of
the YAP/TAZ distribution ratio between the cytoplasm and the
nuclei across different cell lines, as a function of the viscoelastic
properties of the hydrogel substrates, could provide molecular
insights into the transformation of mechanosensing functions to
respective intracellular responses. Moreover, the phosphoryla-
tion/dephosphorylation of YAP/TAZ is influenced by various
converging signals beyond FA, including GPCR signaling, energy
stress, and others, resulting in changes in p-YAP concentration
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dominated by different factors.*”®* Thus, identification of
additional parameters reflecting the YAP/TAZ translocation
ratio is important. These include, for example, the quantitative
evaluation of phosphorylated focal adhesion kinase (p-FAK),
reflecting the phosphorylation site of focal adhesion kinase
(FAK),®>®® or of vinculin, a distinct protein that stabilizes FA
complexes, which was reported as an efficient biomarker assay-
ing the FA maturation.®”®° Thus, in the following section, we
adapt the quantitative evaluation of different cellular probes
and markers to probe, at the molecular level, the relationship
between mechanosensing cell properties and the viscoelastic
properties of the hydrogel substrate environments.

Indeed, immunoblotting assays corresponding to vinculin
and p-FAK demonstrated elevated levels of vinculin and p-FAK
in C2C12, NIH-3T3, and chondrocyte cells upon culturing on
hydrogels matching their respective tissue viscoelasticity (HAG-2,
HAG-3, and HAG-4), Fig. 4A and B. That is, C2C12 cells demon-
strated enhanced FA maturation on the HAG-2 hydrogel, as
compared to HAG-3 and HAG-4, whereas NIH-3T3 cells demon-
strated preferred FA maturation on HAG-3, as compared to HAG-
2 and HAG-4, and the chondrocyte cells revealed enhanced FA
maturation on HAG-4, as compared to HAG-3 and HAG-5. In
addition, immunofluorescence assays imaging the mean fluores-
cence intensity (MFI) of p-FAK associated with FA formation and
maturation of C2C12 cells on the corresponding hydrogel sub-
strates (HAG-1 to HAG-5) are displayed in Fig. 4D and F(ii),
demonstrating enhanced MFI of p-FAK formation on HAG-2, as
compared to HAG-1, HAG-3, HAG-4, and HAG-5. Also, Fig. 4E and
F(iii) depict the sizes of the FA complexes of C2C12 cells on the
different hydrogels, demonstrating enhanced dimensions of FA
on the hydrogel exhibiting viscoelasticity properties matching
their native tissue (HAG-2). Moreover, the localization of the
transcriptional regulator YAP, associated with the culturing of
C2C12 cells on the respective hydrogels, was assayed by immuno-
fluorescence imaging, Fig. 4C and F(i). Evidently, the YAP asso-
ciated with C2C12 cells cultured on the HAG-2 hydrogel revealed
significantly increased nuclear localization, as compared to
C2C12 cells cultured on HAG-1, HAG-3, HAG-4, or HAG-5. These
results are consistent with the favored mechanosensing proper-
ties of C2C12 cells cultured on the HAG-2, demonstrating the link
between the localization of transcriptional regulator YAP and the
viscoelastic matching properties between the hydrogel/cells.
Similar results were also presented for NIH-3T3 cells and chon-
drocytes, with favored mechanosensing performances in corres-
ponding viscoelastic hydrogels (Fig. S16 and S17). To further
validate that this mechanosensing-induced nuclear translocation
translates into functional transcriptional activity, we evaluated
the mRNA expression of connective tissue growth factor (CTGF), a
primary downstream target gene of the YAP/TAZ pathway. As
shown in Fig. S18, quantitative PCR (qPCR) analysis revealed that
CTGF expression was significantly upregulated in cells cultured
on hydrogels matching their native tissue viscoelasticity. Specifi-
cally, C2C12 cells exhibited the highest CTGF expression on HAG-
2, whereas NIH-3T3 and chondrocyte cells demonstrated peak-
expression levels on HAG-3 and HAG-4, respectively. This robust
downstream transcriptional activity is highly consistent with the
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Fig. 4 (A) Analysis of the adaptive mechanosensing cell-viscoelastic hydrogels interactions on the focal adhesion (FA) maturation process by probing the
intracellular levels of p-FAK/vinculin levels using Western blots corresponding to p-FAK and vinculin, generated in: (i) C2C12 cells seeded on
preprogrammed distinct HAG-1, HAG-2, and HAG-3 hydrogels, (ii) NIH-3T3 cells seeded on the viscoelastic HAG-2, HAG-3, and HAG-4 hydrogel
substrates, and (iii) chondrocyte cells seeded on HAG-3, HAG-4, and HAG-5 hydrogel substrates. In all experiments, GAPDH was probed as a control. (B)
Quantitative analysis of the content of the expressed p-FAK and vinculin levels corresponding to the experiment displayed in (A), total N = 3 experiments
for each HAG-1/HAG-2/HAG-3; HAG-2/HAG-3/HAG-4; HAG-3/HAG-4/HAG-5 systems. (C) Imaging the immunoassayed YAP biomarker in the nucleus
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and cytoskeletal regions of C2C12 cells interacting with pre-programmed viscoelastic HAG-1, HAG-2, HAG-3, HAG-4, and HAG-5 hydrogel substrates.
(D) Confocal microscopy images corresponding to immunoassayed p-FAK biomarker in C2C12 cells interacting with the different HAG gel substrates. (E)
Imaging the FA sites associated with C2C12 cells interacting with different HAG hydrogels and their maturation. (F) (i) YAP nuclei/cytosol ratio
corresponding to C2C12 cells interacting with different HAG hydrogel substrates. (i) Mean fluorescent intensity (MFI) of p-FAK in C2C12 cells
mechanosensing different HAG hydrogels exhibiting programmed viscoelasticity. (ii) Mean areas of FA sites associated with C2C12 cells interacting
with the different HAG hydrogels. For images of p-FAK, YAP translocation ratio, MFI, and mean FA areas of different cell lines interacting with the HAG

hydrogel substrates, see Fig. S15-17.

YAP nuclear localization profiles, confirming that the substrate-
dictated mechanosensing signals are successfully transduced
into downstream gene regulation. Altogether, these results indi-
cate that substrate viscoelasticity, particularly when matching
native physiological values, has a strong influence on YAP/TAZ
pathway activation, focal adhesion formation and maturation,
and directed migration.

3.6. Spatial separation of cells by programmable viscoelastic
substrates

The study introduced the fundamental perspective landscape
relating the mechanosensing properties of cells to the program-
mable viscoelasticity of gradient hydrogel substrate on the cell
spreading area, FA maturation, and directional migration. We
searched, however, for a potential application of these basic
phenomena. In the next section, we address the possible spatial
separation of a mixture of two different cell types by
viscoelasticity-tailored substrates. To distinguish the different
cell types, NIH-3T3 cells were transfected to express GFP, C2C12
cells to express mCherry, and chondrocytes remained unla-
beled. Fig. 5 presents experiments separating different mixtures
of cells by a gradient gel substrate consisting of three ordered
gradient hydrogel combinations composed of HAG-2, HAG-3,
and HAG-4. In the first experiment, a mixture of C2C12 and
NIH-3T3 cells was randomly seeded on a hydrogel composed of
HAG-2/HAG-3 gradient gel domains. Accordingly, the migration
of the seeded cell mixture on the gradient hydrogel substrate is
anticipated to lead to mechanosensing-induced separation of
the cells, resulting in the separation of C2C12 cells toward the
HAG-2 domain and of NIH-3T3 cells toward the HAG-3 domain.
This is attributed to the adaptive migration and adhesion
features of the cells on the respective substrates, dictated by
the matching between the mechanical properties of the tissues,
and the substrate viscoelasticity, as schematically presented in
Fig. 5A(i). The experimental confocal microscopy images, and the
quantitative analysis of cell distribution on the HAG-2/HAG-3
substrate, immediately after seeding and after a time interval of 3
days, are depicted in Fig. 5A(ii). Clearly, after this time interval,
the two cell types are spatially separated. While the C2C12 cells
are centralized on the HAG-2 domain, the NIH-3T3 cells are
localized on the HAG-3 domain. Quantitative analysis of the cell
distribution after 3 days demonstrate successful separation, with
sorting purities of 77.33% for C2C12 onto HAG-2 and 58.44% for
NIH-3T3 onto HAG-3. The corresponding separation efficiencies
are 64.44% and 72.58%, respectively (Table S4).

Similarly, Fig. 5B depicts the substrate-induced separation
of a mixture consisting of the NIH-3T3 and chondrocyte cells.
In this case, the cell mixture was randomly seeded on a HAG-3/

This journal is © The Royal Society of Chemistry 2026

HAG-4 gradient hydrogel substrate. While the NIH-3T3 mechan-
osensing features match the HAG-3 region, the chondrocyte cells
match the HAG-4 viscoelastic properties. Accordingly, the
substrate-induced separation of the cells is anticipated to follow
the pattern shown schematically in Fig. 5B(i). The experimental
confocal microscopy images and quantitative analysis of the
mechanosensing viscoelasticity-dictated, separation of the cells
are displayed in Fig. 5B(ii) and Table S4. After 3 days, the
chondrocytes on the HAG-4 domain reached a sorting purity of
60.20%, while the NIH-3T3 cells on the HAG-3 domain exhibited a
higher purity of 77.94%. The separation efficiencies for chondro-
cytes and NIH-3T3 cells were 79.73% and 57.61%, respectively.
The results confirm that after a time interval of 3 days, the two
types of cells are separated, according to the mechanosensing-
guided adaptation of the matching parameters between the tissue
cells viscoelasticity and the respective hydrogel regions. Moreover,
Fig. 5C presents the separation of a mixture containing C2C12
and chondrocyte cells seeded on HAG-2/HAG-4 gradient substrate
that includes viscoelasticity of the two cell types, Fig. 5C(i).
Effective separation of the cell mixture is observed, Fig. 5C(ii)
and Table S4. The sorting purity reached 76.92% for C2C12 on
HAG-2 and 82.28% for chondrocytes on HAG-4. The separation
efficiency was also high for both cell types, recorded at 78.13% for
C2C12 and 81.25% for chondrocytes, validating the robust control
of cell localization via mechanosensing, matching with specific
viscoelastic regions.

4. Conclusions

The study introduced a versatile method for synthesizing hydro-
gel matrices exhibiting programmable viscoelasticity. The
method enables precise control over the hydrogels compositions
and demonstrates reproducibility and scalability. The synthetic
viscoelastic programmable hydrogel substrates mimic native
extracellular matrix (ECM) functions, regulating mechanical cell
sensing and responses. Native ECM properties regulating
mechanical cell functions, such as adhesion and migration,
resulting in mechanosensing and focal adhesion maturation,
were mirrored by synthetic hydrogels, exhibiting programmable
and gradient viscoelasticity. The study demonstrated the relation-
ships between mechanosensing interactions of different cell
types and hydrogel frameworks of variable and gradient viscoe-
lasticities, and their responsive signaling or intracellular cues
controlling cytoskeleton pathways. These were reflected by the
translation of mechanosensing interactions between the cells
and the synthetically programmable viscoelastic hydrogels into
mechanical cell functions, such as cell spreading, focal adhesion
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Fig. 5 Mechanosensing-induced separation of different cell mixtures by the application of two interlinked viscoelastic gradient HAG gels upon seeding
the mixture randomly on the gel substrates and probing spatial cell distribution after 3 days of viscoelastic-dictated migration of the cells. (A) (i) Schematic
seeding and separation of C2C12/NIH-3T3 cells mixture on a HAG-2/HAG-3 gradient gel substrate. (i) Confocal microscopy images of left- immediately
after randomly seeding the cell mixture, C2C12 (red) and NIH-3T3 (green), right — after 3 days of cell separation. Bottom — positional relative cell count,
after seeding (left), and after separation. (B) (i) schematic separation of NIH-3T3 and chondrocyte (grey) cells mixture from randomly distributed cells (left)
on gradient viscoelastic gel substrate composed of HAG-3/HAG-4, to the mechanosensing-induced directional migration of the cells to their matching
viscoelastic hydrogel domain. (i) Confocal images corresponding to left — the randomly distributed seeded cells, right — separated cells after 3 days.
Bottom — relative cell counting according to their position. (C) (i) Schematic separation of C2C12/chondrocyte cell mixture seeded on the gradient joint
gel substrates composed of HAG-2/HAG-4. (ii) Confocal images corresponding to the randomly distributed cell mixture (left), and of the separated cell
after 3 days (right). Bottom — positional relative cell counting corresponding to the randomly distributed cells and the separated cells.
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maturation, and dictated spatiotemporal migration. The control
of mechanical cell functions via mechanosensing of the viscoe-
lasticities of hydrogel matrices was successfully applied for the
hydrogel-guided dynamic separation of different mixtures
of cells.

The practical utility and future applications of the research
results are indispensable. By spatiotemporal mechanical move-
ment of the substrate on which the hydrogel is deposited,
patterns of complex hydrogel frameworks of different pre-
programmed viscoelasticity properties may be generated. Such
hydrogel arrays would allow autonomous programmed pattern-
ing of cells and their functional intercommunication. Further-
more, the design of cell-programmable viscoelastic hydrogel
arrays for controlled differentiation of stem cells or cancer
research could provide effective synthetic substrates for high-
throughput synthesis of target cells for tissue engineering,
immunotherapy, and regenerative medicine. Moreover, the
results demonstrating the “dialog” between different cells and
the viscoelasticity of hydrogels on the mechanosensing and
subsequent mechanical cell functions can be extended to new
directions, probing cell interactions with synthetic viscoelastic
hydrogel interfaces. Chemical modification of cell membranes
with chemical agents is anticipated to control cell behavior on
viscoelastic hydrogel substrates. Similarly, integration of stimuli-
responsive elements into the hydrogel matrices® would allow the
triggered control of the viscoelasticity of the substrates, thereby
enabling the switchable® ™ or transient™ mechanosensing and
accompanying mechanical properties of the cells. Moreover, the
fabrication of cryogels® and gradient cryogels,”®® and the
identification of the functional features of cryostructures within
the resulting cell-viscoelastic composition and mechanosensing
properties could introduce new dimensions to the systems. Also,
comprehensive experimental and theoretical biophysical charac-
terization of the links between mechanosensing interactions of
synthetic viscoelastic hydrogels and intracellular signaling cues
could be an interesting path to follow.
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