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Disrupted matrix mechanics have been found to be highly associated with increased risks of many
diseases, including neurodegenerative diseases and cancers. For centuries, the aged tissue matrix
has been found to lose its mechanical integrity and exhibit altered biophysical properties. Whether the
mechanical properties of matrix serve as a regulator for maintaining the health and function of cells remains
unknown. Here, we propose that cells cultured within a tissue-mimicking mechanical microenvironment
exhibit reprogrammed cellular behaviors. We first construct a tissue-mimicking hydrogel by combining
both viscoelastic and nonlinear elastic components, on which fibroblasts crowd together to form
mesenchymal aggregates instead of individually spreading out. The mesenchymal aggregates not only
obtain the elevated expression of stemness genes but also exhibit enhanced bidirectional differentiation
potentials. The formation of mesenchymal aggregates happens through the reorganization of the collagen
network induced by the enhanced cell contraction. Compromising the cell contraction not only prevents
the formation of mesenchymal aggregates but also eliminates cell reprogramming. Additionally, this
mechanical reprogramming with tissue-mimicking hydrogels has been applied to non-small-lung cancer
cells and promotes their adipogenic transdifferentiation, which eventually reverses their epithelial-to-
mesenchymal transition genes and suppresses the expression of oncogenes/pro-oncogenes. Thus, our
study paves the way for both regenerative medicine and cancer treatments with an approach termed
mechanical reprogramming on tissue-mimicking hydrogels.
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Introduction

The native tissue matrix hosts a unique microenvironment for
maintaining the homeostatic states of cells, enabling it to be fully
functionalized for decades during human life. After being trans-
ferred from the native tissue matrix to an in vitro culturing disk,
the primary cells rapidly derive from their original states in the
tissue, undergoing differentiation or aging and gradually losing
their own identities (such as self-renewing, differentiation capa-
bilities, and proliferation). In native tissues, the aging process
breaks up the microenvironment of native tissues, including their
mechanical integrity, resulting in reduced deformability and a
more fibrillar architecture. Along with such biophysical altera-
tions in the extracellular matrix (ECM), the cells obtained fea-
tures of senescence and compromised functions. More importantly,
as a consequence of the cells having an impaired functionality

Ren et al. 2025 | https://doi.org/10.34133/research.0810

after leaving their original biophysical microenvironment, the risks
of many diseases are increased, including those of Alzheimer’s
disease, cardiovascular diseases, osteoarthritis, and even cancers.
To treat syndromes from impaired cell functions, a promising
therapy is to reprogram the cells (e.g., fibroblasts) and replace the
impaired cells with them [1,2]. Until now, the reprogramming of
impaired cells has been widely regulated in either biochemical or
genetic manner [3-5]. Whether the impaired cells can be directly
reprogrammed with the physiologically relevant mechanical cues
has not been fully explored [6,7]. Some earlier studies have dem-
onstrated that mechanical cues, such as cell alignment [8], laterally
confined culturing [9], 3-dimensional culturing [10], and volu-
metric compression [11-15], can either partially reprogram the
cells or assist in the reprogramming of the cells. A more recent
paper demonstrated the development of shell-hardened macro-
porous hydrogels that provide spatiotemporally programmed
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mechanical cues, successfully promoting stem cell osteodifferen-
tiation and enhanced bone regeneration [16]. In addition to these
mechanical cues, viscoelasticity and nonlinearity have recently
been shown to be important physiological characteristics of native
tissues, including both aged and young tissues [17,18]. Not only
the ECMs within many types of tissues exhibit both viscoelasticity
and nonlinear elasticity [17,19-21], but so do cells with interpen-
etrated cytoskeletons [22-26]. However, the current synthetic or
naturally derived hydrogels mainly mimic either viscoelasticity
[18,27,28] or nonlinearity [20,21,29], respectively. Despite current
advances having revealed the important functions of either
viscoelasticity or nonlinearity in tissue regeneration, stem cell
differentiation, and tumor progression [28,30-34], whether
viscoelasticity and nonlinearity are simultaneously required and
working together in native tissues for maintaining cellular func-
tions and youth remains unknown.

Toward this end, we propose to directly mimic native tissue
with an interpenetrated hydrogel, termed tissue-mimicking
hydrogel, which is composed of one viscoelastic and another
nonlinear elastic component, just like the native tissues. Prac-
tically, we constructed a tissue-mimicking hydrogel by forming
a collagen-alginate interpenetrated hydrogel network. In this
interpenetrated network (IPN), collagen contributes to its non-
linearity [35-37], while alginate exhibits a viscous shear-thinning
behavior [17,18,38-40]. With such an IPN system, we were able
to vary the calcium-based cross-linking between alginate to obtain
different initial storage moduli with consistent concentrations of
both collagen and alginate. The first intriguing finding is the
aggregation of migrative mesenchymal cells via matrix-mediated
long-distance cell-cell mechanical interaction; this behavior can-
not be observed on either collagen or alginate-RGD alone. The
enhanced cell contractility, via a higher initial storage modulus
of the hydrogel, promotes cells to crowd together to form aggre-
gates; in comparison, cells spread on a larger area on a stiffer
substrate where the substrate is purely elastic (such as polydimeth-
ylsiloxane and polyacrylamides) [41-44]. This is also contrary
to common sense that cell aggregates form more likely on a non-
adhesive substrate. A compromised cell contractility or alteration
in collagen mechanics can reverse the cell aggregates back to
individually spreading cells. The cross talk between the enhanced
contractility and the mechanics of the tissue-mimicking hydrogel
is essential in cell aggregation. As a consequence, the formation
of mesenchymal aggregates leads to elevated differentiation
potentials. The mesenchymal aggregates formed on the tissue-
mimicking hydrogel demonstrate elevated expression of pluripo-
tent genes, as well as enhanced capability for both adipogenesis
and osteogenesis. This tissue-mimicking hydrogel is also able
to reprogram other cells, including cancer cells. Non-small-
cell lung carcinoma cells exhibit an obvious mesenchymal-
epithelial-transition-like (MET-like) behavior, which enables the
cells to easily transdifferentiate into an adipogenic phenotype. By
inducing the adipogenesis of cancer cells on the tissue-mimicking
hydrogel, oncogenic/pro-oncogenic genes are effectively com-
promised, which thus suggests potential application of tissue-
mimicking hydrogels in cancer transdifferentiation therapy.

Results

Establishment and characterization of
tissue-mimicking hydrogels

Recent studies have highlighted the important role of visco-
elasticity and nonlinearity in human tissues, which have also
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been suggested to play an important role in the hemostasis and
functionality of native tissues. For instance, rheological testing
reveals that both young and aged skin tissues exhibit shear-
thinning viscoelastic behavior, with young skin demonstrating
a higher storage modulus at the limit of zero strain (Fig. 1A) [45].
Despite hydrogels that mimic either viscoelasticity or nonlinear-
ity having been developed, a hydrogel system that combines the
components of both viscoelasticity and nonlinearity has not been
fully explored. Moreover, the unique function of a matrix with
both components of viscoelasticity and nonlinearity in cells was
totally unclear. Toward this end, we employed an alginate—
collagen IPN system (Fig. 1B and Fig. S1). In alginate—collagen
IPN hydrogels, the alginate hydrogel has been widely used for con-
trolling the stress relaxation behavior as it shows a shear-thinning
property [18,28], while the collagen network has been demon-
strated to exhibit a nonlinear mechanical behavior [36,37]. To
vary the storage modulus of the hydrogel at zero strain for mim-
icking differentially aged tissue, we supplied the hydrogel with
calcium at different concentrations [46]. At the same time, both
the concentrations of alginate and collagen were kept the same
to maintain their similar stress relaxation and consistent binding
sites for cells. Notably, while calcium-cross-linked alginate hydro-
gels are known to exhibit potential instability in physiological
solutions, our interpenetrating network design significantly
enhances mechanical stability through the structural sup-
port provided by the collagen network. We implemented
rigorous standardization protocols for hydrogel preparation,
including controlled temperature during gelation (37 °C), pre-
cise calcium concentration, and a consistent cross-linking dura-
tion (30 min), resulting in highly reproducible mechanical
properties. The mechanical stability of our IPNs was verified
through extended rheological testing, maintaining consistent
viscoelastic properties throughout the experimental timeframe.
This enhanced stability and reproducibility enable reliable
investigation of mechanically induced cellular reprogramming
effects that represent an important innovation over conven-
tional hydrogel systems. Indeed, the storage modulus of the
hydrogel at zero strain increased as we increased the calcium
concentration in the components (Fig. 1C). The rheological
analysis further confirmed the viscoelastic properties of both
our stiff and soft IPN hydrogels (Fig. 1D and E and Fig. Sla).
Thus, we established an IPN hydrogel system to mimic the
mechanical properties of tissues with 15 or 5 mM calcium,
1.5 mg/ml collagen, and 10 mg/ml alginate as components.

Mesenchymal cells aggregate on the

tissue-mimicking hydrogel after their initial spreading
Fibroblasts are one of the major components in connective
tissues that reduce proliferative and metabolic activity after
disruption of local mechanical features. 3T3-L1 fibroblasts
were grown on the tissue-mimicking hydrogel to monitor
their cellular behaviors. The fibroblasts were able to spread on
the surfaces of both the stiff and soft tissue-mimicking hydro-
gels (Fig. 1F and H). Surprisingly, after 8 h of culturing, the
fibroblasts started to migrate toward each other to form mes-
enchymal aggregates (Fig. 1F and Movie S1). A higher initial
elastic modulus of the tissue-mimicking hydrogel strongly
promotes the formation of the aggregates of the mesenchymal
cells (Fig. 1F to I). In comparison, the increased stiffness usu-
ally promotes cell spreading and prevents cell aggregation
on linear elastic substrates such as polydimethylsiloxane (Fig.
S2). If we culture fibroblasts on either collagen or alginate
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Fig.1. Atissue-mimicking hydrogel with viscoelasticity induced formation of mesenchymal aggregates. (A) Schematic illustrating the different viscoelasticities of young tissues and

disrupted tissues. (B) Schematic illustrating alginate—collagen interpenetrated netwo

rks (IPNs). (C) The initial storage moduli of IPN hydrogels with various amounts of calcium

for cross-linking. (D) Storage and loss moduli as a function of shear strain for soft IPN gels (left); complex viscosity as a function of shear rate for soft IPN gels (right). (E) Storage
and loss moduli as a function of shear strain for stiff IPN gels (left); complex viscosity as a function of shear rate for stiff IPN gels (right). (F) Images showing the formation of
mesenchymal aggregates on viscoelastic nonlinear IPN hydrogels with different initial elastic moduli (129.43 and 1,352.5 Pa). (G) Cell cluster areas (n = 100) of mesenchymal

aggregates on soft viscoelastic nonlinear IPN hydrogel at different time points. (H) C

ell cluster areas (n = 100) of mesenchymal aggregates on stiff viscoelastic nonlinear IPN

hydrogels at different time points. (I) Comparison of the cell cluster areas of mesenchymal aggregates between soft and stiff viscoelastic nonlinear IPN hydrogels. (J) Representative
images of fibroblasts on pure collagen hydrogels with different concentrations. (K) Representative images of fibroblasts on stiff viscoelastic nonlinear IPN hydrogels at different

time points. Data are mean + SD; *P < 0.05 and ***P < 0.001; ns, not significant.

substrates alone, the fibroblasts also kept their spreading mor-
phology (Fig. 1] and Fig. $3). Given the fact that some mesen-
chymal cells were able to form aggregates with their attachment
compromised, we carefully monitored their morphological
changes after the fibroblasts started to attach to the surface. As
we mentioned above, the fibroblasts were indeed able to spread
out on the surface of the tissue-mimicking hydrogel (Fig. 1F).
As time increased, the fibroblasts started to form small cell
aggregates of few cells, and finally, these aggregates fused with
each other to form a larger one with a diameter of up to 100 pm
(Fig. 1F) with a good cell viability; varied concentrations of
calcium to cross-link the IPN hydrogel did not compromise
the cell viability of the cultured cells (Fig. S4). With z-stack
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visualization of the mesenchymal aggregates, we clearly showed
the aggregates spreading on the tissue-mimicking IPN hydro-
gel as shown by their invasive branches (Fig. 1K). In addition,
we noticed that the mesenchymal aggregates on a stiff tissue-
mimicking hydrogel were larger and exhibited an invasive
morphology as compared with those on soft ones (Fig. 1K);
this result suggested that the capabilities of cell spreading
and aggregation are synergistically promoted on the stiff
tissue-mimicking hydrogel, which is different from their antago-
nistic effect on linear elastic substrates [41,47]. We also varied
the concentrations of alginate in IPN hydrogels to adjust mesh
density, which showed that a higher mesh density resulted in
larger cell aggregates formed (Fig. S5).
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Mesenchymal aggregates induced enhanced
collagen reorganization in the presence of the
dynamic ionic cross-linking of alginate
Since the tissue-mimicking IPN hydrogel induced more obvious
aggregation of fibroblasts compared to either a pure elastic sub-
strate or collagen alone, we attributed the formation of the mes-
enchymal aggregates to the viscoelasticity of the hydrogel (Fig.
1F). Given that the binding sites were provided by collagen in
the tissue-mimicking hydrogel, we particularly suggested that
the cell-cell attraction happened through the collagen fibers.
Therefore, we labeled collagen and analyzed its structure between
the groups with or without mesenchymal aggregates. Indeed, the
collagen fibers were homogeneously distributed without the cul-
tured cells. In comparison, thicker and more sparse collagen
fibers were observed after the formation of mesenchymal aggre-
gates (Fig. 2A); in summary, the overall density of collagen sur-
rounding the formed mesenchymal aggregate was increased.
Practically, we quantified the density distribution of collagen
network by employing a kernel density estimation, which sug-
gested a 1.34-fold collagen densification, as well as 1.24-fold
increments in coefficient of variation (Fig. 2B); this is consistent
with a direct measurement of the fluorescent intensity of collagen
(Fig. 2C). In addition, the distribution of orientation of the col-
lagen fibers further confirmed the reorganization induced by
the mesenchymal aggregates (Fig. 2D). Together, our analysis
revealed the formation of collagen bundles and their reorganiza-
tion upon the formation of mesenchymal aggregates, suggesting
possible mechanical reciprocity between the cells and the ECM.
To measure and compare the changes in the moduli of the
matrix insitu between those with or without mesenchymal
aggregates, we applied passive microrheology with suspended
microparticles. The microparticles near the mesenchymal aggre-
gates were not selected for the measurements to avoid matrix
fluctuations induced by rhythmic cell contraction. The mean
square displacement of 500-nm latex microparticles indicated
large thermally driven fluctuations after the mesenchymal aggre-
gates formed, suggesting that the hydrogel underwent a fluidi-
zation-like process by the modification of cells (Fig. 2E). The
thicker and more dispersed collagen fiber bundle formations
resulted in the residual area containing noninterpenetrated/few
interpenetrated collagen fibers; this eventually led to these areas
decreasing their elastic modulus and exhibiting more viscous
behaviors. Given the abovementioned viscoelastic and nonlinear
behaviors of the collagen redistribution, we inferred that the
viscoelasticity and nonlinearity in the tissue-mimicking hydrogel
played a key role in the formation of mesenchymal aggregates.
To test whether inhibition of the reorganization of the hydro-
gel prevents the formation of mesenchymal aggregates, we cross-
linked collagen networks using L-threose while reserving the
binding site for cells, which also decreased the viscoelastic relax-
ation time of collagen as reported [33]. Culturing of fibroblasts
led to the spreading of cells on the gel instead of the formation of
mesenchymal aggregates (Fig. 2F), as indicated by their larger
area (Fig. 2G) and larger aspect ratio (Fig. 2H). We also cross-
linked the collagen networks with glutaraldehyde [33], which
reduced the hydrogel’s stress relaxation and prevented cell attach-
ment onto the collagen network [48,49]. In this case, the seeded
fibroblasts neither spread nor formed mesenchymal aggregate
(Fig. S6). Together, we demonstrated that the stress relaxation of
the collagen was essential for the induction of the formation
of mesenchymal aggregates. Despite the observed reorganization
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of the collagen bundles in the matrix, whether the modified
matrix can directly induce the formation of mesenchymal aggre-
gates was still unclear. To test for this, we seeded the second popu-
lation of fluorescently labeled fibroblasts onto the matrix with the
preexisting mesenchymal aggregates (day 2) and tested whether
the newly seeded fibroblasts would migrate toward and engage
the preexisting mesenchymal aggregates. Indeed, after 12 h, the
majority of the newly seeded fibroblasts engaged with the former
mesenchymal aggregates and slowly covered them (<24 h) (Fig.
2I); this suggested that the mesenchymal aggregates serve as an
attractor for motile free cells. This was unlike what happened
through a chemoattractant since the fibroblasts on neither pure
collagen nor a 2-dimensional (2D) flat dish formed such mesen-
chymal aggregates. Thus, the attractor role of the mesenchymal
aggregates was more likely aroused by the reorganization of the
matrix. One particular difference in the reorganization of the
collagen of our matrix to that of pure collagen was the formation
of collagen bundles and their inhomogeneous reorganization. To
preserve the reorganization of the collagen but remove the cellular
components, we swelled the cells with distilled water and rinsed
the tissue-mimicking IPN to remove the preexisting mesenchy-
mal aggregates (Fig. 2]). We again seeded the second population
of fluorescently labeled fibroblasts and imaged their behaviors
(Fig. 2]). Surprisingly, even without the preexisting cellular com-
ponents, the fluorescent fibroblasts again move to form aggregates
at the location of the former aggregates (Fig. 2J).

Enhanced contractility is essential for cell
aggregation on the tissue-mimicking hydrogel

Given the importance of cell-matrix interactions provided in
the nonlinear and viscoelastic hydrogel [17], we next examined
whether it was the formation of mesenchymal aggregates that
actively deformed and modified the mechanical properties of the
hydrogel underneath. To do so, fluorescent latex particles (1 pm)
were embedded into our tissue-mimicking hydrogel before seed-
ing the cells. By tracking the particles in the hydrogel under the
mesenchymal aggregates before and after their formation, we
reconstructed a deformation map of the hydrogel induced by
the mesenchymal aggregates (Fig. 3A). The larger mesenchymal
aggregate induced a larger deformative area on the hydrogel as
compared to those smaller ones, which was consistent with the
observation that the larger mesenchymal aggregates spread larger
areas on the surface. These results also confirmed that the forma-
tion of mesenchymal aggregates was not a consequence of cell
detachment but, instead, could be attributed to their enhanced
interaction and contraction. As reported in previous literature, a
stiffer substrate usually leads to stronger cell contractility [41,47],
which might be the reason why a stiffer tissue-mimicking hydro-
gel induces larger mesenchymal aggregates. To further verify
whether the formation of mesenchymal aggregates was benefiting
from the enhanced cell contractility, we treated the cells with
either blebbistatin or Y-27632 to suppress their contraction (Fig.
3B to G). Indeed, when the contractility of cells was reduced, the
mesenchymal aggregates dissociated into individually spreading
cells (Fig. 3B to G), exhibiting a similar spreading phenotype on
stiff linear elastic hydrogels with increased areas and aspect ratios.
In comparison, the spreading cells detached from the stiff elastic
substrate with treatment with blebbistatin or Y-27632 [50,51]. A
more direct piece of evidence is that when we treat the formed
mesenchymal aggregates with Y-27632 to inhibit cell contractility,
the cells spread and migrated to dissociate the mesenchymal
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Fig. 2. Mesenchymal aggregates induced collagen reorganization in the presence of the dynamic ionic cross-linking of alginate. (A) Fluorescent images showing the redistribution
of collagen fibers in the viscoelastic nonlinear IPN hydrogel after the formation of mesenchymal aggregates. (B) Estimated density distribution showing the heterogeneous
redistribution of collagen fibers: the collagen fibers were concentrated into certain areas after the formation of mesenchymal aggregates. (C) Heatmaps of fluorescently labeled
collagens showing thicker collagen bundle formation. (D) Histograms of collagen fiber orientation showing aligned fibers with mesenchymal aggregates and an isotropic
distribution of collagen fibers without cells. (E) Two-dimensional mean square displacement (MSD) of 500-nm tracer particles plotted against lag time on a logarithmic scale
in stiff viscoelastic nonlinear IPN hydrogels with or without cells. The viscoelastic nonlinear IPN hydrogel with mesenchymal aggregates exhibited a more diffusive behavior
of tracer particles. (F) Fibroblasts spread (n = 54) on the viscoelastic nonlinear IPN hydrogel after the collagen fibers were cross-linked by L-threose. (G) When the collagen
fibers were cross-linked by L-threose, cell spreading areas increased. (H) When the collagen fibers were cross-linked by L-threose, the cell spreading aspect ratio increased.
(I) The preexisting mesenchymal aggregates attracted the newly seeded fluorescently labeled fibroblasts. (J) The position of the preexisting mesenchymal aggregates attracted
the newly seeded fluorescently labeled fibroblasts even after removing the mesenchymal aggregates. Data are mean + SD; ***P < 0.001; ns, not significant.
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(n=86) increased after treatment with 10 uM Y-27632. (H) Schematic illustration showing that the dynamic ionic cross-linking of the alginate network promoted the redistribution
of collagen fibers. Data are mean + SD; ***P < 0.001; ns, not significant.

aggregates in a time-course-dependent manner (Fig. S7). Thus,
we conclude that the enhanced contractility of the mesenchymal
cells on our tissue-mimicking viscoelastic hydrogel is essential
for the induced formation of mesenchymal aggregates.

One interesting phenomenon is that both the reorganization
of collagen fibers and the formation of mesenchymal aggregates
were much more obvious on our tissue-mimicking hydrogel than
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on pure collagen (Fig. 1E ], and K). We can argue that it is alginate
that assists in the reorganization of the collagen. Indeed, alginate
as a component of the IPN hydrogel was reported to contribute
to energy dissipation and enhancement of stretchability [52]. In
the tissue-mimicking hydrogel, the alginate chains were entangled
with the collagen fibers. As the cells increase their contractility
and stretch the collagen, the alginate network unzips progressively
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while the collagen network remains intact. As only the ionic cross-
links are broken and the alginate chains themselves remain intact,
the ionic cross-links can reform, leading to retaining the stress
and strain applied to the collagen. The alginate network works
like a mesh that keeps locking and unlocking the collagen fibers.
When contraction is applied, alginate unlocks with broken ionic
cross-links to allow the deformation of the collagen; at the same
time, the alginate network also occasionally locks the deformation
of collagen when their ionic cross-links reform. This process
repeatedly happens during the migration and aggregations of
fibroblasts, which eventually leads to the dramatic reorganization
of the collagen networks as we observed (Fig. 3H).

The reprogramming of fibroblasts on the
tissue-mimicking hydrogel elevates their

differentiation potentials

Mesenchymal cells are known for their isolated, spreading, and
migrative behaviors. The loss of their typic features and their
transition into epithelial-like cells (adhered to each other and
less migrative) are known to be critical for the reprogramming,
rejuvenation, and the induction of stemness genes [53,54]. The
observed aggregation of fibroblasts on the tissue-mimicking
hydrogel made the cells lose their isolated and spreading mor-
phology (Fig. 1F and K). The tight clustering of the fibroblasts
in the aggregates also suggested pro-epithelial cell-cell interac-
tion. Thus, we hypothesize that the fibroblasts on the tissue-
mimicking hydrogel undergo partial reprogramming. To test
for this, transcriptome profiling was carried out on cells cul-
tured on the tissue-mimicking hydrogels at different days (day
0, day 2, day 4, and day 6) (Fig. 4A). When cells on day 6 were
compared to those on day 2, 601 up-regulated genes and 414
down-regulated genes were found (Fig. 4B). Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways analysis was per-
formed based on differentially expressed genes (DEGs), show-
ing significant terms between cells cultured for 2 and 6 d (Fig.
4C). To explore the induced molecular processes from the
formation of mesenchymal aggregates, we examined several
significant DEGs associated with the pluripotency of stem cells,
Wnt signaling pathway, TGF-f signaling pathway, PPAR signal-
ing pathway, and Hippo signaling pathway (Fig. 4C). Indeed,
genes associated with Wnt signaling and YAP signaling, like
Fzd7, Fzd2, Lif, Tct7, Lgr4, Lrp5, 1d2, Id1, Wwtrl, and Akt3,
were progressively increased (Fig. 4D). Surprisingly, analysis
of DEGs with respect to overrepresented Gene Ontology terms
showed up-regulation of processes related to both adipogenesis
(genes including Plinl, Plin2, and Aqp7) (Fig. 4E) and osteo-
genesis (genes including Pik3r1, Trem2, and Akt3) (Fig. 4F),
which were usually considered to be mutually suppressed by
each other [55,56]; this further turned out to be a result of
the elevated mesenchymal stemness (genes including Id1,
Id2, Cd36, and Cd9) (Fig. 4G). The observed changes in gene
expression were uniquely induced by IPN hydrogels, as we
showed that 2D culture conditions generated nonsignificant
changes in related genes and pathways (Fig. S8). In addition to
the molecular signatures, the cells on the tissue-mimicking
hydrogel exhibited an isotropic compressed nucleus (Fig. 4K),
as shown by the decreased nuclear area and increased aspect
ratio (Fig. 4L and M); this is consistent with previous studies
showing an altered nuclear structure during cell reprogram-
ming [52]. Thus, we speculate that the fibroblasts on tissue-
mimicking hydrogel undergo partial reprogramming for both
enhanced adipogenic and osteogenic potentials.
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To test whether the tissue-mimicking hydrogel was able to
promote both the adipogenesis and osteogenesis of fibroblasts,
after 2 d of culture, fibroblast aggregates were formed on the
hydrogel, which were induced to undergo adipogenesis and
osteogenesis. After 6 d of the induction of adipogenesis, we
compared the oil droplet accumulation between the cells on the
tissue-mimicking hydrogel and the cells solely growing on a 2D
collagen-coated flask. As indicated by either Nile Red (~2.5-fold
increments in signal) or Oil Red O (~1.24-fold increments in sig-
nal), the results indicated that there were more lipid droplets
accumulated in the fibroblasts with the tissue-mimicking hydrogel
as compared to those on the 2D collagen-coated flask (Fig. 4] and
]). After 7 d of induction of osteogenesis, we observed a higher
expression of ALP in the fibroblasts harvested from the tissue-
mimicking hydrogel as compared to that for the 2D flat plate,
suggesting their elevated capability of osteogenesis (Fig. 40).
Together, we concluded that the tissue-mimicking hydrogel was
able to induce reprogramming of the fibroblasts and elevate their
multilineage differentiation potentials. Additionally, quantitative
real-time reverse transcription polymerase chain reaction analysis
further confirmed that the genes that elevated adipogenic and
osteogenic potentials were elevated, such Adipoq, Fabp4, Plinl,
Ppary, Alp, Bglap, Runx2, and Smad1 (Fig. 4N and P).

Moreover, we further investigated the activation of mechani-
cal signaling. KEGG pathway enrichment analysis revealed
significant up-regulation of key mechanotransduction path-
ways in cells cultured on the IPN hydrogel compared to that in
day 0 controls, including Hippo signaling, actin cytoskeleton
regulation, focal adhesion, and ECM-receptor interaction (Fig.
S9a). These pathway-level changes provide strong evidence for
the mechanical basis of cellular reprogramming.

Western blot and immunofluorescence analysis confirmed
activation of downstream mechanotransduction signaling. Cells
showed enhanced cytoskeleton network organization (Fig. S9b)
and decreased lamin A/C expression (Fig. S9d). Notably, our
hydrogel decreased nuclear YAP accumulation compared to 2D
culture (Fig. S9¢), indicating that cellular aggregation regulates
YAP subcellular localization. This YAP translocation pattern is
consistent with reduced commitment to mature differentiated
cell fates.

Enhanced contractility is essential for cell
reprogramming on the tissue-mimicking hydrogel
Since enhanced contractility has proven to be essential for the
formation of mesenchymal aggregates, we speculate that the
enhanced contractility of our tissue-mimicking hydrogel is
essential for cell reprogramming of fibroblasts. Then, we simply
tested whether the fibroblasts’ reprogramming could be pre-
vented by reducing cell contractility. Fibroblasts were seeded
onto the tissue-mimicking hydrogel with treatment with either
blebbistatin (5 pM) or Y-27632 (5 pM) for a compromised cell
contractility (Fig. 5A). After 2 d of culturing, cells were har-
vested for transcriptome profiling. We compared these cells
with drugs to those cultured on either tissue-mimicking IPN
hydrogel or a 2D collagen-coated plate without drugs (Fig.
5B and C). Intriguingly, fibroblasts cultured on the tissue-
mimicking IPN hydrogel and 2D collagen-coated plate exhib-
ited distinct cell adhesion and contractility patterns. The cells
on the tissue-mimicking hydrogel preferred to express Itgb3,
Itgb5, Itga8, and Itgal, while the cells on the 2D collagen-coated
plate were prone to express Itga3, Vcl, Actb, Actgl, and Itgal;
only Itgal was highly expressed in both conditions. When treated



Research

A c 6dvs.2dup KEGG enrich E Adipogenesis
cGMP-PKG signaling pathway] & o~ Plind
6d 0d Wntsignaling pathway| @ H Hmges2
Valine, leucine, and isoleucine biosynthesis . o pliml w2
e 175 4d TGF-beta signaling pathway () Signi. num. il 8
2d Signaling pathways regulating pluripotency of o5 o Agpr W32
w06 stem cells Salivary secretion PY @ 0 T - Plin2
9 e Retinol metabolism+ O
Ras signaling pathway 22 2T L
1274 415 s61 Rap1 signaling pathway{ @ qv?.l:ﬂe 8 8 &8 E 8 8 8
Proximal tubule bicarbonate reclamation- -
Phospholipase D signaling pathway 0.75
s - PPAR signaling pathway ° 0.80
PI3K-Akt signaling pathway{ @ F Osteogenesis
NF-kappa B signaling pathway - 0.25 A
of iotics by Paso o Bo.00 E'{r?é'
S8 MAPK signaling pathway- @ 1[;1
Hippo signaling pathway{ @ gbs 1.5
HIF-1 signaling pathway unb 978
Aminobenzoate degradation lkbk, | ~0.75
005 010 015 020 025 rem? ’
B D Rich factor - Mitf
 — s
2dvs.6d z
N =]
20 o Up (601)
© Down (414)
. . Pathwa
® Not differential way [
Cellcycle |
ECM-receptor interaction 'IE Mesenchymal stemness
Hippo signaling pathway - ) a2
- Osteoclast differentiation {E 3 id3
ES PPAR signaling pathway a1
= Regulating pluripotency of stem Kith o "2
:_ cells Whnt signaling pathway S PAi';g” 0
3 A uch
2 ¢d9’
K] w2 * Knpep
T 1 * Thx3
if
0 * Ski
—1 ¥
LB s
S
3
L a
T T T T T B *x *
-10 -5 0 5 10 R ] Y To9
logz(fold change) 2 6 56 & 6 <« % © o
22> 2 2>2 232 >
£i6 48 a6 848 836 &
Day 0 Day 1 Day 2 Day 6 Day7

Dapz------------

I

e
Seed cells on IPN Osteogenic induction

Adipogenic induction

Tissue-mimicking K Tissue-mimicking L M
hydrogel 2D plate —_ hydrogel 2D plate %
360 ek —~600 e e o025
3 < EEE 13 =
3 < : E S2.0
S % 40 J:r @ S 400 ° 2
2 £ 2 215 -
z e S s 2 ik
3 £ S E Cio e
4 T o E
¢ 3 2] 3 200 -— 3
= o ©0.5
z © z e - ]
= z
z 0.0 v
IPN _Control IPN  Control IPN Control
EE) sedek N s Sekk 525 S 2.5 52.5 Tk
s ® 5 * % 5 * %k 2
> s g gz.n g 20 == gz.o
‘» . i o 4] o —:E o o
Sk ® 5% - 3 315 %15 %15
E Pria £ E 3 5 E
o " = J
L :‘\”. 5100 g FARY g0 FAR
ole ° £ £ € £
2 o 20.5 o 0.5 0.5
« 2 2 2 :
5 E Ol 5, 3 ]
IPN  Control ] IPN  Control ] IPN  Control [ IPN  Control IPN  Control
P € Adipogq © Fabp4 © Plin1 Ppary
15 5% 5% § 3 _x% 207 _kEkk
- @ Fekk @ k2.3 a ; P
E — 20 @ ——
3 k% 230 ° ° 15
= o s s 2 o
> 1.0 x X 15 X A %
2 © o ) ®
@ <20 < < < 10
H z Z 10 z z
205 4 [ X 4 [
= £10 E . € £ 5
o ° ° °
5 S S 2
< o s reteay - ety s [P
PN Gontrol ) IPN  Control g IPN Control g IPN Control IPN Control
© Alp « Bglap «© Runx2 smad1
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with blebbistatin or Y-27632, the cells on the tissue-mimicking
hydrogel started to express Itga3, Vcl, Actb, and Actgl, just like
the cells on the 2D collagen-coated plate (Fig. 5D), while the
expression of other cell adhesion genes (Itgb3, Itgb5, and Itga8)
was suppressed (Fig. 5D). Thus, the cell adhesion on the
tissue-mimicking hydrogel was more like that on the 2D
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collagen-coated plate after the inhibition of cell contractility
with either blebbistatin or Y-27632. The same trends were
found when we compared the genes regulating pluripotency
or differentiation (Fig. 5E to G). The elevated genes associated
with mesenchymal stemness (Fig. 5E), adipogenesis (Fig. 5F),
or osteogenesis (Fig. 5G) from the priming of the viscoelastic
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tissue-mimicking hydrogel were again suppressed when cell
contractility was inhibited, exhibiting an intermediate state
between the 2D collagen-coated plate and tissue-mimicking
hydrogels.

To further confirm whether enhanced cell contractility on
the tissue-mimicking hydrogel is required for reprogramming
and enhanced differentiation capability, we induced the adipo-
genesis of cells on the hydrogel with or without drugs (bleb-
bistatin or Y-27632) (Fig. 5H). Inhibition of cell contractility
indeed led to reduced adipogenic efficiency (Fig. 5I and J),
which is consistent with the sequencing result. As noted, treat-
ment with blebbistatin/Y-27632 promotes the adipogenesis of
fibroblasts/mesenchymal stem cells when cultured on a 2D
collagen-coated elastic or rigid substrate [57-59]. These con-
troversial observations further highlighted the unique impact
of viscoelasticity and nonlinear deformation on cell reprogram-
ming and confirmed the essential role of the enhanced con-
tractility during mechanical cell reprogramming (Fig. 5K).

The reprogramming of cancer cells on the
tissue-mimicking hydrogel enhanced their

adipogenic transdifferentiation

In addition, cancer is also tightly interconnected with disrupted
mechanical features of the matrix [60]. Previous studies hold that
aging microenvironments with dysregulated mechanical cues
favor the growth and progress of tumors [61,62], among which
the altered mechanics and fragmented fibrils in an aged ECM
have been reported in recent years to assist tumor development
[63,64]. Despite many pieces of evidence showing that an aged
matrix with disrupted mechanics assisted tumor progression,
whether a hydrogel that mimics the tissue with both viscoelas-
tic and nonlinear components can reverse/the progressed can-
cer cells and help restrain the development of tumor remains
unknown.

Since cell senescence is associated with cancer progres-
sion [60,65], whether the observed cell reprogramming on
our tissue-mimicking hydrogel can benefit cancer treatment
is worth further exploring. In recent years, transdifferentiation
therapy has been suggested to be a new potential treatment for
cancers [66,67], which requires to induce transdifferentiation
of cancer cells into other types of nonproliferative cells such as
adipocytes [68-70]. These studies started with epithelial typic
cancer cells, which were treated with genetic and biochemical
regulators, which usually induced epithelial-to-mesenchymal
transition (EMT) on epithelial typic cancer cells. However, the
EMT processes of cancer cells were reported to lead to a more
malignant phenotype. Thus, the adipogenic transdifferentiation
of epithelial typic cancer cells might also accompany the risk
of generating malignant cancer cells. Whether adipogenic
transdifferentiation can be induced in mesenchymal typic can-
cer cells is worth being further explored. Additionally, mechan-
ically induced adipogenic transdifferentiation of cancer cells
has not been reported.

Given the fact that our tissue-mimicking hydrogel was able
to induce the reprogramming of mesenchymal cells, our matrix
with both viscoelastic and nonlinear components could be a
possible platform for inducing the adipogenesis of cancer cells
in a more invasive state as compared to previously reported
cases [69,70]. To test our hypothesis, non-small-cell lung car-
cinoma H1975 cells were selected for the tested system for their
invasive behavior in a partial-EMT state. Indeed, H1975 cells
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formed aggregates on our tissue-mimicking hydrogel with
increasing stiffness (Fig. 6A), despite their spreading behaviors
on substrate with linear elasticity. H1975 cells were cultured
on the tissue-mimicking hydrogel for 3 d before the induction
of adipogenesis. The efficiency of adipogenesis of the cancer
cells was examined after 8 d of induction (Fig. 6B). The genera-
tion of adipocytes, as assessed by visualizing lipid droplets of
fluorescent Nile Red and colorimetric Oil Red, was readily
detected in the H1975 cells on the tissue-mimicking hydrogel
but not in those on a 2D collagen-coated flask with induction
(Fig. 6C and D). Additionally, the protein level expression of
perilipin-1 (Fig. 6E and F) and PPARYy (Fig. 6G and H) became
obvious in cells after being cultured on the tissue-mimicking
hydrogel. Along with acquiring adipocyte-specific features,
transdifferentiated H1975 cells lose their mesenchymal, inva-
sive traits. Visualization of the actin cytoskeleton by phalloidin
staining revealed a reorganization of mesenchymal stress fibers
into cortical actin, a hallmark of cell immobilization (Fig. 6G
and I). In addition, the morphology of the nucleus has been
recognized as a sign of cell reprogramming, due to its impact
on chromatin condensation and accessibility [8,71,72]. Our
analysis clearly showed that a deformed and shrank nucleus in
the cancer cells on the tissue-mimicking hydrogel, instead of a
round and large morphology in those on 2D collagen-coated
substrate (Fig. 6] and K).

Furthermore, transcriptional profiling confirmed the suc-
cessful partial reprogramming and inhibition of cancer progress
in our treated non-small-lung cancer cells. One of the signifi-
cant features is the inhibition of EMT and the induction of MET
(Fig. 6L). The MET process has long been recognized as an early
signature event during the reprogramming and differentia-
tion of mesenchymal cells [53,54]. The mesenchymal cells
that undergo MET start to gain pluripotency and multilineage
differentiation potentials. At the same time, the reversion of the
EMT process in cancer cells has been suggested to be a possible
target for stopping tumor invasion and malignance. Together,
the up-regulated genes inhibiting EMT and the down-regulated
genes that promote EMT in our system not only indicated the
successful reprogramming of cancer cells but also suggested
potential inhibition of cancer invasion (Fig. 6L). By KEGG
pathway enrichment analysis of DEGs, we obtained altered
KEGG terms including TGF-f signaling pathway (regulat-
ing EMT process), Adipocytokine signaling pathway (imply-
ing adipogenic behavior), gap junction (cell-cell connection
change during EMT/MET process), and adherens junction
(cell-matrix interaction change during the EMT/MET process)
(Fig. S10a and b). Moreover, western blot analysis demonstrated
that the cancers after being cultured on tissue-mimicking
IPN hydrogels exhibited elevated expression of E-cadherin,
decreased expression of vimentin and Snail/Slug; the results
together supported the inhibition of EMT and induction of
MET biomolecular features in cancer cells on tissue-mimicking
IPN hydrogels (Fig. S10c).

For a more direct analysis of cancer progression, we presented
the changes in the expression of oncogenic or pro-oncogenic
genes before and after cancer transdifferentiation on the tissue-
mimicking hydrogel. Consistently, both the oncogenes (EGFR,
BRCA1, CDC20, etc.) [73-75] and the pro-oncogenic genes
(PIK3R6, PXN, FZD2, etc.) [76-78] were inhibited, while the
genes (ACSL1, GADD45G, CRB3, etc.) that inhibit tumor pro-
gression [79-81] were up-regulated (Fig. 6M). Conclusively, our
evidence supported that the tissue-mimicking hydrogel provided
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Fig. 6. The viscoelastic tissue-mimicking hydrogel was able to enhance the adipogenic transdifferentiation of non-small-cell lung cancer cells. (A) Cancer cells formed
mesenchymal aggregates on the stiff viscoelastic tissue-mimicking hydrogel (n = 118). (B) Schematic outline of the adipogenic transdifferentiation of cancer cells on the
viscoelastic tissue-mimicking hydrogel. (C) Cancer cells cultured on the viscoelastic tissue-mimicking hydrogel exhibited elevated adipogenic transdifferentiation as indicated
by Nile Red (n > 7). (D) Cells cultured on the viscoelastic tissue-mimicking hydrogel exhibited elevated adipogenic transdifferentiation as indicated by Oil Red O (n = 8). (E to
1) Immunofluorescent staining showing the elevated expression of adipogenic protein perilipin-1 (n = 11) (E and F) and PPARy (n = 8) (G and H), as well as a disrupted actin
(n = 6) cytoskeleton network (G and I), in cancer cells on the viscoelastic tissue-mimicking hydrogel as compared to that in a 2D collagen-coated culture plate. (J and K)
Cells cultured on the viscoelastic tissue-mimicking hydrogel exhibited a compressed nucleus (J), as indicated by a decreased nuclear area (n = 125) but an increased nuclear
aspect ratio (n = 125) (K). (L) Heatmap showing that the cancer cells on the hydrogel expressed genes inhibiting the epithelial-to-mesenchymal transition (EMT) process and
genes promoting the mesenchymal-epithelial transition (MET) process. (M) Heatmap showing that the cancer cells on the hydrogel exhibited suppressed the expression of
oncogenes/pro-oncogenes and elevated the expression of tumor suppressor genes. Data are mean + SD; ***P < 0.001; ns, not significant.

anew way for cancer transdifferentiation therapy via mechanical
cell reprogramming.

While our study demonstrated mechanical cell reprogram-
ming and cancer transdifferentiation in vitro, translation to
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therapeutic applications requires in vivo validation. The physi-
ological environment presents challenges including immune
responses, vascularization, and tissue integration that could
influence therapeutic outcomes. Future studies will require
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tumor xenograft models and aged tissue repair models to evalu-
ate therapeutic efficacy and safety profiles. Although the com-
plexity of in vivo validation necessitates follow-up research beyond
the current study, our mechanistic insights into matrix-mediated
cellular reprogramming provide a foundation for developing
therapeutic strategies that harness mechanical cues for regen-
erative medicine and cancer treatment.

Conclusion

It has long been recognized that the mechanical properties of
human tissues are essential for the maintenance of hemostasis
and functionality of healthy tissues. In contrast, an aging matrix
with altered mechanical properties has been reported to be
associated with diseases for several centuries. Until now, little
has been known about whether mechanical homeostasis holds
the secret of keeping cells healthy and functionalized. The key
innovation of this research lies in the simultaneous integration
of both viscoelastic and nonlinear elastic components within
a single hydrogel system to mimic native tissue mechanics, but
not either alone. While previous studies have investigated either
viscoelasticity or nonlinearity separately, our tissue-mimicking
approach combines both properties through an alginate-
collagen IPN system that recapitulates the complex mechanical
environment of natural tissues. In this paper, we first show
that a tissue-mimicking matrix, which is composed of both

Individually spreading
at the initial stage

Cells migrate to aggregate

viscoelastic and nonlinear components similar to those of
native tissues, could induce the cell reprogramming of both
fibroblasts and cancer cells. Cell reprogramming has recently
been recognized as an important approach for not only increas-
ing healthspan but also disease treatment. Unlike genetic edit-
ing and stem cell replacement that current scientists have widely
investigated, our mechanical cell reprogramming relied on
the mechanical cues mimicking the tissue matrix, which
avoids the possible by-effects, such as off-target effects and
formation of teratoma.

Mechanistically, we argue that the underlying mechanism of
cell reprogramming is matrix-mediated long-distance cell-cell
mechanical cross talk. Indeed, the biophysical reprogramming
of cells has been reported, including 3-dimensional encapsulation
[10], volumetric compression [11,12], laterally confined culturing
[9], and aligned culturing [8]. Consistent with this study, all of
these papers showed a crowded growth of mesenchymal cells
during their reprogramming, which suggested that establishing
enough cell-cell contact is essential for reprogramming mesen-
chymal cells. This biophysical observation coincidently matches
previous genetic findings that MET is required for reprogram-
ming fibroblasts [53,54]. Unlike the abovementioned studies, we
show mechanistic discovery of matrix-mediated long-distance
cell-cell interactions—the unique phenomenon where cells
aggregate through collagen reorganization assisted by algi-
nate’s dynamic cross-linking, which has not been reported with
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Fig. 7. Schematic illustrating the process of how cells cross talk with matrix reorganization. Cells initially spread on the surface of the tissue-mimicking IPN hydrogel. Cellular
contraction induces recruitment of collagen fibers, which stiffens the matrix; during this process, the dynamic physical cross-linking of the interpenetrated alginate network
conserves the deformation of collagen fiber and enhances matrix reorganization. The increased stiffness of the matrix further induces higher cellular contractility. The feedback
loop between the matrix and cell contractility drives cell-cell long-distance cross talk and further induces aggregation of mesenchymal cells on the matrix. As a consequence,
aggregation of mesenchymal cells induces the reprogramming of cells with enhanced expression of genes related to stemness, adipogenesis, and osteogenesis.
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single-component hydrogels. Our result confirmed that the
mechanical cues raised from native tissues were sufficient to
induce cell reprogramming without genetic manipulation,
achieving enhanced stemness and bidirectional differentiation
through physical cues.

The key features of the tissue-mimicking matrix in cell repro-
gramming were the viscoelastic component and nonlinear elastic
component, which originated from the reorganization of the
collagen fibers and dynamic ion-cross-linking of alginate; each
of them (viscoelasticity and nonlinearity) was recently high-
lighted separately for its unique role in regulating cell behaviors
and functions [33,34]. Besides all of the advances, few research
studies highlighted that the simultaneous presence of both
viscoelastic and nonlinear components is important for cell func-
tions. In this paper, our study provided physiological and func-
tional evidence to support the importance of the recently
reported unique cell migration behaviors on viscoelastic hydro-
gels [33,34,39], linking the biophysical behavior (migration) to
cellular function (reprogramming and transdifferentiation). Our
study also showed a good example that mesenchymal cells can
interact with each other starting from a long distance via a purely
mechanical interaction from the ECM.

Mechanistically, our study provides several key insights into
the fundamental principles governing cell-matrix interactions
in this reprogramming system (Fig. 7). First, we demonstrate a
reciprocal mechanosensing loop between cells and the matrix:
cellular contractility reorganizes the tissue-mimicking matrix,
which in turn modulates cell fate through altered mechanical
feedback. Second, we establish that this mechanosensing func-
tions differently on our viscoelastic-nonlinear platform com-
pared to purely elastic substrates. Specifically, the dynamic
ion-cross-linking of alginate allows local stress relaxation while
maintaining global matrix integrity, creating a unique mechanical
niche that supports mesenchymal aggregate formation. Third, we
identify a temporal sequence in the mechanotransduction path-
way, where initial contractility-driven matrix reorganization
precedes transcriptional changes in stemness genes and differen-
tiation pathways. These insights extend beyond the specific mate-
rials used in our system and establish broader principles applicable
to understanding how cells interpret complex mechanical envi-
ronments. Furthermore, our identified mechanistic pathway links
existing knowledge from disparate fields—material mechanics,
cell contractility, nuclear mechanotransduction, and epigenetic
regulation—providing a more unified model of how physical cues
can direct cell fate determination. This systematic mechanistic
framework not only explains our observed phenomena but also
provides predictive principles for designing future biomaterial
systems for controlled cell reprogramming.

Surprisingly, mechanical reprogramming can also be applied
to cancer cells. The mechanical reprogramming of cancer cells
increases their plasticity and enables their transdifferentiation
into adipogenic cells with diminished proliferation and sup-
pressed oncogenes. Transdifferentiation of cancer cells into non-
proliferative or nonmigrative cells has recently been considered
as novel cancer treatment, termed transdifferentiation therapy.
The transdifferentiation of cancer cells into neuronal cells, neu-
roendocrine cells, vasculogenic mimicry, and adipocytes has
recently been achieved via genetic manipulation [66,67]. For
the first time, we demonstrated that our system provided a new
mechanical/physical approach for transdifferentiation therapy
of tumors. Mechanistically, this is achieved via the induction of
MET, which is not only a reverse process of EMT that possibly
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leads to tumor malignancy [82,83] but also an essential role in
cell reprogramming [53,54]. Given the good compatibility of
mechanical treatment with biochemical/genetic cocktails for cell
transdifferentiation, our mechanical approach has the opportu-
nity to find its new application in other transdifferentiations
(neuronal cells or vasculogenic mimicry) of cancer cells beyond
adipocyte-like cells in future studies.

The most immediate application lies in developing enhanced
cell culture platforms for regenerative medicine. Our hydrogel
can serve as an improved substrate for expanding patient-
derived cells before therapeutic transplantation, given the dem-
onstrated ability to enhance stemness markers and differentiation
potential of fibroblasts. The system could also be developed into
injectable scaffolds for tissue repair applications where enhanced
cellular aggregation is beneficial. Our findings also provide a
valuable research platform for cancer biology studies. The ability
to mechanically induce cancer cell transdifferentiation offers a
new experimental model for understanding cancer cell plastic-
ity and testing differentiation-based therapeutic strategies. The
demonstrated suppression of oncogenes and EMT reversal in
lung cancer cells makes this an excellent tool for screening
potential treatments. Our approach demonstrates a design prin-
ciple for creating biomaterials that combine viscoelastic and
nonlinear properties to guide cellular behavior. This concept
can be extended to develop specialized culture substrates or
more sophisticated tissue engineering scaffolds that better reca-
pitulate native tissue mechanics.

While our study demonstrates the potential of mechanical
cell reprogramming using tissue-mimicking hydrogels, several
limitations warrant consideration. Cell response variability
may arise from differences in cell passage numbers, donor
characteristics, and culture conditions, which could affect the
reproducibility of mechanical reprogramming across different
cell populations. Additionally, our alginate-collagen hydrogel
system, while effective for fibroblasts and lung cancer cells,
may require optimization for other cell types given the
diverse mechanical properties of native tissues. Furthermore,
while our data strongly support enhanced contractility as the
primary driver of cellular aggregation and reprogramming,
alternative mechanisms such as altered cell adhesion kinetics,
membrane tension changes, or modified paracrine signaling
may also contribute to the observed phenotypes. Long-term
studies examining cellular behavior over extended culture
periods, along with investigations into the hydrogel’s adapt-
ability across different tissue types and disease states, will
be essential for advancing this mechanical reprogramming
approach toward clinical applications. Future work should also
address scalability, standardization protocols, and the integra-
tion of additional biological cues to enhance the therapeutic
potential of this platform.

Overall, this study exhibited the unique biophysical behaviors
of cells on tissue-mimicking hydrogel and highlighted long-
distance cell-cell mechanical interaction via the matrix, which
significantly affected the cell differentiation potentials in both
healthy fibroblasts and cancer cells. The interaction between the
cells and matrix can be further viewed as a novel therapeutic
target for either regeneration or cancer treatment.

Methods

Detailed information about relevant materials and methods for
this research can be found in the Supplementary Materials.

13



Research

Acknowledgments

We are grateful to the Core Facilities of Life Sciences, Huazhong
University of Science and Technology, for support with RT-PCR
and confocal laser scanning microscopy, especially for the techni-
cal assistance from B. Liu, M. Lei, Y. Luo, and Y. Yi.

Funding: Yiwei Li, Bi-Feng Liu, Peng Chen, and Yachao
Wang gratefully acknowledge the financial support from the
National Key Research and Development Program of China
(2024YFF1207300 and 2023YFF1205002); the National Natural
Science Foundation of China (Grant Numbers 32171248,
12472319, 22074047, 21775049, 31700746, and 32401036); the
Fundamental Research Funds for Central Universities, HUST
(2021GCRCO056); and the Henan Medical Science and Tech-
nique Foundation (No. LHGJ20220411).

Author contributions: Conceptualization: Y.L. Data curation:
X.R., YW, and M.L. Formal analysis: X.R., Y.Z., and PL.
Funding acquisition: Y.L. and B.-EL. Investigation: X.R., Y.L.,
EQ., Y.Z, ]S, and H.X. Methodology: Y.L, X.R., YW.,, HX,,
M.Z., WW,, and L.X. Project administration: Y.L. Resources:
Y.L. and P.C. Supervision: Y.L. and B.-EL. Validation: X.R. and
Y.L. Visualization: X.R. and Y.L. Writing—original draft: Y.L.
and X.R. Writing—review and editing: Y.L. and B.-EL.
Competing interests: The authors declare that they have no
competing interests.

Data Availability

The data that support the findings of this study are available
from the corresponding authors upon reasonable request.

Supplementary Materials

Resources Table
Materials and Methods
Figs. S1 to S10

Movies S1 and S2

References

1. Lei Q, GaoFE Liu T, Ren W, Chen L, Cao Y, Chen W, Guo S,
Zhang Q, Chen W, et al. Extracellular vesicles deposit PCNA
to rejuvenate aged bone marrow-derived mesenchymal
stem cells and slow age-related degeneration. Sci Transl Med.
2021;13(578):Article eaaz8697.

2. LiuL, ChenJ, Bae ], Li H, Sun Z, Moore C, Hsu E, Han C,
Qiao J, Fu YX. Rejuvenation of tumour-specific T cells through
bispecific antibodies targeting PD-L1 on dendritic cells. Nat
Biomed Eng. 2021;5(11):1261-1273.

3. Cosgrove BD, Gilbert PM, Porpiglia E, Mourkioti F, Lee SP,
Corbel SY, Llewellyn ME, Delp SL, Blau HM. Rejuvenation of
the muscle stem cell population restores strength to injured
aged muscles. Nat Med. 2014;20(3):255-264.

4. Liang C, Liu Z, Song M, Li W, Wu Z, Wang Z, Wang Q,

Wang S, Yan K, Sun L, et al. Stabilization of heterochromatin
by CLOCK promotes stem cell rejuvenation and cartilage
regeneration. Cell Res. 2021;31(2):187-205.

5. Sheng C, Jungverdorben J, Wiethoff H, Lin Q, Flitsch L],
Eckert D, Hebisch M, Fischer J, Kesavan J, Weykopf B, et al. A
stably self-renewing adult blood-derived induced neural stem
cell exhibiting patternability and epigenetic rejuvenation. Nat
Commun. 2018;9(1):Article 4047.

Ren et al. 2025 | https://doi.org/10.34133/research.0810

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

LiJ, Hansen KC, Zhang Y, Dong C, Dinu CZ,

Dzieciatkowska M, Pei M. Rejuvenation of chondrogenic
potential in a young stem cell microenvironment. Biomaterials.
2014;35(2):642-653.

Roy B, Yuan L, Lee Y, Bharti A, Mitra A, Shivashankar GV.
Fibroblast rejuvenation by mechanical reprogramming and
redifferentiation. Proc Natl Acad Sci USA. 2020;117(19):
10131-10141.

Downing TL, Soto J, Morez C, Houssin T, Fritz A, Yuan F,
Chu J, Patel S, Schaffer DV, Li S. Biophysical regulation

of epigenetic state and cell reprogramming. Nat Mater.
2013;12(12):1154-1162.

Roy B, Venkatachalapathy S, Ratna P, Wang Y, Jokhun DS,
Nagarajan M, Shivashankar GV. Laterally confined growth

of cells induces nuclear reprogramming in the absence of
exogenous biochemical factors. Proc Natl Acad Sci USA.
2018;115(21):E4741-E4750.

Caiazzo M, Okawa Y, Ranga A, Piersigilli A, Tabata Y,

Lutolf MP. Defined three-dimensional microenvironments
boost induction of pluripotency. Nat Mater. 2016;15(3):
344-352.

LiY, Chen M, Hu J, Sheng R, Lin Q, He X, Guo M. Volumetric
compression induces intracellular crowding to control
intestinal organoid growth via Wnt/B-catenin signaling. Cell
Stem Cell. 2021;28(1):63-78.e67.

LiY, Mao AS, Seo BR, Zhao X, Gupta SK, Chen M, Han YL,
Shih TY, Mooney DJ, Guo M. Compression-induced
dedifferentiation of adipocytes promotes tumor progression.
Sci Adv. 2020;6(4):Article eaax5611.

Zhao X, Hu J, Li Y, Guo M. Volumetric compression develops
noise-driven single-cell heterogeneity. Proc Natl Acad Sci USA.
2021;118(51):Article e2110550118.

Li P, Chen P, Qi E Shi ], Zhu W, LiJ, Zhang P, Xie H, Li L,

Lei M, et al. High-throughput and proteome-wide discovery
of endogenous biomolecular condensates. Nat Chem.
2024;16:1101-1112.

Li Y, Guo M. Volumetric compression for engineering living
systems. Nat Rev Bioeng. 2024;1-16.

XueB,XuZ,LiL,Guo K, MiJ, Wu H, Li Y, Xie C, Jin J, Xu J,
et al. Hydrogels with programmed spatiotemporal mechanical
cues for stem cell-assisted bone regeneration. Nat Commun.
2025;16(1):3633.

Chaudhuri O, Cooper-White J, Janmey PA, Mooney DJ,
Shenoy VB. Effects of extracellular matrix viscoelasticity on
cellular behaviour. Nature. 2020;584(7822):535-546.
Chaudhuri O, Gu L, Darnell M, Klumpers D, Bencherif SA,
Weaver JC, Huebsch N, Mooney DJ. Substrate stress relaxation
regulates cell spreading. Nat Commun. 2015;6(1):Article 6365.
Li H, Zheng Y, Han YL, Cai S, Guo M. Nonlinear elasticity of
biological basement membrane revealed by rapid inflation and
deflation. Proc Natl Acad Sci USA. 2021;118(11):

Article €2022422118.

Kim J, Feng J, CAR ], Mao X, Sander LM, Levine H, Sun B.
Stress-induced plasticity of dynamic collagen networks. Nat
Commun. 2017;8(1):Article 842.

Jaspers M, Vaessen SL, van Schayik P, Voerman D, Rowan AE,
Kouwer PH. Nonlinear mechanics of hybrid polymer networks
that mimic the complex mechanical environment of cells. Nat
Commun. 2017;8(1):Article 15478.

Li Y, Wong IY, Guo M. Reciprocity of cell mechanics with
extracellular stimuli: Emerging opportunities for translational
medicine. Small. 2022;18(36):Article 2107305.

14


https://doi.org/10.34133/research.0810

Research

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Xie J, Najafi ], Le Borgne R, Verbavatz JM, Durieu C, Sallé ],
Minc N. Contribution of cytoplasm viscoelastic properties

to mitotic spindle positioning. Proc Natl Acad Sci USA.
2022;119(8):Article €2115593119.

HuJ,Li Y, Hao Y, Zheng T, Gupta SK, Parada GA, Wu H,

Lin S, Wang S, Zhao X, et al. High stretchability, strength,

and toughness of living cells enabled by hyperelastic

vimentin intermediate filaments. Proc Natl Acad Sci USA.
2019;116(35):17175-17180.

Hu J, Jafari S, Han Y, Grodzinsky AJ, Cai S, Guo M. Size- and
speed-dependent mechanical behavior in living mammalian
cytoplasm. Proc Natl Acad Sci USA. 2017;114(36):9529-9534.
Gupta SK, Lennon KR, Joens MA, Bandi H, Van Galen M,
Han Y, Tang W, Li Y, Wasserman SC, Swan JW, et al. Optical
tweezer measurements of asymptotic nonlinearities in complex
fluids. Phys Rev E. 2021;104(6):Article 064604.

Sun TL, Kurokawa T, Kuroda S, Thsan AB, Akasaki T, Sato K,
Haque MA, Nakajima T, Gong JP. Physical hydrogels
composed of polyampholytes demonstrate high toughness and
viscoelasticity. Nat Mater. 2013;12(10):932-937.

Chaudhuri O, Gu L, Klumpers D, Darnell M, Bencherif SA,
Weaver JC, Huebsch N, Lee HP, Lippens E, Duda GN, et al.
Hydrogels with tunable stress relaxation regulate stem cell fate
and activity. Nat Mater. 2016;15(3):326-334.

Baker BM, Trappmann B, Wang WY, Sakar MS, Kim IL, Shenoy VB,
Burdick JA, Chen CS. Cell-mediated fibre recruitment drives
extracellular matrix mechanosensing in engineered fibrillar
microenvironments. Nat Mater. 2015;14(12):1262-1268.
Agarwal P, Lee HP, Smeriglio P, Grandi F, Goodman S,
Chaudhuri O, Bhutani N. A dysfunctional TRPV4-GSK3#
pathway prevents osteoarthritic chondrocytes from sensing
changes in extracellular matrix viscoelasticity. Nat Biomed Eng.
2021;5(12):1472-1484.

Lee HP, Gu L, Mooney DJ, Levenston ME, Chaudhuri O.
Mechanical confinement regulates cartilage matrix formation
by chondrocytes. Nat Mater. 2017;16(12):1243-1251.

Stowers RS, Shcherbina A, Israeli J, Gruber JJ, Chang J,

Nam S, Rabiee A, Teruel MN, Snyder MP, Kundaje A, et al.
Matrix stiffness induces a tumorigenic phenotype in mammary
epithelium through changes in chromatin accessibility. Nat
Biomed Eng. 2019;3(12):1009-1019.

Clark AG, Maitra A, Jacques C, Bergert M, Pérez-Gonzilez C,
Simon A, Lederer L, Diz-Mufoz A, Trepat X, Voituriez R,

et al. Self-generated gradients steer collective migration on
viscoelastic collagen networks. Nat Mater. 2022;21(10):
1200-1210.

Adebowale K, Gong Z, Hou JC, Wisdom KM, Garbett D,

Lee HP, Nam S, Meyer T, Odde DJ, Shenoy VB, et al. Enhanced
substrate stress relaxation promotes filopodia-mediated cell
migration. Nat Mater. 2021;20(9):1290-1299.

Hall MS, Alisafaei F, Ban E, Feng X, Hui CY, Shenoy VB,

Wu M. Fibrous nonlinear elasticity enables positive mechanical
feedback between cells and ECMs. Proc Natl Acad Sci USA.
2016;113(49):14043-14048.

Han YL, Ronceray P, Xu G, Malandrino A, Kamm RD, Lenz M,
Broedersz CP, Guo M. Cell contraction induces long-ranged
stress stiffening in the extracellular matrix. Proc Natl Acad Sci
USA. 2018;115(16):4075-4080.

Cao X, Ban E, Baker BM, Lin Y, Burdick JA, Chen CS,

Shenoy VB. Multiscale model predicts increasing focal
adhesion size with decreasing stiffness in fibrous matrices. Proc
Natl Acad Sci USA. 2017;114(23):E4549-E4555.

Ren et al. 2025 | https://doi.org/10.34133/research.0810

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ledo AM, Vining KH, Alonso MJ, Garcia-Fuentes M,
Mooney DJ. Extracellular matrix mechanics regulate
transfection and SOX9-directed differentiation of
mesenchymal stem cells. Acta Biomater. 2020;110:153-163.
Ouyang M, Hu Y, Chen W, Li H, Ji Y, Qiu L, Zhu L, Ji B,

Bu B, Deng L. Cell mechanics regulates the dynamic
anisotropic remodeling of fibril matrix at large scale. Research.
2023;6:0270.

Zhang H, Sun L, Guo ], Zhao Y. Hierarchical spinning of
Janus textiles with anisotropic wettability for wound healing.
Research. 2023;6:0129.

Discher DE, Janmey P, Wang YL. Tissue cells feel and
respond to the stiffness of their substrate. Science.
2005;310(5751):1139-1143.

Guo M, Pegoraro AE, Mao A, Zhou EH, Arany PR, Han Y,
Burnette DT, Jensen MH, Kasza KE, Moore JR, et al. Cell
volume change through water efflux impacts cell stiffness and
stem cell fate. Proc Natl Acad Sci USA. 2017;114(41):
E8618-E8627.

Xie J, Bao M, Hu X, Koopman WJ, Huck WT. Energy
expenditure during cell spreading influences the cellular
response to matrix stiffness. Biomaterials. 2021;267:

Article 120494.

Zhang L, Luo Z, Chen H, Wu X, Zhao Y. Glycyrrhizic acid
hydrogel microparticles encapsulated with mesenchymal stem
cell exosomes for wound healing. Research. 2024;7:0496.

Pan S, Malhotra D, Germann N. Nonlinear viscoelastic
properties of native male human skin and in vitro 3D
reconstructed skin models under LAOS stress. ] Mech Behav
Biomed Mater. 2019;96:310-323.

Branco da Cunha C, Klumpers DD, Li WA, Koshy ST,
Weaver JC, Chaudhuri O, Granja PL, Mooney DJ. Influence
of the stiffness of three-dimensional alginate/collagen-I
interpenetrating networks on fibroblast biology. Biomaterials.
2014;35(32):8927-8936.

Solon J, Levental I, Sengupta K, Georges PC, Janmey PA.
Fibroblast adaptation and stiffness matching to soft elastic
substrates. Biophys J. 2007;93(12):4453-4461.

Speer DP, Chvapil M, Eskelson C, Ulreich J. Biological effects
of residual glutaraldehyde in glutaraldehyde-tanned collagen
biomaterials. ] Biomed Mater Res. 1980;14(6):753-764.
Yonemoto J, Maki Y, Koh I, Furusawa K, Annaka M.
Formation of multi-channel collagen gels investigated

using particle tracking microrheology. Biomacromolecules.
2021;22(9):3819-3826.

Bhadriraju K, Yang M, Alom Ruiz S, Pirone D, Tan J,

Chen CS. Activation of ROCK by RhoA is regulated by

cell adhesion, shape, and cytoskeletal tension. Exp Cell Res.
2007;313(16):3616-3623.

Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity
directs stem cell lineage specification. Cell. 2006;126(4):
677-689.

Sun J-Y, Zhao X, Illeperuma WR, Chaudhuri O, Oh KH,
Mooney DJ, Vlassak JJ, Suo Z. Highly stretchable and tough
hydrogels. Nature. 2012;489:133-136.

LiR, Liang J, Ni S, Zhou T, Qing X, Li H, He W, Chen J, Li E
Zhuang Q, et al. A mesenchymal-to-epithelial transition
initiates and is required for the nuclear reprogramming of
mouse fibroblasts. Cell Stem Cell. 2010;7(1):51-63.
Samavarchi-Tehrani P, Golipour A, David L, Sung HK,
Beyer TA, Datti A, Woltjen K, Nagy A, Wrana JL. Functional
genomics reveals a BMP-driven mesenchymal-to-epithelial

15



Research

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

transition in the initiation of somatic cell reprogramming. Cell
Stem Cell. 2010;7(1):64-77.

Kawai M, Rosen CJ. PPARy: A circadian transcription

factor in adipogenesis and osteogenesis. Nat Rev Endocrinol.
2010;6(11):629-636.

Takada I, Kouzmenko AP, Kato S. Wnt and PPARY signaling
in osteoblastogenesis and adipogenesis. Nat Rev Rheumatol.
2009;5(8):442-447.

Cameron AR, Frith JE, Cooper-White JJ. The influence of
substrate creep on mesenchymal stem cell behaviour and
phenotype. Biomaterials. 2011;32(36):5979-5993.

Cristancho AG, Schupp M, Lefterova MI, Cao S, Cohen DM,
Chen CS, Steger DJ, Lazar MA. Repressor transcription factor
7-like 1 promotes adipogenic competency in precursor cells.
Proc Natl Acad Sci USA. 2011;108(39):16271-16276.

Schiller ZA, Schiele NR, Sims JK, Lee K, Kuo CK.
Adipogenesis of adipose-derived stem cells may be regulated
via the cytoskeleton at physiological oxygen levels in vitro.
Stem Cell Res Ther. 2013;4(4):1-10.

De Magalhaes JP. How ageing processes influence cancer. Nat
Rev Cancer. 2013;13(5):357-365.

Ecker BL, Kaur A, Douglass SM, Webster MR, Almeida FV,
Marino GE, Sinnamon AJ, Neuwirth MG, Alicea GM,

Ndoye A, et al. Age-related changes in HAPLN1 increase
lymphatic permeability and affect routes of melanoma
metastasis. Cancer Discov. 2019;9(1):82-95.

Fane M, Weeraratna AT. How the ageing microenvironment
influences tumour progression. Nat Rev Cancer.
2020;20(2):89-106.

Kaur A, Ecker BL, Douglass SM, Kugel CH 3rd, Webster MR,
Almeida FV, Somasundaram R, Hayden ], Ban E, Ahmadzadeh H,
et al. Remodeling of the collagen matrix in aging skin
promotes melanoma metastasis and affects immune cell
motility. Cancer Discov. 2019;9(1):64-81.

Seton-Rogers S. Ageing matrix promotes metastasis. Nat Rev
Cancer. 2018;18(12):721-721.

Finkel T, Serrano M, Blasco MA. The common biology of
cancer and ageing. Nature. 2007;448(7155):767-774.

de Thé H. Differentiation therapy revisited. Nat Rev Cancer.
2018;18(2):117-127.

Shekhani MT, Jayanthy A-S, Maddodi N, Setaluri V. Cancer
stem cells and tumor transdifferentiation: Implications for
novel therapeutic strategies. Am J Stem Cells. 2013;2(1):52-61.
Ishay-Ronen D, Christofori G. Targeting cancer cell
metastasis by converting cancer cells into fat. Cancer Res.
2019;79(21):5471-5475.

Ishay-Ronen D, Diepenbruck M, Kalathur RKR, Sugiyama N,
Tiede S, Ivanek R, Bantug G, Morini MF, Wang J, Hess C, et al.
Gain fat—lose metastasis: Converting invasive breast cancer
cells into adipocytes inhibits cancer metastasis. Cancer Cell.
2019;35(1):17-32.el6.

Ren et al. 2025 | https://doi.org/10.34133/research.0810

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Oliver-De La Cruz J, Nardone G, Vrbsky J, Pompeiano A,
Perestrelo AR, Capradossi E, Melajova K, Filipensky P,

Forte G. Substrate mechanics controls adipogenesis through
YAP phosphorylation by dictating cell spreading. Biomaterials.
2019;205:64-80.

Song Y, Soto J, Chen B, Hoftman T, Zhao W, Zhu N, Peng Q,
Liu L, Ly C, Wong PK, et al. Transient nuclear deformation
primes epigenetic state and promotes cell reprogramming. Nat
Mater. 2022;21(10):1191-1199.

Gorisch SM, Wachsmuth M, Ittrich C, Bacher CP, Rippe K,
Lichter P. Nuclear body movement is determined by
chromatin accessibility and dynamics. Proc Natl Acad Sci USA.
2004;101(36):13221-13226.

Huang PH, Xu AM, White FM. Oncogenic EGFR signaling
networks in glioma. Sci Signal. 2009;2(87):re6.

Kidokoro T, Tanikawa C, Furukawa Y, Katagiri T, Nakamura Y,
Matsuda K. CDC20, a potential cancer therapeutic target,

is negatively regulated by p53. Oncogene. 2008;27(11):
1562-1571.

Turner NC, Reis-Filho JS. Basal-like breast cancer and the
BRCAL1 phenotype. Oncogene. 2006;25(43):5846-5853.

Aoki M, Fujishita T. Oncogenic roles of the PI3K/AKT/mTOR
axis. In: Hunter E, Bister K, editors. Viruses, genes, and cancer.
Cham (Switzerland): Springer; 2017. p. 153-189.

Gujral TS, Chan M, Peshkin L, Sorger PK, Kirschner MW,
MacBeath G. A noncanonical Frizzled2 pathway regulates
epithelial-mesenchymal transition and metastasis. Cell.
2014;159(4):844-856.

Ketscher A, Jilg CA, Willmann D, Hummel B, Imhof A,
Riisseler V, Holz S, Metzger E, Miiller JM, Schiile R. LSD1
controls metastasis of androgen-independent prostate cancer
cells through PXN and LPAR6. Oncogenesis. 2014;3(10):e120.
Beatty A, Singh T, Tyurina YY, Tyurin VA, Samovich S,
Nicolas E, Maslar K, Zhou Y, Cai KQ, Tan Y, et al. Ferroptotic
cell death triggered by conjugated linolenic acids is mediated
by ACSLI. Nat Commun. 2021;12(1):2244.

Guo D, Zhao Y, Wang N, You N, Zhu W, Zhang P, Ren Q,

Yin J, Cheng T, Ma X. GADD45g acts as a novel tumor
suppressor, and its activation suggests new combination
regimens for the treatment of AML. Blood. 2021;138(6):
464-479.

Karp CM, Tan TT, Mathew R, Nelson D, Mukherjee C,
Degenhardt K, Karantza-Wadsworth V, White E. Role of the
polarity determinant crumbs in suppressing mammalian
epithelial tumor progression. Cancer Res. 2008;68(11):
4105-4115.

Brabletz T, Kalluri R, Nieto MA, Weinberg RA. EMT in cancer.
Nat Rev Cancer. 2018;18(2):128-134.

Ye X, Brabletz T, Kang Y, Longmore GD, Nieto MA,

Stanger BZ, Yang ], Weinberg RA. Upholding a role for EMT in
breast cancer metastasis. Nature. 2017;547(7661):E1-E3.

16


https://doi.org/10.34133/research.0810

	Mechanical Cell Reprogramming on Tissue-Mimicking Hydrogels for Cancer Cell Transdifferentiation
	Introduction
	Results
	Establishment and characterization of tissue-mimicking hydrogels
	Mesenchymal cells aggregate on the tissue-mimicking hydrogel after their initial spreading
	Mesenchymal aggregates induced enhanced collagen reorganization in the presence of the dynamic ionic cross-linking of alginate
	Enhanced contractility is essential for cell aggregation on the tissue-mimicking hydrogel
	The reprogramming of fibroblasts on the tissue-mimicking hydrogel elevates their differentiation potentials
	Enhanced contractility is essential for cell reprogramming on the tissue-mimicking hydrogel
	The reprogramming of cancer cells on the tissue-mimicking hydrogel enhanced their adipogenic transdifferentiation

	Conclusion
	Methods
	Acknowledgments
	Data Availability
	Supplementary Materials
	References


