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ABSTRACT

Three-dimensional (3D) cell culture systems provide a more physiological
environment than traditional two-dimensional cultures by better mimicking
the complex interactions within the extracellular matrix (ECM). Among the key
properties of the ECM, viscoelasticity is essential for regulating cell behaviors, such
as proliferation, differentiation, and migration. However, many present 3D culture
systems are complex and technically demanding, which limits their broad application.
In this study, we developed two hydrogel systems with identical stiffness but distinct
viscoelastic properties, designed to serve as ECM-based 3D culture platforms. These
hydrogels were constructed through the cross-linking reaction between type I
collagen and functionalized polyethylene glycol derivatives, resulting in either
reversible (dynamic) or stable (static) network structures. This platform effectively
simulated ECM-like mechanical cues, enabling the investigation of viscoelastic
effects on both neural and cancer cell responses. Our results demonstrated that
dynamic hydrogels, characterized by rapid stress relaxation, enhanced PC12 cell
elongation, promoted neural stem cell differentiation, and significantly facilitated
the invasiveness and tumorigenic capacity of DU145 cells in vitro and in vivo. These
findings highlight the critical importance of matrix viscoelasticity in modulating cell
behavior and underscore the potential of this hydrogel-based system as a versatile
and accessible tool for applications in neural tissue engineering, cancer research,
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and mechanobiology.
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1. Introduction

Cells reside within an intricate extracellular
microenvironment, which is also defined
as the cellular niche.! A key non-cellular
component of this microenvironment is the
extracellular matrix (ECM), which provides
physical support and dynamically regulates cell
behavior.>* The functional role of the ECM
is governed by a combination of biochemical
signals and mechanical properties, both of
which contribute to its regulatory influence
on cellular activities.* Notably, the mechanical
characteristics of the ECM are crucial for
guiding essential cellular behaviors, such as
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differentiation,” migration,® and proliferation,’
through mechanotransduction. To better
understand these cellular responses, it is essential
to develop biomimetic in wvitro models that
replicate the mechanical characteristics of the
ECM. However, traditional two-dimensional
cell culture systems fall short in this regard, as
they cannot mimic the three-dimensional (3D)
topological structure,
properties, or biochemical gradients present in
native ECM.%? As a result, the development of
biomimetic ECM models for in vitro applications
is of significant importance, particularly for drug
screening and the investigation of ECM-cell
interaction mechanisms. In this context, 3D cell
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culture technologies have received increasing attention. These
models more accurately mimic the in vivo environment, and
cells cultured in 3D systems exhibit behaviors and phenotypes
that are more physiologically relevant.!%'?

Hydrogels have been widely employed as platforms for
constructing 3D cell culture models due to their excellent
biocompatibility and ability to precisely control the critical
biophysical and biochemical characteristics of the ECM.'3!*
Through chemical modification, functional groups can
be incorporated into the polymer backbone of hydrogels,
allowing fine-tuning of their physical and biological
properties to simulate various tissue environments.”* Over
the past two decades, numerous studies have revealed that
modulating stiffness can greatly influence cell spreading,
proliferation, migration, and differentiation.'®'” While
ECM stiffness has been extensively studied, the native ECM
also exhibits dynamic mechanical properties, including
viscoelasticity.

Viscoelasticity refers to the time-dependent mechanical
behavior of a material that exhibits an immediate elastic
response, typical of solids, and delayed stress relaxation or
energy dissipation, characteristic of viscous fluids.”” This
property more closely resembles the natural ECM and acts
as an essential modulator of cell behavior and fate.'"™"” For
instance, Roth et al?® designed a hydrogel with stress-relaxation
capabilities to match brain-matrix viscoelasticity. By tuning
the relaxation time, they investigated how viscoelasticity
affects neural cell development, providing a highly biomimetic
in vitro model for studying neurodevelopmental disorders.
Similarly, Lu et al?' developed a light-responsive hydrogel
that enabled spatiotemporal control of viscoelasticity. This
system effectively recapitulated the dynamic mechanical
environment of the ECM and offered new insights into cancer
cell migration and dissemination. From a 3D bioprinting
perspective, Duan et al?? formulated a series of tissue-matched
viscoelastic hydrogels, significantly enhancing cell viability
and performance following printing, thereby advancing
applications in tissue engineering and regenerative therapies.
Despite the recognized importance of ECM viscoelasticity in
cell morphogenesis, many present 3D culture systems remain
technically complex and challenging to implement, limiting
their broader application in cellular studies. Therefore, there
is a pressing need for simpler and more accessible systems
that can effectively mimic ECM viscoelasticity and facilitate
further research in this field.

Collagen, the most abundant structural protein in animals,
is a principal ECM constituent. Its unique triple-helical
molecular structure provides exceptional mechanical strength,
elasticity, and stability, while also contributing to its excellent
biocompatibility.?** In the context of 3D cell culture, collagen
plays a crucial role by providing integrin-binding motifs and
adhesive domains that facilitate cell attachment, spreading,
proliferation, and lineage-specific differentiation.”® Moreover,
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the propensity of collagen molecules to self-assemble into a
porous, fibrillar 3D network closely mimics the topography
and architecture of native ECM, offering a physiologically
relevant microenvironment that supports cellular interactions,
migration, and tissue morphogenesis.”® Polyethylene glycol
(PEG), in contrast, is a synthetic, hydrophilic polymer
renowned for its biological inertness and biocompatibility.
PEG exhibits minimal protein adsorption and resists non-
specific cell adhesion, making it an ideal candidate for creating
defined and tunable microenvironments. Importantly, the
chemical structure of PEG allows for facile functionalization
with reactive groups, such as acrylates, maleimides, or thiols,
thereby enabling the development of customized hydrogel
systems with precise control over mechanical properties,
degradability, and bioactive ligand presentation.” By adjusting
PEG’s cross-linking density, chain length, or reactive
chemistry, the physical characteristics of the resulting hydrogel
and the biological responses of encapsulated cells can be finely
modulated.

In this study, we employed a simplified strategy to fabricate
two distinct types of collagen-PEG composite hydrogels by
combining type I collagen with two chemically different PEG
derivatives. This approach yielded either a dynamically cross-
linked network, capable of exhibiting viscoelastic behavior
through reversible interactions, or a statically cross-linked
network, characterized by stable covalent bonds that lack
stress-relaxation capacity. These hydrogels served as 3D culture
platforms to investigate the influence of ECM viscoelasticity
on various cell models, including PC12 cells (neuronal
differentiation model), neural stem cells (NSCs), and prostate
cancer DU145 cells. Using these platforms, we investigated
how the mechanical dynamics of the ECM, specifically its
time-dependent stress-relaxation behavior, influenced cell
morphology, proliferation, lineage commitment, and tumor cell
migration, thereby advancing our understanding of cell-matrix
interactions under more physiologically relevant conditions.

2. Materials and methods
2.1. Preparation of collagen-PEG composite hydrogels

Type I collagen (>300 kDa) was purchased from DB
Wuderegen (China) and solubilized in 0.25 M acetic acid. To
obtain a collagen solution at the target concentration, 2 M
sodium hydroxide was added to the collagen solution until
the pH reached 7, yielding a neutralized collagen solution
at 6 mg/mL. The 4-arm PEG-benzaldehyde (PEG-CHO;
SINOPEG, China) and 4-arm PEG-succinimidyl carbonate
(PEG-NHS; SINOPEG, China) powders were separately
dissolved in phosphate-buffered saline (PBS) to prepare 12 mg/
mL of PEG-CHO and PEG-NHS solutions, respectively. The
PEG-CHO or PEG-NHS solution was thoroughly mixed with
type [ collagen solution at a 1:1 (v/v) ratio. The mixtures were
then evenly cast into molds and incubated at 37°C for 30 min
to yield hydrogels.
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2.2. Stiffness, viscoelasticity, and swelling ratios of
collagen-PEG composite hydrogels

The mechanical properties of the hydrogels were analyzed
using a rotational rheometer (MCR92, Anton Paar, Austria).
The prepared hydrogels were placed on the sample testing
stage with a PP15 rotor model, and the temperature was set
at 25°C. Two testing modes were employed: (i) Dynamic
frequency sweep mode, in which a strain of 1% was maintained
while scanning frequencies from 0.1 Hz to 1 Hz; (ii) stress
relaxation mode, in which a strain of 1% was maintained, and
stress relaxation behavior was recorded over a time range
of 0.01-1,000 s. The stress relaxation time (’I:1 /z) was defined
as the duration required for the hydrogel’s initial stress to
decrease to 50%.

The in vitro swelling behavior was assessed by monitoring
the wet weight of the hydrogels. Specifically, samples were
immersed in PBS and retrieved at predetermined time points
(0 h; 1-10 days). After retrieval, surface moisture was carefully
removed using absorbent paper, and the samples were
weighed on an electronic balance. The initial weight at 0 h was
recorded as W, while the weights at subsequent time points
were recorded as W . The swelling ratio was calculated using
Equation I:

W, - W,

e T04100 1)

W,

0

Swelling ratio(%)=

2.3. Cell culture and three-dimensional cell
encapsulation experiments

PC12 cells (Procell Biotechnology Co., Ltd., China) and DU145
prostate cancer cells (American Type Culture Collection,
United States [USA]) were cultured in RPMI-1640 medium
(Gibco, USA) supplemented with 10% fetal bovine serum (FBS;
Gibco, USA). NSCs were isolated from the cerebral cortex
of neonatal Sprague-Dawley rats. Brain tissue was digested
with 0.125% trypsin (Gibco, USA) for 18 min, and digestion
was terminated by adding 10% FBS. The cell suspension was
then passed through a 100 wm cell strainer (Sorfa, China) and
centrifuged at 500 x g for 5 min. The resulting cell pellet was
cultured in proliferation medium (Table S1) until neurospheres
formed.

To identify NSCs, neurospheres were maintained in
proliferation medium for 5 days. For adhesion culture,
48-well plates were pretreated with 200 UL of cell adhesion
solution (Applygen, China) per well. After centrifugation
at 300 x g for 5 min, neurospheres were resuspended in
NSC adhesion medium (Table S2) and seeded into the
pretreated plates. For single-cell preparation, neurospheres
were resuspended in 0.125% trypsin at 37°C for 18 min.
Digestion was terminated by adding 10% FBS, and the
mixture was passed through a 40 pum cell strainer (Sorfa,
China). Subsequently, single cells were centrifuged at
500 x g for 5 min, resuspended in NSC adhesion medium,
and seeded into the pretreated plates. Finally, neurospheres
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and single cells were stained with anti-Nestin monoclonal
antibody (1:100; 14-5843-82, eBioscience, USA), anti-SRY-
box transcription factor 2 antibody (1:500; Ab97959, Abcam,
United Kingdom [UK]), and 4’,6-diamidino-2-phenylindole
(DAPI; D9542, Sigma, USA).

For 3D cell culture, neurospheres were dissociated into a
single-cell suspension, centrifuged, and resuspended in the
hydrogel solution prepared as described in Section 2.1. After
gelation, cell-laden hydrogels were transferred into 12-well
plates and cultured in the appropriate medium. Hydrogels
containing NSCs were maintained in NSC adhesion medium
for 1 day, then switched to NSC differentiation medium
(Table S3). The final cell concentrations for PC12 cells, NSCs,
and DU145 cells were 8 x 10% 3 x 10°%, and 5 x 10° cells/mL,
respectively.

2.4. Cell viability and cytoskeleton analysis

At designated time points, the cell-laden hydrogels were
washed with PBS for 1 min. Subsequently, an adequate
volume of Calcein acetoxymethyl ester/propidium iodide
solution (Beyotime, China) was added to completely cover the
hydrogels. The samples were then incubated at 37°C for 30 min
under light-protected conditions to assess cell viability.

For cytoskeleton analysis, both dynamic and static hydrogels
were washed twice with PBS, each wash lasting 1 min.
Subsequently, 4% paraformaldehyde (Labcoms, USA) was
added for fixation at 37°C for 30 min. Next, 0.2% Triton X-100
(Beyotime, China) was applied for permeabilization at room
temperature for 1 h. Finally, Actin-Tracker Green-488 (1:200;
C22018S, Beyotime, China) and DAPI (1:500) were added and
incubated for 30 min.

After staining, all samples were examined using a confocal
microscope (LSM 980, Zeiss, Germany). Z-stack scanning was
performed with a slice thickness of 2 um, and images were
acquired from random fields of view within the hydrogel.

2.5. Evaluation of neural stem cell differentiation
potential

For the evaluation of NSC differentiation potential,
immunofluorescence staining and western blot analysis were
employed to detect glial fibrillary acidic protein (GFAP) and
B-NI tubulin (Tuj-1). After permeabilization, the samples
were blocked with 5% FBS, followed by overnight incubation
at 4°C with mouse anti-GFAP antibody (1:500; MAB360,
Sigma-Aldrich, USA) and rabbit anti-Tuj-1 antibody (1:500;
ab18207, Abcam, UK). Subsequently, the hydrogels were
incubated for 1 h under light-protected conditions with Alexa
Fluor 546- or 488-conjugated goat anti-rabbit or anti-mouse
immunoglobulin G (1:500; A-11035/A-11001, Invitrogen,
USA). The nuclei were stained with DAPI (1:500) for
30 min. Finally, the samples were analyzed using a confocal
microscope.

For western blotting, cell-laden hydrogels were digested with
collagenase type I (Shanghai Yuanye Bio-Technology Co. Ltd.,
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China) after being minced into small fragments and incubated
at 37°C for 30 min. The cells were then centrifuged and rinsed
with PBS. For cell lysis, radioimmunoprecipitation assay buffer
(Beyotime, China), BeyoZonase™ Super Nuclease (Beyotime,
China), phenylmethylsulfonyl fluoride (Solarbio, China),
and protease inhibitor cocktail (Sangon, China) were added,
and the procedure was performed on ice. The proteins were
denatured at 100°C for 5 min. The polyvinylidene fluoride
membrane (Vazyme, China) was blocked with 5% skimmed
milk (Epizyme, USA) and incubated with the appropriate
primary antibodies overnight at 4°C. Secondary antibodies
were applied for 1 h at room temperature. Protein bands
were visualized using chemiluminescent reagents (Thermo
Fisher Scientific, USA), and the relative expression levels
were quantified using Image] software (National Institutes of
Health, USA).

The antibodies used in this study included rabbit anti-Lamin B
(1:1000; Ab133741, Abcam, UK), mouse anti-Tuj-1 (1:1000),
rabbit anti-GFAP (1:1000), and horseradish peroxidase-
conjugated secondary antibodies (1:1000; AWS0001a/
AWS0002a, Abiowell, China).

2.6. Animal experiments and histology assay

A total of 8 BALB/c nude male mice (5 weeks old) were
obtained from Hunan SJT Laboratory Animal Co., Ltd.,
China, and randomly divided into three groups: Control group
(untreated), dynamic hydrogel group, and static hydrogel
group. The experiments were conducted in accordance with
the protocols approved by the Institutional Animal Care and
Use Committee of Hunan University College of Biology (ethics
approval number: HNUBI0202401002), in compliance with
the European Union Directive (2010/63/EU).

Dynamic and static hydrogel solutions were prepared and
kept on ice until use. The prepared solutions were injected
subcutaneously at a volume of 100 UL per mouse, whereas the
control group received no treatment. Tumor length and width
were measured every 4 days beginning 30 days after treatment
to monitor tumor growth, and tumor growth curves were
plotted using Equation II:
_ Lengthx Width’

Tumor volume (mm?) B E— (IM)

Tumor samples and major organs were collected 85 days
after treatment, following perfusion with paraformaldehyde.
The tissues were dehydrated in a sucrose gradient, embedded
in optimal cutting temperature compound (OCT) (Sakura
Finetek, USA), and sectioned into 10 um slices using a cryostat
microtome (RWD Life Science, China). Sections were stained
with hematoxylin solution (Servicebio, China) for nuclear
staining and eosin solution (Servicebio, China) for cytoplasmic
staining.

After staining, the sections were dehydrated through a graded
ethanol series, cleared in xylene (Sinopharm Chemical Reagent,
China), and mounted with neutral balsam (Solarbio, China).
The stained sections were examined and imaged using a digital
slide scanning system (Pannoramic MIDI, 3DHISTECH,
Hungary).
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2.7. Statistical analysis

Each experiment was conducted with at least three independent
biological replicates. Raw data were analyzed and visualized
using GraphPad Prism version 8.0 (GraphPad Software,
USA), and the normality of the data was assessed. Data that
were normally distributed (p>0.05) were analyzed using an
independent two-sample t-test. Data that did not meet the
normality assumption (p<0.05) were analyzed using the non-
parametric Mann—Whitney U test for intergroup comparisons.

3.Results

3.1. Dynamic and static collagen-PEG composite
hydrogels exhibited distinct stress relaxation behaviors

To fabricate dynamically cross-linked hydrogels, the amino
groups (-NH,) of type I collagen were reacted with the aldehyde
groups (CHO) of 4-arm PEG-CHO through a Schiffbase reaction
to form dynamic covalentimine bonds (Figure 1A). These imine
bonds are reversible under physiological conditions, allowing
repeated formation and dissociation through hydrolysis.?® As a
result, the dynamic hydrogels exhibited rapid stress relaxation
and continuous internal network reorganization. This plasticity
enables the matrix to accommodate cellular shape changes,
traction forces, and migratory demands, thereby facilitating cell
proliferation and axonal extension. In contrast, static hydrogels
were produced by reacting collagen -NH, groups with -
NHS groups through a succinimidyl ester reaction, yielding
stable amide bonds (Figure 1A).”’ These covalent bonds are
irreversible and form rigid, tightly cross-linked networks.
Consequently, static hydrogels lack stress relaxation capacity
and cannot dynamically adjust their internal architecture in
response to cellular forces. This rigidity imposes mechanical
constraints on embedded cells, limiting their ability to spread,
proliferate, and extend processes.

To prepare the hydrogels, type I collagen solution was mixed
with either PEG-CHO or PEG-NHS solution at a 1:1 (v/v) ratio.
Both mixtures remained highly fluid immediately after mixing,
exhibiting typical liquid-like behavior. The solutions were
incubated in glass vials at 37°C for 30 min. Upon completion
of the cross-linking reactions, solid gel-like materials were
observed (Figure 1B), indicating the successful formation of
hydrogels. Neural cells (PC12 cells and NSCs) and prostate
cancer cells (DU145) were subsequently encapsulated within the
hydrogels. Distinct morphological differences were observed
among the embedded cells, further confirming the hydrogel
matrix’s suitability for supporting 3D cell culture (Figure 1B).

Swelling tests revealed that both the dynamic and static
hydrogels exhibited swelling ratios below 10% (Figure 1C),
suggesting minimal water uptake and demonstrating good
long-term structural stability. The rheological properties of
both hydrogels were then evaluated. As shown in Figure 1D,
within the measured frequency range, the storage modulus (G')
of each hydrogel was significantly higher than the loss modulus
(G”)—a characteristic of classical gel behavior.

These findings confirm that both hydrogels can maintain
a stable 3D network under physiological shear forces. The
measured G’ value for both hydrogel types was approximately
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Figure 1. Preparation and characterization of dynamic and static hydrogels. (A) Schematic illustration of the cross-linking mechanisms in
dynamic and static hydrogels. (B) Hydrogel formation and representative morphology of encapsulated cells. (C) Swelling ratios of hydrogels
(n=4). (D) G’ and G” of hydrogels. (E) Stress relaxation behavior of hydrogels.

Abbreviations: 3D: Three-dimensional; Collagen I: Type I collagen; G": Storage modulus; G”: Loss modulus; PEG-CHO: 4-arm poly(ethylene
glycol)-benzaldehyde; PEG-NHS: 4-arm poly(ethylene glycol)-succinimidyl carbonate.

100 Pa, indicating that, despite differences in cross-linking
chemistry, both systems possessed comparable elastic
properties. To evaluate the viscoelastic behavior, stress
relaxation—defined as the time-dependent reduction in
stress at constant strain and considered a typical indicator of
viscoelasticity'’**—was assessed. As shown in Figure 1E, the
dynamic hydrogel reached half of its initial stress (T;/,) within
45 s, whereas the static hydrogel showed negligible relaxation,
with T,/, approaching infinity. This finding demonstrates
that the dynamic hydrogel exhibited significantly faster stress
relaxation, in line with its reversible cross-linking mechanism.
A summary of these findings is provided in Table S4.
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3.2. Dynamically cross-linked hydrogel networks
enhanced axon elongation of PC12 neural cells

Matrix mechanics play a critical role in regulating cellular
behavior, particularly in the nervous system, where the ECM
provides both structural support and biochemical cues essential
for neuronal development and function.* To further investigate
the influence of ECM viscoelasticity, PC12 cells, derived from
rat adrenal gland pheochromocytoma, were employed as a
neuronal model to examine the effect of matrix stress relaxation
on neuronal behaviors. PC12 cells were encapsulated within
either dynamically or statically cross-linked hydrogels and
cultured under identical conditions (Figure 2A).
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Figure 2. PC12 cell behavior in dynamic and static hydrogels. (A) Schematic illustration of PC12 cell encapsulation within dynamic and static
hydrogels. (B) Representative live/dead staining images of PC12 cells (scale bar: 100 wm; magnification: x400). (C) F-actin immunofluorescence
images of PC12 cells encapsulated in hydrogels (scale bar: 100 pim; magnification: x400). (D) Quantitative analysis of neurite length of PC12 cells
cultured in dynamic and static hydrogels (n = 45). Three asterisks (***) indicate statistical significance at p<0.001.

Abbreviations: DAPIL: 4’,6-diamidino-2-phenylindole; F-actin: Filamentous actin; PEG-CHO: 4-arm poly(ethylene glycol)-benzaldehyde;
PEG-NHS: 4-arm poly(ethylene glycol)-succinimidyl carbonate; PI: Propidium iodide.

We first assessed cell viability and proliferation. As shown in
Figure 2B, PC12 cells were uniformly distributed throughout
both hydrogel types, with the majority exhibiting green
fluorescence in Calcein acetoxymethyl ester/propidium iodide
staining, indicating high cell viability in both dynamic and static
3D matrices. Similar viability was observed in cells cultured
with either PEG-CHO or PEG-NHS solutions (Figure S1). This
observation may be due to the reaction of PEG-CHO and PEG-
NHS with -NH, groups on cell membranes, forming stable
chemical bonds without causing cytotoxicity. Furthermore,
during the gelation process, the majority of -CHO and -NHS
groups were consumed, resulting in hydrogels with excellent
biocompatibility. These factors ensure that the chemical
reactions involved exerted minimal impact on cellular behavior,
thereby supporting the high viability observed in these systems.
Key cellular behaviors, such as adhesion, spreading, and neurite
outgrowth are tightly regulated by cytoskeletal dynamics, which
are known to be influenced by the mechanical properties of
the surrounding ECM.* To assess how hydrogel cross-linking
mechanics affect cytoskeletal remodeling in PC12 cells, we
performed fluorescent staining of filamentous-actin (F-actin)
using phalloidin. Morphological changes and axonal extension
were then analyzed at defined time points post-encapsulation.

As shown in Figure 2C, neurite outgrowth was evident as
early as day 1 in the dynamic hydrogel, indicating that the
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viscoelastic matrix provided a favorable environment for
initiating neuronal differentiation. The PC12 cells began to
extend short neuritic processes, which progressively increased
in length and complexity over the course of the culture.
With continued incubation, the cells adopted increasingly
elongated, spindle-like morphologies—a hallmark of neuronal
differentiation**—and their axons continued to grow in both
length and number. By day 5, the dynamic hydrogel supported
the formation of a dense network of interconnected neurites,
and the majority of cells exhibited elongated, polarized
morphologies with clearly defined neuritic extensions. In
stark contrast, PC12 cells encapsulated within the statically
cross-linked hydrogel maintained a rounded, compact shape
throughout the culture period. Only a limited cytoskeletal
rearrangement was observed, and neurite formation was
minimal or completely absent. The rigid, non-relaxing matrix
appeared to inhibit cellular spreading and the mechanical
remodeling necessary for neuronal differentiation and axonal
outgrowth.

To quantitatively assess these morphological differences, we
measured neurite length under both conditions (Figure 2D).
The dynamic hydrogel group showed a notable increase in
neurite length compared with the static hydrogel group.
These findings confirm that the viscoelastic nature of the
dynamic hydrogel, characterized by stress-relaxation behavior,
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facilitates cytoskeletal reorganization and axonal elongation.
Together, these findings suggest that dynamic matrix stress
relaxation plays a pivotal role in overcoming the mechanical
constraints imposed by the 3D environment. By allowing cells
to remodel their surroundings over time, the dynamic hydrogel
supports cellular traction forces and cytoskeletal plasticity
required for neuronal differentiation and network formation.
This highlights the importance of recapitulating native ECM
mechanics in biomaterial design for neural tissue engineering
and regenerative applications.

3.3. Dynamically cross-linked hydrogel networks
promoted neural stem cell differentiation

Neural stem cells are crucial for neurogenesis, possessing the
capacity to self-renew and differentiate into various neural
lineages, including neurons and astrocytes. Understanding
how NSCs respond to different microenvironments is
critical for advancing regenerative medicine and neural tissue
engineering.* In this study, we investigated the behavior
of NSCs cultured within dynamically cross-linked hydrogel
networks, aiming to assess how matrix viscoelasticity influences
their viability and differentiation potential. NSCs were isolated
from the brains of neonatal Sprague-Dawley rats, and their
stemness was confirmed through standard characterization.

As shown in Figure 3A, primary NSCs were cultured in a
defined proliferation medium for 5 days, during which time
they formed neurospheres. Both the intact neurospheres
and the dissociated single cells retained their stem cell
characteristics, confirming the high quality and suitability
of these cells for subsequent experiments. To assess
biocompatibility, we evaluated NSC viability in both dynamic
and static hydrogels. As shown in Figure 3B and E, cell viability
in both hydrogel systems exceeded 90% after 1 day of culture
and remained above 80% after 3 days. These findings indicate
that both hydrogel types support high NSC viability and
provide a suitable 3D environment for maintaining metabolic
homeostasis. Thus, the dynamic and static hydrogels exhibit
excellent cytocompatibility and effectively mimic aspects of the
native NSC microenvironment.

Next, we examined how the different cross-linked hydrogel
networks regulate NSC differentiation. After 3 days of
induction, we assessed the potential of NSCs to differentiate
into neurons and astrocytes. As shown in Figure 3C,
cells cultured in the dynamic hydrogel exhibited distinct
morphological features of early-stage neurons and astrocytes.
Differentiated neurons displayed elongated neurites, while
astrocytes exhibited characteristic multi-branched radial
processes, closely resembling their in vivo counterparts. In
contrast, NSCs cultured in the static hydrogel exhibited
weak fluorescence signals and lacked clear neuronal or
astrocytic morphology, suggesting limited differentiation.
These morphological observations were further supported
by immunofluorescence analysis of lineage-specific markers.
As shown in Figure 3D and quantified in Figure 3F and G,
NSCs in the dynamic hydrogel expressed significantly higher
levels of Tuj-1 (a neuronal marker) and GFAP (an astrocyte
marker) compared to those in the static hydrogel. These
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findings indicate that the stress-relaxation behavior of the
dynamic hydrogel provides a more favorable mechanical
environment for promoting NSC differentiation into neural
lineages. In summary, our findings demonstrate that dynamic
viscoelastic hydrogels not only maintain high NSC viability
but also significantly enhance their neurogenic and gliogenic
differentiation potential, highlighting the critical role of matrix
mechanics in stem cell fate determination. A summary of these
findings is provided in Table S5.

Mechanistically, prior studies support this structure-function
relationship. For example, borate-based hydrogels with
dynamic stress-relaxation properties have been shown to
promote mesenchymal stem cell spreading compared to purely
elastic hydrogels, mediated by enhanced yes-associated protein
(YAP)/transcriptional coactivator with PDZ-binding motif
(TAZ) nuclear localization and altered nuclear morphology.*
Since YAP activity is tightly regulated by substrate
viscoelasticity*® and interacts with epithelial-mesenchymal
transition (EMT) transcription factors, such as zinc finger
E-box-binding homeobox 1 to activate transcriptional
programmes,” this study suggests that similar viscoelastic
regulation underlies the enhanced neural proliferation and
axonal elongation observed in the dynamic hydrogel system.

3.4. Dynamically cross-linked hydrogel networks
influenced the morphology of cancer spheroids in vitro

Building on our previous findings regarding the regulation
of neural cell behavior by dynamically cross-linked hydrogel
networks, we next investigated the response of DU145 prostate
cancer cells to these mechanically tunable environments. Given
that different cell types exhibit distinct mechanosensitive
behaviors, we sought to explore how dynamic matrix properties
influence the invasive behavior of DU145 cells, a widely used
model for investigating cancer cell invasion and metastasis.***
We first assessed the viability of DU 145 cells in both dynamic and
static hydrogels. As shown in Figure 4A, the cells maintained
high viability and stable growth for up to 10 days in both
hydrogel types, confirming the biocompatibility of the materials
for long-term culture. Similar viability was also observed in cells
cultured with PEG-CHO or PEG-NHS solution (Figure S2).
Notably, the morphology of DU145 cells evolved differently
depending on the mechanical properties of the surrounding
matrix. After 3 days of culture, compact multicellular spheroids
formed in both hydrogels, serving as a baseline for subsequent
morphological transitions. By day 7, spheroids in the dynamic
hydrogel exhibited visible cellular protrusions extending from
the spheroid periphery, whereas spheroids in the static hydrogel
retained smooth, well-defined borders. After 10 days of culture,
DU145 spheroids in the dynamic hydrogel lost their compact
spherical structure and transformed into irregular aggregates
with extensive peripheral spreading. In contrast, spheroids in the
static hydrogel remained densely packed and morphologically
intact, with minimal signs of cellular invasion.

To further examine cytoskeletal organization and invasive
behavior, we performed staining
for F-actin and quantified key morphological parameters,
including spheroid size, roundness, and the invasiveness index,

immunofluorescence
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illustration of NSC isolation and identification. (B) Representative live/

dead staining images of NSCs (scale bar: 100 wm; magnification: x400). (C) Immunofluorescence images of differentiated NSCs encapsulated in
hydrogels, with red indicating Tuj-1 and green representing GFAP (scale bar: 100 pm; magnification: x400). (D) Protein expression of Tuj-1

and GFAP in NSCs after 3 days of induced differentiation. (E) Quantit

ative analysis of NSC viability in dynamic and static hydrogels (n = 3).

(F) Quantitative analysis of Tuj-1 and GFAP protein expression levels by Western blot (n = 3). Single asterisk indicates statistical significance at
p <0.05, double asterisk represents statistical significance at p < 0.01, and “ns” indicates no statistical significance.

Abbreviations: DAPI: 4’,6-diamidino-2-phenylindole; F-actin: Filamentous actin; GFAP: Glial fibrillary acidic protein; Lamin B1: Lamin
type B1; PI: Propidium iodide; SOX2: SRY-box transcription factor 2; Tuj-1: $-1II tubulin.

a metric reflecting the extent and complexity of peripheral
protrusions. By day 3, spheroids had formed in both hydrogels
(Figure 4B). Quantitative analysis (Figure 4C) revealed that
the average spheroid diameter in the dynamic hydrogel reached
approximately 30 um, significantly larger than the 18 um
measured in the static hydrogel. By day 7, F-actin-rich cellular
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protrusions—indicative of increased motility and invasion—were
evident at the margins of spheroids in the dynamic hydrogel,
while those in the static hydrogel continued to exhibit smooth,
non-invasive boundaries. By day 10, protrusive structures in
the dynamic group had become more pronounced, suggesting
continued invasion into the surrounding matrix (Figure 4B).
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Figure 4. DU145 cell behavior in dynamic and static hydrogels. (A) Representative live/dead staining images of DU145 within hydrogels (scale
bar: 100 um; magnification: x400). (B) F-actin immunofluorescence images of DU145 cells within hydrogels (scale bar: 100 wm; magnification:
x400). (C) Quantitative analysis of DU145 spheroid diameter after 3 days of treatment in dynamic and static hydrogels (n = 105 for dynamic
hydrogel, n =124 for static hydrogel). (D and E) Quantitative analysis of DU145 circularity and invasion index in dynamic and static hydrogels

(n = 60). Three asterisks (***) indicate statistical significance at p<0.001.

Abbreviations: DAPI: 4,6-diamidino-2-phenylindole; F-actin: Filamentous actin; PI: Propidium iodide.

Spheroid roundness analysis (Figure 4D) showed a marked
difference between groups: The average roundness index
of spheroids in the dynamic hydrogel decreased to below
0.5, indicating significant deviation from a spherical shape.
In contrast, spheroids in the static hydrogel retained high
roundness values of above 0.8, reflecting their compact
and cohesive Furthermore, quantification of
the invasiveness index (Figure 4E) demonstrated that
spheroids in the dynamic hydrogel exhibited significantly
higher invasive potential than those in the static hydrogel.
Collectively, these results indicate that dynamic hydrogels
more effectively promote the transition of DU145 cells toward
an invasive phenotype. This was evidenced by enhanced
cellular protrusion formation, reduced spheroid roundness,
increased heterogeneity in spheroid size and shape, and
elevated invasiveness index. Overall, these findings suggest
that matrix viscoelasticity plays a key regulatory role in tumor
cell behavior and may serve as an important parameter for
designing physiologically relevant 3D cancer models.

structure.

Saito et al.** reported that benzaldehyde inhibited the growth
of resistant cancer cells by disrupting the interaction of 14-3-
3 with its client proteins, thereby affecting the transcriptional
regulation of EMT- and stemness-related genes. Treatment
with a benzaldehyde derivative was shown to inhibit pancreatic
tumor growth, reduce lung metastasis, and suppress epithelial-
mesenchymal plasticity. In our study, however, DU145 cells
encapsulated in both static and dynamic hydrogels exhibited

Biomater Transl. 2025, 6(4), 437-449

high viability and stable growth over 10 days (Figure 4A),
indicating good cytocompatibility. More importantly, in
dynamic hydrogels containing benzaldehyde-derived imine
linkages, DU145 cells displayed enhanced invasive behavior
(Figure 4B), suggesting that the stress-relaxation dynamics
of the matrix played a dominant role in driving invasiveness,
rather than any inhibitory effect associated with benzaldehyde
groups.

3.5. Dynamically cross-linked hydrogel networks
enhanced the tumorigenicity of cancer cells in vivo

Given that DU145 cells exhibited enhanced invasive phenotypes
within dynamic hydrogels in vitro, we next sought to evaluate
their tumorigenic potential in vivo. A subcutaneous xenograft
model was established using BALB/c nude mice. DU145 cells
were encapsulated within either dynamic or static hydrogels
and implanted subcutaneously into the dorsal region of the
mice (Figure 5A). Tumor development was monitored over
an 85-day period, with tumor volume measured every 4 days.
As shown in the tumor growth curve (Figure 5B), the dynamic
hydrogel group exhibited a significantly faster rate of tumor
growth compared to the static hydrogel group. Throughout
the study, body weight was also recorded for all mice, and the
analysis revealed no significant differences between groups,
indicating that the experimental conditions did not affect the
overall health of the mice (Figure S3). By day 85, all mice were
euthanized through cervical dislocation, and tumor tissues were
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Abbreviations: PEG-CHO/-NHS: 4-arm poly(ethylene glycol)-benzaldehyde/-succinimidyl carbonate.

carefully excised for further analysis. Gross examination revealed
that tumors formed in the dynamic hydrogel group were visibly
larger than those in the static group (Figure 5C). Quantitative
comparison confirmed this observation: Both tumor volume
and tumor weight were significantly higher in the dynamic
group than in the static group (Figure 5D and E). These in vivo
findings were consistent with our in vitro results, demonstrating
that dynamic viscoelastic hydrogels promote more aggressive
growth and enhance the tumorigenicity of DU145 cells.

To assess tissue architecture and cellular morphology,
hematoxylin and eosin staining were performed on tumor tissue
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sections. As shown in Figure 5F, tumors from both groups
exhibited typical tumor histology, including high cellular
density and preserved morphology, confirming successful
hydrogel degradation and sustained tumor cell proliferation
within the host. Furthermore, to evaluate potential systemic
toxicity or off-target effects of the implanted hydrogels, major
organs were harvested and subjected to histopathological
examination. As shown in Figure 5G, the organ tissue
sections from both the dynamic and static hydrogel groups
displayed normal histological structures, with no detectable
pathological changes, comparable to those in untreated control
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mice. A summary of these findings is provided in Table
S6. Collectively, these findings demonstrate that dynamic
hydrogels not only enhance DU145 cell invasiveness in vitro
but also significantly promote tumor growth in vivo, without
inducing systemic toxicity.

The viscoelastic properties of the cellular microenvironment
are crucial in modulating cell behavior and tumorigenic
potential. Previous studies have demonstrated that dynamic
stress-relaxing hydrogels promote greater spreading of
mesenchymal stem cells compared to purely elastic matrices,
primarily through enhanced nuclear localization of YAP/
TAZ and consequent changes in matrix remodeling.*® These
alterations in cytoskeletal tension and nuclear morphology
directly influence mechanotransduction pathways. Notably,
YAP/TAZ activity is tightly associated with EMT, a key process
in cancer progression, and has been shown to be regulated by
substrate viscoelasticity.* Moreover, the EMT transcription
factor zinc finger E-box-binding homeobox 1 cooperates with
YAP1 to activate oncogenic transcriptional programs, which
are particularly prominent in aggressive cancers.”

These findings highlight that the dynamic viscoelastic
microenvironment of collagen-PEG hydrogels enhances YAP
activity and EMT induction in DU145 cells, thereby promoting
more invasive phenotypes and stronger tumorigenic growth
in vivo. Our findings suggest that matrix viscoelasticity is
not merely a passive property but an active regulator of
tumor progression, providing a mechanistic rationale for the
observed differences in DU145 tumorigenicity. Overall, these
findings underscore the critical role of ECM viscoelasticity
in tumor progression and highlight the potential of dynamic
hydrogels as powerful tools for modeling cancer behavior
and evaluating therapeutic strategies under physiologically
relevant conditions.

4, Discussion

In this study, we successfully constructed dynamic and static
hydrogels with distinct network dynamics by integrating
type I collagen with functionalized PEG derivatives. These two
hydrogel systems served as ECM-based 3D culture platforms
to investigate how cross-linking network properties and
matrix viscoelasticity influence the behavior of neuronal-
like PC12 cells, NSCs, and prostate cancer DU145 cells.
Although both hydrogels exhibited comparable stiffness, they
demonstrated markedly different viscoelastic behaviors, with
the dynamic hydrogel showing a significantly faster stress
relaxation rate. These findings highlight that modulation
of the cross-linking network’s dynamic nature can precisely
adjust the viscoelastic properties of hydrogels without altering
their bulk stiffness.

Both  hydrogel  systems  demonstrated  excellent
cytocompatibility with PC12 cells, NSCs, and DU145 cells.
However, their effects on cell behavior were notably distinct.
The dynamic hydrogel, characterized by a reversible cross-
linking network, promoted PC12 cell elongation and
neurite outgrowth more effectively, and also enhanced NSC
differentiation into neurons and astrocytes compared to the
static hydrogel. These findings underscore the critical role of

Biomater Transl. 2025, 6(4), 437-449

Zhang, H., et al.

matrix stress relaxation in regulating neural cell morphology,
cytoskeletal remodeling, and lineage commitment. These
findings suggest that dynamic hydrogels are valuable platforms
for investigating neural development and differentiation
mechanisms. In addition, their ability to modulate neural cell
behavior highlights their potential in regenerative medicine,
particularly in the design of biomimetic scaffolds for neural
repair and disease modeling in neurodegenerative conditions.

For DU145 cancer cells, in vitro experiments revealed that
while both hydrogels supported the formation of multicellular
spheroids, those cultured in the dynamic hydrogel were
significantly larger, less rounded, and developed prominent
invasive protrusions over time. Quantitative analyses
confirmed that the dynamic hydrogel promoted higher levels of
invasiveness. Furthermore, in vivo subcutaneous tumorigenesis
assays in BALB/c nude mice corroborated these observations:
Tumors derived from dynamic hydrogel implants grew more
rapidly and reached larger volumes and weights than those
in the static hydrogel group. These findings suggest that
dynamic matrix properties facilitate not only in vitro invasion
but also enhance tumorigenic potential in vivo. Collectively,
these platforms provide physiologically relevant models for
investigating tumor progression, invasion mechanisms, and
therapeutic resistance. They may also support applications in
drug screening and the development of personalized tumor
models for precision oncology.

Despite the promising results, the specific molecular
mechanisms underlying the observed cell behaviors in
dynamic hydrogels remain to be elucidated. Moreover, the
chemical reactions used during hydrogel fabrication generate
new functional groups, the biological effects of which are not
yet fully understood. Future studies employing transcriptomic,
proteomic, or mechanotransduction-focused approaches
could provide deeper insights into how dynamic viscoelastic
properties regulate cell fate and function. In addition, further
investigation is warranted to determine whether the reaction
byproducts or newly formed chemical groups influence
cellular responses. These efforts will be essential for fully
understanding the mechanisms of cell-matrix interactions in
regenerative medicine and tumor modeling applications.

5. Conclusions

This study successfully demonstrates the potential of
dynamic and static hydrogels as versatile ECM-based 3D
culture platforms for investigating cell behavior and matrix
interactions. By modulating the dynamic nature of the cross-
linking network, we achieved precise control over hydrogel
viscoelastic properties without altering bulk stiffness,
revealing the critical role of matrix stress relaxation in neural
cell differentiation and cancer cell invasiveness. The distinct
effects of dynamic and static hydrogels on neural and cancer
cell behavior underscore their utility in regenerative medicine
and oncology research. Future studies focusing on molecular
mechanisms and the biological impact of hydrogel fabrication
byproducts will further advance our understanding of cell-
matrix interactions, paving the way for innovative applications
in neural repair, disease modeling, and precision oncology.
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