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Substrate Stress Relaxation Regulates Cell-Mediated

Assembly of Extracellular Matrix

Jonah L. Voigt, Jens Timmer, and Elisabetta Ada Cavalcanti-Adam*

The viscoelasticity of the extracellular matrix (ECM) regulates diverse cellular
functions, yet its influence in guiding ECM assembly and organization under
physiologically relevant stiffness remains poorly defined. In this study, silicone-
based substrates with comparable stiffness (~80 kPa) but distinct stress
relaxation profiles are used to investigate how matrix viscoelasticity affects cel-
lular mechanosensing and cell-mediated ECM remodeling in the stiff regime.
Increased substrate stress relaxation enhances fibronectin reorganization,
focal adhesion maturation, and traction force generation for similar fibronectin
surface density. Cells on viscoelastic substrates exhibit increased nuclear
localization of YAP and form f1 integrin-enriched adhesions, correlating with
localized ECM reorganization. These findings reveal that mechanical properties
alone, decoupled from biochemical cues, are sufficient to direct ECM reorgani-
zation. This platform allows dissecting mechano-regulated tissue remodeling
and designing mechanically tunable biomaterials for regenerative medicine.

stem cell fate.>® Furthermore, enhanced
matrix viscoelasticity, independently of
stiffness, has also been found to pro-
mote cancer cell progression in vivo.!

Biological tissues exhibit a wide range
of elastic and viscoelastic properties span-
ning several orders of magnitude, and this
mechanical diversity plays a central role in
regulating cell functions involved in tissue
development, repair, and disease.[1%12] Soft
tissues such as brain and adipose tissue ex-
hibit low elastic moduli in the range of 0.1
to 1 kPa, whereas stiffer tissues like mus-
cle, cartilage, and cortical bone display mod-
uli extending up to the range of GPa.[10.13.14]
Likewise, viscoelastic parameters — such as
stress relaxation time and creep compliance

1. Introduction

In tissues, the mechanical properties of the extracellular matrix
(ECM) are known to regulate cell behavior, including prolifera-
tion, migration, and differentiation, among others.["* While the
role of ECM stiffness in regulating these processes has been ex-
tensively studied, emerging evidence highlights the importance
of ECM viscoelasticity, specifically time-dependent stress relax-
ation, as a key regulator of cell behavior. Using materials that
mimic viscous ECM features, it has been shown that stress re-
laxation alone can influence cell spreading, migration, and even

J. L. Voigt, ). Timmer, E. A. Cavalcanti-Adam
Cellular Biomechanics

University of Bayreuth

Universitatsstrale 30, 95447 Bayreuth, Germany
E-mail: eacavalcanti@uni-bayreuth.de

J. L. Voigt, E. A. Cavalcanti-Adam

Max Planck Institute for Medical Research
Jahnstraf3e 29, 69120 Heidelberg, Germany

). Timmer

Department of Biosystems Science and Engineering
Eidgendssische Technische Hochschule (ETH) Ziirich
4056 Basel, Switzerland

© 2025 The Author(s). Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202509352

Adv. Funct. Mater. 2025, 09352 e09352 (1 Of14)

—also vary considerably between tissues, re-
flecting their functional demands.®! This
mechanical diversity is crucial in guiding
cellular processes, including ECM deposition and remodeling.
However, the interplay between stiffness and viscoelasticity is dif-
ficult to dissect for in vitro systems, making it challenging to iso-
late their respective contributions in controlling cell behavior.
To address this, extensive efforts have focused on develop-
ing ECM-mimetic materials that offer precise control over ma-
trix mechanics, enabling mechanistic studies of how individual
physical cues regulate cell function at both single-cell and tis-
sue scales.['>"18] Beyond regulating cell adhesion and fate, ma-
trix mechanics, particularly viscoelastic stress relaxation, is also
increasingly recognized as a critical determinant of ECM assem-
bly and, consequently, tissue morphogenesis and function. Me-
chanical cues guide the organization of fibrillar ECM scaffolds,
which are indispensable for tissue structural integrity and to di-
rect cellular behavior during repair and disease progression.['12]
Understanding how substrate mechanics alone orchestrate ECM
fibrillogenesis is of broad relevance for regenerative medicine
and tissue engineering, where designing bioinspired materials
that recapitulate not only biochemical but also mechanical cues
is a key challenge. In this context, functional materials with tun-
able viscoelastic properties provide an essential tool for both basic
mechanobiology and applied biomaterials research.l>'*-2!l How-
ever, most existing studies have examined viscoelasticity in the
soft regime, and fewer have explored its role under stiff mechan-
ical conditions, which are relevant for many load-bearing tissues
and disease states.[?2%]
Silicone-based elastomers, such as polydimethylsiloxane
(PDMS), offer a practical alternative to hydrogels for studying
mechanotransduction due to their stable mechanical properties
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and straightforward ECM protein coating without chemical
activation. Previously, we used such PDMS substrates (Syl-
gard 184) to mimic a wide range of tissue stiffnesses.[**! One
major advantage of these over commonly used hydrogels,
such as polyacrylamide (PAA) is the ease of ECM protein
coating. No chemical cross-linkers or unstable reagents (e.g.,
Sulfo-SANPAH) are required; proteins adsorb directly to the
substrate surface, with coating density readily tuned by adjusting
protein concentration or incubation time.?*! Despite similar
biochemical surface properties, we show here that mechanical
differences, specifically in stress relaxation, can drive distinct
cellular outcomes, including focal adhesion maturation and
ECM fibrillogenesis. This highlights the primacy of mechanical
over chemical cues in regulating cell-material interactions, a key
consideration in functional biomaterials design.!']

A large variety of silicone substrates exist with differing me-
chanical properties, including viscoelasticity. For this study, three
silicone-based materials, QGel 920, Sylgard 184, and Sylgard 186,
were selected to fabricate substrates of equal stiffness (~80 kPa)
but varying stress relaxation. Each consists of two components
mixed in defined ratios to achieve the desired stiffness while be-
ing inherently more or less viscous, resulting in substrates with
significantly different stress relaxation. They were classified as
low stress relaxation (low SR), medium stress relaxation (med
SR), and high stress relaxation (high SR), and subsequently, this
setup enables a controlled study of how substrate stress relaxation
affects cell behavior in the stiff regime.

Sylgard 184 is widely used in cell culture and microflu-
idic device fabrication and is well-characterized in biomedical
research.%7] QGel 920 has gained interest due to its optical
properties, as its reflective index closely matches that of glass,
making it compatible with TIRF-microscopy while enabling stift-
ness tuning,?®! and we have found it to undergo less stress relax-
ation than Sylgard 184 at equivalent stiffness. Conversely, Sylgard
186 is similar to Sylgard 184 but shows significantly more stress
relaxation, thus allowing us to fabricate three distinct stiff sub-
strates that differ only in their stress relaxation behavior. While
most studies on viscoelasticity have focused on soft substrates,
growing interest in how stress relaxation influences cells on stiff
matrices has led to models such as the “pull-and-hold” molecu-
lar clutch mechanism of mechanosensing.[?! This further high-
lights the need for user-friendly, tunable substrates, particularly
at higher stiffness, which are relevant to many tissues. Our com-
bination of substrates addresses this need, enabling studies on
how stress relaxation influences cell function and ECM assem-
bly in stiff environments.

The mechanical characteristics of these materials, including
Young’s modulus, viscous energy dissipation, tan(é), and wa-
ter contact angle, were characterized. Surface coating with the
ECM protein fibronectin (FN) was quantified over time, and
its effects on surface hydrophobicity were assessed. Substrate
suitability for cell culture was confirmed, and we investigated
how stress relaxation modulates cell adhesion and mechanosens-
ing, particularly via nuclear localization of yes-associated pro-
tein 1 (YAP1), a key regulator of mechanotransduction sensitive
to viscoelasticity.>3*3!11 We found that substrate stress relaxation
supported focal adhesion development and size. Furthermore, fi-
bronectin fibrillogenesis occurred exclusively on viscoelastic sub-
strates, correlating with elevated cellular traction, a prerequisite
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for ECM assembly.®?] These findings demonstrate that stress re-
laxation alone guides fibrillar matrix assembly by directing cel-
lular mechanics in stiff environments. This work establishes a
practical system to study how substrate stress relaxation at high
stiffness shapes cell behavior and ECM remodeling, offering in-
sights for the design of next-generation materials for tissue re-
generation where mechanical cues are as critical as biochemical
ones.

2. Results and Discussion

2.1. Stiff Substrates with Varying Stress Relaxation Mimic
Extracellular Matrix Mechanical Properties

The mechanical properties of the substrates were characterized
using nanoindentation, with the resulting values summarized in
Table 1. Young’s moduli were first measured for single samples
(Figure 1A), revealing no significant differences among QGel
920, Sylgard 184, and Sylgard 186, with only slight deviations
across the substrate surfaces. All substrates exhibited average
stiffness values around 80 kPa, which aligns with the mechani-
cal properties of biological tissues such as skin, cornea, or skeletal
muscle.['%) To ensure reproducibility and confirm the consistency
of the fabrication process, three independent samples were mea-
sured for each material, showing minimal variability in stiffness
values (Figure S1, Supporting Information). Representative load-
ing curves for the three substrates as measured with the nanoin-
denter are shown in Figure S2 (Supporting Information).

To investigate material viscoelasticity, we quantified both stress
relaxation and dynamic mechanical properties. Stress relaxation
was recorded with a constant depth of indentation over a 60-s
period, revealing marked differences between substrates based
on their normalized force decay curves (Figure 1B). QGel 920
showed minimal stress relaxation, consistent with low energy
dissipation and elastic behavior. In contrast, Sylgard 184 and 186
exhibited progressively higher degrees of relaxation, with Syl-
gard 186 dissipating over 60% of the initial force, indicating pro-
nounced viscoelasticity. A similar trend was found in dynamic
mechanical analysis (DMA), in which tan() — the ratio of loss
to storage modulus— was measured over a frequency range from
0.5 to 8 Hz (Figure 1C). Sylgard 186 showed the highest tan(5)
values, corresponding to a greater ratio of loss to storage modu-
lus, again confirming that Sylgard 186 was the most viscous sub-
strate. This is followed by Sylgard 184, while QGel 920 is the least
viscous of the three elastomers. Comparison of the absolute val-
ues of storage and loss moduli supported these findings, as the
storage modulus remained comparable, whereas the loss mod-
ulus increased according to the viscoelastic behavior (Figure S3,
Supporting Information). To confirm that these viscoelastic prop-
erties do not have a significant influence on the quantification of
the Young’s moduli, additional measurements were performed
using the peak load poking mode of the Chiaro nanoindenter,
which allows the indentation of the substrates in a shorter time-
frame (less than 0.2 s), in which the effects of stress relaxation are
minimal. The measurement setup and resulting data are shown
in Figure S4 (Supporting Information), and representative dis-
placement and load curves are depicted in Figure S5 (Support-
ing Information). While the resulting values are slightly lower
than those of the conventional measurements (269 kPa), no
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Table 1. The mechanical properties of the three different substrates used in this study. Reported values represent the mean =+ standard deviation (where
applicable). The Young's modulus values are based on the measurement shown in Figure 1A to highlight the spread of obtained values within single

samples.

Classification Substrate Young's modulus [kPa] Energy dissipation [%] tan[é] at 1 Hz
Low SR QGel 920 (1to 3) 783+ 1.4 9.4+23 0.052 + 0.005
Med SR Sylgard 184 (1to 41) 773+ 15 315429 0218 £0.015
High SR Sylgard 186 (1 to 25) 771454 618+ 15 0.510 + 0.031

significant differences were found for the three materials, and
they do not affect the classification of the substrates as stiff for
the cell types used in this study, as the values are still far above
what would be considered an intermediate stiffness (=3 to 5 kPa
for selected cell lines).**]

Given that biological tissues span a wide range of viscoelastic
properties,!!] these three materials provide a suitable platform
to study how ECM stress relaxation mimicked by artificial sub-
strates influences cell behavior. Together, they offer a mechan-
ically relevant spectrum that mimics the range of viscoelastic

A B

properties found in biological tissues, which is consistent with
the range reported for many soft and connective tissues, from
low stress relaxation (QGel 920) to high stress relaxation (Syl-
gard 186), with Sylgard 184 being in an intermediate position.!']
This decoupling of stiffness and stress relaxation is especially
valuable for investigating time-dependent mechanical cues in
the absence of confounding changes in matrix rigidity. Unlike
hydrogel-based systems, where stiffness and stress relaxation are
often interdependent, the PDMS-based approach used here en-
ables precise tuning of dissipative properties at constant stiffness,
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Figure 1. A) Young's modulus measurements for the three different substrates performed using nanoindentation. The data shown here was measured
using one sample of each material, and N > 68 positions were measured. No significant differences between the groups were observed following an
ordinary one-way ANOVA with post hoc Tukey. Data are shown as mean values + standard deviation. The measurements of three separate replicates
are shown in Figure S1 (Supporting Information). B) Substrate stress relaxation measurements. The surfaces were indented with a constant indentation
depth for 60 s and the average normalized force was calculated for N > 42 different positions per sample as explained in the methods section. Shown are
the means + standard deviation. C): Tan(delta) measurements of the three substrates in the frequency range from 0.5 to 8 Hz. Loss and storage modulus
were obtained through DMA using nanoindentation and the values were divided to calculate the tan(delta). N > 68 different positions were measured
for each frequency and sample, data are shown as mean values + standard deviation. D) Example images of the water contact angle measurements
for the three substrates before and after incubation with FN for 1 h. Contact angles were automatically calculated by the software as can be seen in the
example images. E) Water contact angle data for N = 4 different measurements before and after coating of the substrates with FN for 1 h. Shown are
the means + standard deviation. ****: p < 0.0001, according to an ordinary one-way ANOVA with post hoc Tukey.
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allowing mechanistic dissection of viscoelastic contributions to
cell behavior.

To confirm uniform ECM protein coating across all substrates,
water contact angle measurements were performed before and
after surface coating with the extracellular matrix protein fi-
bronectin (FN) (Figure 1D). All uncoated surfaces were initially
hydrophobic, with contact angles exceeding 110°, in agreement
with values previously reported for Sylgard 184.0Y7] After incu-
bation with FN for 1 h and subsequent washing, contact angles
decreased to approximately 60° for the three different substrates
(Figure 1E), indicating that the coated surfaces were no longer hy-
drophobic and that the change was due to protein coating.!'734]
The uniform reduction of the water contact angles across the
three samples after FN incubation can be taken as the first proof
of the homogeneity of the surface coating by the extracellular ma-
trix protein using the proposed protocol.

To further validate the equal coating of the surfaces with FN,
and to ensure uniform coating across substrates, immunofluo-
rescence staining was performed using antibodies specific to the
FN cell binding domain (Figure 2A). Substrates with and without
the addition of FN were probed, and fluorescent intensities were
measured at various positions on the different surfaces by flu-
orescence microscopy. Reference images of the coverslip edges
were recorded to highlight the contrast between the FN-treated
surfaces and the untreated outside within single frames. The
background signal of each substrate was recorded using a control
without the addition of FN and then subtracted from the fluores-
cent intensities measured on the coated surfaces. No significant
variation was found for the signal of the different substrates, indi-
cating that similar amounts of protein were present on each sur-
face (Figure 2B). It was also observed that with shorter or longer
incubation times (0.5 or 2 h), lower or higher levels of FN attach-
ment can be achieved (Figure S6A,B, Supporting Information).
This shows that the amount of protein on the surface depends
on the duration of the incubation and can be fine-tuned by ad-
justing the timings, while still resulting in similar levels of FN
when comparing the three different substrates. Ultimately, 1 h
was chosen as a standard for all other experiments due to the
uniformity of the signal, also following previous work conducted
using Sylgard 184.124

To assess biocompatibility and support for cell growth, Hela
cells were cultured on the three substrates, with tissue culture
plastic serving as a reference control surface. Cells were seeded
at different densities and left to proliferate for four days before
being treated with the alamarBlue Cell Viability Reagent. As an
indicator of cell viability, the assay is based on the reduction of re-
sazurin to the highly fluorescent resorufin and the fluorescence
intensity of the cell culture medium is measured using a plate
reader (Figure 2C).3>%¢] For all conditions, fluorescence intensity
increased linearly with cell number, indicating that cells were still
viable and metabolically active after 4 days. The number of adher-
ent cells was further quantified with a counting chamber after
enzymatic detachment with 0.25% Trypsin-EDTA, and no signif-
icant differences were detected after 4 days for the different con-
ditions (Figure 2D). Extended cell culture beyond 4 days revealed
no adverse effects, and phase-contrast microscopy images after 7
days showed healthy cell morphology on all substrates (Figure S7,
Supporting Information). Of note, Sylgard 184 is widely used in
many studies and its biocompatibility is well known, as well as its
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use for various purposes, including mechanobiology studies and
the fabrication of microfluidic devices.'”2¢37] In contrast, only
very limited information can be found about QGel 920,/28] and
Sylgard 186 has not previously been evaluated for cell culture ap-
plications, having only been tested as a candidate material for
the production of stretchable microfluidic devices.[*®] Our results
demonstrate that all three materials support cell adhesion and
proliferation, validating their use in cell-based assays despite dif-
ferences in mechanical behavior, and highlight that they can be
used for various applications such as fluorescence microscopy,
traction force measurements, and the study of cell migration.
Therefore, this expands the range of substrates available to study
the influence of stress relaxation on cellular behavior by adding
silicone based substrates that are easy to use and offer long-term
stability, chemical inertness, and the option for integration with
other techniques such as soft lithography.

2.2. Substrate Stress Relaxation Regulates Cell
Adhesion-Mediated Mechanotransduction

To investigate how stress relaxation of stiff substrate influences
cellular adhesion and spreading, HeLa cells were seeded on
FN-coated surfaces and fixed after 4 h. Cells were stained with
phalloidin and DAPI to visualize the actin cytoskeleton and
nuclei (Figure 3A). Robust attachment and visible actin stress
fibers were observed across all substrate types, consistent with
expectations for this cell type adhering to substrates of high
stiffness.[2*3°40] Quantification of the cell spreading area revealed
aslight albeit not significant decrease in size with increasing sub-
strate stress relaxation (Figure 3B). This observation aligns with
previous reports on stiff substrates, where increased stress relax-
ation is also associated with reduced cell spreading, a pattern that
contrasts with behavior on soft substrates (<5 kPa), where stress
relaxation enhances spreading.>**!l These findings highlight the
importance of time-dependent mechanical feedback in early cell-
matrix interactions, even when the overall matrix stiffness re-
mains high. This is particularly relevant for understanding cell
behavior in fibrotic or tumor tissues, where ECM remodeling of-
ten leads to viscoelastic stiffening.[?>?*42] The full morphological
distribution of cell spreading areas can be seen in Figure S8 (Sup-
porting Information), and no qualitative difference was observed
comparing the three materials.

Matching the spreading data, cell circularity was found to be
lower on the elastic QGel compared to the two viscoelastic sub-
strates after 4 h of attachment (Figure S9, Supporting Infor-
mation), indicating that the slightly increased spreading area
on QGel correlates with more elongated cells. This is in agree-
ment with literature findings for the circularity of cells adher-
ing to substrates classified as stiff for the investigated cells and
conditions.[2%#143] The inverse relationship between cell area and
circularity that suggests that larger and more spread cells have a
less circular morphology was further supported by time-course
experiments, as it was found that cell area increased over time
(up to 6 h) as circularity decreased (Figures S10 and S11, Sup-
porting Information).

To further validate the applicability of the substrates in cell
culture, the spreading experiments were repeated with NIH 3T3
fibroblasts. Cells were cultured on the FN-coated substrates for
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Figure 2. A) Fluorescent microscopy images of FN antibody staining targeting the cell-binding domain. The three different substrates were either coated
with FN (here called sample) or uncoated (here called control) before primary and secondary antibody staining. Images inside the sample and control
coverslips were taken and are shown with the same brightness and contrast settings. Images of the coverslip edges are included to highlight the difference
between FN-coated coverslips and untreated outside in single images. Scale bars equal 100 um. B) Fluorescent intensities of the FN antibody staining.
N = 8 positions were imaged for each sample and the background of the respective control coverslips was subtracted. Shown are the means + standard
deviation. No significant deviation in intensity was observed according to an ordinary one-way ANOVA with post hoc Tukey. C) Fluorescent intensities
of the cell culture medium of cells seeded on the different substrates at different starting densities treated with alamarBlue after 4 days in culture. 10,
20, 30, and 40 thousand cells were seeded for 4 days and then incubated with 1x alamarBlue reagent in cell culture medium for 2 h. N = 6 different
wells in a 96-well plate filled with 100 ul media were measured at a plate reader for each sample and condition, data are shown as mean values +
standard deviation. D) Cell numbers after 4 days, for the condition with a starting density of 40 thousand cells. Cells were detached with Trypsin-EDTA
and counted in a counting chamber for N = 3 separate times. Shown are the means + standard deviation. No significant variation in cell number was
observed according to an ordinary one-way ANOVA with post hoc Tukey for the different substrates.

4 h before fixation and immunofluorescence staining, similar
to the HelLa cells, and their spreading area and circularity were
analyzed. The same trends were observed, with slightly larger
cell spreading areas on the substrates undergoing low stress
relaxation, while simultaneously the cell circularity on these
substrates was found to be significantly reduced, indicating in-
creased spreading and elongation of cells on the low stress re-
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laxation substrates. Images of the NIH 3T3 cells are shown in
Figure S12 (Supporting Information), and the resulting spread-
ing and shape data can be seen in Figure S13 (Supporting
Information).

To investigate how stress relaxation modulates mechanotrans-
duction, YAP1 localization was evaluated as a readout for
adhesion-mediated signaling. Cells were fixed after 4 h of
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Figure 3. A) Fluorescent microscopy images of Hela cells fixed after 4 h of attachment. Cells were stained with phalloidin for actin, DAPI for the nuclei
(both top row), and antibodies for YAP (bottom). The scale bars represent 50 um. B) Cell spreading area measured after 4 h based on cellular actin
staining. Results of four separate experiments with N > 300 each, data are shown as mean values + standard deviation” C) Ratio of nuclear to cytosolic
YAP measured in cells. Images of YAP were taken after fixation and immunofluorescence staining of the cells. N > 32 for each sample, with each data
point representing one cell. Shown are the means + standard deviation. ***: p < 0.001, p < 0.0001, according to an ordinary one-way ANOVA
with post hoc Tukey. D) First frames of the actin time lapse videos recorded using fastAct for Hela cells seeded on the different substrates. Scale bars
correspond to 10 um. Red lines represent the positions selected to create the actin kymographs that are shown below the cell images. Yellow lines show
the linear fits selected to calculate the actin velocities, with the respective values shown as examples underneath. E) Actin velocity data measured using
the time lapse videos for the different substrates. N > 40 cells and kymographs were measured for each sample. Data are shown as mean values +
standard deviation. ***: p < 0.001, ****: p < 0.0001, according to an ordinary one-way ANOVA with post hoc Tukey.
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attachment, and YAP1 immunostaining was performed. The
nuclear-to-cytosolic YAP1 ratio was quantified for each cell
(Figure 3A, C). Cells on substrates undergoing higher stress
relaxation showed elevated nuclear YAP1 ratios, indicating re-
duced cytosolic localization. This trend is consistent with previ-
ous reports on substrates with stress-relaxation properties,>1°]
although the findings vary depending on cell type and substrate
formulation.?*#] Importantly, none of these studies was carried
out in the stiffness regime (~80 kPa) used in our work. The el-
evated YAP nuclear localization on substrates with higher stress
relaxation implies that it facilitates sustained tension and/or nu-
clear deformation over time, possibly via increased adhesion. It
also suggests that cells interpret viscoelasticity not as “softness”
but as a unique mechanical input that modulates force loading
and cytoskeletal dynamics.

To capture early cytoskeletal dynamics, live-cell imaging of
actin during cell spreading was performed using the SPY555-
FastAct probe, starting approximately 30 min after cell seeding.
Time-lapse movies were used to generate actin kymographs for
individual cells, allowing the measurement of spreading velocity
over the first 2 h by fitting the linear portion of the actin signal
in the kymographs (Figure 3D). Cells were found to spread faster
on low stress relaxation substrates, with an average actin velocity
of (0.24 + 0.04) um min~! on QGel (Figure 3E). On the medium
SR Sylgard 184 the velocity was (0.17 + 0.03) um min~' and on
the high SR Sylgard 186 (0.13 + 0.04) ym min~"'. These results
support observations made for cells fixed at different time points
(Figures S10 and S11, Supporting Information) since larger cell
spreading areas were also found at early time points (1.5 to 3
h) on low SR substrates, with differences diminishing later on
(6 h after seeding). Together, these results suggest that substrate
elasticity enhances early cellular spreading dynamics while stress
relaxation slows cytoskeletal remodeling. This is consistent with
reports showing that increased substrate stress relaxation has a
negative effect on both spreading and migration behavior in the
stiff regime.>2°] Future studies will be needed to determine how
substrate stress relaxation behavior specifically influences single
cell and cell collective migration, and in particular regulates cell-
matrix and cell-cell adhesion dynamics.

2.3. Substrate Stress Relaxation Regulates Focal Adhesion
Architecture and Integrin-Dependent Matrix Organization

To determine how substrate stress relaxation influences focal ad-
hesion assembly, cells were fixed 4 h after seeding and stained for
vinculin. Single-cell fluorescence images revealed differences in
adhesion morphology across substrates with varying stress relax-
ation properties (Figure 4A). Quantitative image analysis showed
that focal adhesions were larger in area for cells adhering to sub-
strates of higher stress relaxation. A higher percentage of focal
adhesions with an area above 2.5 pm? was found in these cells,
while a larger ratio of small focal adhesions below 1 um? was
found on the elastic substrate (Figure 4B). The average focal ad-
hesion area per cell increased with increasing stress relaxation,
being (1.45 + 0.26) pm? on the low SR QGel (1.72 + 0.18) pm?
on the med SR S184, and (2.03 + 0.15) um? on the high SR S186
(Figure S14A, Supporting Information). A similar trend was ob-
served for focal adhesion number per cell (Figure S14B, Sup-
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porting Information), indicating that stress relaxation promotes
both maturation and increased density of adhesion sites. For in-
creased clarity of the scope of the data the total distributions
of focal adhesion area and length are shown in Figure S14C,D
(Supporting Information). Notably, focal adhesions on the low
SR substrate QGel were predominantly located at the cell pe-
riphery, while the substrates undergoing higher stress relaxation
S184 and S186 induced the formation of adhesions toward the
cell center. This shift in spatial organization suggests the emer-
gence of fibrillar adhesions, which are known to form centrally
by the translocation of integrins from peripheral adhesions and
sustained tension.[*/ This redistribution of adhesions from pe-
ripheral to central zones strongly suggests a shift in force balance
and integrin recycling behavior, both of which are known to con-
tribute to fibrillar adhesion maturation.[*] Such reorganization
has been associated with increased actomyosin contractility and
a switch in adhesion dynamics from nascent to stable structures,
particularly under conditions of prolonged force loading.[“®l Tt is
likely that enhanced stress relaxation facilitates sufficient time-
dependent tension to promote this transition.

To further dissect integrin-specific contributions, cells were
also stained for f1 and avp3 integrin. To visualize matrix re-
modeling, FN conjugated with HilLyte Fluor 647 was used to
coat the substrates, enabling direct observation of FN rearrange-
ment during cell adhesion on the different substrates (Figure 4C).
Marked differences in FN distribution were found between the
samples: on substrates undergoing higher stress relaxation, FN
appeared reorganized into elongated “fibrillar-like” structures in
close proximity to focal adhesions, whereas low SR QGel surfaces
showed a more diffuse FN signal.

High-resolution imaging revealed that f1 integrins colocalize
with FN fibrils, often at the end of actin stress fibers (Figure 4D).
Quantitative colocalization analysis confirmed a stress relaxation-
guided increase in integrin-FN coupling, since the Pearson cor-
relation coefficient rose from 0.161 + 0.069 on low SR QGel
to 0.328 + 0.130 on med SR S184 and 0.331 + 0.124 on high
SR S186 (Figure 4E), in alignment with the observations of en-
hanced matrix remodeling on stress-relaxing substrates. While
avp3 integrin was also detected at adhesion sites, no signifi-
cant differences in distribution were observed across the differ-
ent substrates (Figure S15, Supporting Information), suggest-
ing a more prominent function of f1 integrin in mechanosensi-
tive FN remodeling on the substrates. This preferential involve-
ment of #1 integrins is consistent with their known role in fi-
bronectin fibrillogenesis, where they mediate traction-dependent
matrix assembly.[748]

Our data suggest that substrate stress relaxation amplifies the
force transmission through f1 integrins necessary to drive FN re-
modeling, independent of stiffness or ligand density. The lack of
response from avf3 integrins may reflect their lower force sen-
sitivity or distinct activation threshold in comparison to f1 inte-
grins under dynamic mechanical conditions.!*”] Taken together,
these findings indicate that stress relaxation promotes the spa-
tial reorganization and mechanical engagement of integrins crit-
ical for ECM remodeling, and an activation threshold might ex-
ist that is already reached with the substrates undergoing in-
termediate stress relaxation. It would be interesting in future
work to test whether inhibition of #1 integrin blocks the observed
FN rearrangement to causally link the observed correlation with
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Figure 4. A) Fluorescence microscopy images of Hela cells fixed and stained after 4 h of attachment to the different substrates. Cells were stained
for actin using phalloidin, and an antibody staining was performed to image cellular vinculin. Scale bars equal 20 um. B) Percentage of vinculin focal
adhesions per cell on the different substrates sorted by size into three categories. N > 10 cells were analyzed for each substrate, and the ratio of focal
adhesions that fall in each category was calculated per cell. A box plot with whiskers was chosen for increased clarity. The box represents the 25th to
75th percentiles, the whiskers indicate the min and max, and the line is the median of the respective sample. *: p < 0.05, **: p < 0.01, ****: p < 0.0001,
according to an ordinary one-way ANOVA with post hoc Tukey performed for each size category. C) Fluorescence microscopy images of Hela cells fixed
after 4 h of attachment. Actin was stained with phalloidin, and beta-1 integrin and fibronectin images were recorded after immunostaining. Scale bars
correspond to 20 um. D) Zoom in to the marked area of the S186 image of Figure 4D. Actin, beta-1 integrin, and fibronectin structures can be observed
more closely, and the three channels’ composite image is shown. The scale bar equals 5 um. E) Pearson correlation coefficient measured for cellular
beta-1 integrin signal and underlying fibronectin. The correlation underneath the cell area was measured for N > 35 cells after the cellular outline was
created based on the corresponding actin images. Data are shown as mean values + standard deviation. ****: p < 0.0001, according to an ordinary
one-way ANOVA with post hoc Tukey.

functional remodeling. How different ECM proteins and inte-  2.4. Cellular Traction Correlates with Fibronectin Reorganization
grin subtypes influence cell adhesion could also represent anim-  at Adhesion Sites

portant direction to determine whether the observed adhesion

responses depend on matrix specific interactions and whether ~ The assembly of a fibrillar FN matrix requires cells to exert
ECM remodeling is essential for these. contractile forces that stretch FN molecules, exposing cryptic
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Figure 5. A) Traction force microscopy images. The top row shows images of cells stained using a WGA membrane dye and the bottom row the
corresponding displacement maps calculated based on the movement of the fluorescent nanoparticles covalently bound to the substrate surfaces. The
cell outlines were created based on the membrane staining images and were used for the calculation of the average displacement per cell. Scale bars
represent 40 um. The color scaling of the displacement maps is the same for all three images. B) Traction force microscopy data. Average displacements
were calculated for each cell using the displacement maps and the cell outlines. N > 41 cells were measured for each sample. Shown are the means +
standard deviation. ****: p < 0.0001, according to an ordinary one-way ANOVA with post hoc Tukey.

self-association sites necessary for fibrillogenesis.’>>" To eval-

uate how stress relaxation modulates cell-generated forces, trac-
tion force microscopy (TFM) was performed on the low, medium,
and high SR substrates. Here, fluorescent nanoparticles were
covalently bound to the different substrates before FN coating
(Figure S16, Supporting Information), allowing for the quan-
tification of cell-induced displacements after 4 h of adhesion
(Figure 5A). On low SR QGel, the average bead displacement in-
duced by cells was 0.070 + 0.019 um, while on medium and high
SR S184 and S186, it was 0.095 + 0.031 and 0.095 + 0.025 um, re-
spectively (Figure 5B). This corresponds to an approximate 36%
increase in displacement, suggesting that stress relaxation facili-
tates stronger and more sustained mechanical engagement with
the substrate.

Due to the time-dependent mechanical behavior of viscoelas-
tic materials, conventional traction force calculations based on
linear elasticity are not valid for the study presented here.5>2]
Instead, displacement magnitude was used as a proxy for cell-
generated forces. While this limits force quantification, it still
provides a robust comparison between the different condi-
tions. Interestingly, lower traction forces on substrates of higher
stress relaxation were reported when using conventional TFM
approaches,[1*#143] potentially due to reference images only be-
ing taken after cell removal or differences in substrate stiffness
employed in the respective studies. In our case, using displace-
ment data captured before cell adhesion and on relatively stiff
substrates, we observe the opposite trend. These contrasting find-
ings underscore the importance of experimental timing and me-
chanical regime in interpreting TFM data. In particular, our re-
sults suggest that under high-stiffness conditions, stress relax-
ation does not dissipate force but instead permits more effec-
tive substrate engagement by cells. This may reflect a shift in
cell mechanosensing where delayed relaxation enables more ef-
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ficient force buildup before feedback inhibition mechanisms are
triggered. Taken together, our results indicate that stress relax-
ation not only alters focal adhesion morphology and integrin-FN
interactions but also enhances substrate deformation, likely pro-
moting conditions that favor FN matrix reorganization. While
we cannot conclusively demonstrate the formation of mature fib-
rillar FN from these data, the elongation and spatial alignment
of FN with #1 integrins and actin stress fibers strongly suggest
active mechanical remodeling of the matrix.[**®] This is partic-
ularly notable because the observed FN structures form with-
out any additional biochemical stimulation, indicating that stress
relaxation alone can trigger cell-driven reorganization of ECM
proteins. Future work could explore whether inhibition of acto-
myosin contractility or #1 integrin engagement prevents this re-
modeling, further clarifying the causal relationship between sub-
strate mechanics, traction force generation, and matrix assembly.
In summary, the findings presented here highlight a broader
conceptual contribution of our study: by decoupling viscoelastic-
ity from stiffness, we establish a material-based platform to in-
vestigate how time-dependent mechanical properties alone reg-
ulate ECM remodeling by cells. Through the combination of
traction displacement analysis, integrin colocalization with ECM
proteins, and dynamic cytoskeletal measurements, our approach
provides a multidimensional view of mechanosensitive matrix
assembly. This enables systematic quantification of biophysical
outputs under controlled mechanical conditions and serves as
a foundation for future integration with transcriptomic or pro-
teomic analyses to dissect downstream signaling pathways.

3. Conclusion

In this work, three distinct silicone-based substrates were intro-
duced that can be used to mimic the mechanical properties of the
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extracellular matrix to study the influence of ECM stress relax-
ation on cell behavior in the stiff regime. The mechanical proper-
ties of the substrates were quantified and it was verified that they
significantly differ in their stress relaxation behavior while hav-
ing similar stiffness, a crucial condition for isolating the effects
of stress relaxation from stiffness-dependent responses. Using
Hela cells, it was further validated that the substrates do not ex-
hibit cytotoxicity and are suitable for cell culture. Uniform FN
coating was confirmed via antibody staining and fluorescence
imaging, indicating that the substrates can be functionalized re-
producibly with ECM proteins.

The influence of substrate stress relaxation on cellular
mechanosensing was investigated by quantifying the localization
of YAP within the cells, and a significantly higher ratio of nu-
clear to cytosolic YAP was found on low SR substrates. This sug-
gests enhanced activation of mechanosensitive signaling path-
ways in response to time-dependent mechanical properties. HeLa
spreading area and shape were measured after 4 h of attachment,
and actin dynamics during initial spreading were quantified.
Cells were found to be slightly larger on low SR substrates, and
higher actin velocities were measured compared to the more vis-
cous substrates, indicating that stress relaxation delays cytoskele-
tal engagement and slows the spreading process during early
adhesion.

Cellular focal adhesion formation was studied based on anti-
body staining for vinculin, and larger and longer adhesions were
found on more viscous substrates, particularly the high SR sub-
strate. When fluorescently labeled fibronectin was used to coat
the surfaces, it was subsequently revealed that cells on the more
viscous substrates were remodeling the fibronectin layer creat-
ing FN-enriched agglomerations, with strong colocalization of
these fibronectin structures with 1 integrins.[**8 This spatial
alignment of integrin, FN, and actin suggests a stress relaxation-
driven maturation of adhesion structures and remodeling of
the ECM. Traction force measurements showed a similar trend,
with larger average displacement on the medium and high SR
substrates, indicating increased cell-substrate force transmission
that may be required to mechanically unfold FN dimers and ini-
tiate the process of fibrillogenesis.[3%>°]

Together, these findings demonstrate that substrate stress re-
laxation independent of stiffness is central in regulating cellu-
lar force generation, adhesion maturation, and matrix remodel-
ing. Our study highlights the utility of tunable viscoelastic ma-
terials for dissecting mechanoresponsive cell behavior and pro-
vides a framework for designing next-generation biomaterials
that incorporate time-dependent mechanical cues to guide tissue
organization.

The results presented in this work were obtained using a tar-
geted imaging-based approach to capture early structural and
mechanical responses of cells to substrate viscoelasticity. While
limited to a single time point, our study provides a neces-
sary first step toward understanding how time-dependent me-
chanical cues regulate cell behavior. We believe that these find-
ings lay the groundwork for future mechanistic dissection us-
ing transcriptomic or proteomic approaches, particularly in time-
course studies designed to capture the evolution of downstream
mechanosensitive signaling. Expanding this model to include ad-
ditional ECM proteins beyond FN will also be important to assess
matrix-specific effects. Ultimately, integrating biochemical anal-
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yses with dynamic profiling and collective cell behaviors will be
key to advancing a comprehensive understanding of viscoelastic
regulation in complex cellular systems.

4. Experimental Section

Substrate Production: The three substrates were prepared by carefully
weighing the two components of each using a precision balance, after
which they were thoroughly mixed and then degassed using a desiccator.
For cell viability experiments, approximately 1.5 ml of each substrate was
poured into the wells of six-well plates to create entire wells covered with
the substrates. For microscopy experiments, 25 mm coverslips (Carl Roth,
1.5H) were first cleaned in a UV-Ozone cleaner (Jelight Company) for 10
min before spin coating (Laurell Technologies, WS-650) at 5000 rpm for
10 s. After this, the substrates were cured and stored before use according
to Table 2. Particularly for the Sylgard 184 substrates, a minimum storage
time was set because it was noticed that the substrates seemed to un-
dergo further hardening after initial curing, which had also been reported
elsewhere.[?] Substrates were therefore only used for experiments after
storage for a minimum amount of time, when the hardening seemed to
have reached a plateau.

Substrate Characterization: The mechanical properties of the sub-
strates were measured using a Chiaro nanoindenter from Optics11 Life
mounted on the stage of a Nikon Ti2 Eclipse inverted microscope. Before
the measurements, substrates were incubated with a 1% (w/w) solution
of bovine serum albumin (BSA, Sigma-Aldrich, A2153-50G) in PBS for 1h
at room temperature, to reduce sticking of the nanoindenter probe to the
substrates, which could otherwise have disturbing effects on longer and
repeated measurements. A probe with a radius of 24 pm and stiffness of
0.23 N m~" was used to record matrix scans of the substrates with 9x9
positions spaced 200 pm apart. The probe was positioned 2 um above
the substrate surfaces using the integrated find surface function before
each measurement and lowered by 10 um in 2 s using the displacement
control mode of the nanoindenter to record stress displacement curves.
The Young’s modulus was then calculated for each measurement using
the Hertzian contact model to fit the elastic region of the loading curves
(Figure 1A). Three different substrates were prepared for each substrate
type and measured to validate the consistency of the manufacturing pro-
cess (Figure S1, Supporting Information). The influence of surface coating
with proteins on the stiffness measurements was investigated for Sylgard
184 in the past using fibronectin, and no significant difference was found
when indenting either uncoated or FN-coated surfaces.[4]

The substrates’ tan(§) was measured using the same matrix scans
(Figure 1C). For this, after the initial indentations, while the probe was
still in contact with the substrates, 20 s were waited to give the substrates
time for initial relaxation. After that, the DMA mode (dynamic mechani-
cal analysis) of the nanoindenter was set to indent the substrates for an
extra 1 um, with oscillations at different frequencies ranging from 0.5 to 8
Hz with 5 periods each. From this, the load and storage moduli were also
calculated (Figure S2, Supporting Information).

A second matrix scan of similar size was performed to measure the
stress relaxation of the substrates, this time using the indentation control
mode. The tip was again brought 2 um above the surfaces, and a time of 0.2
s was set for the nanoindenter to reach a stable indentation depth of 2 um,
at which the head remained for 60 s. During this time, the necessary load
to keep the indentation constant was recorded, normalized, and averaged
to create the stress relaxation curves (Figure 1B). Data processing for this
was performed using software available on GitHub.[*3]

To validate that substrate stress relaxation has no significant effect on
the obtained stiffness values additional measurements were conducted
using the peak load poking mode of the Chiaro nanoindenter (Figure S4B,
Supporting Information). Substrates were indented up to a maximum load
of 1 uN with a Piezo speed of 30 um s~ with typical indentations taking
less than 0.2 s (Figures S4A and S5, Supporting Information). A matrix
scan of 6x6 positions with a spacing of 600 um was conducted to measure
a large area on the surfaces.
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Table 2. Mixing ratios and curing schedules for the different substrates.
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Sylgard 184 Sylgard 186

QGel 920
Mixing ratio 1to 3 (Ato B)
Curing time overnight

Curing temperature room-temperature

Minimum storage time 2 days

1to 41 (Curing agent to base) 1to 25 (Curing agent to base)

overnight 3h
70°C 70°C
14 days none

Water contact angle measurements were performed using a drop shape
analyzer (DSA25, Kriiss). Coverslips spin-coated with the different sub-
strates were placed in front of the camera, and a 150 pl drop of milli-Q
water (Merck) was placed in the center. After focusing, the software au-
tomatically calculated the contact angles of the left and right sides. Both
were averaged, and a total of four different measurements were performed
for each sample, either for plain uncoated coverslips or after coating with
fibronectin for 1 h (Figure 1D,E). Contact angles were measured imme-
diately after droplet deposition without any additional waiting time. No
significant change in angles was observed during the measurement of sin-
gle samples.

Fibronectin Coating and Validation of Coating Homogeneity:  Substrates
were coated using fibronectin from bovine plasma (Sigma-Aldrich, F1141)
by diluting the protein in phosphate-buffered saline (PBS, Thermo Fisher
Scientific, 10010023) to a final concentration of 3.34 ug ml~! and incu-
bating the surfaces with the solution for 1 h at room temperature. The
coating-concentration was based on previous work using Sylgard 184, and
was fine-tuned for optimized results when culturing Hela cells.[?4] After
this, the surfaces were washed three times with PBS to remove excess
FN. To validate the surface coating (Figure 2A, B; Figure S3, Support-
ing Information), the substrates were incubated with a 1% solution of
BSA in PBS for 1 h at room temperature before another three washing
steps. Then an anti-fibronectin mouse antibody targeting the cell-binding
domain of human and bovine fibronectin (QED Bioscience, 42040) was
added at a concentration of 10 ug ml~" in 1% BSA in PBS for 1 h at
room temperature. After three washing steps, the goat anti-mouse sec-
ondary antibody Alexa Fluor 488 (Invitrogen, A-11001) was added at a
concentration of 4 ug ml~! in 1% BSA in PBS for 1 h at room tempera-
ture. The coverslips were then washed a final three times and mounted on
glass slides with 40 uL of Mowiol 4-88 (Carl Roth, 0731.2). For the nega-
tive control samples, the same steps were performed except for the sub-
strate coating with fibronectin in the beginning. Uniform surface coating
with FN across the different substrates was then quantified using fluores-
cence microscopy and taking this together with the consistent wettability
changes, similar levels of the ECM protein on the different surfaces were
concluded.

To investigate the influence of different incubation times, tests were
also conducted where the FN solution was added for 0.5, 1, or 2 h for sur-
face coating. The incubation time of 1 h was selected for all of the exper-
iments as the optimal condition where all substrates reached the same
levels of surface-bound FN and follows previous work conducted using
Sylgard 184 at different mixing ratios.[24]

Cell Culture: Hela cells were used for all experiments and cultured
at 37 °C with 5% CO, using DMEM high glucose GlutaMAX (Gibco,
10566016) supplemented with 10% fetal bovine serum (FBS, Sigma—
Aldrich, F7524) and 1% penicillin-streptomycin (P/S, Gibco, 15140-122).
To detach cells for experiments, they were washed once with PBS and then
incubated with 0.05% of Trypsin-EDTA (Gibco, 25300062) for 5 min. Cells
were then washed off the culture flask using fresh medium and centrifuged
for 5 min to form a pellet before being resuspended in fresh medium and
used for experiments.

NIH 3T3 mouse fibroblasts were used for further validation of the us-
ability of the substrates in cell culture and were cultured in the same condi-
tions as the HeLa cells with the culture medium DMEM (Gibco, 41966029)
supplemented with 10% heat inactivated FBS (Gibco, 10082147) and 1%
P/S.
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Cell Viability: ~ Cell viability was confirmed using the alamarBlue cell vi-
ability reagent (Invitrogen, DAL1100). Cells were cultured on the different
substrates coated with fibronectin and on tissue culture-treated plastic at
different seeding concentrations for 4 days. They were counted using a
hemocytometer, and 10000, 20000, 30000, or 40000 cells were seeded per
well. After 4 days, the culture media was exchanged with 1 mL of fresh
media containing 10% alamarBlue, and cells were left to incubate with the
reagent for 2 h. The media was then transferred to a 96 well-plate, and 100
uL of media was added to each well, with six wells for each sample and
concentration. The fluorescent signal at four different positions in each
well was then measured and averaged in a plate reader with an excitation
wavelength of 555 nm and an emission wavelength of 600 nm with filter
bandwidths of 20 nm (Figure 2C). Cells in the well where 40000 cells were
seeded were then detached using 0.25% of Trypsin-EDTA, and each sample
was counted three times to calculate the total number of cells per sample
after 4 days of attachment (Figure 2D).

Fluorescent Staining: To perform immunofluorescence imaging, cells
were typically fixed after 4 h of attachment on the substrates using 4%
paraformaldehyde (PFA, Carl Roth, 0335.1). First, the culture media was
removed, and cells were washed once using PBS. After that, PFA was added
for 10 min at room temperature. After another three washes with PBS, cells
were incubated with 0.1 % Triton X-100 (Sigma—Aldrich, X100RS-25G) in
PBS for 5 min at room temperature and washed three times with PBS.
Cells were then incubated with 1% BSA in PBS for 1 h at room temperature
before washing three times with PBS and incubation with 0.1 % Triton for 5
min followed by another three washing steps with PBS. Primary antibodies
were then added in a 1 % solution of BSA in PBS as detailed below.

To image actin fibers, either phalloidin conjugated with fluophores (see
below) or VECTASHIELD HardSet Antifade Mounting Medium with Phal-
loidin TRITC (Vector Laboratories, H-1600-10) was used. For conjugated
phalloidin, a concentration of 1 um in a 1% solution of BSA in PBS was
added to the cells for 1 h at room temperature. For Vectashield, actin was
stained after coverslips mounting, as the mounting media contained phal-
loidin. Note that in this case, the signal-to-noise ratio was less optimal,
as excess fluorescent proteins would not be washed away after staining.
However, for most of the purposes in this work, the resulting images still
allowed subsequent analysis.

For the YAP1 images (Figure 3A), YAP1 (63.7) mouse antibody (Santa
Cruz Biotechnology, sc-101199) was added overnight at 4 °C at a concen-
tration of 1 ug ml~" diluted in 1% BSA in PBS. After incubation, cells were
washed three times using PBS and incubated with 0.1% Triton X-100 for 5
min before another three washing steps. Then, cells were incubated with
goat anti-mouse Alexa Fluor 647 secondary antibody (Invitrogen, A-21236)
at 2 ug ml~1 in 1% BSA in PBS for 1 h at room temperature. For the
nuclear staining in the YAP1 images (Figure 3A), DAPI (4',6-diamidino-
2-phenylindole, ROTH, 6335.1) was used at a concentration of 1 ug ml~!
and was added alongside the secondary antibody. Coverslips were washed
three times using PBS and mounted using 40 ulL of Mowiol 4-88 each.

For vinculin images (Figure 4A), similar steps were performed except
that instead of YAP1 primary antibodies, anti-vinculin mouse antibodies
(Sigma, V9131) were diluted 1to 100 in 1% BSA in PBS and added to
cells for 2 h at room temperature. Samples were then washed three times
using PBS, and 0.1 % Triton X-100 was added for 2 min. Cells were washed
another three times using PBS and incubated with goat anti-mouse Alexa
Fluor 647 secondary antibody (Invitrogen, A-21236) at 4 ug ml~" in 1%
BSA in PBS for 2 h at room temperature. After three washes with PBS,
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Figure 6. Overview cartoon showing the results of the different experiments conducted using the three substrates. Created in BioRender. Voigt, J. (2025)

https://BioRender.com /w56k779.

the coverslips were mounted using Vectashield Mounting Medium with
phalloidin TRITC.

For integrin staining (Figure 4C, D), Far-red Hilyte Fluor 647 Labeled
Fluorescent Fibronectin (Cytoskeleton Inc, FNRO4) was used to coat the
surfaces. The fibronectin was diluted to 1.67 ug ml~" in PBS, and cover-
slips were incubated for 1 h at room temperature, followed by overnight
incubation at 4 °C. After three washing steps with PBS, cells were seeded
for 4 h, fixed with PFA, and permeabilized with Triton X-100 as described
above. Then, anti-integrin beta one mouse antibody (Abcam, ab30394,
clone 12G10) was used at a concentration of 10 ug ml~ diluted in 1% BSA
in PBS. For avf3 integrin staining (Figure S9, Supporting Information),
anti-integrin avf3 mouse antibody (Millipore, MAB1976, clone LM609)
was used instead, at a concentration of 10 ug ml~ diluted in 1% BSA in
PBS. The antibodies were added to the coverslips for 1 h at room tem-
perature. After, coverslips were washed three times using PBS, and 0.1%
Triton X-100 was added for 2 min. After three washing steps with PBS,
goat anti-mouse secondary antibody Alexa Fluor 488 (Invitrogen, A-11001)
was added at a concentration of 4 ug ml~" in 1% BSA in PBS for 1 h at
room temperature. Also, phalloidin Alexa Fluor 555 conjugate (Invitrogen,
A34055) was added alongside secondary antibodies at a concentration of
1 um. After staining, coverslips were again washed three times using PBS
and mounted using 40 pL of Mowiol 4-88 each.

Image Acquisition: A Nikon Ti2 Eclipse epifluorescent inverted micro-
scope was used to take fluorescent images of cells and nanoparticles and
to take time-lapse videos with the GFP, Cy3, or Cy5 filters and channels
of the microscope, depending on the wavelengths of the fluorophores
used. A 20x air objective (S Plan FLUOR ELWD, NA 0.45) was used to
take images of FN surfaces, quantify cellular spreading area, and conduct
the time-lapse study of cellular spreading dynamics. In the case of size
quantification, large 3 x 3 images were taken and stitched using the built-
in function of Nikon software NIS-Elements to image a large number of
cells with high resolution. A 40X air objective (S Plan Fluor ELWD, NA
0.60) was used to take images of fixed cells stained with various antibod-
ies and to image the cells and nanoparticle layers used for traction force
microscopy. In the case of the vinculin and integrin images, an additional
zoom of 1.5x was set for the microscope for an effective magnification of
60x. Generally, 200 ms of exposure time were set using 20% light intensity,
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with the exception of the FN and vinculin images, were longer exposure
times of up to 4 s were used to increase the signal intensity of the resulting
images.

For the YAP analysis an inverted laser scanning confocal microscope
(Zeiss Axio Observer Z1, LSM880) equipped with a 20X air objective (Plan-
Apochromat, NA 0.8) was used with the following laser settings for imag-
ing: 405 nm 30% (DAPI), 561 nm 209 (TRITC), and 633 nm 5% (AF-647).

For the NIH 3T3 images in the supporting information an epifluores-
cent inverted microscope with a 40x air objective (Plan Apo DIC, NA 0.95)
was used with a GFP filter and 100 ms of exposure. Large images were
taken as before and stitched using the Nikon software NIS-Elements to be
used for size and shape quantification.

Cell Size and Shape:  To analyze cell size and shape, Cellposel>*33! (ver-
sion 2.2.3) was used. Cells were cultured on the FN-coated substrates for 4
h and subsequently fixed and stained for actin using phalloidin as detailed
in the previous subsection. Images were opened in the GUI of Cellpose
and cells were outlined using the cyto model of the software after an ap-
propriate cell diameter was set based on the pixel size of the images. Faulty
outlines were corrected by hand to improve the model performance and a
custom model was trained using the human-in-the-loop pipeline.[*] The
masks were saved as image] ROl files, opened in Fiji,[*?] and analyzed us-
ing the measurement function to quantify the area and shape of the cells
based on the outlines.

YAP Localization: Cells were seeded for 4 h, fixed, and stained with
phalloidin, DAPI, and YAPT antibody, as detailed above (Figure 4A). Out-
lines of the cells and their nuclei were created by hand in Fijil®¢] for in-
creased accuracy compared to cellpose software. The signal of the cytosol
was calculated by subtracting the nuclear signal of each cell from the total,
and the ratio for each cell (Figure 4C) was calculated according to:

YAPcytosol = YAPo1a1 — YAP ucleus M
YAP
YApratio = ﬁucleus (2)
cytosol
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Timelapse Measurement and Kymograph Analysis: ~ For time-lapse mea-
surements of the cells, SPY555-FastAct (Spirochrome AG, SC205) was
used as a live cell dye to label F-actin. Coverslips coated with the sub-
strates were glued into petri dishes with holes to allow for optimal imag-
ing and were sterilized using the UV-light function of the cell culture hood
for 30 min before cell seeding. Cells were cultured in FluoroBrite DMEM
(Gibco, A1896701) with 10% FBS and 1% P/S. The day before the experi-
ments, cells were incubated overnight using the FluoroBrite media with an
addition of FastAct (1000x stock solution following the manufacturer’s in-
structions) diluted 1to 3000 to pre-label the cells. The next day cells were
detached as detailed before using Trypsin and counted. 100k cells were
seeded in each petri dish in the FluoroBrite media with a dilution of 1 to
2000 FastAct and five different positions per sample were selected. After
about 30 min of initial attachment, the focus was adjusted and the PFS
function of the microscope was activated, before recording images every
minute for 4 h with the 20x objective of the Nikon Ti2 Eclipse epifluores-
cent inverted microscope.

After imaging, cells with a suitable signal were selected, and videos were
cropped to the cell size (Figure 3D). Kymographs were created using the
reslice function of Fiji,[°6] and the linear actin velocity was measured using
the Velocity Measurement Tool (https://dev.mri.cnrs.fr/projects/imagej-
macros/wiki/Velocity_Measurement_Tool). At least 40 cells and kymo-
graphs were measured in this way for each sample (Figure 3E).

Focal Adhesion Analysis: Vinculin images were opened in Fiji,
cropped to only contain single cells, and a background subtraction with
a rolling ball radius of ten pixels was done. Then, the auto threshold func-
tion was used to create masks of the focal adhesions followed by the an-
alyze particles function to quantify their size and shape. A minimum size
of 0.5 um? was set to exclude smaller particles or artifacts from the analy-
sis. Focal adhesion size and number were then analyzed for each cell, and
the percentages of adhesions in different size ranges were calculated. Vin-
culin images after background subtraction can be seen in Figure 4A and
the resulting data in Figure 4B and Figure S8 (Supporting Information).

Betal Integrin and Fibronectin Correlation Analysis: Images were
opened in Fijil**l and changed to eight-bit and 1024 x 1024 pixels for faster
computation times. The actin channel was used to create outlines of the
single cells, and the FN and f1 integrin channels were opened separately.
The background of both was subtracted in Fiji using a rolling ball radius
of 20. The two channels and respective ROls were selected in the Coloc2
plugin of Fiji,l*é] and the analysis was performed to calculate the Pear-
son correlation coefficient R of the FN and f1 integrin signal, with Costes
significance test performed through ten iterations. An R value of 1 corre-
sponds to perfect colocalization, 0 to no colocalization, and -1 to perfectly
inverse colocalization. The results are shown in Figure 4E for the different
substrates, and at least 35 different cells were analyzed for each sample.

Traction Force Measurement: Fluorescent nanoparticles were cova-
lently bound to the surfaces of coverslips coated with the different sub-
strates. To do this, the substrates were first silanized for 5 min through the
addition of T mL of 3-aminopropyl trimethoxysilane (10% v/v) in ethanol.
After this, the surfaces were washed with ethanol, followed by two washes
with milli-Q water. FluoSpheres Carboxylate-Modified Microspheres (Invit-
rogen, F8807, Dark Red) with a diameter of 0.2 um were functionalized us-
ing 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC,
Thermo Fisher Scientific, 22980) diluted to a concentration of 0.1 mg ml~!
in milli-Q. Nanoparticles were added to the EDC solution and were thor-
oughly vortexed before being added to the silanized surfaces for 1 h at
room temperature. The coverslips were then washed three times using
PBS, functionalized with 3.34 pg ml~ as described earlier, and glued into
the wells of a six-well plate with holes to improve the quality of the fluo-
rescent images. Images of the covalently bound nanoparticles and cells
growing on top can be seen in Figure S10 (Supporting Information).

The prepared wells of the plate were then filled with the FluoroBrite
media containing 10% FBS and placed in the heated stage of the Nikon
Ti2 epifluorescent microscope at 37 °C and 5% CO, for 1h to heat up. 20
different positions were selected per sample, and the focus was set on the
layer of nanoparticles. Before the cells were seeded, images of the bead
layer in the selected positions were taken to be used as the undisturbed
reference images in the analysis. Once images were taken, approximately

[56]
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40k cells were added to each well, taking great care not to touch the plate
or relevant parts of the microscope stage so as not to change the selected
positions. Cells were left to spread on the substrates for 3.5 h. At this point,
50 pl of wheat germ agglutinin (WGA) Alexa Fluor 488 conjugate (Thermo
Fisher Scientific, W11261) diluted in FluoroBrite was added to the cells for
a final concentration of 2.5 ug ml~" to allow imaging of the cell membrane.
After a total of 4 h of attachment, final images of the bead layers and the
cell membrane were taken.

To analyze the cellular traction generation, the average bead displace-
ment under the cell spreading area was calculated for at least 41 cells per
sample. First, the membrane staining was used to generate cell masks.
Then, the images of the fluorescent nanoparticles were opened as a stack
in Fiji>®], and the StackReg pluginl®’l was used to align the bead lay-
ers in case of shifts in x-y-direction during the measurement. The Parti-
cle Image Velocimetry (PIV) plugin of Q. Tseng (available at https://sites.
google.com/site/qingzongtseng/imagejplugins) was used to generate the
displacement maps, and the cell outlines based on the membrane stain-
ing were then used to measure the average displacement for each cell in
a similar fashion as described elsewhere.[*3]

Statistics and Data Analysis: ~ All the data in the graphs and text were
presented as the mean + standard deviation of the respective experi-
ments unless stated otherwise. Statistical testing was done using Graph-
Pad Prism (version 9.0.1), where ordinary one-way ANOVA tests with post
hoc Tukey were performed. The sample size is given for each experiment in
the caption of the respective figure. Statistical significance was indicated
according to the following notation: *: p < 0.05, **: p < 0.01, ***: p <
0.001, ****: p < 0.0001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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