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Shape-Morphing Photoresponsive Hydrogels Reveal
Dynamic Topographical Conditioning of Fibroblasts

Maaike Bril, Aref Saberi, Ignasi Jorba, Mark C. van Turnhout, Cecilia M. Sahlgren,
Carlijn V.C. Bouten, Albert P.H.J. Schenning, and Nicholas A. Kurniawan*

The extracellular environment defines a physical boundary condition with
which cells interact. However, to date, cell response to geometrical
environmental cues is largely studied in static settings, which fails to capture
the spatiotemporally varying cues cells receive in native tissues. Here, a
photoresponsive spiropyran-based hydrogel is presented as a dynamic,
cell-compatible, and reconfigurable substrate. Local stimulation with blue
light (455 nm) alters hydrogel swelling, resulting in on-demand reversible
micrometer-scale changes in surface topography within 15 min, allowing
investigation into cell response to controlled geometry actuations. At short
term (1 h after actuation), fibroblasts respond to multiple rounds of recurring
topographical changes by reorganizing their nucleus and focal adhesions
(FA). FAs form primarily at the dynamic regions of the hydrogel; however, this
propensity is abolished when the topography is reconfigured from grooves to
pits, demonstrating that topographical changes dynamically condition
fibroblasts. Further, this dynamic conditioning is found to be associated with
long-term (72 h) maintenance of focal adhesions and epigenetic
modifications. Overall, this study offers a new approach to dissect the
dynamic interplay between cells and their microenvironment and shines a
new light on the cell’s ability to adapt to topographical changes through
FA-based mechanotransduction.

1. Introduction

Adherent cells are surrounded by an extracellular matrix
(ECM), which presents physical cues that influence cell
behavior, such as cell migration,[1] differentiation,[2,3] and
proliferation,[4] ultimately contributing to tissue morphogene-
sis and homeostasis.[5,6] The physiological functions of tissues,

M. Bril, A. Saberi, I. Jorba, M. C. van Turnhout, C. M. Sahlgren,
C. V. Bouten, N. A. Kurniawan
Department of Biomedical Engineering
Eindhoven University of Technology
Eindhoven 5600 MB, The Netherlands
E-mail: n.a.kurniawan@tue.nl

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202303136

© 2023 The Authors. Advanced Science 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/advs.202303136

such as the blood pumping of the heart,
the deformability of the skin, and the load-
bearing capacity of the tendon, often neces-
sitate specific geometrical and topograph-
ical configuration of the ECM, for exam-
ple in the form of microscale fibers and
mesoscale curvature (scale of hundreds of
μm).[7–11] Cells can sense the mechanical
and topographical properties of their mi-
croenvironment by forming multiprotein
adherence complexes at the cell membrane,
called focal adhesions (FAs).[12] On the cel-
lular side, these focal adhesions are in direct
contact with the actin cytoskeleton, allowing
mechanical events to be transduced intra-
cellularly into biochemical signals (termed
mechanotransduction). In turn, the cy-
toskeleton is connected to the nuclear en-
velope, allowing forces to reach and al-
ter the nucleus.[13] Recent studies showed
that physical cues, such as stiffness,[14]

curvature,[15] and topography,[16,17] can af-
fect chromatin condensation and induce
epigenetic modifications, thereby influ-
encing gene expression and maintaining
genome stability.[18–20]

The interaction between cells and the ECM is highly dynamic
and reciprocal. On the one hand, environmental stimuli are
presented to cells in a spatiotemporal manner to, for exam-
ple, guide embryogenesis and tissue homeostasis.[5,6,21,22] On the
other hand, cells themselves can remodel their matrix, for ex-
ample during wound healing and cell migration.[6,23–25] This re-
modeling process results in continuous changes in tissue orga-
nization, architecture, and geometry, which in turn are crucial
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for tissue function.[22,26–28] In fact, changes in tissue architec-
ture and loss of matrix organization are widely associated with
pathologies,[27] yet the causal relationship between divergent cell
behavior and tissue dynamics remains poorly understood.

Although key cellular mechanotransduction components in-
volved in cellular sensing of physical and geometrical cues have
been discovered,[29–31] the dynamic nature of these cues has been
largely overlooked, primarily due to the lack of an experimental
platform that allows systematic interrogation of cell sensing of
dynamic topographical changes. Additionally, these dynamic cell-
ECM interactions take place over a variety of time scales. For ex-
ample, ECM-ligand binding by the integrin receptor happens in
seconds, remodeling of the cytoskeleton and FAs requires min-
utes to hours, whereas meso- and macroscale remodeling of the
ECM and tissue organization takes days till weeks.[32–35] Study-
ing these dynamic events while being able to monitor the under-
lying cellular processes therefore requires new tools that allow
spatiotemporal control of the dynamic changes in the cellular en-
vironment.

Recent advances in materials engineering has enabled the de-
velopment of dynamic cell culture platforms whose properties
can be modified spatiotemporally using external stimuli.[6] Sur-
face topography can be altered by using temperature-sensitive
polycaprolactone shape-memory polymers,[36] strain-responsive
polydimethylsiloxane (PDMS),[37,38] or by using photoresponsive
azobenzene-based systems.[39–42] Photoresponsive platforms are
attractive since light provides a local and contact-free remote-
control possibility with high spatial resolution and tunability. In
the last decade, azobenzene-based materials, such as liquid crys-
tal polymer networks and azopolymer films, have been reported
to induce topographical changes.[39–44] In the presence of light,
the azobenzene group undergoes a trans-to-cis conformational
change, resulting in mass migration of the polymer network and
the subsequent formation of protrusions. The induced surface to-
pographies were shown to instruct and guide cell migration and
alignment,[43] although this was also accompanied with a signifi-
cant change in surface roughness[42] and generation of unwanted
surface features upon illumination in a liquid environment.[39,40]

Although liquid crystal networks do not suffer from these side
effects, it is challenging to change their topographies in situ with
desired height changes.[45] In short, despite their potential, the
use of these materials as dynamic cell culture substrates has been
limited due to unwanted side effects upon material actuation,
challenging production routes, or the requirement of specialized
equipment.

Here, we present a facile approach to develop a light-
responsive cell culture platform based on a spiropyran-
containing poly(N-isopropylacrylamide) (Sp-pNIPAM)
hydrogel.[46] We demonstrate that this set-up allows one to
expose living cells on demand to a variety of reversible dynamic
topographies that can be isotropic as well as anisotropic, with
user-defined timespan, and without changing any other material
property. Here, we refer to “dynamic” as an induced change in
material geometry (within a time scale of minutes), whereas
“static” conditions contain no change in material properties. To
show its suitability for biological applications, we seeded dermal
fibroblasts, which in living tissues are exposed to continuous
topographical changes due to bodily movements, stretching of
the skin, wound healing, and skin aging.[35,47,48] By exposing

dermal fibroblasts to multiple rounds of changing topographies,
we found that the cells adapted their orientation and morphol-
ogy, FA formation, and nuclear material in a location-dependent
manner, providing first evidence of a dynamic topographical
responsiveness of cells. This easy-to-use light-responsive cell
culture platform thus provides a new and versatile way to shine
light on the dynamic interplay between matrix topography and
cells, the effect of multiple rounds of changing topographies
and geometries, and the role and timing of the underlying
mechanotransductive pathways.

2. Results

2.1. SBS-Sp-pNIPAM Hydrogels as Reversible Light-Responsive
Substrates to Create Dynamic Topographies

To assemble a photoresponsive cell culture platform, we pro-
duced surface-constrained 120-μm-thick Sp-pNIPAM hydrogels
(E = 56.44 ± 1.12 kPa) (Figure 1; Figure S1, Supporting Infor-
mation). Upon blue light illumination (455 nm), the stable, hy-
drophilic protonated merocyanine form isomerizes to the hy-
drophobic spiropyran form (Figure 1A), changing the hydra-
tion of the polymer network and resulting in hydrogel shrink-
age (Figure 1B). Since the photoisomerization requires an acidic
environment, a thin but dense elastomeric styrene-butadiene-
styrene (SBS, 100 mg mL−1) layer (thickness of 5.75 ± 2.00 μm,
see Figure S2, Supporting Information) was spin-coated on
top of the hydrogel to provide chemical resistance against the
pH buffers present in cell culture medium. Upon illumination
through a mask, the water in the exposed areas of the SBS-
Sp-pNIPAM hydrogel migrates to the unexposed areas, result-
ing in local and temporal hydrogel shrinkage. The photorespon-
siveness of these constructs was first confirmed using UV–vis
spectroscopy. Absorption measurements showed an absorption
maximum at 𝜆 = 402 nm, which corresponds to the presence
of the protonated merocyanine (Figure S3, Supporting Informa-
tion). When the sample was illuminated with blue light (455 nm,
15 min) in culture medium, the protonated merocyanine ab-
sorbance at 402 nm decreased, indicating that the protonated me-
rocyanine was isomerized to the spiropyran form. Within 1 h, the
absorption peak returned to the original value, demonstrating the
recovery of the protonated merocyanine. Three successive illumi-
nation rounds showed that the recovery is reversible and repeat-
able (Figure 1C).

To introduce surface topographies with desired features, hy-
drogel constructs were illuminated (455 nm, 15 min) through a
mask with patterns of open lines or circles (Figure 1B). Optical
interferometry measurements showed that a variety of topogra-
phies, which can be isotropic or anisotropic, can be successively
generated in the same sample (Figure 1D–F). To illustrate this
feature, we first generated constructs with a rectangular topo-
graphic pattern (90 μm wide grooves, 350 nm high) (Figure 1D),
after which the construct was allowed to recover from material
deformation in the dark for 1.5 h. Profilometry measurements
confirmed the recovery of the flat surface (Figure 1E), after which
a new type of topography can be introduced. Within the same
sample, we introduced 150 μm wide concave pits with a height
of ≈920 nm (Figure 1F), showing the versatility and flexibility of
this masked exposure technique. The height of the introduced
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Figure 1. Schematic representation and characterization of the photoresponsive cell culture platform. A) Photoisomerization of the hydrophilic proto-
nated merocyanine to the hydrophobic spiropyran (Sp). B) Masked illumination (𝜆= 455 nm) of the SBS-coated spiropyran-containing pNIPAM hydrogel
results in the formation of a topographical pattern. C) UV–vis spectroscopy showed the reversible character of the substrate under cell culture conditions.
The change in absorption at 402 nm was measured during three successive 15 min exposure steps at 455 nm. D) Masked illumination (455 nm, 15 min)
induced grooves, as observed by optical profilometry. E) Recovery of the substrate in the dark resulted in a flat surface. F) Another round of masked
illumination with the same sample (455 nm, 15 min) resulted in a new type of surface topography. G) Substrate stiffness, before and after prolonged
blue light exposure (6 h), as measured with nanoindentation. Paired t-test, ns = not significant. H) Substrate roughness, measured with AFM in contact
mode, before and after illumination (455 nm, 15 min). Paired t-test, ns = not significant.

topography can be easily and orthogonally tuned by varying the
amount of the crosslinker MBIS in the SBS-Sp-pNIPAM hydro-
gel. For example, lowering the MBIS concentration to 0.5% re-
sulted in structures with a height of 4 μm (Figure S4, Support-
ing Information). It should be noted that inducing topographies
too close to each other (< 50 μm) may result in overlap of the
shrunken areas (Figure S5, Supporting Information).

Since cells not only sense topography, but also respond to other
mechanical cues such as strain, material stiffness, and rough-
ness, we verified whether these parameters remained unchanged
after illumination. To investigate whether the induction of topog-
raphy lead to lateral strain across the hydrogel surface, surface
contour length before and after introduction of the topography
was measured. The measured distances before and after actu-
ation showed negligible surface strain (<1% strain on average;
Figure S6 and Table S1, Supporting Information). Nanoindenta-
tion measurements further confirmed that prolonged illumina-
tion (6 h) did not significantly change the Young’s modulus of
the SBS-Sp-pNIPAM hydrogels (E = 349 ± 63 kPa; Figure 1G;
Figure S7, Supporting Information). Additionally, atomic force
microscopy (AFM) measurements revealed that surface rough-

ness of the substrate was not altered upon illumination (Rq =
15 ± 5 nm; Figure 1H; Figure S8, Supporting Information). To-
gether, these data indicate that the presented system successfully
overcomes the technical challenge of achieving desired dynamic
changes in material topography without unwanted material side
effects.

2.2. Fibroblasts Adapt their Morphology upon Dynamic
Topographical Actuation

To investigate how dynamic topographies affect cell behavior, we
assessed normal human dermal fibroblast (nhDF) morphology
after one and two rounds of topographical changes. Photoisomer-
ization of SBS-Sp-pNIPAM was confirmed after UV-sterilization,
and UV-light seems to enhance the recovery process, which is
not considered to be problematic (Figure S9, Supporting In-
formation). To allow cell adhesion, the hydrogel was coated
with fibronectin. Fluorescence signal from rhodamine-labeled
fibronectin indicated a homogenous coating of the hydrogel
surface (Figure S10, Supporting Information), and fibroblasts
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were able to adhere normally on the fibronectin-coated SBS-
Sp-pNIPAM hydrogel. No significant difference in cell viability
was observed before and after (masked) illumination, and a
viability of ≈90% was maintained throughout the experiment
(Figure S11, Supporting Information). To check whether blue
light illumination may have induced DNA damage, we immuno-
labeled gamma-H2AX, which forms when histone H2AX is
phosphorylated upon the formation of DNA double-stranded
breaks (Supporting Information).[18,49] No gamma-H2AX foci
were observed, confirming the absence of DNA damage upon
our illumination protocol (Figure S12, Supporting Information).

We then subjected fibroblasts to dynamic topographical
changes and analyzed the resulting cellular organization and
morphology. First, the cells were allowed to adhere to the sub-
strate, after which they were exposed to light-induced anisotropic
patterns (90 μm wide grooves) for 5 h. Subsequently, the cells
were either fixed, or, after overnight recovery, subjected to a sec-
ond round of flat-to-anisotropic grooves (Figure 2A). Due to the
fluorescence of the protonated merocyanine, patterns could be
visualized using confocal fluorescence microscopy, which also
confirmed generation of surface topographies in a standard cell-
culture atmosphere (humidified 37°C) (Figure S13, Supporting
Information). Upon dynamic topographical changes, cells re-
mained adhered to the hydrogel surface, but were found to al-
ter their morphologies (Figure 2B and Movie S1, Supporting In-
formation). After one round of actuation, cell area slightly in-
creased in comparison to cell area on the flat control (Figure 2C),
without altering cell elongation (parameterized as eccentricity,
Figure 2D).

To date, the cell response to multiple topographical changes
has not been investigated. Interestingly, we found that a second
round of substrate actuation resulted in significantly smaller
cell area (Figure 2C) and reduced cell elongation (Figure 2D),
while showing an increased tendency to align either parallel
or perpendicular to the introduced anisotropic topographical
pattern (Figure S14, Supporting Information). Additionally, cells
displayed no clear stress fibers (Figure 2B, zoom-in), which
are normally present in these cells. Thus, we hypothesized that
the dynamics of the actin cytoskeleton is critical in responding
to the recurring dynamic topographies, and that stabilization
of the actin cytoskeleton could help the cells in responding to
and withstanding the dynamic topographical events. Indeed,
promotion of actin filament polymerization with Jasplakinolide
(added 15 min before material actuation) recovered cell area on
the dynamic SBS-Sp-pNIPAM substrates back to the level on
flat controls and resulted in more elongated cells (Figure S15,
Supporting Information), indicating the active role of the actin
cytoskeleton in responding to dynamic topographies.

While the above experiments shed light on the cells’ response
to recurring changes of the same type of anisotropic topography
(grooves), our approach also allows us to create different types of
material topographies within the same sample. This will enable
us to study the effect of in situ changing topographies, which
is relevant in vivo, for example during the loss of anisotropic
matrix organization in pathological events such as myocar-
dial infarction,[50] tendinopathies,[51] and tumorigenesis.[27,52] To
demonstrate this possibility, we reconfigured the substrate to-
pography from anisotropic grooves to isotropic features (concave
pits) by switching the mask between the two rounds of actua-

tion (Figure 2A). The result showed that fibroblasts adapted their
morphology by increasing cell area (Figure 2C) and becoming
more elongated (Figure 2D) compared to cells cultured on the
dynamic groove hydrogels. Additionally, we note that the cells ap-
peared to avoid the dynamic concave pits (Figure 2B). This is in
contrast to what has been previously observed on substrates with
static concave pits (30 μm wide), where cells were more likely
to be found on the static concave regions.[53] The findings using
our shape-morphing topographies demonstrate that cells can ac-
tively sense and respond to reconfigured dynamic topographical
changes.

2.3. Focal Adhesion Reorganization in Response to Dynamic
Topographies

Cells adhere to their ECM or underlying culture substrate by
forming focal adhesions (FAs), which also allows them to trans-
mit environmental mechanical stimuli intracellularly. Earlier, we
observed that cells cultured in the presence of dynamic grooves
(2 rounds) started to form protrusions and had lower solidity
(Figure 2E), which point to changes in the cell adhesion dynam-
ics. To better understand how cell adhesion is affected by the dy-
namic topographies, we more closely examined the formation
and localization of focal adhesions (FAs). Before actuation, fi-
broblasts formed mature FAs, as indicated by vinculin staining
(Figure 3A). Surprisingly, despite minor changes in the overall
cell morphology (Figure 2), hardly any mature FAs were present
after one round of actuation (Figure 3A), whereas on flat controls
FAs were still formed. Interestingly, after the second round of ac-
tuation, more FAs were formed than after one round of actuation
without a significant change in FA area (Figure 3A,B; Figure S16,
Supporting Information). It is worth noting that, during the sec-
ond round of actuation, surface topographies were induced at the
exact same location as during the first round of actuation. We hy-
pothesized that the first round of dynamic topographies “condi-
tioned” the cells to topographical changes, priming them to form
new anchoring points to the substrate in response to future mi-
croenvironmental changes. If this was true, then there should be
a difference between FA formation on parts of the substrate that
underwent dynamic topographical change (i.e., the illuminated
parts) versus parts that did not (i.e., the masked areas). There-
fore, we analyzed the localization of the FAs after two rounds of
dynamic topography and indeed found that the cells formed a
small majority of their FAs (55%) on the dynamic, concave re-
gions of the substrate than on the static part of the substrates
(Figure 3C).

To investigate this further, we made use of the shape-morphing
capability of the photoresponsive SBS-Sp-pNIPAM hydrogels
and subjected cells to concave grooves during the first round and,
after overnight recovery, concave circular pits (dynamic groove-
to-pit) during the second round. By changing the type of topo-
graphical pattern, we tested the shape-dependent dynamic con-
ditioning of the cells. We found that cells formed less FAs on
the dynamic groove-to-pit substrate (29%) than on the dynamic
groove–groove substrate (55%), while the number of FAs/cells
formed at the static part was not changed (Figure 3C), confirm-
ing our hypothesis of dynamic topography-specific conditioning
of fibroblasts (Figure 3E).
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Figure 2. Subjecting cells to dynamic topographies. A) Schematic overview of SBS-Sp-pNIPAM sample preparation and patterning protocol for cell
culture applications. B) Immunofluorescence image of nhDFs cultured on dynamic topographies. Shaded areas: regions of the hydrogel with induced
dynamic topography, green: F-actin (phalloidin), blue: nuclei (DAPI). Scale bar is 100 μm. Arrows: cells wrap and align with the concave pits. Marked
region shows a zoom-in of the F-actin cytoskeleton. Scalebar = 30 μm. C) Cell area. D) Cell eccentricity. E) Cell solidity. Mean with SD, n ≥ 31 analyzed
cells. One-way ANOVA (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001).
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Figure 3. Focal adhesion formation on dynamic topographies. A) Representative confocal images of nhDFs before and after inducing dynamic topogra-
phies. After subjecting cells to the indicted topography, cells were fixed and stained for F-actin (green), vinculin (red), and nuclei (blue). The dynamic
regions of the gel are shown as shaded areas. Scale bar is 50 μm. B) Zoom-in images of the indicated regions from panel A. Scale bar is 10 μm. C)
Quantification of focal adhesion formation per cell per region of the hydrogel (dynamic or static). Analyzed cells before inducing topography: 37 cells,
control: 60 cells, dynamic groove (1 round): 61 cells, dynamic groove (2 rounds): 71 cells, dynamic groove-to-pit: 68 cells. Mean with SD. D) Effect of
50 nm Jasplakinolide (J) on the formation of focal adhesions on dynamic topographies (grooves of 90 μm wide). Mean with SD, n ≥ 4 analyzed samples
and n > 40 cells analyzed per condition. A Fisher exact test (5% confidence interval) showed no significant differences of the number of FAs formed on
the dynamic concave part between the dynamic grooves (2 rounds) and dynamic groove-to-pit samples, as well as between dynamic grooves (2 rounds)
and dynamic grooves (2 rounds) + Jasplakinolide conditions. E) Cartoon showing focal adhesion formation on dynamic hydrogels.

Since the formation and maturation of focal adhesions are
linked to the activity and stability of the actin filaments, we then
asked whether pharmacological stabilization of the actin network
could modulate the cells’ conditioning to dynamic topographies.
Indeed, stimulating and stabilizing the actin network with Jas-
plakinolide resulted in the net formation of more focal adhesions

on dynamic substrates than in control cells (17 vs 26 FA/cell)
(Figure 3D). Additionally, cells treated with Jasplakinolide almost
doubled focal adhesion formation on the dynamic concave part
of the substrate than untreated cells (16 vs 9 FA/cell), suggest-
ing that stimulating the assembly of the actin cytoskeleton better
prepares the cell for future changes in the microenvironment.

Adv. Sci. 2023, 2303136 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303136 (6 of 13)
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Figure 4. Cell recovery after inducing dynamic topographies (grooves, 2 rounds). A) Representative cell shapes on indicated topographies. Scale bar is
100 μm. B) Cell area. C) Cell eccentricity. D) Solidity. Mean with SD, n ≥ 23 analyzed cells. One-way ANOVA. The Asterisk indicates statistically significant
differences (*p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns not significant). E) Focal adhesion formation per cell per gel region. Mean with SD,
n ≥ 5 analyzed samples with ≥ 22 cells per condition. F) Cartoon showing focal adhesion formation after cell recovery on dynamic hydrogels.

Next, we examined whether this conditioning to dynamic
topographies is temporally maintained by the fibroblasts. To
do so, we subjected the cells to two rounds of actuation (5 h,
90 μm wide grooves) and let them recover for 24 and 72 h (Movie
S2, Supporting Information). Before topography was induced,
fibroblasts had a stretched morphology, which was changed to
a smaller and more elongated shape after 2 rounds of dynamic
topographies. After 24 h of surface recovery, cells remained more
elongated but started to form protrusions (Figure 4A). Eventually,
after 72 h recovery cells gained a starlike morphology, resembling
cell morphology before substrate actuation (Figure 4A). The cells

were able to recover their cell area to the same size as the cells
that were cultured for the same duration on flat substrates, but
not to the level prior to the induction of dynamic topographies
(Figure 4B). Additionally, cells became more spread out after
72 h, comparable to cells before topographical conditioning
(Figure 4A,D), although cell eccentricity was not altered signif-
icantly (Figure 4C). We noted that the amount of FA generally
decreased over time in all conditions, consistent with a previous
report on fibroblasts cultured on stiff hydrogels, where, on
substrates stiffer than our hydrogels (2 MPa), less FA formed, al-
though the formed FA were bigger and more mature.[54,55] Since
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Figure 5. Influence of dynamic topographies on nuclear morphology and epigenetic modifications. A) Nuclear area. B) Nuclear eccentricity. C) Quan-
tification of nuclei that are located on the flat static part of the hydrogel. D) Confocal images of nuclei (DAPI) and histone acetylation (AcH3) of cells
cultured on flat or dynamic topographies (90 μm grooves or 90 μm wide concave pits). Scale bar is 30 μm. E) AcH3 intensity was quantified based on
immunostaining. Mean with SD, with > 23 nuclei analyzed per sample. One-way ANOVA, asterisk indicates statistically significant differences (*p ≤

0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001, ns not significant).

fibroblasts showed little migration on the dynamic topographies
(Movie S2, Supporting Information), we investigated location-
dependent FA-formation after 24 and 72 h of surface actuation.
Interestingly, most of the FAs were still formed at the former
dynamic concave parts of the substrate (63% and 71% of total FA
formation after 24 and 72 h, respectively) (Figure 4E,F; Figure
S17, Supporting Information). This finding at the FA level,
together with the data of dynamic topographical conditioning,
raises the idea that, aided by local regulation of focal adhesions,
fibroblasts can remember previous dynamic mechanical events.

2.4. Dynamic Topographies Affect Nuclear Morphology and
Chromatin Organization

Inside the cell, FAs are connected to the actin cytoskeleton, which
is also in direct contact with the nucleus. As a result, extracel-
lular mechanical stimuli can affect the nucleus via transmitted
forces.[56,57] Therefore, we sought to understand how dynamic
topographical changes can influence nuclear morphology. We
observed that the nuclear area was significantly smaller on the
dynamic substrate after one and two rounds of dynamic 90 μm
wide grooves (Figure 5A) with no significant change in nuclear
eccentricity (Figure 5B). Reconfiguring the geometry of the to-

pography (dynamic groove-to-pit) resulted in even smaller nuclei
than on the dynamic grooved substrate (2 rounds). Additionally,
the nuclei showed no clear orientation with the induced topog-
raphy (Figure S18, Supporting Information). Yet, we observed
that cells tended to position their nuclei at the static, flat regions,
away from the dynamic topographies (Figure 5C), which is sig-
nificantly different from random positioning. The repositioning
of the nucleus could already be observed after one round of actu-
ation, although the difference is not statistically significant from
random positioning and was enhanced after two rounds. Further-
more, stabilizing the actin cytoskeleton with Jasplakinolide did
not further enhance the nucleus repositioning effect (Figure 5C).

Forces acting on the nucleus not only change nuclear morphol-
ogy, but can also affect chromatin condensation and epigenetic
modifications, such as histone acetylation. To investigate the
effect of dynamic topographies on chromatin condensation, we
stained the nuclei with DAPI and immunolabeled acetylated
histone H3 proteins (Figure 5D). The fluorescence signal of
acetylated histone was decreased in cells cultured on dynamic
topographies (Figure 5E). Interestingly, the type of topography
(anisotropic or isotropic pattern) did not seem to affect histone
acetylation levels. Together, these data indicate that fibroblasts on
dynamic topographies compact their genetic material, resulting
in smaller nuclei and more condensed chromatin.

Adv. Sci. 2023, 2303136 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2303136 (8 of 13)
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3. Discussion

In this study, we introduced a new dynamic hydrogel plat-
form (SBS-Sp-pNIPAM) to examine the effect of recurring and
reconfiguring topographies on fibroblast behavior. The pre-
sented dynamic topographical cell culture substrate does not
suffer from concomitant changes in material properties (rough-
ness, stiffness, and strain) upon illumination. Previously re-
ported light-responsive materials show a significant increase in
roughness upon actuation,[42] which is disadvantageous as cells
are known to respond to nanometer-scale changes in surface
topography.[58–60] Moreover, our culture platform allows material
actuation that can be performed in the presence of medium in
a standard incubator, which is not possible with previously re-
ported azobenzene-based systems that require a sophisticated
dry-confocal-based illumination set-up.[40,42] The fluorescence
signal of the protonated merocyanine allows easy demarcation
of the dynamic regions of the substrate, where isomerization
to the spiropyran form takes place. In the presented work, iso-
merization to the spiropyran was shown to be possible for three
successive rounds, and previous research demonstrated that at
least four illumination cycles are also possible.[46] The isomer-
ization to the spiropyran form changes the hydrophilicity of the
illuminated areas of the hydrogel, and because of the SBS top-
coat, the water present in the hydrogel can only migrate to the
nonilluminated areas, ultimately causing local hydrogel shrink-
age. Consequently, the depth of the induced topography can be
tuned by varying the width of the exposed area. Moreover, by de-
creasing the crosslinker density, deeper topographies can be in-
duced. Thus, by a careful design of the hydrogel mixture, one can
control the depth of the induced topographies. With our current
setup, features < 50 μm result in overlap of shrunk areas, possi-
bly through light scattering events. However, this challenge can
be overcome by redesigning the mask and increasing the spacing
between features. Despite this current limitation in feature res-
olution, we were able to induce topographies at the micrometer
scale, which are almost two orders of magnitude larger than what
has been achievable using photoresponsive liquid crystal poly-
mer networks (tens of nm).[45] Surface topographies could be in-
duced in 15 min, which is slower than strain-responsive reorien-
tation of PDMS grooves (1 min),[37] or the light-induced reshap-
ing of azopolymer-based nanopillars (< 1 min),[41] but compara-
ble with light-responsive azobenzene-based materials (7 min).[42]

In principle, one can also use other stimuli-driven dy-
namic substrates, such as temperature- or strain-responsive
materials.[6] However, thermally activated shape-memory poly-
mers only allows non-reversible switching between two prede-
termined topographies using reprogramming and requires high
temperatures.[36,61] On the other hand, strain-responsive PDMS
systems have strong limitations in the design flexibility and vari-
ability of topographical patterns that can be obtained.[37,38] Our
photoresponsive SBS-Sp-pNIPAM substrates offer a variety of to-
pographies whose features can be flexibly chosen through the
mask design and that can be induced by using non-cytotoxic ex-
posure to blue light, overcoming the limitation of other stimuli-
responsive materials. We note that, although light exposure for
prolonged periods (2 × 5 h) in our setup did not affect cell via-
bility nor induce DNA damage, it is possible that longer illumi-
nation might cause phototoxicity[62] and should therefore always

be pre-tested. With our current approach, the SBS-Sp-pNIPAM
hydrogel is relatively stiff (350 kPa) compared to the mechanical
properties of soft tissues. It will be interesting in the future to ex-
plore the tunability of the hydrogel mechanical properties to dis-
sect the roles of dynamic topography sensing and stiffness.[63,64]

We showed a biological application of the presented dynamic
topographical substrate as a way to provoke a mechanobiologi-
cal response in fibroblasts. The applied topography (90 μm wide
anisotropic grooves, 𝜅 = 3 mm−1) can be found in vivo as small
vasculature (e.g., alveoli have d = 75–300 μm), gut villi, but also
in the shape of small wounds (nano to millimeter scale) and
the anisotropic organization of ECM protein fibers.[8,28] After
two rounds of topographical actuation, fibroblasts displayed a
smaller spread area on dynamic topographies than on the flat
substrates, in accordance with previous literature using static
topographies.[1,65] Surprisingly, we did not observe alignment of
cells with the introduced anisotropic topography or an increase
in cell elongation after one and two rounds of topography change.
This is in contrast to previous studies that report fibroblast align-
ment on static topographies.[58,66–68] For example, murine fibrob-
lasts were reported to align within 48 h on grooved PDMS mem-
branes (10, 20, and 40 μm wide, all 3 μm high)[58] and human
stromal fibroblasts were shown to align within 24 h with static
topographies on silicon chips, although the depth of the topogra-
phy was found to be crucial in guiding cell alignment (< 550 nm,
cell alignment was not considered to be significant).[68] More re-
cently, live-cell imaging of myoblasts on strain-responsive PDMS
grooves (2.5 μm wide, 0.32 μm high grooves) showed that the
cells started to align with the new topography after 4 h, and af-
ter 6–8 h cells did not further change their alignment.[37] An-
other study reported alignment of murine fibroblasts 5 h after in-
scription of the pattern (3 μm wide, ca. 400 nm high grooves).[40]

In our dynamic topography setup, after 5 h of topography in-
scription we did not obtain the same orientation response as re-
ported previously within the same time span. This could be at-
tributed to the much wider applied anisotropic patterns in our
approach (90 μm) than the width of topographies used in the be-
forementioned works. Indeed, previous studies using fibronectin
micropatterned lines revealed that cell alignment of myofibrob-
lasts decreases with wider patterns.[29,69] Future dedicated studies
should therefore be directed to systematically vary and investi-
gate the influence of (dynamic) topography dimensions on cell
response.

Our approach allows us to, for the first time, subject fibroblasts
to multiple rounds of shape-morphing topographies. Strikingly,
focal adhesions were found to disappear after one round of
actuation and reform after the second round of actuation. We
hypothesize that, by decreasing the amount of focal adhesion
sites, the cells are better primed to adapt to further topographical
changes in the environment, and substrate deformation will af-
fect the cells to a lower extent. This has an interesting potential in
vivo significance, for example in conditioning dermal fibroblasts
to maintain skin homeostasis or promote wound healing.[70]

Consistent with this hypothesis, we found that, after the second
round of recurring topography change, fibroblasts more readily
formed more FAs on the dynamic regions of the hydrogel.
Even after 72 h recovery, most FAs were formed at the former
dynamic regions of the hydrogel. In contrast, when the shape of
the topography was reconfigured, fibroblasts formed less FAs on
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Figure 6. Shape-morphing photoresponsive hydrogels reveal dynamic topographical conditioning of dermal fibroblasts, mediated by focal adhesion
(re)formation, epigenetic regulation, and nuclear repositioning, allowing cells to remember their previous topographic events.

the dynamic groove-pit substrate than on the dynamic groove–
groove substrate. Uncovering the mechanistic basis of this
intriguing difference between FA formation on recurring and
reconfiguring substrates will therefore be exciting. For instance,
it may be caused by a mechanically induced conformational
change in the FA machinery exposed to dynamic regions (e.g.,
vinculin) during the first round, which in turn induces the FA
complexes to be locally pre-assembled on the groove–groove sit-
uation and not on the groove-to-pit substrates. Our data suggest
that cells can remember mechanical events occurring during
topography change through regulation of the focal adhesions at
the cell-substrate interface. This is in line with current thoughts
about the protective role of FA pre-adaptation during mechanical
disruption, enabling cells to counteract and withstand future
mechanical events via feedforward mechanisms, providing a so-
called “insurance mechanism”.[71] Besides, this is reminiscent of
the recently proposed concept of “mechanical memory”, which
allows cells to remember the stiffness of hydrogel on which they
had been previously seeded.[72] Our work further points to the
intriguing possibility that such “mechanical memory” may also
be induced by other physical cues (i.e., dynamic topography)
(Figure 6). Future work, for example combining super-resolution
microscopy and volumetric electron microscopy, will provide a
more detailed and comprehensive understanding of the complex
FA function in establishing FA-mediated mechanical memory.
Moreover, the effect of dynamic reconfigurations on exerted
cell forces could be measured using traction force microscopy,
as well as the force originating from dynamic reconfigurations
sensed by the cell using molecular tension sensors.[73–75]

Work over the last 10 years established the fact that cells can
transmit and transduce mechanical signals from the environ-
ment to the nucleus. On the dynamic topographies presented
here, fibroblasts displayed smaller nuclei and positioned their
nuclei mostly on the static parts of the substrate (Figure 6). This
may indicate that cells condense the chromatin and try to min-
imize the impact of microenvironmental topographical changes
on the DNA.[76,77] Furthermore, we observe a decrease in histone
acetylation for cells cultured on dynamic topographies, which is
consistent with previous studies on static topographies,[58] as well
as on in situ micropatterned azopolymer films.[78] By lowering
acetylation, the chromatin is folded more tightly, giving the cells
another way to maintain genome stability and protect against un-

wanted deformations. In line with this, Luciano et al. reported
that static concave curvature promotes chromatin condensation
and smaller nuclei in epithelial cells.[15] While it has been shown
that inhibiting the actin–myosin machinery impairs the epige-
netic effect of mouse fibroblasts cultured on microgrooves,[58]

and that uniaxial stress enhances the linkage between the nu-
clear envelope and the actin cytoskeleton,[79] our work stresses
the need to explore how the epigenetic machinery is exactly al-
tered in the presence of dynamic physical events.

4. Conclusion

Using shape-morphing cell-culture substrates whose topography
can be changed on demand upon blue-light exposure, fibroblast
response to dynamic topographies was investigated. The sub-
strate consists of an SBS-coated spiropyran-based pNIPAM hy-
drogel, whose topography can be easily and repeatedly modulated
by masked illumination and erased in the dark, in the presence
of cells, without affecting cell viability or inducing DNA dam-
age. Fibroblasts were revealed to exhibit dynamic topographical
conditioning to the induced patterns by reorganizing their cell
shape, FA formation, and nuclear matter, possibly to allow them
to prepare for future topographical events. The FA reorganiza-
tion was maintained after removal of the surface topography, sug-
gesting that fibroblasts retain memory of previous topographi-
cal events. In conclusion, the presented approach is an attractive
way to study cell response to multiple user-defined topograph-
ical and geometrical changes, allowing better recapitulation of
the dynamic cellular microenvironment in vivo. Ultimately, this
can help in a better understanding of dynamic biomechanical
processes, as they occur for example during wound healing or
disease progression, and the underlying (nuclear) mechanotrans-
ductive pathways that regulate cell response.

5. Experimental Section
Materials: All materials were obtained from commercial sources, un-

less stated otherwise. 6-(1′,3′,3′-trimethylspiro[chromene-2,2′-indole]−8-
yl)oxyhexyl acrylate (spiropyran) was produced by SyMO-Chem BV,
Eindhoven. The UV photoinitiator 2-hydroxy-2-methyl-1-phenyl-1-
propanone (Darocur 1173), and anhydrous 1,4-dioxane, acrylic acid, N-
isopropylacrylamide (NIPAM), N,N′-methylenebis(acrylamide) (MBIS),
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1H,1H,2H,2H-perfluorodecyltriethoxysilane and 3-(trimethoxysilyl)propyl
methacrylate were purchased from Sigma-Aldrich and used without
further purification.

Substrate Preparation: Glass substrates (1.5 cm x 1.5 cm) were
cleaned in 2-propanol by sonication (15 min) and dried with a flow of
nitrogen. Afterward, the glass slides were treated in a UV−ozone pho-
toreactor (UV Products, PR-100, 20 min). The surface of the glass sub-
strates was modified by spin-coating a 3-(trimethoxysilyl)-propyl methacry-
late solution (0.5% v/v solution in a 1:1 water−2-propanol mixture) or a
1H,1H,2H,2H-perfluorodecyltriethoxysilane solution (1% v/v solution in
ethanol) on the cleaned glass substrate for 45 s at 3000 rpm. Subsequently,
the glass slides were cured at 100°C for ≈10 min.

Hydrogel Preparation: Hydrogels were produced as described
previously[46] using a 2:1 dioxane-water monomer cocktail (0.44 mg μL−1),
consisting of 87 mol% NIPAM, 10 mol% acrylic acid, 1 mol% MBIS, 1
mol% spiropyran and 1 mol% Darocur 1173.

Substrate-Constrained Hydrogel Films: Thin films of the hydrogels were
prepared and attached to a propyl methacrylate functionalized glass slide,
using a handmade cell with ≈50 μm spacing. The cell consisted of a propyl
methacrylate functionalized bottom glass slide and an upper glass slide
functionalized with the 1H,1H,2H,2H-perfluorodecyltriethoxysilane solu-
tion. The cell was capillary filled with the hydrogel monomer mixture and
exposed to UV light (5 min, 3.44 mW cm−2, J110619 Analytik Jena). After
polymerization, the upper glass slide was removed and the dioxane was
allowed to evaporate (30 min). The hydrogels were washed 3x with dem-
ineralized water and swollen overnight in the dark in demineralized water
until use. Next, hydrogel films were spin-coated with a styrene-butadiene-
styrene (SBS, 100 mg mL−1 in toluene, D1102, Kraton) layer using a Karl
Süss RC-8 spin coater at 500 rpm for 120 s. Samples were dried for 10 min
at room temperature and stored in demineralized water until use.

Illumination: Inducing Topographical Patterns: An in-house illumina-
tion holder was made to illuminate a 12-well culture plate from the bottom.
In this holder, soda-lime photomasks with chromium-designed patterns
(designed in KLayout v 0.26.9 and produced by Techno-Mask, Eindhoven)
and two lamps fit. Light illumination was performed using collimated LEDs
(455 nm, 700 mA, M455L4-C4, Thorlabs) connected to a LED controller
(M00647125, Thorlabs). For cell studies, constructs were illuminated in a
humidified incubator at 37°C.

UV–vis Spectroscopy: The photoresponse of SBS-coated hydrogel con-
structs was measured using UV–vis spectroscopy (Shimadzu UV-3102 PC
UV–vis–NIR scanning spectrophotometer). Constructs were soaked in a
basic cell culture medium without phenol red for 24 h (DMEM 31053-028,
Thermofisher). Next, the photoresponse and recovery time of the gel was
determined at room temperature.

Nanoindentation: A Piuma nanoindenter was used to measure the
stiffness of the hydrogel constructs (n = 4) before and after 455 nm il-
lumination. Each gel was indented at 6 or 7 randomly selected positions.
Probes (P211070M, Optics11) with a tip radius of 21 μm and a spring
constant of 0.16 N m−1 were used in PBS and at room temperature. Prior
to illumination and/or indentation, constructs were exposed to UV light
(20 min, 3.44 mW cm−2) for sterilization.

Atomic Force Microscopy: Surface roughness was determined by mea-
suring the surface of the gel (n = 3) at 3 randomly selected positions
(20×20 μm each measurement) before and after illumination (455 nm,
15 min) using an atomic force microscope (Bruker Bioscope Catalyst
mounted on a Leica DMi6000B inverted optical microscope) in contact
mode with a SNL-10 probe (tip radius 2 nm, Bruker). Surface roughness
(Rq) was calculated using the NanoScope Analysis software v150.

Optical Profilometry: Height profiles and 3D images of the (patterned)
hydrogels were captured using an optical surface profiler (Sensofar Plμ
2300 with a 20x/0.45 NA Nikon objective). Data was processed using Plu
Optical Imaging Profiler 2.41 software.

Cell Culture and Seeding: Normal human dermal fibroblasts, nhDF
(Lonza, CC-2511), were grown in Dulbecco’s Medium Eagle’s Medium
(DMEM 41966-029, Thermofisher) supplemented with 10% fetal bovine
serum (FBS; 758093, Serana) and 1% penicillin–streptomycin (15140163,
Gibco). Cells were cultured in T-25 cell flasks at 37°C in a humidified atmo-
sphere with 5% CO2. Prior to cell seeding, hydrogel constructs were ster-

ilized by 20 min UV exposure (𝜆 = 254 nm) and coated with 10 μg mL−1

fibronectin in PBS by a 30 min incubation at room temperature (bovine
plasma fibronectin, 1 mg mL−1, 33010–018, Invitrogen). Fibroblasts were
dissociated using 0.05% trypsin/Ethylenediaminetetraacetic acid (EDTA)
with phenol red (25300054, Gibco). A total of 22000 cells were seeded on
each construct. After overnight adhesion, topographical patterns were in-
duced as described above. All experiments were performed with cells until
passage 15.

Jasplakinolide Treatment: Cells were seeded on hydrogel constructs as
described above. After overnight adhesion, Jasplakinolide in DMSO (2792,
Tocris) was added to the medium and carefully mixed to reach a final con-
centration of 50 nm Jasplakinolide. After 15 min, topographical patterns
were induced.

Immunofluorescence Assay: Cells were fixed with 3.7% paraformalde-
hyde (formalin 37%; 104033.1000, Merck) for 15 min at room temper-
ature, washed with PBS, permeabilized for 30 min with 0.5% Triton-
X-100 (108643, Merck) in PBS and blocked for 15 min with 4% goat
serum in 0.05% PBS-Tween. Samples were labeled with the primary an-
tibodies rabbit anti-AcH3 (1:300, 06–599, Sigma–Aldrich), or mouse anti-
vinculin (1:600, V9131, Sigma–Aldrich), and incubated overnight at 4°C
or for 1.5 h at room temperature. After washing with PBS-Tween, sam-
ples were incubated with Phalloidin-Atto 590 (1:54, 93042, Sigma–Aldrich)
and the secondary antibodies goat anti-mouse-Alexa 647 (1:300, A21240,
Molecular Probes) or goat anti-rabbit-Alexa 647 (1:500, A21244, Molec-
ular Probes) for 1 h at room temperature. After washing with PBS,
nuclei were stained using 4′,6-diamidino-2-phenylindole dihydrochloride
(D9542, Sigma–Aldrich).

Image Acquisition and Experimental Data Analysis: Stained hydrogel
constructs were imaged using a Leica TCS SP5 confocal microscope with
a 20×, 0.7 NA objective. Z-stacks were recorded at a 2 μm Z-spacing. The
signal of the protonated merocyanine was acquired by excitation at 𝜆 =
488 nm and detection of the emission at 𝜆 = 501–570 nm. CellProfiler
pipelines were used to measure morphological parameters, such as object
area, eccentricity, and orientation. For quantifying AcH3 levels, all sam-
ples were stained together and imaged with the same settings, and the
integrated intensity was measured in CellProfiler. Focal adhesion images
were processed and analyzed in ImageJ based on the protocol by Horzum
et al.[80] A TopHat filter was applied to remove pixel noise and enhance
contrast. Only particles between 2 and 30 μm2 were analyzed, and identi-
fied objects were always examined by eye to confirm noise was not included
in the analysis.

A custom-made MATLAB script was used to determine the minimal
distance between the center of an object (nucleus) and the center of the
closest line pattern (90 μm wide lines). If this distance was between 0 and
45 μm, the object was identified to be on the flat region of the gel, if this
was > 45 μm the object was classified to be on the dynamic, concave part
of the gel. The output was always validated by eye.

Statistical Analysis: Data were plotted as mean with standard devia-
tion (SD). Statistical analyses were performed using GraphPad Prism 9.
To test for significant differences in material roughness and stiffness be-
tween gels before and after light exposure, a paired t-test was performed.
To test for significant differences in the distribution of orientation data,
a Kolmogorov–Smirnov test was performed. To compare multiple experi-
mental conditions with each other, a one-way ANOVA was performed with
Tukey’s post hoc analysis. For categorial focal adhesion data, a Fisher’s ex-
act test was performed. Differences were considered to be significant for
p-values ≤ 0.05.

Graphical representations were made with BioRender.com.

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