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ABSTRACT: Mesenchymal stem cells (MSCs) have the potential to
differentiate into multiple lineages and can be harvested relatively easily from
adults, making them a promising cell source for regenerative therapies. While it
is well-known how to consistently differentiate MSCs into adipose,
chondrogenic, and osteogenic lineages by treatment with biochemical factors,
the number of studies exploring how to achieve this with mechanical signals is
limited. A relatively unexplored area is the effect of cyclic forces on the MSC
differentiation. Recently, our group developed a thermoresponsive N-ethyl
acrylamide/N-isopropylacrylamide (NIPAM/NEAM) hydrogel supplemented
with gold nanorods that are able to convert near-infrared light into heat. Using
light pulses allows for local hydrogel collapse and swelling with physiologically
relevant force and frequency. In this study, MSCs are cultured on this hydrogel
system with a patterned surface and exposed to intermittent or continuous
actuation of the hydrogel for 3 days to study the effect of actuation on MSC
differentiation. First, cells are harvested from the bone marrow of three donors and tested for their MSC phenotype, meeting the
following criteria: the harvested cells are adherent and demonstrate a fibroblast-like bipolar morphology. They lack the expression of
CD34 and CD45 but do express CD73, CD90, and CD105. Additionally, their differentiation potential into adipogenic,
chondrogenic, and osteogenic lineages is validated by the addition of standardized differentiation media. Next, MSCs are exposed to
intermittent or continuous actuation, which leads to a significantly enhanced cell spreading compared to nonactuated cells.
Moreover, actuation results in nuclear translocation of Runt-related transcription factor 2 and the Yes-associated protein. Together,
these results indicate that cyclic mechanical stimulation on a soft, ridged substrate modulates the MSC fate commitment in the
direction of osteogenesis.
KEYWORDS: mesenchymal stem cells, mechanotransduction, hydrogel, actuation, osteogenesis

■ INTRODUCTION
Mesenchymal stem cells (MSCs) are multipotent stromal cells
that have a high capacity for self-renewal and differentiation
toward numerous mesodermal lineages.1 MSCs exist in
different adult tissues2 and have been successfully isolated
from various sources, such as bone marrow,3 adipose tissue,4

placenta,5 and Wharton′s Jelly of umbilical cords.6 MSCs have
been studied extensively because of their benefits related to
supportive interactions with other cells, the production of
bioactive factors, and the regulation of the immune system. For
instance, MSCs create a suitable environment for hemato-
poietic stem cell differentiation,7 show anti-inflammatory
responses by modulating immune cell activity,8 and inhibit
the activation and cytotoxicity of resting natural killer cells.9 In
addition, they have beneficial effects on wound healing
processes.10 Another possible benefit of MSCs is their ability
to not only differentiate along the mesodermal lineage11 (e.g.,

adipocytes, chondrocytes, and osteoblasts) but also trans-
differentiate into endodermal12 and ectodermal layers.13

However, these findings are controversial since they may be
an artifact of in vitro culture systems and may not be relevant
under physiological conditions in vivo.1 For these reasons,
controllable expansion and differentiation of MSCs is a
prominent topic for cell-based therapies and tissue engineer-
ing.14

MSCs are classically grown, expanded, and differentiated in
vitro on hard tissue culture polystyrene (TCPS) plates using
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complex cell culture media containing a variety of biochemical
factors. These soluble molecules, such as growth factors,
cytokines, amino acids, and other supplements, support cell
growth and function, act as energy sources, and provide cues
for cell development.15

However, in recent years, it has become apparent that not
only biochemical but also mechanical signals can induce cell
differentiation. In 2006, pioneering results showed that matrix
elasticity has an effect on MSC differentiation. It was observed
that very soft collagenous substrates (elastic modulus: 0.1−1
kPa) induce differentiation of MSCs into neuronal cells,
whereas stiffer (8−17 kPa) and rigid (25−40 kPa) collagenous
matrices favored myogenic and osteogenic differentiation,
respectively.16 Since then, numerous reports have further
investigated the influence of mechanical and physical cues
(stiffness, viscoelasticity, and topography) on stem cell fates in
vitro.17 For instance, MSCs cultured on soft polyacrylamide
gels (250 Pa), which mimic the mechanical elasticity of the
bone marrow, maintain a quiescent state while preserving their
proliferation and differentiation potential.18 More recently, the
importance of stress relaxation on MSC differentiation was
revealed, demonstrating that adipogenesis in soft hydrogels is
reduced for rapidly relaxing gels, while osteogenesis is
enhanced in stiffer, fast relaxing gels.19 In fast relaxing gels,
the cells demonstrated significantly more cell spreading. This
effect is mediated through integrin binding and ligand
clustering, affecting downstream actomyosin contractility and
Yes-associated protein (YAP) nuclear translocation. Further-
more, another study showed that the critical stress value
(threshold after which stress-stiffening occurs) can guide
MSCs toward either adipogenesis or osteogenesis through
involvement of DCAMKL1.20 Here, lower critical stress (9.4−
12.8 Pa) resulted in adipogenesis, while higher critical stress
(14.6−19.3 Pa) led to osteogenesis in a soft hydrogel (storage
modulus: 0.2−0.4 kPa). In addition to the stiffness,
viscoelasticity, and strain-stiffening behavior of the substrate,
micro- and nanoscale topographical features have also been
proven to impact stem cell behavior. For example, MSCs
differentiate toward adipocytes or osteoblasts, depending on
the aspect ratio and curvature of geometric features. Adipo-
genesis is favored on islands with small areas (1000 μm2) and
lower aspect ratios, whereas osteogenic differentiation takes
place on pillars with larger areas (5000 μm2) and higher aspect
ratios.21 Generally, when MSCs are able to spread, YAP is
shuttled to the nucleus, and osteogenesis is favored. In
addition, osteogenic differentiation can be triggered by specific
nanoscale topographies, such as TiO2 nanotubular-shaped
structures with a 70−100 nm diameter.22 Thus, the geometry
shape and size of material features regulate MSC commitment
between those two lineages.21,23

As described above, local mechanostructural cues play an
important role in stem cell function and fate. Nonetheless, cells
in the human body are also constantly subjected to larger-scale
internal stresses and cyclic strains. Therefore, material systems
capable of mimicking the movement of the extracellular matrix
(ECM) and tissue-dependent natural forces could provide
answers to key mechanobiological questions. Systems that
apply dynamic forces on cells have been engineered and
fabricated to investigate how changing forces affect stem cell
mechanotransduction and differentiation processes but often
lack the ability to exert nativelike mechanical signals. The
existing mechanical in vitro platforms range from macroscopic
membranes or elastic surfaces that exert pure cyclic strain up to

smart materials, which respond to user-defined stimuli (e.g.,
temperature, pH, light, and electric fields). Cyclic strain is most
often applied by a polydimethylsiloxane (PDMS)-based
system, which has been shown to enhance myogenic
differentiation of MSCs cultured in myogenic medium24 and
increase mineral deposition of MSCs cultured in osteogenic
medium.25 Unfortunately, most of these materials and methods
cannot provide relevant mechanical stresses to cells with
precise user-defined localization.

In contrast, stimuli-responsive hydrogels better resemble the
native ECM as their stiffness, viscoelasticity, biodegradation,
and macromolecular properties can be fine-tuned.26,27 For
example, polyacrylamide hydrogel stiffness can be changed on
demand upon addition of a soluble linker DNA strand or a
release strand. The hydrogel with oligonucleotide-based cross-
links can then be reversibly stiffened or softened, respec-
tively.28,29 In addition, a light stimulus can be applied to stiffen
or soften the hydrogel, for example, by changing cyanobacterial
phytochrome 1 from the monomeric state to a dimeric state by
switching from 740 to 660 nm light,30 or by UV-assisted
cleavage of photodegradable poly(ethylene glycol) (PEG),31

respectively. The use of the photodegradable PEG hydrogel
revealed that MSCs have a mechanical memory, driven by
YAP/TAZ activation, that affects their differentiation poten-
tial.32 This system enables studying MSC behavior in stiff-to-
soft changing regimes in a controlled manner, altering the
elastic modulus from 10 to 2 kPa. This softening takes around
6 min, but the change in stiffness is not reversible.

Therefore, we previously reported a mechanically reversible,
dynamic hydrogel platform with variable microtopographies in
order to tune (sub)cellular mechanical forces on cells.33 The
platform consists of a thermoresponsive cross-linked hydrogel
prepared from a 60/40 ratio of N-isopropylacrylamide
(NIPAM) and N-ethyl acrylamide (NEAM) to obtain a
volume phase transition temperature (VPTT) of approx-
imately 37 °C. Gold nanorods (AuNRs) are incorporated to
convert near-infrared (NIR) light to heat and locally collapse
the hydrogels. By exposure to laser pulses, the hydrogel can be
actuated at a precise location with a defined amplitude and
frequency of up to 10 Hz. We demonstrated that fibroblasts
become less mobile when actuated, with enhanced focal
adhesions and ECM production, while myocardin-related
transcription factor A (MRTFA) shuttles to the nucleus.33

Furthermore, in myoblasts, the actuation enhances prolifer-
ation and migration, while myogenic factors such as MyoD and
YAP translocate in the nucleus promoting myogenesis,34

suggesting that the response to mechanical stimulation is
different for different cell types.

In this study, we show that MSCs exhibit changes in their
morphology and cellular spatial organization upon mechanical
actuation. Furthermore, the applied forces, depending on the
actuation parameters set, trigger preosteoblastic MSC differ-
entiation in basal medium without differentiation factors after
actuation for 3 days. This is shown by the translocation of
Runt-related transcription factor 2 (Runx2) and YAP after
actuation. Therefore, this light-responsive dynamic hydrogel
system gives first insights into the effect of dynamic actuation
on a soft hydrogel substrate on human MSC differentiation in
the absence of biochemical differentiation factors.

■ MATERIAL AND METHODS
Hydrogel Preparation. Patterned NIPAM/NEAM hydrogels

with a VPTT of 37 °C and an elastic modulus of ∼30 kPa at 36 °C are
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fabricated according to the methods described previously.33 Briefly,
hydrogels are fabricated by copolymerization of a 0.2 g of NIPAM and
0.12 g of NEAM (molar ratio: 60/40, both Sigma-Aldrich) precursor
solution containing 3.6 AuNRs/μm3 (AuNRs produced like described
before33), 333 μL of DMSO (Sigma-Aldrich), 6.6 mg of photo-
initiator (Irgacure 2959, Sigma-Aldrich), and 4.5 mg of cross-linker
(N,N′-methylenebis(acrylamide), Sigma-Aldrich). Patterned hydro-
gels with continuous ridges (25 μm wide, 2.7 μm high) and grooves
(25 μm wide) are obtained by casting the polymer solution on an
etched, custom-made silicon wafer with the inverse predefined
geometry (25 μm wide ridges and grooves, 2.7 μm height). These
dimensions are used since they avoid crease formation due to
mechanical buckling of the gel and are in the range of the dimensions
of a cell (∼20 μm), and ridge deformation is predominant in the
lateral direction as compared to the axial direction.33 Then, hydrogels
are cured under UV light (Konrad Benda lamp, 366 and 254 nm, 8
W), washed with deionized water and then Milli-Q water, and finally
sterilized in 70% ethanol (Sigma-Aldrich). To facilitate cell adhesion,
the surface of the hydrogels (Ø 9 mm) is covalently functionalized
with fibronectin (Sigma-Aldrich) using sulfosuccinimidyl 6-(4′-azido-
2′-nitrophenylamino)hexanoate (Sulfo-SANPAH, Thermo Fischer) as
a covalent linker. Sulfo-SANPAH (3.38 mM, 20 μL per gel) is added
on top of the gel and activated by UV illumination (UV Hand Lamp
254 and 365 nm 8 W tube, Herolab) for 14 min. The gel is then
washed 3 times with Milli-Q, after which Fibronectin (265 nM, 15 μL
per gel) is added to the gel and allowed to incubate overnight at 32
°C. Nonbound fibronectin is removed by washing with Milli-Q 3
times.

Cell Culture. Human mesenchymal stem cells (MSCs) are isolated
and cultured according to protocols from Haynesworth et al.35 and
Pittenger et al.11 and in the same way we have described previously.36

In brief, MSCs are isolated from surgically removed femoral heads of
patients with total hip endoprosthesis, provided by the Orthopedic
Clinics of the University Hospital RWTH Aachen University.
Experiments are performed with informed consent of the affected
patients and are approved by the local Ethics Committee (EK 187/
08). After isolation, the MSCs are expanded in stem cell culture
medium (SCM) (Mesenpan, PanBiotech), which is changed every 3−
4 days. MSCs from passages 1 to 3 are used for the experiments. In
contrast to the previously described protocol, cells are centrifuged at
500g instead of 250g.

Differentiation Assays on Tissue Culture Polystyrene.
Primary MSCs are differentiated toward other lineages in order to
demonstrate their in vitro differentiation potential into osteocytes,
chondrocytes, and adipocytes under appropriate cell culture
conditions. MSCs undergo multipotent differentiation on TCPS
while exposed to media supplemented with specific differentiation
inducing biochemical factors, while control cells are cultured in SCM,
which does not contain those factors.

For adipogenic differentiation, MSCs are seeded with a density of
80,000 cells/cm2 in SCM. On the next day, SCM is changed to
adipogenic induction medium (AIM), consisting of DMEM high
glucose (4.5 g/L glucose) (Gibco), supplemented with 10% FCS
(PAN-Biotech), 1 μM dexamethasone (Sigma-Aldrich), 0.2 μM
indomethacin (Sigma-Aldrich), 0.5 mM IBMX (Sigma-Aldrich), 0.01
mg/mL human Insulin (Sigma-Aldrich), and 1% LGPS (80 U/mL
Penicillin; 80 μg/mL streptomycin; 1.6 mM L-glutamine) (Gibco).
Medium is exchanged every 2 days, alternating with adipogenic
maintenance medium (AMM) made of DMEM high glucose (4.5 g/L
glucose) (Gibco), supplemented with 10% FCS (PAN-Biotech), 0.01
mg/mL human insulin (Sigma-Aldrich), and 1% LGPS (80 U/mL
Penicillin; 80 μg/mL Streptomycin; 1.6 mM L-glutamine) (Gibco).
After 7, 14, and 21 days of adipogenic differentiation, cells are fixed in
50% ice-cold ethanol for 30 min and further analyzed by Oil red O
staining (Sigma-Aldrich) to determine the formation of lipid droplets.
Cell nuclei are counterstained with Hemalum (Sigma-Aldrich).

For chondrogenic differentiation, 250,000 cells are initially cultured
as pellet cultures in SCM in 15 mL tubes. One day after seeding, SCM
is changed to chondrogenic induction medium (CIM) consisting of
DMEM high glucose (4.5 g/L glucose) (Gibco), 100 nM dexametha-

sone (Sigma-Aldrich), 0.17 mM L-ascorbic-acid-2-phosphate (Sigma-
Aldrich), 100 μg/mL sodium pyruvate (Sigma-Aldrich), 4 μg/mL L-
proline (Sigma-Aldrich), 10 ng/mL TGF-β3 (R&D Systems), 1%
LGPS (80 U/mL Penicillin; 80 μg/mL streptomycin; 1.6 mM L-
glutamine) (Gibco), and 5 mL ITS-Plus Premix (6.25 μg/mL bovine
insulin; 6.25 μg/mL transferrin, 6.25 μg/mL selenium acid, 6.25 μg/
mL linoleic acid, and 6.25 μg/mL BSA) (Life Technologies). It is
important to mention that TGF-β3 is always added freshly to the
medium (0.5 μL/mL medium). Medium is exchanged three times a
week. After days 7, 14, and 21 of chondrogenic differentiation, cells
form pellets that are fixed in 4% formalin (Morphisto) overnight,
dehydrated, embedded in paraffin (Sigma-Aldrich), and sectioned
into 2−3 μm thick slices. Afterward, cell pellets are stained with
Toluidine blue (Sigma-Aldrich) to visualize glycosaminoglycan
deposition.

For osteogenic differentiation, MSCs are cultured with a density of
31,000 cells/cm2 in SCM, based on previous studies.37 This medium
is exchanged the next day to osteogenic induction medium (OIM)
consisting of DMEM low glucose (1 g/L glucose) (Gibco), 10% FCS
(PAN-Biotech), 100 nM dexamethasone (Sigma-Aldrich), 10 mM
sodium-β-glycerophosphate (Sigma-Aldrich), 0.05 mM L-ascorbic-
Acid-2-phosphate (Sigma-Aldrich), and 1% LGPS (80 U/mL
penicillin; 80 μg/mL streptomycin; 1.6 mM L-Glutamine) (Gibco).
Medium exchange is done three times per week. After 7, 14, and 21
days, cells are fixed in ice-cold 70% ethanol, and calcium depositions
are determined by Alizarin Red (Sigma-Aldrich) staining.

Immunophenotype Analysis. The surface epitopes of the MSCs
are analyzed by flow cytometry. Briefly, MSCs are trypsinized,
counted, and kept in flow cytometry buffer (0.09% FCS in PBS
(Gibco)). Cells are centrifuged at 500g for 5 min at 4 °C and then
resuspended in 100 μL of flow cytometry buffer with the antibodies.
The APC-, PE-, or FITC-isotype controls and conjugated antibodies
against CD34, CD45, CD73, CD90, and CD105 (eBioscience) are
diluted 1:500. Then, cells are incubated for 30 min at 4 °C and
centrifuged, and the supernatant is removed. Finally, cells are
resuspended in 200 μL of flow cytometry buffer. Immunophenotype
analysis is done with a FACS Canto II cytometer (BD Bioscience),
and at least 10,000 events are measured for each MSC donor.

Cell Actuation. MSCs are seeded with a density of 10,000 cells/
cm2 in 0.5 mL of SCM on the gels (Ø 9 mm) and are left undisturbed
for the next 4 h inside a cell culture incubator at 37 °C, 5% CO2, and
95% humidity. Afterward, SCM is exchanged to basal medium made
of DMEM low glucose (1 g/L glucose) (Gibco), 1% FCS (PAN-
Biotech), and 1% PS (80 U/mL penicillin; 80 μg/mL streptomycin)
(Gibco). Hydrogels are immediately placed in the custom-made laser
actuation setup acquired from AIQTEC LTD, as previously
described,33 where a defined region of the hydrogel is mechanically
actuated with the NIR laser using the experimental parameters shown
below (Tables 1, 2, and Movie S1). MSCs that are at least 300 μm

away from the actuated area are randomly selected as nonactuated
cells. These cells have been exposed to all the same conditions (e.g.,
hydrogel and coating, passage number, seeding density, and
environmental conditions) except actuation, which makes them a
good control population. Note that it was previously shown that cells
on the same gel did not alter their behavior.33 For further analysis, no
distinct selection was made for cells in grooves or on ridges.

Immunostaining and Microscopy. Immediately after the
actuation experiment, the samples are rinsed twice with PBS, fixed

Table 1. Exposure Parameters for Intermittent and
Continuous Actuation

laser
exposure/
day (h)

rest
time/day

(h)
total time of
actuation (h)

total time of
experiment (h)

intermittent
actuation

12 12 36 72

continuous
actuation

24 0 72 72
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with 4% paraformaldehyde (AppliChem) for 30 min, and washed
thrice with PBS. Cells are then permeabilized with 0.1% Triton X
(Sigma-Aldrich) for 8 min before three additional washing steps with
PBS. Samples are then incubated for 1 h with 3% BSA (Sigma-
Aldrich) in PBS to block nonspecific bindings followed by the
addition of primary antibodies against Runx2 (NovusBiologicals,
NBP1−77462) or YAP (Santa Cruz Biotechnology, sc-101199) using
a dilution of 1:100. Samples are incubated for 4 h at room
temperature before being rinsed three times with PBS. Afterward,
samples are incubated for 1 h at room temperature with the secondary
antibodies antirabbit Alexa Fluor 633 (Thermo Fischer, A-21071) or
antimouse Alexa Fluor 488 (Thermo Fischer, A32723) using a

dilution of 1:200. Cells are then washed three times with PBS, after
which cell nuclei are counterstained with DAPI (4′,6-diamidino-2-
phenylindole) for 8 min at room temperature with a dilution of 1:100.
Finally, samples are washed three times with PBS and stored at 4 °C
for further analysis.

Confocal laser scanning microscopy is performed with a Leica SP8
Tandem Confocal system equipped with a white light laser and a
heating chamber set at 37 °C. Samples are excited with the suitable
wavelengths, and light emission from DAPI or Runx2 and YAP is
detected with photomultiplier tubes or hybrid detectors, respectively.
These detectors are set in counting mode when Runx2 or YAP is
being imaged, and sequential scanning is used while imaging.

Table 2. Laser Settings

laser power (mW) time ON (ms) time OFF (ms) frequency (Hz) actuation amplitude (μm)a relative displacement (%)a estimated force (nN)a

340 100 1900 0.5 4.35 14 141.91
aMeasured/calculated previously.33

Figure 1. Cells harvested from all three donors can be defined as mesenchymal stem cells according to the criteria from the International Society
for Cellular Therapy (ISCT). (a) Harvested cells are negative for surface markers CD34 and CD45 and positive for CD73, CD90, and CD105.
Representative histograms of the immune phenotype analysis of three MSC donors at passages 1−3. MSCs are labeled with antibodies against
specific antigens and further analyzed by flow cytometry. The blue curves indicate the fluorescence of isotype controls, while the red curves show
the fluorescence of the MSCs stained against specific antibodies. The figure also shows the percentage of MSCs with positive surface epitope
expression. (b) Harvested cells show differentiation potential for osteogenic, chondrogenic, and adipogenic lineages on TCPS when treated with
specific induction media. Representative images of MSCs from one donor differentiated into osteogenic, chondrogenic, and adipogenic lineages, as
shown by histological stainings which are performed after 7, 14, and 21 days of cell culture. n = 3 donors. Scale bar = 200 μm. AIM: adipogenic
induction medium, AMM: adipogenic maintenance medium, CIM: chondrogenic induction medium, MSC: mesenchymal stem cell, OIM:
osteogenic induction medium, SCM: stem cell culture medium, TCPS: tissue culture polystyrene.
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Confocal images are imported to ImageJ (Fiji, version 1.52p) to
determine morphological parameters and quantify nuclear and
cytoplasmic Runx2 and YAP. To separate the cytoplasm and nucleus,
the same protocol as the one described previously is used.33 Briefly,
orthogonal maximum intensity projections are first created from the
Z-stack. Then, the DAPI and, instead of actin, Runx2 or YAP channels
from the image are used to obtain the mask for the nucleus and
cytoplasm via Otsu’s thresholding method. Boolean operators
(SUBSTRACT and AND) and the DAPI mask are then used to
separate images containing a nuclear or cytoplasmic fluorescent signal.

The traced cell outline is then used to determine the cell area and
generate a best-fit ellipse from which the mean orientation angle,
aspect ratio, and circularity could be determined. The area and
orientation angle are given by the Fiji parameters “Area” and “Angle”,
respectively. The orientation angle is then subtracted by 90° to obtain
the orientation angle from the axis of the patterned lines of the
hydrogel (which were vertical). For the aspect ratio and circularity,
the following formulas are used:

Aspect ratio
major axis length
minor axis length

=

Circularity
4 Area

Perimeter2= ·

The major and minor axis length are given by the Fiji parameters
“Major” and “Minor”, whereas the perimeter is given by ‘Perim.’

In order to determine the fluorescence intensity from Runx2 or
YAP, a circular region of interest with an area of 3 μm2 is placed in
three random regions within the cell nucleus and cytoplasm of the raw
fluorescence images, and the average fluorescence intensity of these
areas is determined. Data are plotted as the mean fluorescence
intensity of nuclear to cytoplasmic signal ratio in actuated and
nonactuated samples. For Runx2, N ≥ 115 cells are analyzed from
three independent experiments; while for YAP, results from N ≥ 95
cells are quantified from two independent experiments.

Statistical Analysis. Data and statistical analyses are performed
using OriginPro 2016G (b9.32.303) software. All data are shown as
mean ± standard deviation, unless specified otherwise. After
performing a normality test (Shapiro−Wilk, significance level 0.05)
and a two-sample test for variance (significance level 0.05) for each
experiment, normality and equal variance could not be assumed.
Therefore, statistical significance is determined by a Mann−Whitney
test defined at p < 0.05, 0.01, and 0.001, represented by *, **, and
*** respectively.

■ RESULTS
Harvested Cells Are Identified as MSCs. Cells harvested

from the bone marrow of three donors are subjected to the
criteria of the Mesenchymal and Tissue Stem Cell Committee
of the International Society for Cellular Therapy (ISCT) to
validate their MSC identity. First, we observed that the
harvested cells are adherent and demonstrate a fibroblast-like,
bipolar morphology.
Surface Epitope Characterization. Second, different cell-

surface epitopes are evaluated by flow cytometry analysis. The
forward and side scatter density plot and gate are provided in
Figure S1. Harvested cells from all three donors lack expression
of CD34 (<1% positive) and CD45 (<1% positive), while all
MSCs express CD73 (>95% positive), CD90 (>95% positive),
and CD105 (>65% positive) [Figure 1a]. These results comply
with the first criterion of the MSC identity.

An additional flow cytometry experiment is performed
where MSCs are cultured on either TCPS or on the hydrogels
for 3 days without actuation. They are kept in either SCM,
basal medium, or OIM. Expression of cell-surface epitopes did
not change over 3 days of culture time, between SCM or basal
medium and between the two substrates (Table 3); thus, it can

be assumed that further cellular changes will be caused by the
actuation.

MSC Differentiation on TCPS. The third criterion is the
ability to differentiate between osteogenic, chondrogenic, and
adipogenic lineages using standardized induction cell culture
media supplemented with the required differentiation factors
for each lineage. Osteogenic differentiation is promoted by
using the OIM, which is confirmed by the Alizarin red staining.
This stain can be used to identify calcium phosphate deposits,
an important component of bone. MSCs treated with the OIM
display these extracellular calcium accumulations (visible in
red) already at day 7, which are gradually increased until day
21. This effect is not visible for MSCs cultured with SCM
(Figure 1b). Chondrogenic differentiation is achieved by
culturing MSCs with a CIM. This is validated by using
toluidine blue, which stains collagen, proteoglycans, and
glycosaminoglycans within the ECM. Samples cultured with
CIM reveal vast amounts of ECM components, as shown by
the dark blue staining and they are hyaline in appearance
(purple), unlike control samples, which have a lighter blue
color and no hyaline formation [Figure 1b]. Adipogenic
differentiation is induced in MSCs by the addition of AIM and
AMM. Adipose differentiation is validated by confirming the
formation of fat droplets and lipid vacuoles with Oil red O
staining, which colors fats red. Samples grown with adipogenic
induction medium/adipogenic maintenance medium (AIM/
AMM) show small clusters of lipid droplets at day 7, while
larger and filled vacuoles are observed at later time points. By
comparison, MSCs cultured with SCM show no lipid
formation [Figure 1b]. Images from differentiation experi-
ments for the other two donors (donors 1 and 3) are shown in
Figure S2. From these results, combined with the validation of
the expression of the correct surface epitopes, we can conclude
that the harvested cells can be identified as MSCs.

Mechanical Actuation Affects MSC Morphology. To
first determine whether dynamic mechanical forces alter
morphological features of MSCs, stem cells are seeded on
fibronectin-coated patterned 60/40 NIPAM/NEAM hydrogels
(elastic modulus of ∼30 kPa) (Figure 2). A ridge-groove

Table 3. Average Expression of Cell-Surface Epitopes on
MSCs from All Three Donors Based on Flow Cytometry
Measurements after Culture on Different Substrates in
Different Media for 3 Daysa

hydrogels

SCM basal medium OIM

CD34 0.06 ± 0.03 0.13 ± 0.18 32.71 ± 56.54
CD73 98.00 ± 1.47 98.20 ± 1.41 65.11 ± 56.10
CD45 0.17 ± 0.09 0.10 ± 0.05 0.18 ± 0.15
CD90 95.97 ± 2.41 97.17 ± 2.16 96.00 ± 1.91
CD105 89.70 ± 7.63 92.23 ± 5.83 90.47 ± 7.27

Tissue culture plastic

SCM basal medium OIM

CD34 0.06 ± 0.07 0.14 ± 0.21 0.13 ± 0.18
CD73 98.10 ± 1.44 98.47 ± 0.90 98.57 ± 1.00
CD45 0.19 ± 0.24 0.08 ± 0.10 0.21 ± 0.16
CD90 96.20 ± 2.55 97.37 ± 1.90 96.60 ± 2.51
CD105 92.33 ± 4.08 92.67 ± 2.14 93.67 ± 5.20

aSCM: stem cell culture medium, OIM: osteogenic induction
medium.
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pattern is used as it avoids crease formation due to mechanical
buckling of the gel, and deformation of the ridge is
predominant in the lateral direction as compared to the axial
direction.33 During actuation, the gels are locally exposed to
NIR light, and the gold nanorods that are incorporated into the
gels will transform the NIR light into heat, causing the gel to
locally collapse. We would like to point out that the used duty
cycles/laser ON time (100 ms) and the presence of the large
heat sink lead to a rapid thermal equilibrium, while the
temperature of the medium and nonirradiated portion of the
gel does not increase.33 It was also previously shown that the
mean local temperature is only slightly increasing (fluctuation
of ∼0.3 °C around a new equilibrium that is ∼0.6 °C higher
than before irradiation) for an ON-time of 100 ms and
frequency of 1 Hz. During hydrogel actuation, the local
temperature, stiffness, and hydrophobicity, therefore, only
marginally change back and forth at a high frequency, while the
cells are in direct contact with a covalently linked fibronectin
coating on top of the hydrogels. In that report, we also
demonstrated that the actuated cells do not express more Hsp
70 or Elf (which stains stress granules and P-bodies, both are
markers for phototoxic stress) than the nonactuated cells
(L929 fibroblasts) and that the cells are not affected by the
exposure to NIR light or the local temperature changes if no
actuation takes place.33 Because of the purpose of this study,
MSCs are cultured in DMEM basal medium in order to avoid
any biochemical factors that could directly inhibit or induce
stem cell maintenance or differentiation. MSCs are allowed to
adhere to the hydrogel at least 4 h before being subjected to
intermittent (12 h actuation/12 h rest for 3 days) or
continuous stimulation (24 h actuation per day for 3 days)
using NIR light pulses (340 mW, 0.5 Hz, 100 ms ON time).
We note that the actuation is completely reversible, so even
after 3 days, the gel goes back to its original shape and
dimensions when the laser is turned off. In earlier reports using
this light-actuating hydrogel system with fibroblasts or
myoblasts, a frequency of 1 Hz was used.33,34 For the MSCs,
the laser frequency is adjusted to a lower frequency of 0.5 Hz
as low viability was observed at 1 Hz (data not shown). For the
duration of actuation, we selected 3 days, as this is enough time
to see an early osteogenic response (YAP and Runx2) and was
used before in other similar studies.38 Previous studies have
also shown that cells can react differently to continuous versus
intermittent stretch. For example, continuously stretched
MSCs can be overstimulated, hindering chondrogenesis,
whereas this is not the case for intermittently stretched
MSCs.39 Therefore, we include an intermittent condition (with
cycles of 12 h on and 12 h off), as we previously saw the

highest effect of actuation on MRTFA shuttling after 12 and 24
h in L929 fibroblasts.33 Additionally, another similar study with
MSCs found elevated mRNA levels of Runx2 at 6 and 12 h.38

Briefly, MSCs are cultured on NIPAM/NEAM hydrogels
with parallel ridges (width: 25 μm, height: 2.7 μm) and
grooves (width: 25 μm). Due to the photothermal effect of the
gold nanorods that are incorporated into the hydrogels, the gel
heats up when irradiated with a NIR laser, causing the hydrogel
to collapse. When the laser is off, the gel quickly returns to the
normal swollen state. Actuation is therefore achieved with a
laser pulse of 0.5 Hz (100 ms ON, 1900 ms OFF), and cells are
exposed to 3 days of either 12 h of actuation and 12 h of rest or
24 h of actuation.

After 3 days in culture, MSCs grown in all conditions sense
and follow the underlying topographic cues (Figure 3a−c).
The mean orientation angle θ (defined as the angle between
the main axis of the cell and a line parallel to the ridges) for the
cytoplasm (θcyt) and nucleus (θnuc) in both conditions has a
value between −1.6° < θcyt < 1.8° and −2.8° < θnuc < 1.0°,
respectively (Figure 3b,c). Thus, cellular directionality is
induced along the parallel-patterned hydrogel. Hydrogel
actuation does not have a significant effect on cellular or
nuclear orientation, compared to static conditions, and thus
this type of mechanical stress does not change cellular
direction.

Besides MSC orientation along the lined pattern, the
hydrogel topography can affect cellular elongation, measured
by cellular aspect ratios, and enhance differentiation.40

However, both cytoplasmic (5.8 < ARcyt < 8.0) and nuclear
(ARnuc ∼ 1.5) aspect ratios (defined as the ratio of the major to
the minor axis of the best fitting ellipse) remain unaffected in
the presence of mechanical strain [Figure 3d,e]. Such cellular
elongation along the underlying structures can be further
correlated by the circularity parameter (C), which indicates
whether a particular structure can be described as a circle (1.0)
or an elongated shape (∼0.0). Irregular perimeters will also
further decrease the circularity parameter. Therefore, this gives
us information about how well cells spread in all directions. In
general, the cytoskeleton stretches out parallel to the ridges
and grooves (Ccyt ∼ 0.1), while the nuclear parameter exhibits
a more rounded shape (Cnuc ∼ 0.7) [Figure 3a,f,g]. These
results support the ones obtained for the aspect ratio, which is
lower for the nucleus than for the cell. Nonetheless, by taking a
closer look at the individual values for both conditions, it is
observed that Ccyt decreases upon intermittent mechanical
actuation, whereas this effect does not take place for
continuous actuation periods. The quantitative results for the
intermittent condition show that Ccyt decreases 1.54-fold (p =

Figure 2. Overview of the actuating hydrogel setup.
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0.001) compared to nonactuated conditions [Figure 3 f,g].
The circularity of the nucleus did not significantly change with
either intermittent or continuous actuation, which could be
due to the stiffer character of the nucleus compared to the
cytoplasm of the cell.41 As the aspect ratio does not alter due
to actuation, this is an indication that cells may be spreading
more and hence have a more irregular morphology after being
subjected to mechanical stress compared with cells that remain
in static regions of the hydrogel.

In addition to the orientation, elongation, and circularity,
cellular spreading areas of actuated and nonactuated cells are
analyzed [Figure 3h,i]. From the MSC cytoplasmic and nuclear
outlines [Figure 3a], it is clear that mechanically stimulated
MSCs show a significant increase in cytoplasmic and nuclear
areas in both actuating conditions. Quantitative analysis of
cellular spreading area indicates that the mean cytoplasmic area
increases 1.78-fold in the case of intermittently actuated cells
versus nonactuated cells, whereas this area increases 1.35-fold
in the continuous condition. For the nuclear area, the values
are 1.58- (intermittent) and 1.17-fold (continuous) higher
compared to nonactuated cells. These results exhibit how MSC
spreading highly depends on dynamic forces exerted by soft
hydrogels.

Cyclic Mechanical Actuation Induces Preosteoblastic
Differentiation in MSCs. Cyclic Mechanical Actuation
Induces Runx2 Nuclear Translocation. Previous studies have
provided evidence that large MSC spreading areas, as often
observed when these cells are cultured on high stiffness
substrates, are linked to osteogenic differentiation.42 After
observing the significant increase in the cellular spreading area
upon mechanical actuation, we continued by investigating the
role of dynamic hydrogel actuation in initiating osteogenesis.
Runx2 has been identified as the 'master osteogenic tran-
scription factor,' which is activated through TGF-β1 and BMP
pathways.43 When activated, Runx2 translocates to the nucleus,
where it binds to the DNA. Therefore, the activity of Runx2
can be analyzed by the fluorescence intensity of the nuclear to
cytoplasmic signal ratio of Runx2 (Runx2nucleus/Runx2cytoplasm).
As Runx2 is an essential transcription factor expressed in early
osteoblastic progenitors within the nucleus,44 it is compared
for actuated and nonactuated MSCs.

Based on immunofluorescence images [Figure 4a,b], MSCs
exposed to cyclic mechanical forces visibly exhibit a
predominant Runx2 signal in the nucleus compared to the
cytoplasm. Moreover, quantitative analysis of this early
osteogenic protein shows that the average fluorescence
intensity ratio of Runx2nucleus/Runx2cytoplasm is increased 1.59-
fold in MSCs subjected to intermittent mechanical forces,
whereas continuously stimulated MSCs show a 1.40-fold
increase when compared to nonstimulated cells [Figure 4c].
Cyclic Mechanical Actuation Induces YAP Nuclear

Activation and Localization. As nuclear Runx2 and YAP
localization are sensitive to cell spreading,19,45 we expect that

Figure 3. MSCs on patterned NIPAM/NEAM hydrogels change their
cytoplasmic/nuclear morphology when exposed to intermittent or
continuous actuation compared with no actuation. (a) Cytoplasmic
and nuclear outlines of MSCs exposed to intermittent, continuous, or
no actuation for 72 h. The arrows show the direction of the
underlying patterned topography. Scale bar = 20 μm. (b−i) Actuation
affects several morphological parameters of the cell and nucleus.
Morphological parameters are the (b, c) orientation along the
substrate pattern, (d, e) elongation, (f, g) circularity, and (h, i)
spreading area. For the cytoplasm, the circularity was greater in
intermittently actuated cells. For both cytoplasm and nucleus, the area
was greater after both intermittent and continuous actuation
compared to nonactuated cells. In all cases, the box plots show data
from all 3 donors, with N ≥ 90 cells in total. In the box plots, the
interquartile range (IQR) between the first and the third quartiles is

Figure 3. continued

indicated by the box, while whiskers denote 1.5 IQR. The hollow
square, the horizontal line, and the filled dots represent the average,
the median, and the outliers, respectively. *, **, and *** are
determined using a Mann−Whitney test and represent statistical
significance at p < 0.05, 0.01, and 0.001, respectively. MSC:
mesenchymal stem cell, NIPAM: N-isopropyl acrylamide, NEAM:
N-ethyl acrylamide.
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YAP could also be affected by these mechanical stimuli
provided by the dynamic hydrogel actuation. Nuclear local-
ization of this transcriptional coregulator plays a major role in
mediating mechanotransduction processes and is associated
with osteogenesis of MSCs in 2D cultures, for example,
triggered by stiffness, topography,45 roughness,46 ligand type,
and ligand density.47 To confirm this premise, the group of

MSCs exposed to intermittent actuation, which shows the
highest Runx2nucleus/Runx2cytoplasm signal ratio upon actuation,
was evaluated for nuclear translocation of YAP. In this case,
MSCs exposed to actuation exhibit a higher nuclear YAP
localization as compared to cells that remain on static regions
on the same hydrogel (Figure 4b). Quantitative results show
that the mean YAPnucleus/YAPcytoplasm signal ratio increases

Figure 4. Actuation of MSCs on NIPAM/NEAM hydrogels increases nuclear translocation of Runx2 and YAP compared to nonactuated cells. (a)
Immunofluorescence images showing the distribution of Runx2 and YAP in intermittently actuated and nonactuated MSCs. The determined mask
of the nucleus is displayed on the right. (b) Immunofluorescence images showing the distribution of Runx2 inside continuously actuated MSCs.
The determined mask of the nucleus is displayed on the right. (c) Quantification of the Runx2 nuclear/cytoplasmic signal ratio. Box plots show n =
3, N ≥ 115 cells. (d) Quantification of the YAP nuclear/cytoplasmic signal ratio. Box plots show n = 2, N ≥ 95 cells. In the box plots, the
interquartile range (IQR) between the first and the third quartiles is indicated by the box, while whiskers denote 1.5 IQR. The hollow square, the
horizontal line, and the filled dots represent the average, the median, and the outliers, respectively. *** is determined using a Mann−Whitney test
and represents statistical significance at p < 0.001. Scale bar = 20 μm. MSC: Mesenchymal stem cell, NIPAM: N-isopropyl acrylamide, NEAM: N-
ethyl acrylamide, Runx2: Runt-related transcription factor 2, YAP: Yes-associated protein.
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1.98-fold on intermittently actuated versus static MSCs [Figure
4d]. Together, these results indicate that mechanical
stimulation by actuating soft hydrogels modulates MSC fate
commitment through enhanced cell spreading and YAP and
Runx2 nuclear translocation.

■ DISCUSSION
The present study combines a soft (elastic modulus ∼30 kPa)
light-responsive hydrogel system with a ridge/groove top-
ography that exerts mechanical forces on human bone-marrow-
derived MSCs. The dynamic local stresses applied to the cells,
whether continuously or intermittently over the course of 3
days, result in morphological changes of the cell and nucleus,
accompanied by increased nuclear import of the transcriptional
activator YAP and preosteoblastic marker Runx2.

MSCs hold a large promise for stem cell-based therapies and
regenerative medicine due to their easy accessibility from
numerous tissues, multipotentiality, as well as their functional
plasticity.48 However, different harvesting and culturing
procedures result in a large data variability among different
publications.49 Therefore, the harvested cells in this study are
assessed on the minimal criteria from the Mesenchymal and
Tissue Stem Cell Committee of the ISCT:49 (1) MSCs must
adhere to tissue culture flasks and demonstrate a fibroblastoid
morphology while maintained in standard cell culture
conditions; (2) MSCs must express the surface antigens
CD73, CD90, and CD105 and lack expression of CD34,
CD45, CD11b or CD14, CD79α or CD19, and HLA Class II;
(3) MSCs must differentiate into osteoblasts, adipocytes, and
chondroblasts in vitro, when exposed to standard protocols.
The MSCs described here show the typical morphology, the
correct markers, and the ability to differentiate into the desired
mature cell types, improving the reproducibility of the results
in this study.

One of the various applications for MSCs is transplantation
into patients with large bone defects, for example, due to the
removal of tumors or infected bone. Currently, an autologous
bone graft is the gold standard, but this approach results in
donor site morbidity and cannot always be performed.50

Instead, the MSCs would be harvested relatively easily from
the patient and differentiated into osteoblasts, which could be
implanted together with a scaffold into the defect and
accelerate and improve the healing process. To find an
efficient and safe way to use MSCs in such therapies, it is
important to understand what cues can guide MSC differ-
entiation. Previous studies that focused on the effect of
physical cues rather than biochemical cues showed that MSC
differentiation in vitro can be triggered by various physical
factors, such as topography40 and stiffness16 of the biomaterial,
as well as cyclic stretching of the substrate.51 Various systems
have been used to stretch MSCs, including the Flexcell system
(PDMS substrate),38,52 ElectroForce 5210 BioDynamic-Test-
System (combined with collagen-I sheets),51,53 and multiple
custom systems that stretch materials such as electrospun
polycaprolactone scaffolds.54 Most of these studies have shown
that on a stiff substrate, cyclic stretch steers MSC differ-
entiation into the direction of osteogenesis52 and has a
synergistic effect when used in combination with the
osteogenic medium.38 Importantly, most PDMS-based systems
are limited to high stiffness. Therefore, softer systems are
required to uncover mechanisms that might not be found when
stiffer substrates. For example, one study has shown that cyclic
stretch (1 Hz for 1 h) applied to MSCs cultured on a low

stiffness collagen type I substrate (elastic modulus: 10 kPa)
steers their differentiation into myogenic lineage.51 Our
hydrogel system has a stiffness of ∼30 kPa and is therefore
softer compared to conventional PDMS-based systems.
However, based on the hydrogel stiffness range studied by
Engler et al. (0.1−40 kPa), our hydrogel can be qualified as
“osteogenic”.16 Yet, we would like to point out that a
significant increase in cell size and nuclear translocation of
Runt-related transcription factor 2 (Runx2) and Yes-associated
protein (YAP) is observed due to hydrogel actuation when
compared to nonactuated cells on the same hydrogel. This
suggests that our system likely speeds up the differentiation
process. Another similar system, a hydrogel-actuated integrated
responsive system also based on the photothermal actuation of
PNIPAM, applied force on MSCs but did not include results
on MSC differentiation or effects on molecular pathways.55 In
that study, the cells attached to stiffer Norland 61 epoxy pillars
embedded in a PNIPAM hydrogel, which was actuated from
31 °C (VPTT PNIPAM hydrogels: 32 °C in water; in media,
the VPTT is significantly reduced) to bend the pillars. During
that study, cells were only actuated for several seconds to prove
the bending of the pillars, and actuation over several days was
not explored. Other soft hydrogel systems can be deformed but
not reversibly or only in a time scale from minutes56 to hours28

and not in (milli)seconds, which is more relevant to study
processes like breathing, walking, or heart beating. The time
scale, stiffness of the substrate, and addition or absence of
differentiation factors are all important factors during actuation
experiments. In our system, we actuate cells for days on soft
hydrogels and decouple mechanical from biochemical signals
by using a basal medium to understand the mechanobiology of
MSCs. Further studies should focus on combining dynamic
force application with biochemical signaling, which has been
found to have a synergistic effect on MSC osteogenesis.38

On static gels, it is well-known that a substrate with a high
stiffness induces osteogenesis in MSCs.16 In this study,
circularity and spreading area are investigated since they can
be used as cellular tension and substrate stiffness indicators.23

Upon mechanical stimulation, cellular circularity decreases in
intermittently actuated cells, while the cell spreading area
visibly and significantly increases for actuated MSCs in both
intermittent and continuous actuation conditions versus
nonactuated MSCs. The cellular circularity and spreading
area are therefore more sensitive to dynamic substrate
mechanics than the cellular alignment and aspect ratio. The
intermittently actuated cells have both a higher spreading area
and more protrusions, similar to MSCs exposed to increases in
substrate stiffness,57 where several reports have shown that
MSCs exhibit a lower circularity and larger spreading area.58

For this reason, it could be hypothesized that the expansive
and compressive stresses (although deformation is only ∼14%)
produced by the actuating hydrogel not only make MSCs read
a stiffer microenvironment as previously shown for fibroblasts
as well,59 but also activate internal mechanosensitive features
that could diverge cell fate.60

As dynamic actuation of MSCs has a significant effect on
their morphology, we hypothesized that downstream, this
would affect the translocation of transcriptional coactivator
YAP and preosteoblast transcription factor Runx2 from the
cytoplasm to the nucleus. YAP and Runx2 translocation is
highly dependent on matrix stiffness and occurs when MSCs
are grown on increasingly rigid elastic substrates32,61,62 or
rapidly relaxing viscoelastic hydrogels.19 Yet, as recent studies
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have demonstrated, cyclic stretching on stiff PDMS and
polycaprolactone substrates also enhances YAP nuclear
localization and Runx2 expression in rat or bovine MSCs,
even in general, nonosteogenic media.38,54 After YAP enters
the nucleus, it interacts with the transcriptional enhanced
associate domain (TEAD) transcriptional factors and regulates
MSC gene expression for cellular differentiation.61 Apart from
the interaction with the TEAD protein family, YAP also acts as
a coregulator for other transcription factors that play a key role
in osteogenesis, such as Runx2.63 The close interaction
between these proteins has been further correlated by showing
that MSC osteogenic differentiation on rigid substrates is
inhibited upon YAP knockdown, thus exemplifying that YAP is
required for preosteoblastic differentiation of MSCs.61

Alongside a higher cell area, indeed a significantly higher
ratio of nuclear Runx2 is observed in both intermittent and
continuous actuation conditions compared to nonactuated
cells. Therefore, MSCs do not only respond morphologically to
actuation but also start the process of osteogenesis, even
without the addition of differentiation factors. Interestingly, we
detect a higher fold increase of Runx2 translocation for
intermittent actuation than for continuous actuation in
comparison to no actuation. This is accompanied by the
observation that cells have a higher number of protrusions
(lower circularity) in intermittently actuated cells, whereas this
effect does not take place for continuous actuation. Perhaps
this morphological difference hints at the involvement of
different mechanotransduction pathways. Previous studies
using a PDMS stretching device without the addition of
differentiation factors have found that osteogenesis in rodent
MSCs is promoted through the p38MAPK-osterix pathway
during intermittent stretch (0.8% strain, 0.5 Hz, 30 min twice a
day),64 yet this pathway is not involved in osteogenesis during
continuous oscillating stress (10% strain, 1 Hz, 48 h).65 The
lower increase in nuclear Runx2 for continuous compared to
intermittent actuation is likely not due to an overloading effect,
as this has not been observed in any previous studies on the
osteogenesis of MSCs. On the contrary, one study found that
increasing cyclic tensile strain magnitude and frequency
increases the expression of osteogenic markers after 21 days
in a 3D endochondral ossification model (in the presence of
chondrogenic growth factor TGF-β3).66 However, for
chondrogenesis of MSCs/adipose-derived stem cells, continu-
ous rather than intermittent stretch or compression can
overload the cells and block differentiation.39,67

In this study, MSCs are cultured on a slightly softer hydrogel
(elastic modulus ∼30 kPa), compared to the stiffness range
that was previously described to induce osteogenesis (2D
hydrogels with elastic moduli of 4016−6868 kPa). However,
dynamic actuation of the gel still leads to the nuclear import of
YAP and Runx2. Although the exact pathways underlying
preosteoblastic differentiation of MSCs upon mechanical
actuation are not clear, we suspect that nuclear deformation
also plays a role. Deformation enlarges the nuclear pores,
increasing the translocation of proteins, such as YAP, into the
nucleus.69 After actuation, we observed increased cellular
spreading, which can cause nuclear deformation since the
nucleus and cytoskeleton are connected. In nonactuated cells,
spreading remains unchanged and the import and export of
proteins through the nuclear pores remains low. It was already
reported that the transfer of strain to the nucleus through the
cytoskeleton is required for YAP translocation when MSCs are
exposed to dynamic actuation induced by a custom micro-

tensile device, applying 3% strain at 1 Hz.54 Decreasing the
actomyosin contractility in these cells with Y27632 (a Rho-
associated protein kinase inhibitor) decreases the amount of
nuclear prestain, which reduces how much the nucleus can
deform when stretch is applied, thus decreasing YAP
translocation. Inversely, the application of stretch may lead
to remodeling of the cytoskeleton, and different actuation/rest
parameters may affect cell contractility. Actuation might also
increase actin polymerization and reduce actin depolymeriza-
tion, resulting in more sequestered angiomotin family proteins,
which would otherwise inhibit YAP translocation.70 This is in
agreement with the fact that our previous study revealed
nuclear translocation of MRTFA in fibroblasts when actuated
with this hydrogel system, suggesting an increase in F-actin
formation.33 Interestingly, in previous reports using this light-
actuating hydrogel platform, it was shown that YAP was
already mostly localized in the nucleus in nonactuated
fibroblasts,33 whereas it was mostly located in the cytoplasm
in nonactuated myoblasts.34 This suggests that the elastic
modulus of ∼30 kPa is sufficiently high to deform the nucleus
and facilitate YAP translocation in these fibroblasts, whereas it
is too low for MSCs and myoblasts under static conditions.
How cells respond to forces is, therefore, cell type-specific, and
further studies should elucidate what conditions are optimal
for each cell type and each application.

Although the molecular pathways engaged in MSC response
to intermittent and continuous stretch might be different, the
effect on osteogenic differentiation in short-term experiments
was found to be similar.64,65 During continuous stress, the peak
of Runx2 expression (both on mRNA and protein level) was
observed at 6 h. After 24 h, a higher expression of osteogenic
markers alkaline phosphatase and collagen type I was found,65

as was similarly seen for intermittent stretch (0.8% 0.5 Hz
applied twice a day for 30 min).64 However, these two studies
used different strain amplitudes (0.8% and 10%) and
frequencies (0.5 and 1 Hz). Therefore, via a more systematic
approach, future research should clarify if intermittent and
continuous stretching indeed has the same effect on the
osteogenesis of MSCs and which mechanotransduction
pathways are involved.

■ CONCLUSIONS
We report the use of a soft, light-responsive hydrogel with a
ridge topography to mechanically stimulate MSCs through
continuous (24 h actuation per day) or intermittent (12 h
actuation/12 h rest per day) actuation for 3 days. Actuated
cells show a higher spreading area and, for intermittently
actuated cells, also higher protrusions, which is accompanied
by increased nuclear import of the preosteoblastic marker
Runx2 and the transcriptional activator YAP. We show for the
first time with our soft, light-responsive dynamic hydrogel
system that we can apply dynamic actuation and steer human
MSC differentiation in the direction of osteogenesis in basal
medium without the presence of biochemical differentiation
factors. These results suggest that the actuation of MSCs on
soft substrates can be used in the future to direct differentiation
mechanically. An interesting opportunity for further research
would be to investigate whether the addition of biochemical
signals to this system could have synergistic effects on the
osteogenesis of MSCs. These insights will improve our
understanding of the mechanisms that regulate MSC behavior,
which is important for improving the current and future
applications of MSCs.
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CD: cluster of differentiation
CIM: chondrogenic induction medium
ECM: extracellular matrix
ISCT: International Society for Cellular Therapy
MAPK: mitogen-activated protein kinase
MRTFA: myocardin-related transcription factor A
MSC: mesenchymal stem cell
NEAM: N-ethyl acrylamide
NIPAM: N-isopropyl acrylamide
NIR: near-infrared
OIM: osteogenic induction medium
PDMS: polydimethylsiloxane
PEG: poly(ethylene glycol)
Runx2: Runt-related transcription factor 2
SCM: stem cell culture medium
TAZ: transcriptional coactivator with PDZ-binding motif
TCPS: tissue culture polystyrene
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TEAD: transcriptional enhanced associate domain
VPTT: volume phase transition temperature
YAP: Yes-associated protein
θ: orientation angle
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