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A B S T R A C T

High frequency (HF) mechanical vibration appears beneficial for in vitro osteogenesis of mesenchymal stem cells
(MSCs). However, the current mechanobiological understanding of the method remains insufficient. We de-
signed high-throughput stimulators to apply horizontal or vertical high magnitude HF (HMHF; 2.5 Gpeak,
100 Hz) vibration on human adipose stem cells (hASCs). We analyzed proliferation, alkaline phosphatase (ALP)
activity, mineralization, and effects on the actin cytoskeleton and nuclei using immunocytochemical stainings.
Proliferation was studied on a standard tissue culture plastic (sTCP) surface and on an adhesion supporting tissue
culture plastic (asTCP) surface in basal (BM) and osteogenic (OM) culture medium conditions. We discovered
that the improved cell adhesion was a prerequisite for vibration induced changes in the proliferation of hASCs.
Similarly, the adhesion supporting surface enabled us to observe vibration initiated ALP activity and miner-
alization changes in OM condition. The horizontal vibration increased ALP activity, while vertical stimulation
reduced ALP activity. However, mineralization was not enhanced by the HMHF vibration. We performed image-
based analysis of actin and nuclei to obtain novel data of the intracellular-level responses to HF vibration in BM
and OM conditions. Our quantitative results suggest that actin organizations were culture medium and stimu-
lation direction dependent. Both stimulation directions decreased OM induced changes in nuclear size and
elongation. Consequently, our findings of the nuclear deformations provide supportive evidence for the in-
volvement of the nuclei in the mechanocoupling of HF vibration. Taken together, the results of this study en-
hanced the knowledge of the intracellular mechanisms of HF vibration induced osteogenesis of MSCs.

1. Introduction

Different types of mechanical impacts have been found to be ben-
eficial for bone tissue in vivo (Verschueren et al., 2004; Nikander et al.,
2009). This beneficial effect is based on mechanotransduction in which
the mechanical stimuli of the environment translates into intracellular
biochemical signals and changes in cell functions (Paluch et al., 2015).
High frequency (HF, ≥ 10Hz) mechanical vibration has been studied in
directing the differentiation fate of mesenchymal stem/stromal cells
(MSCs) into several different cell types (Pré et al., 2013; Bartlett et al.,
2015; Kim et al., 2015; Marycz et al., 2016; Zhao et al., 2017) This
method is most typically applied for the analysis of the osteogenic
differentiation of MSCs (Tirkkonen et al., 2011; Kim et al., 2012; Zhang

et al., 2012; Pré et al., 2013). The majority of HF vibration studies have
reported the intensified osteogenic differentiation of MSCs in osteo-
genic culture medium (OM) condition (Tirkkonen et al., 2011; Kim
et al., 2012; Zhang et al., 2012; Pré et al., 2013; Uzer et al., 2013; Chen
et al., 2015a; Pongkitwitoon et al., 2016; Maredziak et al., 2017; Lu
et al., 2018). To date, only one study has reported unchanged alkaline
phosphatase (ALP) activity (an early marker of osteogenesis) and de-
creased bone cell maturation (mineralization) with HF vibration (Lau
et al., 2011).

A severe limitation in the existing literature is the use of highly
variable stimulation parameters, a situation that calls for the optimi-
zation of the method. HF vibration has been applied at various stimu-
lation bout durations (Sen et al., 2011; Tirkkonen et al., 2011; Kim

https://doi.org/10.1016/j.jmbbm.2019.103419
Received 2 April 2019; Received in revised form 5 August 2019; Accepted 3 September 2019

∗ Corresponding author.
E-mail addresses: heidi.halonen@tuni.fi (H.T. Halonen), teemu.ihalainen@tuni.fi (T.O. Ihalainen), laura.hyvari@tuni.fi (L. Hyväri),

susanna.miettinen@tuni.fi (S. Miettinen), jari.hyttinen@tuni.fi (J.A.K. Hyttinen).

Journal of the Mechanical Behavior of Biomedical Materials 101 (2020) 103419

Available online 05 September 2019
1751-6161/ © 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/BY-NC-ND/4.0/).

T

http://www.sciencedirect.com/science/journal/17516161
https://www.elsevier.com/locate/jmbbm
https://doi.org/10.1016/j.jmbbm.2019.103419
https://doi.org/10.1016/j.jmbbm.2019.103419
mailto:heidi.halonen@tuni.fi
mailto:teemu.ihalainen@tuni.fi
mailto:laura.hyvari@tuni.fi
mailto:susanna.miettinen@tuni.fi
mailto:jari.hyttinen@tuni.fi
https://doi.org/10.1016/j.jmbbm.2019.103419
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2019.103419&domain=pdf


et al., 2012; Zhang et al., 2012; Uzer et al., 2015; Maredziak et al.,
2017), over a wide frequency range (10 Hz–5 kHz), and mostly by using
the low magnitude and high frequency method (LMHF,< 1 Gpeak)
(Zhang et al., 2012; Chen et al., 2015a; Pemberton et al., 2015). In a
previous study by our research group, we were the first to report that
the high magnitude and high frequency method (HMHF, ≥1 Gpeak) was
able to intensify the osteogenic differentiation of human adipose stem
cells (hASCs) (Tirkkonen et al., 2011). Moreover, other studies have
also confirmed our findings with MSCs (Uzer et al., 2013; Pemberton
et al., 2015; Pongkitwitoon et al., 2016). In vertical HF vibration, the
cell culture is moved perpendicularly to the cell adhesion. This method
has dominated the field over horizontal and vertically rotating HF vi-
brations, where the cell cultures are moved either parallel or simulta-
neously perpendicularly and parallel to the cell adhesion (Reviewed in:
Edwards and Reilly, 2015; McClarren and Olabisi, 2018). Interestingly,
the horizontal stimulation was recently found to be more effective than
vertical stimulation in directing human bone marrow-derived MSCs
(hBMSCs) differentiation towards osteogenic lineage in combination
with altering the actin cytoskeleton and increasing cellular stiffness
(Pongkitwitoon et al., 2016).

A detailed understanding of intracellular-level responses and me-
chanocoupling of the HF vibration is still lacking. During HF vibration,
cells experience both inertial forces and fluid shear stress in the cell
culture, of which the inertial forces have been shown to be more
dominant than fluid shear (Uzer et al., 2012, 2013, 2014). Previous
studies have also shown that the actin cytoskeleton and cell adhesion
are important regulators of MSC differentiation in static culture con-
dition (Salasznyk et al., 2007; Kilian et al., 2010; Shih et al., 2011;
Hyväri et al., 2018). Osteogenic differentiation is accompanied by the
remodeling of the actin cytoskeleton (Titushkin and Cho, 2007; Yourek
et al., 2007). Furthermore, HF vibration affects the actin cytoskeleton in
both basal culture medium (BM) (Nikukar et al., 2013; Uzer et al., 2015;
Zhang et al., 2015) and OM conditions (Demiray and Özcivici, 2015;
Pongkitwitoon et al., 2016). These biochemically or mechanically in-
duced changes in the actin result in altered mechanical properties of
MSCs (Titushkin and Cho, 2007; Yourek et al., 2007; Pongkitwitoon
et al., 2016). Indeed, there is some evidence that HF vibration increases
the number of focal adhesions and activates focal adhesion kinase
(FAK) signaling (Nikukar et al., 2013; Uzer et al., 2015). Interestingly,
the HF vibration initiated proliferation of MSCs can be increased even
further by supporting the cell adhesion (Uzer et al., 2013). In me-
chanotransduction-based HF vibration, responses are mediated into the
nucleus via the interaction of the actin cytoskeleton and the nucleus
through Linker of Nucleoskeleton and Cytoskeleton (LINC) complexes.
HF vibration induces nuclear movement which then pulls the actin
cytoskeleton and alters nucleoskeletal and actin-related gene expres-
sions (Uzer et al., 2013, 2014, 2015; Pongkitwitoon et al., 2016). This
phenomenon is also referred to as “inside-inside” signaling (Uzer et al.,
2015). Here, either the disruption of the integrity of the actin cytos-
keleton or the inhibiting of the coupling of the actin with nuclei
through LINC complexes attenuates the vibration-induced signaling
responses (Uzer et al., 2015). Although the involvement of the nucleus

in the “inside-inside” mechanocoupling of HF stimulus is known, the
role of the morphological changes of the nucleus in this process is still
poorly understood. To the best of our knowledge, there has only been
one study that states that nuclear height increases during HF vibration
(Demiray and Özcivici, 2015).

Further studies are required to elucidate the synergistic effects of
mechanical stimulation and biochemical culture conditions in order to
gain a better understanding of the mechanocoupling of HF vibration. In
this study, our aim was to investigate the effects of horizontal and
vertical HMHF vibration on hASC proliferation, osteogenic differ-
entiation, the remodeling of the actin cytoskeleton, and nuclear de-
formations. To reach our aim, we developed high-throughput cell sti-
mulators consisting of custom-made three-dimensional (3D) printed
sample vehicles compatible with commercial culture plates for long-
term use in incubator conditions. 3D printing increases the flexibility to
design and manufacture desirable and tailored products for medicine,
such as prostheses, implants, and 3D bioprinted scaffolds (Dodziuk,
2016; Cui et al., 2017), and the design of low-cost cell culture platforms
to provide samples with dynamic tension (Raveling et al., 2018) and HF
vibration (Halonen et al., 2020). We cultured hASCs on two different
surfaces (standard and adhesion supporting) to enhance our knowledge
of the significance of cell adhesion in HF vibration. Further, we ana-
lyzed cell proliferation in BM and OM conditions, and osteogenic dif-
ferentiation in OM condition by analyzing ALP activity and miner-
alization. We also used immunocytochemistry to study the intracellular
structures of the confluent hASCs on the adhesion supporting surface.
This is the first study to compare how the HF vibration direction effecs
the actin cytoskeleton and the nuclei of hASCs that have been cultured
in osteogenically induced or control culture conditions. Our findings
provide tools that can be used for the optimization of HF vibration,
resulting in the significantly improved in vitro osteogenesis of MSCs.

2. Materials and methods

2.1. Adipose stem cell characterization and preculture

In the experiments, hASCs (passage 3–6) from four donors were
used. The study was conducted in accordance with the Ethics
Committee of the Pirkanmaa Hospital District, Finland (R03058). The
hASCs used in this study were characterized as MSCs by flow cytometry
(FACSAria; BD Biosciences, Erembodegem, Belgium). The cells were
single stained at passage 1 (10 000 cells per sample) using monoclonal
antibodies against CD14-PE-Cy7, CD19-PE-Cy7, CD45R0-APC, CD73-
PE, CD90-APC (BD Biosciences Franklin Lakes, NJ, USA), CD105-PE (R
&D Systems, Minneapolis, MN, USA), CD34-APC, and HLA-DR-PE
(ImmunoTools, Friesoythe, Germany). Unstained samples were used to
compensate for the background autofluorescence.

Cells were expanded in BM condition, consisting of DMEM/F-12
(1:1) (1x) (Invitrogen, Thermo Fisher Scientific, MA, USA), 5% human
serum (PAA Laboratories Gmbh, Austria; or Biowest, France), 1% L-
glutamine (GlutaMAX™, Invitrogen), and 1% PEN-STREP antibiotics
(BioWhittaker™, Lonza, Switzerland), as described in our previous

Abbreviations

ALP Alkaline phosphatase
BM Basal culture medium
ECM Extracellular matrix
FAK Focal adhesion kinase
FDM Fused deposition modeling
hASCs human adipose stem cells
asTCP Adhesion supporting tissue culture plastic
cv Circular variance
degAVE Mean orientation angle

HF High frequency
HMHF High magnitude and high frequency method
hBMSCs Human bone marrow-derived mesenchymal stem cells
ICC Immunocytochemical
LINC Linker of Nucleoskeleton and Cytoskeleton
LMHF Low magnitude and high frequency method
MSCs Mesenchymal stem/stromal cells
NAR Nuclear aspect ratio
OM Osteogenic culture medium
SD Standard deviation
sTCP Standard tissue culture plastic
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study (Tirkkonen et al., 2011). The hASCs were plated in BM (1 ml) on a
standard tissue culture plastic (sTCP) surface (Thermo Scientific™
Nunc™ Cell-Culture Treated Multidish, Thermo Scientific™; donors 1, 2;
300 cells/1.8 cm2) or on an adhesion supporting tissue culture plastic
(asTCP) surface (Corning® CellBIND® Cell Culture Multiwell Plate,
Sigma-Aldrich, MO, USA; donors 3, 4; 300 cells/1.9 cm2), which, ac-
cording to the manufacturer, improves cell adhesion and cell pro-
liferation when compared with the sTCP surface (Pardo et al., 2005).

2.2. HMHF vibration experiments

We manufactured light-weight sample vehicles of polylactic acid
with 3D printing (Ultimaker Original, Ultimaker B.V., Netherlands),
using fused deposition modeling (FDM). The sample vehicles (coated
with epoxy) were designed to accept five commercial cell culture plates

each, allowing for the HF vibration of large sample sizes inside the cell
culture incubator. Two days after the preculture in the cell culture
plates, the culture medium was replaced with fresh BM or OM con-
sisting of BM supplemented with 10mM β-glycerophosphate (Sigma-
Aldrich), 0.2mM L-ascorbic acid (Sigma-Aldrich), and 5 nM dex-
amethasone (Sigma-Aldrich). Thereafter, the cell culture plates were
placed into the sample vehicles, which were then assembled to the
specially designed supportive structures and commercial subwoofers, as
shown in Fig. 1A. The daily stimulation was produced inside the cell
incubators (Fig. 1B). To ensure adequate HMHF vibration, at least two
measurements were taken during the stimulation start-up after culture
medium change. In addition, occasional measurements were taken be-
tween the medium change intervals. To evaluate the accuracy of the
mechanical vibration, we first averaged the measurement data from the
individual stimulation days. Then, we averaged the daily values to

Fig. 1. The hASCs experienced different
long-term mechanical stimuli in the con-
trolled cell culture environment. (A):
Commercial subwoofers (1) produced line-
arly accelerating movement of the 3D
printed sample vehicles (2), which was
measured with an accelerometer (3).
Aluminum profiles (4) were used to build
supportive structures for the stimulator
systems. A thick plastic plate was added to
the horizontal system (5A) to enable the
sample vehicle to slide on wheels and to the
vertical system (5B) to avoid mechanical
resonances on the incubator shelf. Springs
(6) supported the sample vehicle movement
of the vertical system. (B): The hASC
monolayers were stimulated with sinusoidal
HMHF vibration in opposite directions with
respect to cell adhesion. (C): The stimula-
tors performed precisely and accurately
during the long-term experiments. (D):
Time line presenting the experiments and
analysis time points of the study.
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represent the data of the long-term stimulation experiment. Finally, we
averaged the data of the separate stimulation experiments to better
evaluate the precision of the HMHF vibration between the stimulation
experiments (Fig. 1C). The culture medium was changed after 3–4 days,
and the cellular responses were studied at different analysis time points
(Fig. 1 D).

2.3. Proliferation and ALP activity

The hASCs were cultured on sTCP (donors 1, 2) and asTCP (donors
3, 4) surfaces for 14 days and 18 days in BM and OM conditions.
Proliferation and ALP activity were studied as previously described
(Tirkkonen et al., 2013). Briefly, the samples were lysed in 0.1% triton-
x-100 (Sigma-Aldrich), followed by freezing of the samples (−80 °C).
To study proliferation, the samples were mixed with GR dye and lysis
buffer of the CyQUANT® Cell Proliferation Assay Kit (Invitrogen Mo-
lecular Probes™). Fluorescences were measured with a multiplate
reader (Victor 1420 Multilabel Counter, Wallac, Finland) at 480/
520 nm. The same samples were used for the analysis of ALP activity,
but only those samples cultured in OM condition were analyzed. To
study ALP activity, the samples were mixed with a 1:1 working solution
of 10.8 mM Sigma 104® phosphatase substrate in H2O (Sigma-Aldrich)
and 1.5M Alkaline Buffer solution (Sigma-Aldrich). After incubation
(15min, 37 °C), the reaction was stopped using 1.0M NaOH (Sigma-
Aldrich). Absorbances were measured with a multiplate reader (Victor
1420 Multilabel Counter) at 405 nm. ALP activity was normalized with
cell number.

2.4. Mineralization

The mineralization of hASCs, cultured for 14 days or 18 days on
sTCP (donors 1, 2) and asTCP (donors 3, 4) surfaces in OM condition,
was studied using Alizarin Red (AR) S staining as previously described
(Hyväri et al., 2018). After a single 1× PBS rinse, the hASCs were fixed
with ice-cold 70% EtOH (60min, −20 °C) followed by staining with 2%
Alizarin Red S solution (pH 4.1 to 4.3, Sigma-Aldrich) (10min, RT). The
wells were then rinsed several times and photographed (CANON, Di-
gital ixus 100 IS 12.1Mpix, Japan) after drying. The dye was extracted
with 100mM cetylpyridinium chloride (Sigma-Aldrich) (3 h, RT), and
the absorbances were measured with a multiplate reader (Victor 1420
Multilabel Counter) at 544 nm.

2.5. Immunocytochemical staining

The hASCs cultured on an asTCP surface (donors 3, 4) in BM and
OM conditions were studied with immunocytochemical (ICC) staining
at the day 11 time point. First, the culture medium was removed. Then,
the samples were rinsed twice with 1 × PBS, fixed (4% PFA;
15–30 min, RT, dark), and rinsed three times with 1 × PBS. The ICC
stain protocol comprised permeabilization (0.1% triton-x-100, Sigma-
Aldrich; 15 min, RT) followed by a single 1 × PBS rinse. The samples
were then blocked (1% BSA, Sigma-Aldrich; 1 h, + 4 °C) and rinsed
four times with 1 × PBS. For the staining of the actin cytoskeleton, the
samples were stained with phalloidin (1/100 Phalloidin-
Tetramethylrhodamine B isothiocyanate (Phalloidin-TRITC, Sigma-
Aldrich) in 1% BSA). The samples were then rinsed either three times
with 1 × PBS and once with H2O before embedding (VECTASHIELD
Antifade Medium with DAPI, Vector Laboratories, CA, USA), or they
were rinsed twice with 1×PBS and once with DAPI (1/2000 4’,6-
diamidino-2-phenylindole dihydrochloride (Sigma-Aldrich) in H2O;
5min, RT, dark) followed by a single 1×PBS rinse and three rinses
with H2O.

2.6. Imaging

The ICC stained samples were imaged with an inverted microscope
(20× , Olympus 1X51, Olympus Corporation of the Americas, PA,
USA). Five parallel images of the sample were imaged with manually
adjusted light exposure times for phalloidin-TRITC (510–550 nm) and
DAPI (420 nm).

2.7. Image processing and analysis

Before analysis, the phalloidin-TRITC and DAPI images were pre-
processed with the image processing package Fiji to remove back-
ground and to adjust the brightness and contrast automatically. The
phalloidin-TRITC-stained images were then analyzed with an auto-
mated software tool (CytoSpectre 1.0, Kartasalo et al., 2015) to eval-
uate the stimulation effects on the actin cytoskeleton. After visual
evaluation of the images and the analysis results (circular variance,
kurtosis, and skewness), we set boundary values to classify the actin
cytoskeleton into aligned, criss-crossed, or randomly organized struc-
tures (Supplementary Table 1 and Fig. 1). To present differences in the
actin cytoskeleton, the data were normalized with a combined image
number of the culture condition of the three experiments. Applying the
methods of Berens, 2009, we wrote a matlab-script (MATLAB R2014a,
MathWorks, MA, USA) to study whether the parallel-aligned actin
structures changed their orientations (mean orientation angle (degAVE),
circular variance (cv), and kurtosis) in any of the culture conditions.
Additionally, the coherency of the parallel-aligned actin filaments were
studied using the kurtosis values alone by calculating the mean kurtosis
and standard deviation (SD) from the parallel images of the culture
condition.

We analyzed the culture condition effects on cross-sectional nuclear
area and nuclear aspect ratio (NAR). The DAPI-stained images were
preprocessed and segmented with Fiji. Based on the visual observation
of the segmented images, we set boundary values (80–1130 μm2) for
the nuclei, when analyzing the nuclear morphology (Supplementary
Fig. 2). Distributions of the nuclear area and NAR in each culture
condition were presented as histograms in which we chose binning
widths of 30 μm for the cross-sectional nuclear area and 0.25 for NAR,
similarly to Heo et al. (2016). The data of the histograms were nor-
malized with total nuclei counts in the culture condition. For the sta-
tistical analysis of the culture effects on the nuclear area and NAR, the
nuclei with an area exceeding boundary value (mean + 2 SD) were
excluded because they were considered outliers similarly to Lavrov and
Smirnikhina (2010). These boundaries were determined separately in
BM (445 μm2) and OM (382 μm2) conditions, according to the max-
imum values among the mechanical conditions (Supplementary
Table 2).

2.8. Statistical analysis

Statistical significances were analyzed in the samples cultured in
static, horizontal stimulation, and vertical stimulation culture condi-
tions separately within each media (BM or OM) and surface (sTCP or
asTCP). N values of data represent the number of parallel samples/
images. Quantitative results of proliferation, ALP activity, and miner-
alization are presented as scatter plots combined with medians given
for each donor. Actin organizations (parallel-aligned, criss-crossed,
random) are presented as stacked column describing mean and SD of
the experiments. Orientations of the parallel actin are presented as rose
plots, while the coherency of the parallel-aligned actin filaments is
presented as mean and SD. The nuclear morphology (cross-sectional
area, NAR) distributions of the culture conditions are presented as
histograms of the parallel images, and data lacking + 2 SD outliers are
presented as box plots. The statistical analyses for proliferation, ALP,
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mineralization, NAR, cross-sectional nuclear area, and kurtosis of the
parallel-aligned actin filaments were performed with SPSS Statistics (v
23, IBM, NY, USA) using Kruskall-Wallis test (One-way ANOVA on
ranks) followed by Mann-Whitney U test with Bonferroni adjustment
(n=3) to make a pairwise comparison between the mechanical con-
ditions in each adhesion surface. Orientations of the parallel-aligned
actin structures were tested with MATLAB R2014a (MathWorks) using
omnibus test similarly to Berens, 2009. Statistically significant p-values
were illustrated as< 0.05,< 0.01, and<0.001.

3. Results

3.1. Adipose stem cell characterization

The mesenchymal origin of the hASCs was confirmed by analyzing
their immunophenotype according to the criteria defined by the
International Society for Cellular Therapy (Dominici et al., 2006). The
hASCs were characterized as MSCs due to positive expressions of CD73,
CD90, and CD105, and the lack of CD14, CD19, CD45, and HLA-DR

Fig. 2. Proliferation of the hASCs cultured on the sTCP and asTCP surfaces were studied in BM and OM conditions using the CyQUANT method at 14 days and 18
days. Data are presented as scatter plots and median of donors. Comparisons are made between the static culture and HMHF vibrated conditions (α, horizontal; β
vertical) and between the horizontal and vertical stimulation conditions (γ). *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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expressions (Supplementary Table 3). The expression of CD34 was
moderate, which has previously been associated with the early passage
of the hASCs (Varma et al., 2007).

3.2. Cell proliferation

On the sTCP surface, HMHF vibration had no effect on hASC pro-
liferation (donors 1, 2; p > 0.05) (Fig. 2). The asTCP surface supported
proliferation of the hASCs in OM static culture condition, and the cell
number at 14 days was approximately 126% higher (mean of donor
medians) on the asTCP surface compared with the sTCP surface. On the
asTCP surface, the HMHF vibration inhibited proliferation in BM con-
dition (donor 3) both at 14 days (p= 1×10 5 for horizontal,
p= 6×10 5 for vertical) and at 18 days (p=0.001 for horizontal,
p= 7×10 6 for vertical), especially when applied vertically. In OM
condition, the vertical stimulation decreased proliferation significantly
at 18 days when compared with the horizontal stimulation (donors 3, 4;
p= 0.01).

3.3. Osteogenic differentiation

The ALP activity was studied after 14 days and 18 days of cell
culture because of the low initial plating density of the hASCs. At 14
days, the ALP activity of the hASCs cultured in static culture condition
was 151% higher on the asTCP surface than on the sTCP surface. By 18
days, the ALP activity of the hASCs cultured in static culture condition
on the asTCP surface increased to 125% (mean of donor medians) of the
ALP activity at 14 days, whereas the value on the sTCP surface was only
89% of the ALP activity at 14 days (Fig. 3A). The culture surface also
had an effect on how the ALP activity of the hASCs responded to the
HMHF vibration. Despite the modest increases especially by the hor-
izontal stimulation when compared with the static culture condition,
ALP activity remained on the sTCP surface unaffected by HMHF vi-
bration (donors 1, 2; p > 0.05) at 18 days. Opposing effects with the
stimulation directions of the HMHF vibration were revealed on the
asTCP surface (donors 3, 4). The horizontal stimulation led to a sta-
tistically significant increase in ALP activity when compared with the
static culture condition at 14 days (p=0.006) and 18 days
(p=0.001). However, the vertical stimulation had a significantly de-
creasing effect at 14 days (p= 9×10 6), and additionally the ALP
activity was decreased when compared with the horizontal stimulation
at both time points (p < 0.001). At 14 days, the horizontal and vertical
stimulation decreased the matrix mineralization, especially on the sTCP
surface (donors 1, 2; p= 0.002), while on the asTCP surface this effect
was only modest (donors 3, 4; p= 0.08) (Fig. 3B). However, at 18 days
the effects of HMHF vibration on mineralization varied.

3.4. Organization of actin cytoskeleton

We performed phalloidin-TRITC staining at 11 days to observe the
actin cytoskeleton after we observed that HMHF vibration had an effect
on proliferation (Fig. 2) and the ALP activity (Fig. 3A) of the hASCs on
the asTCP surface. Actin (donors 3, 4) were categorized into three
subgroups (parallel-aligned, criss-crossed, random) (Fig. 4A). The actin
cytoskeleton remained mostly parallel-aligned in all culture conditions,
but in OM condition the actin became more criss-crossed with the re-
sultant cost of random organization in all other mechanical conditions

except in the vertically stimulated conditions (Fig. 4B). Next, we con-
centrated on the effects on the parallel-aligned actin filaments. The
hASCs did not orientate to any orientation angle in any of the culture
conditions (degAVE: p > 0.05) (Fig. 4C). However, the hASCs became
more perpendicularly oriented in BM condition (20° to 35°, 145° to
160°) with the horizontal stimulation (90°), whereas their alignment
became more parallel in OM condition (45° to 150°). Based on kurtosis
values, the parallel-aligned actin filaments of the vertically stimulated
hASCs became less coherently aligned when compared with static cul-
ture (p= 0.005 for BM, p= 2×10 5 for OM) and horizontal stimula-
tion (p=0.03 for BM, p= 0.03 for OM) conditions (Fig. 4D).

3.5. Nuclear morphology

We studied the HMHF vibration effects on the DAPI-stained nuclei
of the hASCs when cultured on the asTCP surface (representative
images in Supplementary Fig. 3). The cross-sectional nuclear areas were
more evenly distributed in the BM condition histogram, indicating a
larger deviation of the nuclear size in this condition (Fig. 5A). The
histogram of the nuclear area was more peaked in OM condition than in
BM condition. In OM condition, the static condition contained more
similar sized nuclei, while in the mechanically treated conditions the
dominant nuclei sizes had larger distributions. The histograms de-
monstrated skewness of the nuclear area towards the upper outliers.
Nuclear aspect ratio (NAR), indicating the elongation of the nuclei,
distributed similarly in both BM and OM conditions. In general, the
nuclei were smaller and more elongated in the static culture condition
of OM condition (150 μm2, 2.00) than in BM condition (180 μm2, 1.75).
To analyze the statistical differences in nuclear size and elongation, we
excluded the upper outliers (>+ 2 SD mean cross-sectional nuclear
area) (Fig. 5B). The culture medium affected the nuclear area and NAR
both in the static culture condition and in the HMHF vibrated culture
conditions. In the static culture, the nuclei were smaller (−16%) and
more elongated (+7%) in OM condition than in BM condition. In BM
condition, the horizontal stimulation modestly increased both the nu-
clear area (+3%, p = 0.0002) and elongation (+4%, p = 3 × 10 6)
when compared with static culture condition. In OM condition, both
stimulation directions slightly increased the nuclear area (+4%,
p = 4 × 10 10 for horizontal, p= 2×10 9 for vertical) and decreased
the nuclear elongation (- 6%, p=6×10 27 for horizontal,
p= 1×10 20 for vertical) when compared with the static culture
condition.

4. Discussion

Mechanical HF vibration has previously been studied in the context
of osteogenic differentiation of MSCs (Tirkkonen et al., 2011; Kim et al.,
2012; Zhang et al., 2012; Pré et al., 2013), and the horizontal stimu-
lation was recently reported superior compared with the vertical vi-
bration in influencing the proliferation, osteogenic differentiation, and
mechanical properties of hBMSCs (Pongkitwitoon et al., 2016). Cur-
rently, studies on the mechanocoupling of HF vibration and its effects
on the intracellular structures have mostly concentrated on the im-
minent stimulation effects (Uzer et al., 2015; Zhang et al., 2015;
Pongkitwitoon et al., 2016). Thus, there is a lack of information on the
ongoing differentiation process. Another shortcoming of prior research
is that the experiments have mostly been conducted in BM condition

Fig. 3. Osteogenic differentiation of the hASCs in static culture, horizontal stimulation, and vertical stimulation conditions in OM on the sTCP and asTCP surfaces at
14 days and 18 days. (A): Cell number-normalized ALP activity results presented relative to mean of 14 days static culture condition on the sTCP surface (donors 1,
2). Data are presented as scatter plots and median of donors. (B): Representative images of AR stained samples (red dye represents Ca2+ salt accumulation), and
quantitative mineralization results (donor 1 on sTCP surface, donor 3 on asTCP surface). Stimulation directions with respect to the wells are illustrated with a blue
arrow (horizontal) and a green dot (vertical). Scale bar = 15.6 mm (red line). Data are presented similarly to ALP activity. Comparisons are made between the static
culture and HMHF vibrated conditions (α, horizontal; β vertical) and between the horizontal and vertical stimulation conditions (γ). **, p < 0.01, ***, p < 0.001.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Organization of the actin cytoskeleton of the hASCs in static culture, horizontal stimulation, and vertical stimulation conditions in BM and OM on asTCP
surface at day 11. (A): Representative images of the parallel-aligned, criss-crossed, or random actin structures, classified based on the circular variance (cv), kurtosis,
and skewness values of the phalloidin-TRITC stained images presented in static OM condition. Scale bar 50 μm. (B): The relative numbers of the above-mentioned
actin structures, normalized with total image count of the parallel images (donor 3: n= 15, donor 4: n=10). Data in the culture conditions are presented as a
stacked column of mean and SD of the actin structures in three experiments. (C): Rose plots presenting the parallel-aligned actin orientation angles. Data are
presented as the average orientation angle (degAVE) of the parallel-aligned actin structure images, number of the images (n), and circular variance (cv) and p-value of
the orientations. Stimulation directions are visualized with a blue arrow (horizontal) and a green dot (vertical). (D): Kurtosis-determined differences in the actin
filament alignment coherencies, independent of the orientation angles. Data are presented as mean and SD of kurtosis, combined with the number of the parallel
images (n). Comparisons are made between the static culture and HMHF vibrated conditions (α, horizontal; β vertical) and between the horizontal and vertical
stimulation conditions (γ). *, p < 0.05, **, p < 0.01, ***, p < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

Fig. 5. Nuclear morphology of the hASCs in static culture, horizontal stimulation, and vertical stimulation conditions in BM and OM on the asTCP surface at day 11.
(A): The nuclear morphology distributions, after normalizing to total nuclei counts. Data are presented as clustered columns of the nuclear area and the nuclear
aspect ratio (NAR), together with nuclei count (n). (B): The nuclear area and NAR values after excluding the nuclei exceeding the upper outliers (+2 SD cross-
sectional nuclear area). Data are presented as box plots together with nuclei count (n). Comparisons are made between the static culture and HMHF vibrated
conditions (α, horizontal; β vertical) and between the horizontal and vertical stimulation conditions (γ). *, p < 0.05, **, p < 0.01, ***, p < 0.001.
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(Nikukar et al., 2013; Uzer et al., 2015; Zhang et al., 2015), and the
combinatory effects of vibration and biochemically-induced differ-
entiation remain understudied (Demiray and Özcivici, 2015). Our aim
was to study the horizontal and vertical HMHF vibration in hASCs
because their mechanoresponsivity has been demonstrated to differ
from that of hBMSCs (Choi et al., 2012; Bartlett et al., 2015). First, we
analyzed the proliferation and osteogenic differentiation on standard
and cell adhesion supporting surfaces. After observing the importance
of cell adhesion on HF vibration responses, we evaluated the actin cy-
toskeleton and the nuclei on the cell adhesion supporting surfaces using
image-based analysis methods. Our current findings provide new
knowledge on the synergistic effects of mechanical and biochemical
stimuli in directing the biophysical responses of hASCs in different
culture conditions.

4.1. HMHF vibration as a mechanical stimulus

The high-throughput cell stimulators we developed enabled us to
perform long-term experiments in standard cell culture conditions. This
allowed us to apply the stimulation bouts automatically without af-
fecting the culture environment, in contrast to prior studies that con-
ducted stimulation outside the incubators (Sen et al., 2011; Kim et al.,
2012; Uzer et al., 2015; Pongkitwitoon et al., 2016). The vibration
protocol comprised several stimulation bouts daily, which has been
demonstrated to be beneficial for cell responses (Sen et al., 2011; Uzer
et al., 2015). In addition, we applied HMHF vibration, which increases
the inertial force-related nuclear displacements, as proposed by math-
ematical models (Uzer et al., 2014; Wang et al., 2016). Furthermore, we
applied the stimulus with high frequency, which efficiently decreases
the fluid shear even at high magnitudes (Uzer et al., 2012, 2013). We
consider that the mechanical stimulus of the HMHF vibration occurred
mostly through the inertial forces of the nuclear displacements. How-
ever, some fluid shear-specific differentiation responses to the HF vi-
bration have been reported (Uzer et al., 2013; Pongkitwitoon et al.,
2016). Thus, fluid shear might have secondary effects. Changes in cell
morphology (Wang et al., 2016) and cellular stiffness (Uzer et al., 2014)
are capable of altering the nuclear displacements with HF vibration, as
suggested by the mathematical models. Consequently, the cellular en-
vironment, through its guiding effects on the cell cytoskeleton and in-
tracellular stiffness, is important both for the MSC differentiation pro-
cess (Dalby et al., 2007a; Kilian et al., 2010; Walters and Gentleman,
2015) and for the mechanocoupling of the HF vibration stimulus (Uzer
et al., 2015).

4.2. HMHF vibration effects on cell proliferation

Current knowledge on HF vibration induced proliferation is mostly
based on studies conducted in BM condition, demonstrating highly
varying stimulation effects on the cell number of the MSCs (Kim et al.,
2012; Zhang et al., 2012, 2015; Pré et al., 2013; Uzer et al., 2013; Chen
et al., 2015a; Pongkitwitoon et al., 2016). However, only a few studies
have compared the effects of vibration in both BM and OM conditions
(Tirkkonen et al., 2011; Demiray and Özcivici, 2015; Lu et al., 2018). In
this present study, we analyzed the cell proliferation of hASCs in BM
and OM conditions to provide complementary knowledge on the effects
of HMHF vibration in these culture conditions combined with different
cell culture surfaces because there is some evidence that HF vibration
induced proliferation is even enhanced with improved cell adhesion
(Uzer et al., 2013). Based on our findings, neither horizontal nor ver-
tical HMHF vibration had an effect on cell proliferation on the sTCP
surface. This is in line with our previous results with the vertical HMHF
vibration of the hASCs (Tirkkonen et al., 2011). The improved adhesion
generated by the asTCP surface allowed us to see the effects of the
culture media in combination with the vibration response. In BM con-
dition, both stimulation directions diminished proliferation compared
with the static culture condition. This contrasts with the findings of

Pongkitwitoon and co-workers who reported that both stimulation di-
rections induced proliferation, the horizontal stimulation being the
more beneficial (Pongkitwitoon et al., 2016). In OM condition, we saw
a difference between the horizontal and vertical stimulation directions,
but there was a donor-dependent response when compared with the
static culture. In general, the discrepancy between studies may be due
to the variance between the culture and stimulation parameters used.

4.3. HMHF vibration effects on osteogenic differentiation

Previous studies have found that HF vibration is beneficial for the
osteogenic differentiation of MSCs regardless of the stimulation para-
meter combinations used (Pré et al., 2011, 2013; Tirkkonen et al., 2011;
Kim et al., 2012; Uzer et al., 2013; Pongkitwitoon et al., 2016;
Maredziak et al., 2017; Lu et al., 2018). Osteogenic differentiation is
characterized by the early expression of ALP, which declines with the
expression of other osteogenic genes and mineralization processes
(Golub and Boesze-Battaglia, 2007). Interestingly, the early activitation
of ALP also occurs with the HF vibration (Tirkkonen et al., 2011; Kim
et al., 2012; Lu et al., 2018). Pongkitwitoon and co-workers were the
first to report that especially horizontal, but also vertical HF vibration
enhanced the ALP activity of hBMSCs (Pongkitwitoon et al., 2016). In
the present study, we discovered a similar effect with two donors on the
sTCP surface at the 18 day time point, although the effect was statis-
tically not significant. On the adhesion supporting surface, however, the
vibration effect was already evident at the 14 day time point. The
horizontal stimulation boosted ALP activity, but vertical stimulation
had an inhibitory effect. To the best of our knowledge, this is the first
study that shows that the HF vibration -mediated ALP activity of MSCs
was altered by supporting the cell adhesion mechanism with a culture
surface designed to improve cell attachment (Pardo et al., 2005).
Moreover, cell adhesion and FAK mediated signaling are considered
important for the osteogenic differentiation of MSCs (Salasznyk et al.,
2007; Shih et al., 2011; Hyväri et al., 2018). FAK is a central protein in
“outside-in” signaling providing a connection between the extracellular
matrix (ECM) and the cell cytoskeleton (Legate et al., 2009). In addi-
tion, FAK mediated signaling has also been linked to the mechan-
ocoupling of HF vibration (Nikukar et al., 2013; Uzer et al., 2015). Our
results suggest that horizontal stimulation is capable of intensifying ALP
activity and more focus should be given to this stimulation direction in
combination with culture surface properties.

To further study the osteogenic differentiation, we analyzed the
matrix mineralization of the HMHF vibrated hASCs. Our results show
that the mineral accumulation increased with time. Mineralization
appeared stronger on the asTCP surface, although no clear HMHF vi-
bration induced benefits occurred. Previously, horizontal HF vibration
has been shown to intensify the mineral accumulation of hBMSCs more
than vertical stimulation (Pongkitwitoon et al., 2016). Interestingly, HF
vibration-related mineralization has also correlated with the ALP ac-
tivity responses of MSCs (Kim et al., 2012; Pongkitwitoon et al., 2016;
Lu et al., 2018). However, we found a similar response with only one
donor on the asTCP surface. Previous studies have reported that mi-
neralization responses to HF vibration are dependent on the length of
the culture (Pré et al., 2011, 2013; Chen et al., 2015a; Pongkitwitoon
et al., 2016). In our study, we also found that the mineralization of
hASCs responds differently to HMHF vibration at different time points.
According to Chen and co-workers, this phenomenon could be due to
the ongoing osteogenic differentiation, which alters the crucial me-
chanosensors (Chen et al., 2015a).

4.4. HMHF vibration effects on the actin cytoskeleton

We performed image-based analysis to quantitatively classify phal-
loidin-TRITC-stained actin cytoskeleton. We found that the culture
medium played a role in the reorganization of the actin cytoskeleton
because the OM condition contained more criss-crossed structures in
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both static culture and horizontal stimulation conditions than the BM
condition. These results are in line with our findings on ALP activity,
and indicate the importance of the actin cytoskeleton on the osteogenic
course. Osteogenesis has been characterized by the criss-crossed pattern
of actin (Yourek et al., 2007) and increased cellular stiffness (Yourek
et al., 2007; Darling et al., 2008). According to our findings, the hor-
izontal stimulation increased the parallel alignment of the hASCs ac-
cording to the stimulation direction in OM condition. Similar findings
were also reported in a previous study after only 1 day of stimulation of
hBMSCs with horizontal LMHF vibration (Pongkitwitoon et al., 2016).
In contrast, we found vertical stimulation enhanced the amount of
randomly organized actin at the cost of the criss-crossed actin. Ad-
ditionally, vertical stimulation decreased the coherency of the parallel-
aligned actin filaments. This might lead to lowered tension, and thus
result in decreased ALP activity of the hASCs with this stimulation di-
rection. Taken together, our results indicate that the organization of the
actin cytoskeleton could be used as an indicator of osteogenesis.

4.5. HMHF vibration effects on the nuclei

The morphology of the DAPI-stained nuclei were studied to eluci-
date the HMHF vibration related “inside-inside” signaling mechanism,
occurring through nuclear movements (Uzer et al., 2015). Nuclear de-
formations of MSCs have been studied using cell stretching (Heo et al.,
2015, 2016), a dynamic culture method also used in osteogenic dif-
ferentiation (Virjula et al., 2017). The results of our study show that
nuclear size decreased notably in static OM condition when compared
with BM condition. Additionally, we found more elongated nuclei in the
osteogenically induced hASCs. Our results are supported by previous
findings suggesting that the nuclei of mature osteoblasts are more
elongated than with osteoblast precursors (Zouani et al., 2013). Fur-
thermore, similar nuclear morphology changes to our findings have also
been reported after 10 days of adipogenic differentiation of porcine
MSCs (Stachecka et al., 2018). Interestingly, HMHF vibration reduced
the biochemically induced changes in the nuclear size and elongation of
hASCs in OM condition. Our results add knowledge to the increased
nuclear height as a response to HF vibration reported by Demiray and
Özcivici (2015). The nuclear morphology is dependent on the cellular
tensile state (Dalby et al., 2007b; Chen et al., 2015b) and the actin cap
(Khatau et al., 2009), but also on the intranuclear architecture, such as
intranuclear actin (Sen et al., 2017), nuclear lamin, and chromatin
condensation (Heo et al., 2016). During differentiation intranuclear
structures change (Ihalainen et al., 2015; Heo et al., 2016; Sen et al.,
2017) and nuclear stiffness increases (Pajerowski et al., 2007; Heo
et al., 2016). These changes in nuclear mechanics could also affect the
mechanocoupling of the HF vibration by affecting the nuclear move-
ment in the cell. Indeed, they could explain our observation that the
nuclear morphology changes in HMHF vibration during osteogenic
differentiation.

5. Conclusion

In this study, we have developed high-throughput stimulators using
3D printing to provide new information on how HMHF vibration di-
rection effects the proliferation, osteogenesis, and cellular organization
of hASCs. Our central findings indicate that cell adhesion is a pre-
requisite for the HMHF vibration induced proliferation and early os-
teogenesis, possibly denoting the importance of adhesion-mediated
mechanotransduction. On the adhesion supporting culture platform,
horizontal stimulation was found to be beneficial, but vertical stimu-
lation inhibitory for ALP activity. The HMHF vibration failed to induce
maturation towards the bone cells. We found culture condition de-
pendent effects on the intracellular structures with ICC staining. The
horizontal stimulation aligned the actin cytoskeleton in OM condition
according to the stimulation direction, whereas the vertical stimulation
decreased the coherency of the actin filaments. The nuclei responded

especially to the biochemically induced osteogenic induction, whereas
both stimulation directions modestly reduced this effect. Taken to-
gether, our results indicate that the horizontal stimulation should be
recognized as a more desirable alternative to the vertical stimulation.
The HF vibration responses could be tuned by supporting the cell ad-
hesion mechanism, for example, by optimizing the culture surface.
However, further studies on the intranuclear architecture and its role in
the mechanocoupling would be beneficial.
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