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Abstract

Mimicking chemical and physical cues present in the microenvironment of the original tissue not only facilitates the differen-
tiation process of mesenchymal stem cells but also contributes to the attainment of cells with morphology and functionality
closely resembling those of the native tissue. Among the types of mechanical stimuli utilized to induce osteogenic differen-
tiation of stem cells, nanoscale vibrations were the focus of the present study. By investigating osteoblast-specific proteins
following 21-day exposure to nanovibrational stimuli, our research confirms previous findings that highlight the upregula-
tion of specific osteogenic proteins, including osteocalcin, osteopontin, and collagen type 1. Here, we addressed the lack of
investigation into the mechanical properties of mesenchymal stem cells subjected to nanovibration stimulation as a cellular
differentiation biomarker. From a mechanical perspective, our findings revealed a remarkable elevation in Young’s modulus,
which increased by approximately 100% over the nucleus, coupled with a notable 60% reduction in the viscosity of differenti-
ated mesenchymal stem cells after 21 days of continuous 1-kHz nanovibrational stimulation. Such alterations are associated
with thicker and more aligned actin bundles, indicating a robust cellular response to mechanical stimuli. Our results can be
beneficial for cell-based regenerative therapy when stem cells are intended to be manipulated in vitro before transplantation.
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Cellular differentiation, transitioning from embryonic stem
cells to specialized cells in specific tissues, is influenced by
the conditions of the local microenvironment. Essentially,
external biological, chemical, and physical cues originating
from the microenvironment play vital roles in determining
cell fate [1, 2]. Cells perceive and respond to these external
cues through their receptors, triggering signaling cascades
that ultimately transmit signals to the nucleus [3]. Recent
advancements in tissue engineering have emphasized the
importance of controlling the environmental conditions
within bioreactors to achieve the highest degree of resem-
blance to native tissue in terms of appearance and functional
characteristics [4, 5].

Although biochemical signals exert a significant influ-
ence on cell fate during differentiation, the passive mechan-
ical properties of the extracellular matrix, such as poros-
ity, roughness, and elastic modulus, as well as the active
mechanical properties, such as a complex series of forces
exerted on cells, are critical determinants of cellular
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outcomes. It has been highlighted that mechanical stimuli,
both at the macro- and microscale, regulate various behav-
iors of mesenchymal stem cells [2].

a series of diverse physical cues that contribute to tissue
remodeling and function. Therefore, several studies have
shown the crucial role of mechanical stimuli in bone tissue
formation [6, 7], and this has been proposed as an effective
strategy for mimicking cartilage, ligament, and bone engi-
neering [8, 9]. Recently, there has been growing interest in
the impact of nanoscale mechanical cues on cell fate and dif-
ferentiation. Studies have revealed that exerting mechanical
stimuli through structural alterations in the microenviron-
ment of the cell may lead to the induction of various differ-
entiations. Notably, Previous studies have shown that cells
may react to nanoscale cues, particularly nanotopography,
by modifying gene expression and cell functions such as
migration and adhesion potential [9, 10].

It is well described that nanovibration stimuli have a much
more pronounced impact on inducing osteogenesis than other
passive cues such as rigidity and stiffness [11, 12]. It has
been shown that 14-day nanovibration stimuli promote the
growth and proliferation of MSCs [13]. This suggests that
vibration stimulation provides active conditions akin to the
in vivo microenvironment, which may promote differentia-
tion. Recently, it has been stated that low-magnitude high-fre-
quency vibration (LMHFV) plays a crucial role in cartilage
and bone engineering. LMHF loading boosted chondrogenic
differentiation through alteration in the pB-catenin signal-
ing pathway [14]. Similarly, LMHF vibration enhances the
expression of osteoblastic genes and proteins involved in
bone formation and remodeling [8]. Low-magnitude mechan-
ical vibration facilitates osteogenic differentiation of perio-
dontal ligament stem cells (PLSC) through elevation of ALP,
OCN, Col-I, Runx2, and OSX expression. Conversely, higher
magnitude vibration directs PLSCs towards tendogenic dif-
ferentiation by elevation in Col I and Col IIT and reduction in
SOX9, PPAR-y [15], and scleraxis level of expression [16].
It was also revealed that the amplitude of nanovibration has a
direct impact on gene expression [15]. In addition, changes in
the frequency of nanoscale loading significantly altered oste-
ogenesis biomarkers, with mesenchymal stem cells express-
ing higher levels of bone morphogenic protein 2 (BMP2),
RUNX2, and osteocalcin in response to 1-kHz stimulation
compared to 500 Hz [17].

In addition to the upregulation of specific biomarkers,
nanovibration alters the arrangement of cytoskeletal ele-
ments. External vibration cues increase the diameter of actin
bundles [16], leading to a more organized actin fiber struc-
ture, increased cell spreading, and larger focal adhesions [17].
Although previous studies have investigated the impact of
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Based on their function, each tissue type endures a differ-
ent set of physical stimuli that can be directly or indirectly
transmitted to the nucleus. For instance, bone tissue faces

nanovibrational stimulation on the osteogenic differentiation of
stem cells in 2D and 3D cell culture [11, 18], alterations in the
elastic and viscoelastic properties of stem cells in response to
nanovibration have not been studied. Cell mechanical behavior
is strongly correlated with cytoskeletal development, capability
for traction force generation, deformability, and resilience to
diverse external cues [17]. In cell-based therapy, it is necessary
that stem cells have proper mechanical and structural proper-
ties to withstand the physiological load in the host tissue [19].
Therefore, a more profound correlation between the mechani-
cal properties of stem cells and cell differentiation assists in
controlling the differentiation process and helps us effectively
use external cues to achieve functional cells in cell-based ther-
apy and tissue engineering strategies [20, 21].

In the present study, we utilized a custom-made nanovi-
brational bioreactor to induce the osteogenic differentiation
of HUC-MSCs. We then employed atomic force microscopy
(AFM) to evaluate the nanoindentation characteristics of
stem cells, as well as to monitor the alteration in actin fila-
ment organization during differentiation.

2 Methods and Materials
2.1 Cell Culture

Human umbilical cord—derived mesenchymal stem cells
(HUC-MSCs), isolated from a donated umbilical cord
tissue sample, were acquired from SinaCell Research and
Production Co. (Iran, Tehran) and kept in 5% CO, and
95% humidity conditions at 37 °C inside an incubator.
The stem cells were maintained in a T-75 cell culture
flask (SPL, Korea) containing Dulbecco’s Modified Eagle
Medium (Thermo Fisher Scientific, USA) supplemented
with 10% fetal bovine serum (FBS) (Gibco, USA), 1%
penicillin/streptomycin (Sigma-Aldrich, USA), and 2 mM
L-Glutamine (Sigma-Aldrich, USA). Upon reaching 80-90%
confluency, cells were passaged and subcultured with 1:2
ratios. All experiments and cryopreservation were conducted
in passages 3 to 7 of HUC-MSCs. Four different groups
consisting of control and days 7, 14, and 21 were introduced,
and the control group was cultured in a similar condition
to other groups, while it was not exposed to nanovibration
stimuli. Notably, the data presented for the control group are
the average results of the evaluation of mesenchymal stem
cells over different culture times for up to 10 days before
cell passage.
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2.2 Bioreactor Preparation

In the present study, a fully mechanical bioreactor was
employed to apply continuous nanoscale vibrations with
specific amplitudes and frequencies to HUC-MSCs, which
was previously described in detail [15]. As depicted in
Fig. 1, the general configuration of the bioreactor consists
of a substantial 2-mm-thick glass plate serving as both a
vibration absorber and a base for the system, a P-885.11
piezoelectric function as a vibration stimulator, a petri dish
holder, and a petri dish as a suitable container for the cul-
tivation of mesenchymal stem cells. Utilizing a thick glass
plate minimizes energy dissipation and ensures the efficient
transmission of vibrational loading in the desired direction.
Each piezoelectric was directly affixed to the bottom of a
3.5-cm Petri dish containing HUC-MSCs. A thin layer of
super glue was applied to ensure strong adhesion between
the upper surface of the piezoelectric material and the bot-
tom of the petri dish, thereby reducing the dissipated vibra-
tion. The frequency and amplitude of the piezoelectric were
controlled and monitored using an electrical source (Pintek,
FG-52) and digital oscilloscope (Instek, G05-620), respec-
tively. Before initiating the experiments, a laser vibrometer
was used to calibrate the piezoelectric range of motion, and
displacements between 30 and 80 nm were measured at a
frequency of 1 kHz, as reported in our previous study [15].

To provide similar experimental conditions, all the con-
trol and treated groups were placed at equal distances from
each other on a thick glass plate. The bioreactor generated
continuous vibration loading for 7, 14, and 21 days in 3.5-
cm Petri dishes containing HUC-MSCs. This arrangement
ensured that all piezoelectrics received an equivalent elec-
trical current and that all Petri dishes were subjected to
identical conditions, creating a uniform environment for the
cultured cells in each dish.

Fig. 1 Schematic of nanoscale
vibratory system and connection
between different components

Culture plate
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The materials used in the bioreactor structure were main-
tained under high-humidity conditions. As a result, the entire
system structure, except for the electrical source and digital
oscilloscope, was placed inside the incubator at 37 °C, 5%
CO02, and 95% humidity.

2.3 Measurements of Mechanical Properties
with Nanoindentation Test

Utilizing the atomic force microscope (AFM) provides the
potential to perform localized evaluation of the mechanical
properties of the cells. Through this, we were able to moni-
tor the alteration in elastic and viscoelastic properties of two
distinct areas (nucleus and cytoplasm) of human umbili-
cal cord—derived mesenchymal stem cells after prolonged
exposure to nanovibration stimuli. To do so, we employed
a JPK microscope (Nanowizard 3) using a quadratic canti-
lever (K, 0.2 N/m) to measure force—displacement (elastic)
and force—time (viscoelastic) relationship for control and
stimulated groups. Prior to commencing the experiments,
the sensitivity and actual spring constant of the cantilever
were measured by performing a force-distance curve on a
rigid substrate and thermal noise measurement, respectively.

To evaluate elastic property (Young’s modulus), a specific
region of 1 pm X 1 pm was selected either over the nucleus or
cytoplasm of desired cells. The area was divided into 64 points,
equidistant from each other. The cantilever tip was approached
above the first point, and it automatically indented all 64 points
to a depth of 0.5 um, at the rate of 2 um/s (Fig. 2A). Through
that, the indentation depth was kept smaller than 10% of the
cell height to ensure minimal substrate effects [22].

JPKSPM Data Processing software was used to derive
elastic properties of the nucleus and cytoplasm areas of the
cells. To evaluate Young’s modulus, force—displacement data
of the extend section were selected, and the Hertz-Snoden
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model was utilized to calculate elastic property using the
following equation:

_ E(tanaf)A2 .
V2(1 - 92) M

where “a,” “F,” and “E” stand for the opening angle of
the tip, applied force, and Young’s modulus, respectively.
Assuming the incompressibility of cells, Poisson’s ratio
value of 0.5 was selected.

In a manner similar to the experiments conducted for
elastic properties, the viscoelastic behavior of the region
above the nucleus was evaluated. Stress-relaxation test was
employed to assess the viscoelastic properties of the cells.
The approach mechanism of the cantilever was adjusted to
approach the designated area, indent to a depth of 0.5 pm at
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a rate of 2 um/s, hold the position for 5 s, and then retract
about 0.5 pm (Fig. 2B).

To describe the exponential decay of heterogeneous mate-
rials, a generalized standard-linear-solid model with arbi-
trary Maxwell arms arranged in parallel is utilized [23]. The
time-dependent relaxation modulus, E,(?), is expressed by
the following equation:

E  (xt)=Ey+ ZLE@Xp(—TLi) where 7; = %‘1 2)
where ¢ is the time, E; (i=0, 1, ...) represents the elastic
modulus of the i-th spring. 7;and #; (i=1, 2, ...) are the relax-
ation time and apparent viscosity of the i-th dashpot, respec-
tively. The sum of the elastic moduli, Y. E; = E, + E| + ...
accounts for the instantaneous elastic response.
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The viscoelastic parameters were obtained by incorporat-
ing the transient function of Eq. (2) into the Hertz model in
Eq. (1), resulting in the relaxation response given by [24,
25]:

tana 82

_ tanas® Y Eexp( L
el T () o

In the present study, the basic configurations of standard-
linear-solid (SLS) were chosen, resulting in the following
equation:

tana?

k= m[El +Exexp(—1 )| @

where E| and E, are the instantaneous and equilibrium mod-
uli, respectively. The relationship between the instantaneous
and equilibrium moduli with a constant spring in the SLS
model (Fig. 2B) is as follows [20, 26]:

E == (k +k) 5)

N W

3
E, = 5"1 (6)

All computations and fittings were performed by develop-
ing a customized subroutine in Matlab R2021a (Mathworks
Inc., Natick). A schematic presentation of force—displace-
ment (elastic) and force—time (viscoelastic) curved obtained
is demonstrated in Fig. 2.

During the analysis of AFM data, some data were
excluded from the analysis. Owing to the different param-
eters, such as the correct amount of indentation considering
the total cellular height and structural conditions within the
cell, some data may not be suitable for further evaluation. In
this case, the hard substrate of the cell may affect the ultimate
force-distance relationship. In such cases, the local slope of
the force-distance curves changed drastically, indicating that
the AFM tip was very close to the substrate, thereby overes-
timating the detected force. In addition, the curve containing
the turbulence caused mainly by external noise was excluded.

2.4 Cytoskeleton Staining

Following continuous exposure to mechanical loading for
some specific durations (7, 14, or 21 days), actin fibers were
visualized using a fluorescent microscope prior to immu-
nostaining. First, the cells were fixed using a 4% paraformal-
dehyde solution after removal of the culture medium. Next, the
membranes of the sample cells were permeabilized by expos-
ing the cells to a 0.1% Triton X-100 solution for 15 min. The

triton solution was then removed, and the cells were washed
twice with PBS. To prevent non-specific binding, 1% BSA was
added to the Petri dish, followed by washing twice with PBS.

To stain the desired proteins, the cells were incubated
overnight at 4 °C with an anti-vinculin primary antibody
(FAK100, Sigma-Aldrich). Next, the primary antibody
solution was removed, and the cells were washed with PBS
before being exposed to a solution containing a fluorescent-
labeled secondary antibody and Alexa Fluor 488 Phalloidin
for 1 h. The samples were washed three times with PBS and
then exposed to DAPI solution to stain the nuclei. Finally,
a fluorescent microscope (Olympus, IX71, USA) was used
to visualize vinculin, actin fibers, and nuclei.

To quantify actin filament organization, we defined three
parameters: number of actin bundles, actin bundle diameters,
and their relative orientations. Image processing software
(ImageJ) was employed to enhance the quality of the images,
enabling better distinction between the actin bundles and back-
ground. Utilizing the proper tools of ImageJ software, we meas-
ured both the number and diameter of actin bundles in numer-
ous cells for the control and stimulated groups. To measure
the diameter and number of actin fibers, a line perpendicular
to the fiber was drawn, and the diameter of the fibers and their
quantity per cell were calculated based on the color intensity
of different locations. In addition, to quantify the actin bundle
alignment, a reference line was chosen, and the angle between
each actin bundle and the reference line was measured.

2.5 Immunohistochemistry

To prepare samples for immunohistochemistry analysis,
cells were isolated from sample Petri dishes connected to
piezoelectrics using trypsin solution. The culture medium
inside the Petri dish was removed, and trypsin solution was
added. The suspended cells were then transferred to sterile
tubes for centrifugation. The cells were then resuspended
in 1 ml of 4% paraformaldehyde. After dispersing the cells
on the slides, they were permeabilized by exposing them
to Triton X-100 and incubating for 5 min. The cells were
then washed in PBS for 5 min, and the process was repeated
three times. To avoid non-specific antibody binding, the
cells were blocked with a BSA solution. After washing with
PBS 3 times, the cells were exposed to the desired antibody
and visualized under a light microscope (Olympus, IX71).
Protein and ion content were quantified as indicators of the
expression level and ion deposition. To quantify the expres-
sion of specific proteins in the IHC technique, the number
of cells expressing the specific biomarker in each group was
counted using ImageJ software and then normalized to the
corresponding total number of cells.
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2.6 Statistical Analysis

All experiments were conducted at least in triplicate, and
the resultant parameters were expressed as mean + standard
deviation (SD). Each treated test group was compared to
the control group for significant differences using a #-test.
In addition, we used the one-way ANOVA analysis to ana-
lyze the differences between treated samples, considering
p-values <0.05, as statistically significant.

3 Results and Discussion

3.1 Nanovibration-Enhanced Osteogenic Protein
Expression

Formation of mineralized nodules is a hallmark of osteogenic
differentiation, which can be assessed by monitoring the accu-
mulation of secreted calcium adjacent to mesenchymal stem
cells after exposure to a specific stimulus (Fig. 3A). Alizarin
red staining showed a significant increase in calcium dep-
osition compared to the control group, which supports the

induction of osteogenic differentiation of HUC-MSCs after
21-day exposing 1-kHz continuous nanovibration.

Commonly, during bone formation, mature osteoblasts
produce osteocalcin and osteopontin to regulate bone min-
eralization. Hence, evaluation of both osteocalcin and osteo-
pontin expression levels provides verification of osteogenic
differentiation. Figure 3B shows a remarkable elevation in
the levels of osteocalcin and osteopontin expression com-
pared to the control group. Both proteins were expressed at
their highest levels in the stimulated groups compared to the
control group (Fig. 3B). Furthermore, a significant increase
in the expression of collagen type I, which is representative
of osteoblast activity, reinforces the induction of osteogenic
differentiation. These results are in agreement with previous
reports on the capability of nanoscale vibration to induce the
osteogenic lineage [11, 18].

3.2 Actin Fiber Rearrangements After
Nanovibration Exposure

Actin filaments play a significant role in various biophysical
behaviors, such as migration potential and cell motility, as well
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Fig.3 Representative images of histological and immunohistochemi-
cal analyses A Alizarin Red staining of HUC-MSCs to quantitatively
assess mineralization in control and treated groups. B Alterations in
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as in cell integrity, along with microtubules and intermediate
filaments. Therefore, any alteration in the content and arrange-
ment of actin filaments significantly modifies cellular behavior.
Here, we examined the alteration in actin filaments under the
influence of nanovibration loading for 7, 14, and 21 days.

The first observation from Fig. 4A indicates an increase
in nucleus size (Fig. 4B) and number of cell projections,
accompanied by an elevation in cell spreading, and it is
expected that cells become larger in area during the later
stage of differentiation. In addition, the increase in the num-
ber of projections may signify involvement in extracellular
matrix remodeling, as well as interactions with neighboring
cells. These observations resemble evidence associated with
osteogenic differentiation [27, 28].

Upon further analysis of the actin structure, it was
observed that not only did the average number of actin fila-
ments increase, but they also became thicker after exposure
to the nanovibration stimuli (Fig. 4C-E). In addition, pro-
longed exposure to 1-kHz nanovibration resulted in more
aligned and denser arrangements of actin filaments. As pre-
viously mentioned, the development of actin filaments plays
a remarkable role in several osteogenic-specific cellular pro-
cesses such as bone ECM remodeling [27, 28].

Figure 4 indicates that additional exposure to nanovibra-
tion loading had a more pronounced effect on the actin fila-
ments. In other words, with increasing exposure time, the
actin filaments became thicker and more aligned, suggest-
ing that nanovibration significantly influences actin filament
dynamics and organization.

3.3 Alteration in Elastic Modulus of HUC-MSCs
in Response to Nanovibration

Given the intricate interplay among various elements of the
cytoskeleton, alterations in the cytoskeleton designate cell mor-
phology. Because the cytoskeleton serves as a cellular scaffold,
itis expected that any alteration in the cytoskeleton changes the
mechanical properties of the cell. To measure the local elastic
properties, atomic force microscopy was employed to probe
Young’s modulus of the regions over the nucleus and cytoplasm.

Figure 5 shows the elastic properties of the nucleus
and cytoplasm areas of HUC-MSCs in the control and
stimulated groups on days 7, 14, and 21. The values for the
nucleus and cytoplasm in the control group were similar,
with mean values around 3.68 and 3.45 kPa, respectively.
As depicted in Fig. 3, the results revealed that exposure to
nanovibration for 7 and 14 days did not lead to remarkable
changes in the elastic modulus. However, extended expo-
sure to 1-kHz continuous nanovibration for an additional
7 days led to a significant increase in Young’s modulus

of both the nucleus and cytoplasm, with a higher impact
on the latter. Such modifications are directly linked to
the synthesis and rearrangement of cytoskeleton-related
proteins such as actin filaments. In the initial days after
commencing stimulation, no significant changes in elastic
modulus were observed compared with the control group,
which was mostly due to the additional time needed for
modifications in the physical structure of the protein.
However, with an increase in the time of exposure to
nanovibration, on day 21, highly organized cytoskeletal
filaments with more aligned and higher amounts of actin
fibers were observed (Fig. 4), resulting in increased stiff-
ness of cells. This evidence signifies the osteogenic differ-
entiation of HUC-MSCs from a biomechanical perspective
because they exhibit significantly higher elastic properties
than mesenchymal stem cells.

3.4 Measurements of Viscoelastic Properties
of Treated HUC-MSCs

Similar to the evaluation of elastic properties, the vis-
coelastic properties of the control and stimulated groups
were monitored over 7, 14, and 21 days (Fig. 6). To do
so, the stress relaxation behavior of the stimulated cells
over the nuclear region was measured using atomic force
microscopy (Fig. 6A). The results demonstrated that all
samples exhibited rapid force decay at the initial stage,
followed by a more prolonged relaxation response. The
obtained results of apparent viscosity did not exhibit a
consistent trend (Fig. 6B). However, the apparent vis-
cosity of the sample subjected to 21-day nanovibration
loading was significantly lower than that of the control
group. As shown in Fig. 6C, the measured values of E1
and E, show a significant elevation in the instantane-
ous elastic modulus along with a notable reduction in
the equilibrium modulus and viscosity of cells subjected
to the 1-kHz continuous nanovibration with an increas-
ing trend when exposed to the additional stimuli. These
findings suggest that nanovibration stimuli induce altera-
tions in cytoskeleton organization, resulting in increased
cell stiffness and higher resistance to deformation. The
concurrent reduction in both E2 and apparent viscosity
along with an increase in £1 may indicate a more elastic-
dominant response, with a reduced potential to dissipate
energy during deformation. As shown in Fig. 4, the con-
tent, localization and orientation of the actin filaments
changed over time, forming more aligned and organized
bundle structures over the exposure time of the nanovibra-
tion. Such structures exhibit greater resistance to forces.
Therefore, the structure becomes stiffer, and a higher

@ Springer



BioNanoScience

josuon

*
*
*
*
()
r T T T [v}
e i ] ] ]
o~ - - o o
slaquinN
a|pung URdY aAReIRY
* %
*
*
*
T T
" e
o~ ~
ajpung
a uaamjaq sa|buy aAneey
s e Y
g e TN
0\
[— - - Ky <
* ¢m I~ 7%
* kS
* h\
* ) .
* o A — e
4«..0
<
— - \o.\\
°O
T T T T [v}
] = N ] *
- - - - o
J9jowelq

ajpung updY sAejeY

o0l HHRE

*kkk
%k kK

r T T T T [v}
w < el ~ - o

ealy 1I3|9NN aAlE|9Y

pringer

AQs



BioNanoScience

«Fig. 4 Representative micrographs of F-actin and nuclei stained in
the control and stimulated groups. B Elevation in cell nucleus size
after exposure to nanovibration stimuli. C Alteration in actin bun-
dles arrangement after exposure to nanoscale stimuli for 7, 14, and
21 days. The results demonstrated thicker actin bundles compared
to untreated cells. D Elevation in the number of actin bundles after
nanovibrational stimulation. E Exposure to nanovibrational stimuli
leads to a more organized network of actin bundles. Scale bar indi-
cates 20 um. ***p value < 0.0001

magnitude of force is required to indent at the same dis-
tance from the cantilever (as shown in Fig. 6A). On the
other hand, such a developed structure requires much less
time to dissipate the applied force, a behavior observed in
21-day stimulated cells. The initial step in the differentia-
tion process involves the regulation of specific markers at
the transcriptional level, and additional time is required
for the synthesis and rearrangement of various proteins.
During this period, cells undergo a transient state (days
7 and 14), and alterations in higher-level behaviors, such
as mechanical properties, are unstable. This interpreta-
tion could be the reason for the temporary increase in cell
viscosity observed on day 14.
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Fig.5 Alteration in elastic modulus of cytoplasm and nuclear of
HUC-MSC:s after exposure to 1 kHz continuous nanovibrational load-
ing for 7, 14, and 21 days. ***p value < 0.0001

Overall, it has been well stated that sinusoidal nanok-
icking (with 1 kHz frequency) is capable of solely promot-
ing osteogenic differentiation in MSCs through upregula-
tion of chemical cascades that contribute to skeletal and
muscular system development and function as well as
ROCK/RhoA pathways. Application of high frequency,
low amplitude loading can stimulate the mechanosensitive
receptors which are capable of promoting the release of
cytokines that regulate cell behavior, including osteogenic
induction among MSCs. Those chemical cascades influ-
ence cytoskeleton organization and increase intracellular
tension [11, 18]. The nanovibration as an external cyclic
loading can also be transferred directly through the cell
body as a physical stimulus by cytoskeletal fibrous struc-
ture and synergistically contribute to behavioral remode-
ling of cells through chemical cascades. The cell response
is accompanied by cytoskeletal remodeling through actin
rearrangement (Fig. 4) which in turn further influences the
transmission of force across the cell body as well as the
release of cytokines. Such synergy intensifies the regu-
lation of the cell fate as described by the expression of
osteogenic markers (Fig. 3).

4 Conclusion

In summary, continuous long-term nanovibrational stim-
uli with a frequency of 1000 Hz and amplitude of 30-80
nm lead to osteogenic differentiation of HUC-MSCs by
enhancing the expression levels of osteocalcin, osteopon-
tin, and collagen type I proteins. Moreover, prolonged
exposure to nanovibrational stimuli yielded remarkable
effects on actin filament organization and mechanical prop-
erties of the cells. However, 7-day and 14-day exposures
to nanovibration exhibited negligible effects on the elastic
properties of the cells in both the cytoplasm and nucleus
areas, indicating the importance of exposure time. After
21-day exposure to nanoscale vibration, stimulated cells
showed significantly higher elastic modulus and lower
fluidic-like behavior associated with a thicker, denser, and
well-organized arrangement in actin fibers, which indicates
a tendency towards osteoblast characteristics. The finding
of this study would be helpful in the cell-based therapy
and tissue engineering applications, when the stem cells
required to be treated in vitro and then transplanted.
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Fig.6 Viscoelastic behavior of HUC-MSCs before and after exposure to nanovibrational stimuli for different days A Force—time curve of control
and treated groups. B Quantitative results of apparent viscosity. C The estimated values of E, and E,
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