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Abstract
Regulating the collective migration of cells is an important issue in bioengineer-
ing. Enhancing or suppressing cellmigration and controlling themigration direc-
tion is useful for various physiological phenomena such as wound healing. Sev-
eral methods of migration regulation based on different mechanical stimuli have
been reported. While vibrational stimuli, such as sound waves, show promise
for regulating migration, the effect of the vibration direction on collective cell
migration has not been studied in depth. Therefore, we fabricated a vibrating
system that can apply horizontal vibration to a cell culture dish. Here, we eval-
uated the effect of the vibration direction on the collective migration of fibrob-
lasts in a wound model comprising two culture areas separated by a gap. Results
showed that the vibration direction affects the cell migration distance: vibration
orthogonal to the gap enhances the collective cellmigration distancewhile vibra-
tion parallel to the gap suppresses it. Results also showed that conditions lead-
ing to enhanced migration distance were also associated with elevated glucose
consumption. Furthermore, under conditions promoting cell migration, the cell
nuclei become elongated and oriented orthogonal to the gap. In contrast, under
conditions that reduce the migration distance, cell nuclei were oriented to the
direction parallel to the gap.
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1 INTRODUCTION

Collective cell migration defined as the movement of mul-
tiple cells that retain cell–cell contacts [1] is involved with
various physiological phenomena such as wound healing,
cancer infiltration, embryonic development, and embryo-
genesis [2, 3]. Enhancing or suppressing cell migration
and controlling the migration direction may be useful for
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wound healing, suppressing cancermetastasis, controlling
tissue formation, and other applications [4, 5]. Therefore,
the regulation of collective cell migration is one of the
most important issues in bioengineering and biomedical
research.
Since collective cell migration is known to be affected

by external stimuli, a number of methods have been
developed to regulate cell migration by applying different
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stimuli such as chemical, electrical, and mechanical
stimuli [6–8]. Mechanical stimuli have recently gained
attention as they are known to affect several crucial
factors related to migration, including cell adhesion and
morphology [9]. The mechanism by which mechan-
ical stimuli regulate migration is described briefly as
follows: focal adhesions perceive mechanical stimulus
[10] and initiate signaling to the cell nucleus via the
cytoskeleton network; then, actin remodeling is initiated,
giving rise to the traction forces needed for cell migration
[11]. This signal transduction in response to mechan-
ical stimuli via biochemical signals in a cell is called
mechanotransduction [12].
Various methods can be used to apply mechanical stim-

uli to cells. For example, cells can be seeded on a sili-
cone elastomer that is cyclically stretched and relaxed to
apply a periodic stretch stimulus [13]. Fluid flow through
a microfluidic device applies shear stress to cells cultured
in the device [14]. Vibrational stimulation is gaining atten-
tion because it is easy to apply in the ubiquitous cell cul-
ture dish format and is highly biocompatibile [15]. The
method using vibration stimulation has the advantage
that the culture environment is not changed, compared
with the conventional migration regulation method rep-
resented by using chemical stimulation. Vibration stimu-
lation is widely used in vivo, for example, as ultrasonic
therapy, and its biocompatibility is clear. In vitro, it has
been reported that proper acoustic vibration applied from
above or below a cell-culture dish enhances migration
distance [16, 17]. However, vibrational stimuli have only
been applied in a direction orthogonal to the culture sur-
face to regulate migration, and the effect of the vibra-
tion direction on the migration direction has not been
investigated. Since migration involves collective direc-
tional movement, the directionality of the stimulus is con-
sidered important [2]. For instance, when exposed to a
stretch stimulus, cells tend to arrange and migrate in par-
allel to the direction of the extension [18]. Besides this,
it has been reported that horizontal and vertical vibra-
tions have different effects on proliferation and actin
organization [19]; however, the effect on cell migration
has not been discussed. Since cells migrate along a sur-
face, we hypothesize that vibrational stimuli should be
applied in a direction along the culture surface to regulate
migration direction. A new migration regulation method
using horizontal vibration may affect the direction of cell
migration, unlike the conventional method using vertical
vibration.
The objective of this study is to clarify the effect of the

stimulus direction on cell migration. To experimentally
evaluate this relationship, we fabricated a vibrating system
that can apply horizontal vibration to cells by horizontally
oscillating a ⌀35 mm cell culture dish. Here, we evaluate

PRACTICAL APPLICATION

Regulating migration is useful for wound heal-
ing, suppressing cancer metastasis, controlling
tissue formation. Previous studies reported that
cell migration is affected by vertical vibration.
However, the effect of horizontal vibration on
cells has not been reported. In this study, we
observed that when cells in a wound model
were subjected to horizontal vibration stimu-
lus, the distance of collective migration, glu-
cose consumption, and nucleus shape and ori-
entation were affected by the direction of the
vibration stimulus. The overall results suggest
the importance of the stimulus direction in reg-
ulating migration by using vibration stimulus.
This study potentially represents novel appli-
cation of wound healing by using a vibration
stimulus.

the effect of different horizontal vibrations on the collec-
tive migration of fibroblasts in a wound model created by
the solid barrier method [20]. Cell orientation and glucose
consumption were also evaluated.

2 MATERIALS ANDMETHODS

2.1 Vibrating system

The developed vibrating system is shown in Figure 1A. The
system comprised a base, a dish holder, a ⌀35 mm cell cul-
ture dish (Nunc™ EasYDish™ 35 mm, Thermo Fisher Sci-
entific, MA, USA), a piezoelectric stacked actuator (PSt
150hTc/5 × 5/18, Syouei System Co., Ltd. Tokyo, Japan),
and a weight. The culture dish was placed on the dish
holder and fixed with a stainless steel screw. The dish
holder and base were made of polyacetal, which has a fric-
tion coefficient that is low enough to vibrate the dish effi-
ciently. The weight was fixed to the base. The piezoelec-
tric stacked actuator was sandwiched between the dish
holder and the weight. An AC voltage was applied to cause
the actuator the periodically expand and contract along
the longitudinal direction, thereby vibrating the dish on
the horizontal plane. A piezoelectric actuator was selected
because it is available in kHz-range actuation. If a dish
is vibrated in Hz-range, sloshing of the culture medium
may apply shear stress to cells. In addition, heat gen-
eration may become a problem when using MHz-range
vibration.
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F IGURE 1 The fabricated system applies horizontal vibration
to the cells: (A-B) Overview of the system. (C) Enlarged view of the
dish holder and coordinate system. The red arrows indicate the direc-
tion of the vibration measurements conducted for system characteri-
zation

2.2 System characterization

The system vibration characteristics were evaluated as fol-
lows: an AC voltage was generated by a function syn-
thesizer (WF1946B, NF Corp., Kanagawa, Japan) and an
amplifier (HSA4011, NF Corp., Kanagawa, Japan) and
applied to the actuator. The vibration amplitude of the dish
holder fitted with an empty dish was calculated from the
vibration velocity measured using a laser Doppler vibrom-
eter (LV-1800, Ono Sokki Co. Ltd., Kanagawa, Japan). The
relationship between the applied voltage and the vibration
amplitude of the dish holder was estimated by measuring
the vibration amplitude at the position x1 = 0, as defined

in Figure 1B. The frequency of the applied voltage was
11.2 kHz, and the amplitude of the applied voltage was var-
ied from 0 to 5 V. The distribution of the vibration ampli-
tude was thenmeasured along the x1, x2, and x3 axes in the
dish holder in the directions indicated by the red arrows in
Figure 1B when the frequency and voltage were 11.2 kHz
and 2.5 V, respectively. Measurements were conducted at
points from –10 to 10mmat 1mm intervals along each axis.
The temperature of the medium (1 mL) in the culture

dish was measured using a thermometer (TR-71wf, T&D
Corporation, Nagano, Japan) over the course of 24 h while
the system was running in a humidified 5% CO2 incuba-
tor (CPE-2201, Hirasawa Works Inc., Tokyo, Japan) main-
tained at 37◦C. The frequency of the applied voltage was
11.2 kHz, and the amplitude was 2 or 4 V.

2.3 Cell preparation

A mouse fibroblast cell line, L929 (RCB1451, Riken Bio
Resource Center, Ibaraki, Japan), was used in all experi-
ments. The cells were cultured in Eagle’sminimal essential
medium (Eagle’s MEM “Nissui”, Nissui Pharmaceutical
Co., Ltd., Tokyo, Japan) supplemented with 5% calf serum
(Newborn Calf Serum, New Zealand Origin, Thermo
Fisher Scientific, MA, USA) in a humidified 5% CO2 incu-
bator at 37◦C. Cell passaging was performed by applying
0.05% trypsin-EDTA (25300, Life Technologies, CA, USA)
followed by pipetting.

2.4 Collective cell migration
experiment

The experimental procedure is shown in Figure 2A. First,
1.0 × 104 cells in 10 µL of medium were applied in each of
two rectangular areas (3 mm × 1.5 mm) in a cell culture
dish. The two culture areas were separated by a 1 mm gap
by using a silicone rubber insert. The cells were then cul-
tured for 24 h in a humidified 5% CO2 incubator at 37◦C
to allow the cells to attach. After the initial incubation
period, the insert andmediumwere removed, and a phase-
contrast image of the gap was captured using an inverted
microscope (Eclipse Ti, Nikon Corp., Tokyo, Japan). The
initial 1 mm gap between the two cell culture areas is
shown in Figure 2B. Then, 1 mL of medium was added to
the dish, and the cells were cultured for 24 h in a humid-
ified 5% CO2 incubator at 37◦C with vibration. The fre-
quency of the applied voltage was 11.2 kHz and the ampli-
tudewas 0 (i.e. no vibration), 2, or 4V. To evaluate the effect
of the vibration direction on cell migration, the cells were
subjected vibrational stimuli either orthogonal or paral-
lel to the gap. Finally, the gap between the two culture
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F IGURE 2 Outline of the collective cellmigration experiment: (A) Experimental procedure and (B) initial gap between the two rectangular
cell areas

areas was imaged for a second time, and the size of the gap
was measured. For the measurement, the average distance
between the edges along the horizontal direction in the
images was manually calculated with an image processing
software, Image J (National Institutes of Health, Bethesda,
MD, USA). The migration distance was then calculated as
the difference in the gap size before and after the stimula-
tion.

2.5 Glucose consumption assay

The glucose consumption by the cells with and with-
out vibration was monitored over a 24 h period. Since
migration is an activity that consumes glucose, glucose
consumption can be an indicator for the evaluation of
cell migration. The amounts of glucose contained in the
medium in which the cells were cultured and a control
sample of medium that was not exposed to cells were mea-
sured using a glucose assay kit (GAHK-20, Sigma-Aldrich,
MO,USA) and amicroplate reader (Multiskan FC, Thermo
Fisher Scientific,MA,USA). The glucose consumptionwas
calculated by comparing the measured glucose concentra-
tions of the culture medium taken from the culture dish
and the control medium sample.

2.6 Cell staining and image-based
quantification

The morphologies of cell nuclei with and without vibra-
tional stimulation were observed from fluorescent images
of the cells. After removing themedium, cells werewashed
three times with 1 mL PBS. Next, cells were fixed with
4% paraformaldehyde (4% – Paraformaldehyde Phosphate
Buffer Solution, Nacalai Tesque, Inc., Kyoto, Japan) in PBS
for 10 min, washed with PBS, permeabilized with 0.1% Tri-
ton X-100 (Triton X-100 laboratory grade, Sigma-Aldrich,
MO, USA) in PBS for 5 min, and finally washed with PBS.
After removing the PBS, the cells were stained with 0.05%
Hoechst 33342 (H342, Dojindo Laboratories, Kumamoto,
Japan) for 30 min and again washed with PBS. Then,
fluorescence images of the cells were captured using the
inverted microscope.
The captured fluorescent images were analyzed by fit-

ting an ellipse to each cell nucleus using Image J. 300 cell
nuclei near the gap edge were randomly selected to be ana-
lyzed. The angle of each cell nucleus was measured as the
angle between the major axis of the fitted ellipse and a
straight line parallel to the gap. The aspect ratio of each
nucleus was measured as the ratio of the major axis to the
minor axis of the fitted ellipse.
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F IGURE 3 Characteristics of the fabricated system: (A) Relationship between the applied voltage and the vibration amplitude at x1 = 0
under an applied frequency of 11.2 kHz and amplitude of the applied voltage was 0 to 5 V. (B) Vibration amplitude distribution of the dish holder
along the x1, x2, and x3 axes when the frequency and amplitude of the applied voltage were 11.2 kHz and 2.5 V, respectively. (C) Temperature of
the culture medium in the dish vibrated by the fabricated system for 24 h in a humidified 5% CO2 incubator at 37◦C when the frequency of the
applied voltage was 11.2 kHz and the voltage amplitude was 2 or 4 V

2.7 Statistical analysis

The differences between cells exposed to different con-
ditions were evaluated by non-parametric analysis of
variance with multiple comparisons using Bonferroni’s
method. p < 0.05 was considered to indicate statistical sig-
nificance.

3 RESULTS

3.1 System characterization

The relationship between the applied voltage and the
vibration amplitude of the dish holder at the position x1 = 0
(cf. Figure 1B) is shown in Figure 3A. The data show that
the vibration amplitude of the dish holder is proportional
to the applied voltage. From this result, the acceleration of
the cells when the applied voltage is 2/4 V is about 136/272
Gpeak.

The vibration amplitude distribution of the dish holder
along the x1, x2, and x3 axes (cf. Figure 1B) is shown in
Figure 3B. These data show that the vibration amplitude
of the dish holder along the x1 axis is approximately con-
stant in the range of about 10 mm from the center. Since
the cells were seeded within about 2 mm from the cen-
ter, it was concluded that the experimental setup could
apply uniform oscillations to the cultured cells. The data
also show that the vibration amplitude of the dish holder
in the vertical direction is small enough to be disregarded.
Therefore, it can be concluded that this experimental sys-
tem oscillates the cells in the dish only on the horizontal
plane.
The temperature of the culture medium in the dish

while the system was operated for 24 h is shown in Fig-
ure 3C.With applied voltages of 2 and 4 V, the temperature
of the medium was stable at 37◦C and not affected by the
vibration. Since the temperature suitable for cell culture is
36–38◦C, it was concluded that the temperature during the
vibrating experiments was suitable for cell culture [21].
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F IGURE 4 Migration distance results: (A-B) Migration distances when vibrational stimulation was applied (A) orthogonal to the gap and
(B) parallel to the gap. (C) Cell migration over 24 h under three conditions; no vibration (referred to as “non-vibrating”), vibration orthogonal
to the gap with a voltage amplitude of 2 V (“2 V/Orthogonal”), vibration parallel to the gap with a voltage amplitude of 4 V (“4 V/Parallel”).
The dashed and solid white lines represent the edges of the cell areas before and after migration. Data are presented as mean ± SD, **p < 0.01,
n = 3

F IGURE 5 Normalized glucose consumption for 24 h under
three conditions; no vibration (referred to as “non-vibrating”), vibra-
tion orthogonal to the gap with a voltage amplitude of 2 V (“2
V/Orthogonal”), vibration parallel to the gap with a voltage ampli-
tude of 4 V (“4 V/Parallel”). Data are presented as mean ± SD,
*p < 0.05, n = 3

3.2 Evaluation of collective cell
migration

Cells were subjected to vibrational stimuli in two differ-
ent directions: orthogonal and parallel to the gap. The
frequency of the applied voltage was 11.2 kHz, and the
voltage amplitude was 0 (i.e. the no-vibration condition),

2, and 4 V. The migration distances under all condi-
tions are shown in Figure 4A–C shows the cell migra-
tion under three noteworthy conditions that resulted in
the greatest absolute differences in migration distance:
no vibration (referred to as “non-vibrating”), vibration
orthogonal to the gap with a voltage amplitude of 2 V
(“2 V/Orthogonal”), vibration parallel to the gap with a
voltage amplitude of 4 V (“4 V/Parallel”). The data shown
in Figure 4 indicate that themigration distance varies with
the applied voltage in each vibration direction. Moreover,
with an applied voltage of 2 V, vibration in the direction
orthogonal to the gap resulted in increased migration dis-
tance while vibration in the direction parallel to the gap
resulted in lower migration distance.

3.3 Glucose consumption assay

The glucose consumption by cells under three represen-
tative and noteworthy vibration conditions that resulted
in the greatest absolute differences in migration dis-
tance is shown in Figure 5. Glucose consumption was
increased under conditions that were associated with the
enhanced migration distance relative to the controls that



408 ENOMOTO et al.

F IGURE 6 Effect of vibration on cell nuclei orientation: (A) Definition of the angle of a cell nucleus. (B) Nuclear staining image. (C)
Orientation angle distributions of the cell nuclei under three conditions. (D) Aspect ratios of cell nuclei; no vibration (referred to as “non-
vibrating”), vibration orthogonal to the gap with a voltage amplitude of 2 V (“2 V/Orthogonal”), vibration parallel to the gap with a voltage
amplitude of 4 V (“4 V/Parallel”). n = 300

were not exposed to vibration. In contrast, glucose con-
sumption was not changed under conditions that were
associated with the most significantly reduced migration
distance.

3.4 Image-based quantification

The orientation angle distributions and aspect ratios of the
cell nuclei under three noteworthy conditions were mea-
sured using Image J. The angle values were expressed in
the range of 0 to 90◦ (acute angles), where orientation
angles closer to 90◦ indicate that cells are oriented in a
direction orthogonal to the gap, as illustrated for θ1 and

θ2 in Figure 6A. Cases in which multiple cell nuclei over-
lappedwere excluded. The results shown in Figure 6B indi-
cate that the cell nuclei become oriented in the direction
orthogonal to the gap under vibration conditions result-
ing in higher migration distance and, in contrast, become
oriented in the direction parallel to the gap under vibra-
tion conditions resulting in lower migration distance. The
aspect ratios of the cell nuclei under the same conditions
are shown in Figure 6C. The results show that orthogonal
vibration with an applied voltage amplitude of 2 V caused
the nuclei to elongate (as evidenced by the increased aspect
ratios) compared with the controls not exposed to vibra-
tion. However, parallel vibration with a voltage amplitude
of 4 V did not affect the nucleus morphology.
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4 DISCUSSION

In this study, fibroblasts in a wound model were sub-
jected to horizontal vibration in a custom-fabricated sys-
tem to study the effects on collective cellmigration. Results
showed that the vibration direction affects the cell migra-
tion distance, either enhancing or suppressing migration
depending on the vibration conditions. Under certain con-
ditions, the cell nuclei became elongated and oriented in
the direction of the vibration. In addition, glucose con-
sumption was increased in the conditions under which the
migration distance was enhanced. To our knowledge, this
is the first study to demonstrate the regulation of collective
cell migration by horizontal vibration.
Our results revealed that the direction of the migration

regulation depends on the vibrational stimulation condi-
tions. First, we focus on the effects of vibrational stimuli
applied orthogonal to the gap (Figure 4A). The migration
distance was enhanced with an applied voltage of 2 V com-
pared with the control not exposed to vibration. This effect
may be caused by enhanced actin remodeling in response
to this stimulus. Actin remodeling is a major factor inte-
gral in cell migration and has previously been shown to be
upregulated in response to tension applied to the actin fil-
aments [22].
Tension also causes cells to orient in a direction parallel

to the applied force,making it easier for the cells tomigrate
in that direction [13]. Furthermore, the cell nuclei became
elongated and oriented in the direction orthogonal to the
gap under this condition (Figure 6). These changes can be
attributed to the transmission of the applied tensile forces
to the nucleus via connected actin filaments, so the change
in the aspect ratio and orientation of the cell nuclei may be
further evidence of actin remodeling [23].
The observed increased migration in the direction of

the vibration is comparable to the effect of other mechan-
ical stimuli. Laminar medium flow has been previously
reported to enhance the cell migration distance in the
direction of the flow because of the shear forces on the cells
[24]. In our experiments, cells were subjected to periodic
acceleration, which may induce inertial forces. The direc-
tion of these inertial forces likely determines the direction
of cell migration, as do the shear stresses induced by fluid
flow. As supplementary material, experimental results at
different frequencies are described. Figure S1 shows the
characteristics of the system, and Figure S2 shows the
migration distance under each condition. Similar results
were obtained when the magnitudes of the inertial forces
were equal, even though the frequencies were different.
Note that, the applied voltage was determined so that the
magnitudes of the inertial forces were equal to the main
experiment. The results show that the key factor affect-
ing migration is the inertial force generated by the vibra-

tion. Considering this, the mechanism enhancing migra-
tion distance with vibration may be similar to the mech-
anism with flow stimuli. In short, the cells perceive the
force applied to the focal adhesion, which activates Rac,
a type of G-proteins. Then, Rac activates actin polymeriza-
tion and promotes lamellipodial formation along the force
direction. As a result, migration distance in the direction
along the force is enhanced.
However, the results showed that the cell migration dis-

tance was not increased when the applied voltage was
4 V even though the vibration direction was orthogo-
nal to the gap. This result suggests that vibration with
high acceleration has the effect of suppressing migration
even when the vibration direction is orthogonal to the
gap. It has been previously reported that cells exposed to
strong disturbed medium flow form larger focal adhesions
to anchor themselves, which inhibits cell migration [14].
Thus, excessive vibrational stimulation due to high voltage
input might inhibit migration. Especially when the share
stress induced at a focal adhesion due to the vibrational
inertia force becomes too large, the vibration suppresses
cell adhesion. In other words, vibration whose intensity
is beyond a particular threshold suppresses the generation
of focal adhesion or breaks focal adhesion [25]. Since cell
adhesion to a culture surface is essential in cell migration,
it can be reasonable to conclude that migration distance
was suppressed by the vibration generated with high volt-
age input.
Next, we focus on the effects of vibrational stimuli in the

direction parallel to the gap. Under these vibration con-
ditions, the migration distance decreased with increasing
applied voltage from 0 to 2 V. This relationship withmigra-
tion distance is opposite that observed with orthogonal
vibration. This effect was attributed to the previously men-
tioned effects of vibration on actin, that is, even though
actin remodeling and orientation of cells are affected by
parallel vibration, there is no space for cells in the intended
direction to migrate. The migration distance was further
reduced when the applied voltage was increased from 2 to
4V,whichmay be attributed to the formation of focal adhe-
sions in response to excessive vibrational stimulation, as
observed with orthogonal vibration.
In addition, the glucose consumption was measured

under the same three noteworthy conditions. Results
showed that the glucose consumption was elevated under
conditions that enhanced themigration distance, as shown
in Figure 5. Mechanical stimuli, such as tension and shear
stress, are known to increase glucose uptake and ATP pro-
duction [26] to generate energy as it is consumed to drive
actin polymerization and focal adhesion growth, which
are necessary for cell migration [27]. Our findings that
proper horizontal vibrational stimulation increases glu-
cose consumption are consistent with previous findings
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with other types of mechanical stimuli. Furthermore, this
result indicates that the energy-consuming activity of the
cell was activated. This suggests that cells were neither
simply pushed mechanically nor reattached after detach-
ment but were rather promoted migration. The observa-
tion that glucose consumption does not decrease under
conditions that reduce themigration distance suggests that
these conditions do not negatively impact cell viability.
Finally, we focus on the orientation of the cells. The

cells subjected to horizontal vibration tended to orient in
the direction of vibration under the same three notewor-
thy conditions. Similar tendency of cell orientation was
reported in previous studies using horizontal vibration [19,
28]. However, the results of our studies may have a weaker
tendency for cells to orient in the direction of vibration
than previous studies. There may be several reasons for
this. The first reason is the vibration frequency. A kHz-
order vibration suppresses medium sloshing compared to
a Hz-order vibration. This means, the shear stress applied
to cells due to flow in this study may be smaller than in
previous studies. In other words, an essential effect of hor-
izontal vibration on cell migration can be extracted in this
study. The second reason is a cell density. Due to the high
cell density in the wound model, cell deformation and ori-
entation might be inhibited.
These experimental results provide new insights into the

regulation of migration by mechanotransduction.
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