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Cell Patterning Method on a Clinically
Ubiquitous Culture Dish Using Acoustic

Pressure Generated From Resonance Vibration
of a Disk-Shaped Ultrasonic Transducer
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Abstract—Cell patterning methods have been previously
reported for cell culture. However, these methods use in-
clusions or devices that are not used in general cell culture
and that might affect cell functionality. Here, we report a
cell patterning method that can be conducted on a gen-
eral cell culture dish without any inclusions by employing a
resonance vibration of a disk-shaped ultrasonic transducer
located under the dish. A resonance vibration with a sin-
gle nodal circle patterned C2C12 myoblasts into a circular
shape on the dish with 10-min exposure of the vibration
with maximum peak–peak amplitude of 10 µmp-p. Further-
more, the relationship between the amplitude distribution of
the transducer and the cell density in the patterned sample
could be expressed as a linear function, and there was a
clear threshold of amplitude for cell adhesion. To evaluate
the cell function of the patterned cells, we conducted prolif-
eration and protein assays at 120-h culture after patterning.
Our results showed that the cell proliferation rate did not
decrease and the expression of cellular proteins was un-
changed. Thus, we conclude, this method can successfully
pattern cells in the clinically ubiquitous culture dish, while
maintaining cell functionality.

Index Terms—Biotechnology, cell patterning, underwater
ultrasound, ultrasonic transducer.

Manuscript received March 13, 2018; accepted May 5, 2018. Date
of publication May 14, 2018; date of current version December 19,
2018. This work was supported by the JSPS KAKENHI under Grant
JP16H04259 and Grant JP17H07081; and in part by the MEXT Grant-
in-Aid for the Program for Leading Graduate Schools. (Corresponding
author: Kenjiro Takemura.)

C. Imashiro is with the School of Science for Open and Environmental
Systems, Graduate School of Science and Technology, Keio University.

Y. Kurashina is with the Department of Mechanical Engineering, Fac-
ulty of Science and Technology, Keio University.

T. Kuribara and K. Totani are with the Department of Materials and
Life Science, Faculty of Science and Technology, Seikei University.

M. Hirano is with the Department of Pharmacy, Yasuda Women’s
University.

K. Takemura is with the Department of Mechanical Engineering, Fac-
ulty of Science and Technology, Keio University, Kanagawa 223-8522,
Japan (e-mail: takemura@mech.keio.ac.jp).

This paper has supplementary downloadable material available at
http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBME.2018.2835834

I. INTRODUCTION

MULTIPLE biomedical engineering applications have
been developed over the past several decades, includ-

ing tissue engineering and organ-on-a-chip engineering [1], [2].
For these research applications, harvested human cells must be
cultured in vitro to increase the number of cells. However, cells
easily lose their functions in conventional culture [3], [4]. This
loss of function is mainly caused by the difference in the cul-
ture environment compared with in vivo conditions. Thus, a cell
culture method is required to maintain cell function in vitro for
the purposes of maintaining cells for engineering applications.

Several techniques that mimic in vivo conditions have been
previously reported [5], [6]. In these specific culture condi-
tions, the culture medium, culture surface and cell–cell spatial
relationships are all important factors [7]. However, from the
viewpoints of fabricating tissue in vitro, establishing mechani-
cal interaction between cells, and clarifying extracellular stim-
uli, the cell–cell spatial relationship is of critical importance to
maintain cell function [8]. Many reports have demonstrated the
importance of cell–cell spatial relationships in vitro. A previous
study showed that muscle cells should be patterned lineally to re-
generate skeletal muscles [9]. Furthermore, circularly patterned
muscle cells could regenerate external anal sphincter muscles.
In liver lobule tissue, hepatocytes are arranged into hexagonal
or polygonal patterns [10]. Furthermore, the activity of cul-
tured cells and stem cell differentiation rate are affected by the
cell–cell spatial relationship [11]–[13]. Specifically, growth and
differentiation of mouse embryoid bodies are highly affected
by the patterned shape [14]. In addition, cell patterning is used
in co-culture to observe the interaction of heterogeneous cells
[15], [16]. Therefore, from basic to cutting edge techniques of
biomedical engineering application, the development of cell pat-
terning techniques has been important and the focus of recent
research [17]–[19].

Many researchers have reported cell patterning methods us-
ing bio-printing, selective surface modification and magnetic
force, among other approaches [20]–[23]. These methods can
pattern cells into a desired shape, but there are still obstacles in
widely using these techniques for a standard patterning method.
The biggest challenge is the requirement for special, costly and
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Fig. 1. The cell patterning device and the shape of node. (a) Enlarged
view of the cell patterning device. (b) Image showing the nodal shape.
(c) Picture of the cell patterning device. Scale bars, 10 mm.

time-intensive equipment [8], as, for example, most of the meth-
ods are not applicable in the clinically ubiquitous culture dish. In
addition, the range of patterned shapes is quite limited. For ex-
ample, a previously reported cell patterning technique involves a
complex method that requires the use of oxygen plasma etching
and elastomeric masks [24]. Furthermore, most of the methods
require inclusions, such as collagen gel or magnetic particles,
and these inclusions might affect cell functionality when used
in biological applications [25]. Moreover, in some applications
such as regenerative medicine employing cytokine therapy, the
cell density must be kept high to effectively generate cytokines;
however, some approaches involving collagen gel are unable to
maintain high cell density [26], [27]. Furthermore, a complex
device that is not disposable may also prove more time con-
suming and thus tedious for cell patterning, as each device must
be sterilized in advance before use. Hence, a versatile, effective
and simple method for patterning cells is required.

Acoustic vibrations may provide a potential solution to the
obstacles in establishing the culture conditions. Acoustic vibra-
tions generate an acoustic pressure gradient in cell suspension
that enables cell patterning by trapping cells into the node/anti-
node area of pressure without any contact [28]–[31]. However,
the method requires a special culture substrate, which is not
acceptable in biomedical applications in practice. For practical
use, cells should be cultured with a simple culture technique,
maintaining sterile conditions and ensuring a consistent culture
environment. Therefore, this research aims to develop a method
to pattern cells in the clinically ubiquitous cell culture dish.

II. MATERIALS AND METHODS

A. Cell Patterning Device

We fabricated a cell patterning device that can pattern cells in a
standard culture dish; in this study, we performed cell patterning
in a 35-mm cell culture dish (3000-035, AGC Techno Glass Co.,
Ltd., Shizuoka, Japan). As shown in Fig. 1(a), the cell patterning

device is composed of a transducer embedded in silicone rubber,
acrylic parts, stainless steel bolts and stainless steel nuts. The
transducer has a resonance vibration with a single nodal circle
to pattern cells into a circular shape, as shown in Fig. 1(b); this
is the nodal shape of the primary resonance vibration mode of
a disk. Note that the broken line in Fig. 1(b) shows the nodal
position. When patterning cells, a 35-mm cell culture dish is
placed on the transducer, as shown in Fig. 1(c). To effectively
propagate vibration into the dish, the space between the cell
culture dish and the transducer is filled with a substance whose
acoustic impedance is equivalent to that of the material of a cell
culture dish. Note that thickness of the space is 0.5 mm, which
is defined by the shape of the dish. We used glycerol, which has
an acoustic impedance of 2.43 × 106 N · s/m3 , which is similar
(97.6%) to the material of the cell culture dish (polystyrene,
2.49 × 106 N · s/m3). With this design, the vibration insonified
from the transducer can directly propagate into the cell culture
dish by simply placing the dish on this device.

The transducer is composed of a stainless steel disk (thick-
ness: 1.0 mm, diameter: 35 mm) and a piezoelectric ceramic
disk (thickness: 0.5 mm, diameter: 30 mm, C-213, Fuji Ceram-
ics Corporation, Shizuoka, Japan). These are bonded to each
other with epoxy adhesive (16223, Konishi, Osaka, Japan) un-
der 3 N/m2 pressure for 8 h. The dimension of the transducer
was decided with reference to the 35-mm cell culture dish and
the result of finite element analysis, shown in Supplementary
Note 1.

B. Device Characterizations

We estimated the vibration characteristic of the transducer
fabricated in this study. To measure the vibration amplitude,
a laser Doppler vibrometer (CLV-3D, PI Polytech, Waldbronn,
Germany) was used. The dish with 50-μL water was put on the
device to simulate a cell patterning experiment. The color of
the growth medium interfered with measurement using a laser
Doppler vibrometer, so we used water instead of medium. The
applicability is confirmed in Supplementary Note 2. To evalu-
ate resonance vibration, maximum vibration amplitudes were
measured at the center of the transducer, while changing the
input frequencies with a driving voltage of 30 Vp-p. To identify
the resonance vibration mode, we also evaluated the amplitude
distribution with a driving voltage of 30 Vp-p and a driving fre-
quency at resonance. In short, equally spaced evaluation of the
vibration amplitudes was conducted from the center to the edge
on the transducer. Note that in this study we used continuous
wave as an input signal.

C. Cell Preparation

The mouse myoblast cell line C2C12 (RCB0987, Riken Bio
Resource Center, Ibaraki, Japan) was used to evaluate the pro-
posed patterning method. Cells were cultured in growth medium
(D-MEM/F12 (D8900, Sigma-Aldrich Co. LLC, MO, USA)
supplemented with 10% fetal bovine serum (CELLect (TM)
Gold, MP Biomedicals, Inc., CA, USA)) in a 5% CO2 humidi-
fied atmosphere incubator at 37 °C. Cell passage was performed
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by trypsinization in 0.050% trypsin-EDTA (25300, Life Tech-
nologies, CA, USA) by pipetting.

D. Cell Patterning

Cultured cells were detached by trypsinization. Cells (2.0 ×
105 cells/50-μL growth medium) were seeded into the dish,
which was placed on the device as shown in Fig. 1(c) . Note that
before seeding cells, the cell culture surface was washed with
1-mL growth medium to ensure the suspension spread on the
dish, and the medium was removed soon after the washing. After
seeding, the resonance vibration was excited on the transducer
for 10 min in an incubator. The maximum peak-peak ampli-
tudes of 5, 10 and 15 μmp-p were used, and the driving voltages
were 20.78, 48.26 and 75.75 Vp-p, respectively. The driving fre-
quency was set at the resonance. The driving signal pattern was
continuous wave. After insonification of the vibration, the cell
culture surface was washed twice with 500-μL growth medium,
and 1-mL growth medium was added. As a control, we pre-
pared samples following the same procedure but without any
vibration. After these procedures, samples were incubated in an
incubator.

After 24 h of culture, growth medium was removed, the cells
were washed with 1-mL phosphate-buffered saline (PBS) twice,
and differentiation medium (D-MEM/F12 supplemented with
5% horse serum (16050-122, Thermo Fisher Scientific, MA,
USA)) was added. The patterned cells were then cultured for
96 h with daily replacement of differentiation medium. In total,
samples were cultured for 120 h after the initial seeding.

E. Live Cell Detection

Live cells at 6-, 24-, 72- and 120-h culture after cell pattern-
ing were visualized by imaging. Cells were washed with PBS
and incubated with 2-μL Calcein-AM (C396, Dojindo Molec-
ular Technologies, MD, USA) in 1-mL serum-free medium for
30 min [32]. Fluorescence images were captured with an in-
verted fluorescence microscope (ECLIPSE Ti, Nikon Corpo-
ration, Tokyo, Japan) and these images were synthesized into
a single large image of the entire dish with image synthesis
software (NIS-Elements Documentation, Nikon Corporation,
Tokyo, Japan).

F. Three-Dimensional Imaging

For observing the cross-section construction, cell nu-
clei and β-actin were stained with Hoechst33342 (Cellstain
Hoechst33342 solution, Dojindo Molecular Technologies, MD,
USA) and Rhodamine Phalloidin (R415, Thermo Fisher Sci-
entific, MA, USA), respectively [33]. Cells were washed three
times with PBS and then fixed with 2.5% glutaraldehyde in PBS
for 20 min at room temperature. After three washes with PBS,
cells were permeabilized with 0.1% Triton X-100 in PBS for
15 min, rinsed three times with PBS, and then blocked with 1%
bovine serum albumin in PBS. Finally, cells were stained with
0.5% Hoechst33342 and 0.5% Rhodamine Phalloidin in block-
ing solution for 1 h at room temperature. Images were captured

with a laser confocal microscope (Zeiss LSM 700 Confocal,
Oberkochen, Germany).

G. Measuring Cell Distribution

Cell distribution was estimated by measuring cell densities
with ImageJ (National Institutes of Health, Bethesda, MD,
USA) [34]. We trimmed 3-mm-square areas around each posi-
tion where vibration amplitudes were measured from the image
of patterned cells, and the ratio of the area of the live cell to
the area of the entire square was calculated as cell density. We
performed this estimation for four directions radially from the
center.

H. Cell Counting and Viability

Cell numbers at the seeding stage and after culturing were
counted using a hemocytometer (A116, AS ONE, Osaka, Japan)
under a phase contrast microscope (ECLIPSE Ti, Nikon Cor-
poration, Tokyo, Japan). Trypsin was used for collecting cells,
and Trypan blue (Gibco Trypan Blue Solution (0.4%), Thermo
Fisher Scientific, MA, USA) was used to estimate cell viability.

I. Western Blot Analysis

Cells were lysed in sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) sample buffer (500 μL/1.0 ×
105 cells). Samples were heated at 70 °C for 5 min and then sep-
arated by SDS-PAGE (7.5% Tris/HCl gel); proteins were then
transferred onto polyvinylidene fluoride membranes by a trans-
blotter for 2 h. The membranes were gently mixed with block-
ing one (Nacalai Tesque, Kyoto, Japan) for 1 h. The membranes
were then incubated with primary antibodies: 2-μg/mL mouse
anti-chicken myosin heavy chain (MHC) monoclonal antibody
(MF20; R&D systems, Minneapolis, MN, USA), 0.4-μg/mL
rabbit anti-human leukemia inhibitory factor receptor (LIFR)
polyclonal antibody (22779-1-AP; Proteintech, Rosemont, IL,
USA), or a 1,000-fold dilution of rabbit anti-mouse β-actin poly-
clonal antibody (#4967; Cell Signaling Technology, Boston,
MA, USA) at 4 °C for 16 h. After washing with TBS containing
0.05% Tween 20 (TBS-T) (10 min, three washes), the mem-
branes were incubated with secondary antibodies: a 10,000-
fold dilution of horseradish peroxidase (HRP)-conjugated anti-
mouse IgG (Sigma-Aldrich, St. Louis, MO, USA) or anti-rabbit
IgG (Perkin-Elmer, Waltham, MA, USA) for 30 min with gentle
shaking. After washing with TBS-T (10 min, three washes), the
membranes were reacted with chemiluminescent reagent (Im-
mobilon Western, Millipore). Protein bands were analyzed using
a FluoroChemQ image analyzer (ProteinSimple, San Jose, CA,
USA). The band density was normalized using the β-actin band
and was expressed as the quantity relative to the control sample.

J. Statistical Analysis

The statistical significance of differences was evaluated by
ANOVA with multiple comparison using Ryan’s method. P <
0.05 or 0.01 was accepted as statistically significant.
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Fig. 2. Evaluation of the cell patterning device. The vibration amplitude
was evaluated with a laser Doppler vibrometer. The amplitude was nor-
malized by the maximum amplitude and the driving voltage was 30 Vp-p.
(a) Relationship between driving frequency and normalized amplitude.
(b) Comparison of the evaluated and the analytical amplitude distribution
that is a relationship between the distance from the center of the culture
substrate and cell densities with resonance.

III. RESULT

A. Estimation of Resonance Frequency and Vibration
Amplitude Distribution

Fig. 2 shows the resonance frequency and vibration ampli-
tude distribution of the resonance vibration. Fig. 2(a) shows the
relationship between the driving frequency and the maximum
amplitude with a driving voltage of 30 Vp-p. Note that the am-
plitude was normalized to the maximum value. From Fig. 2(a),
the resonance frequency at 7.7 kHz was identified, where the
amplitude was the highest. Additionally, in Fig. 2(b), the vi-
bration amplitude distribution at resonance was estimated and
compared with the value from the analysis obtained in Supple-
mentary Note 1. Note that the experiment was conducted with
a driving voltage of 30 Vp-p and driving frequency of 7.7 kHz.
Because the evaluated amplitudes correspond to the analytical
data, the Fig. 2(b) results show that the resonance vibration with
single nodal circle has successfully been excited.

B. Cell Distribution

We next captured live cell images of patterned cells after 6-h
incubation (Fig. 3). We found a relationship between the cell
distribution and the maximum vibration amplitude. Addition-
ally, these images allowed us to estimate cell distributions. To
qualitatively estimate the cell patterning, we showed the com-
parison of the vibration amplitude and the cell distribution in
Figs. 4(a)–(d). Furthermore, Figs. 4(e)–(g) show the relationship

Fig. 3. Fluorescent images of the cell patterning results with
(a) the control or a maximum amplitude of (b) 5 μmp-p, (c) 10 μmp-p, or
(d) 15 μmp-p. The number of seeded cells was 2.0 × 105 and patterned
cells were cultured for 6 h. Live cells were dyed with Calcein-AM. The
broken line shows the edge of the dish.

between the vibration amplitude and the cell density with each
vibrational condition. When the resonance vibration with max-
imum amplitude of 10 μmp-p was excited, the vibration ampli-
tude and the cell density have a relation of monotone decreasing
from the nodal position to the position with 5 μmp-p vibration
amplitude, as shown in Fig. 4(f). This indicates that the res-
onance vibration with maximum amplitude of 10 μmp-p was
proper for cell patterning in the proposed method. In Fig. 4(f)
with the proper vibration, linear regression was conducted using
the data with amplitudes of about 5.0 μmp-p and lower, because
the threshold amplitude for cell adhesion is around 5.0 μmp-p in
this cell patterning method.

The patterned and control samples were then cultured for
120 h to estimate the effect of the proposed method on cell vi-
ability and functionality. Figs. 5(a) and (b) show images of live
cells cultured for 120 h after the initial seeding. In the control
sample, cells were spread all over the dish. In contrast, the pat-
terned cells proliferated in a circular shape, which corresponds
to the nodal shape at the resonance. The images at 24- and 72-h
culture are shown in Supplementary Fig. 3.

We also measured the temperature variation of the medium
when exciting vibration. Supplementary Fig. 4 shows the tem-
perature variation of the medium as a function of time, and we
concluded that fatal temperature variation did not occur in each
condition [35].

C. Proliferation Assay

We next evaluated cell proliferation by calculating the num-
bers of patterned and control cells after 6-, 24-, 72-, and 120-h
culture [Fig. 5(c)]. After 6 h, the number of control cells
was significantly higher than that of patterned cells, but the
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Fig. 4. (a) Cell patterning results of the control cells and cells with a maximum amplitude of (b) and (e) 5 μmp-p, (c) and (f) 10 μmp-p, and
(d) and (g) 15 μmp-p (mean ± SD, n = 4). (a)–(d) Comparison of the amplitude distribution and the cell distribution. (e)–(g) Relationship between
the vibration amplitude, A, and the cell density, D. The number of seeded cells was 2.0 × 105 and patterned cells were cultured for 6 h. The ratio of
the area of live cells to the area of the entire square was calculated as cell density.

Fig. 5. Patterned and control samples with 120-h culture after seeding. (a) and (b) Fluorescent images of patterned and control samples,
respectively. Live cells were dyed with Calcein-AM. Scale bars indicate 10 mm. The broken line shows the edge of the dish. (c) Proliferation of
the samples (mean ± SD, n = 4, ∗p < 0.05, ∗∗p < 0.01). Np : Number of patterned cells. Nc : Number of control cells. (d) and (e): Cross-section
images of patterned and control samples, respectively. Cell nuclei and β-actin were stained with Hoechst33342 (blue) and Rhodamine Phalloidin
(red), respectively. Scale bars indicate 10 μm.

differences between pattern and control cell numbers became
reduced over culture time. After 120-h culture, there was no
statistically significant difference between the two groups. To-
gether these data indicate that vibration does not decrease cell
proliferation. Furthermore, we assayed the activity of the cells
that did not attach to the dish after the experiment and did not
detect any dead cells.

D. Three-Dimensional Structure of Samples

We next examined the three-dimensional structure of the sam-
ples (Figs. 5(d) and (e)). The cross-section images of patterned
and control cells were generated by accumulating a number of
confocal microscopic images. These images were captured at
12 mm away from the center of the culture dish, corresponding

to the nodal position, and processed with ZEN lite Ver.2.3 (Carl
Zeiss). These data show stacking and overlapping of the nuclei
in the patterned cells, indicating that the patterned cells pile up
on each other. In contrast, the control cells maintained culture
in a single layer.

E. Expression of Membrane and Intracellular Proteins

To estimate the effect of the cell patterning method on cell
functionality, we quantified membrane and intracellular pro-
teins in pattered and control cells using western blot analy-
sis [Fig. 6(a)]. For evaluating membrane and intracellular pro-
teins, we choose leukemia inhibitory factor receptor (LIFR) and
myosin heavy chain (MHC), respectively. MHC is an index of
differentiation rate and LIFR is related to differentiation [36].
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Fig. 6. Western blot analysis of C2C12 cells. (a) Western blot of pat-
terned and control cells using anti-leukemia inhibitory factor receptor
(LIFR, top panel), anti-myosin heavy chain (MHC) (middle panel), and
anti-β-actin (bottom panel) antibodies. Arrows indicate the target protein
bands. (b) Relative protein quantities of LIFR and MHC were measured
using their band densities on western blots. Protein quantities were nor-
malized to the band density of β-actin. The data are expressed as means
with standard deviation (n = 3).

β-Actin was used as loading control. Quantification of the pro-
tein levels, shown in Fig. 6(b), revealed no changes in the quan-
tity of the two selected proteins between the two groups. These
results indicate that the resonance vibration does not generate
damage to membrane and intracellular proteins and has no effect
on the cellular differentiation rate.

IV. DISCUSSION

In this study, we demonstrate a novel cell patterning method
using a clinically ubiquitous cell culture device by resonance vi-
bration of a disk-shaped transducer. The proposed method can
pattern cells on a cell culture dish into the corresponding nodal
shape of the resonance vibration, as shown in Fig. 3. Addition-
ally, we confirmed that cell functionality was not impacted by
our method.

Figs. 3 and 4 reveal a suitable maximum amplitude of vibra-
tion, 10 μmp-p, for cell patterning. When we applied a low vibra-
tion amplitude with a maximum amplitude of 5 μmp-p, the cell
distribution was not changed from the control, indicating that
the maximum vibration amplitude of 5 μmp-p was too small to
generate enough acoustic pressure for cell patterning in our ex-
periment. In contrast, acoustic streaming was induced by the res-
onance vibration with a maximum amplitude of 15 μmp-p, which
prevents cell patterning. Furthermore, as shown in Fig. 4(f), the
relationship between the vibration amplitude distribution and

the cell density could be expressed by the linear function, and
there is a vibration amplitude threshold in which cells cannot
adhere.

Fig. 4(c) and (f) may not show a perfect match between the
vibration amplitude distribution and the cell distribution. One
explanation may be that 2.0 × 105 cells were included in the
medium in this experiment, and the movement of cells was af-
fected by neighboring cells. Thus, the shapes of the patterned
cells did not exactly correspond to the nodal shape of the reso-
nance vibration.

To control acoustic streaming, we used 50-μL culture medium
in cell patterning, because the strength of acoustic streaming is
related to the height of medium [37]. Actually, as shown in
Supplementary Fig. 5 with experimental results using 1-mL
medium, the relationship between the cell distribution and vi-
bration amplitude distribution could not be expressed by the
linear function. This indicates that cell patterning by resonance
vibration could not be conducted with 1-mL medium, which is
the standard condition for culture.

Using a low, kHz order, frequency vibration allows for cells to
be patterned on a cell culture dish entirely with acoustic pressure
generated by a resonating transducer. In previous studies, cells
were patterned with high frequency vibration, e.g., MHz order,
resulting in patterning cells in the limited area of the special
device, because the attenuation coefficient regarding vibration
propagation is proportional to the square value of frequency
[38]. Thus, the previous method rendered it difficult to pattern
cells on a cell culture dish entirely by the incoming vibration
from outside of the dish. Vibration from the transducer can
then efficiently propagate into a cell culture dish by kHz order
vibration. In almost all of the studies on cell patterning using
vibration, MHz range vibrations are used because the acoustic
pressure depends on frequency and amplitude [39]. Therefore,
to obtain enough acoustic pressure for cell patterning with low
frequency vibration, large amplitude vibration must be acquired.
We achieved this requirement by introducing the out-of-plane
resonance vibration mode of the disk-shaped transducer.

In many of the cell patterning methods that use vibration,
the shapes of cell patterning have been limited to the combi-
nation of straight lines. The reason for this limitation is the
use of an acoustic pressure gradient. The gradient is due to the
node/anti-node generation of standing wave of culture medium.
In comparison, resonance vibrations of an elastic body have in-
finite nodal/anti-nodal shapes corresponding to the resonance
frequency depending on the shape of the body [40]. Addition-
ally, there are infinite nodal shapes of resonance vibrations, some
of which are shown in Supplementary Fig. 6. Therefore, cells
could be pattered into other shapes by using other resonance
modes just by changing the driving frequencies. As shown in
Supplementary Fig. 7, we confirmed that cells were successfully
patterned into another pattern. This indicates that our proposed
method will allow the patterning of cells into several shapes in
a cell culture dish just by changing the driving frequency. The
vibration amplitude should be modulated with each resonance
frequency. However, if we use a higher frequency, we should
use a lower vibration amplitude. This is because the cell pat-
terning is conducted by acoustic pressure, which is expressed
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by monotonically increasing function of vibration frequency
and amplitude [41].

Our method has demonstrated successful cell patterning of
C2C12 cells. However, for successful use of the patterned cells
in biomedical applications, cell functionality must be main-
tained before and after the patterning. We thus also conducted
cell function assays in this study. Proliferation assays did not
reveal any significant difference in number of cells between the
patterned and control samples at 120-h culture after cell pat-
terning, although the number of control cells was larger than the
number of patterned cells soon after cell patterning. Further, no
dead cells were detected in the experiment. This indicates that
vibration prevented cell adhesion, but did not negatively impact
or diminish cellular activity, such as proliferation.

Interestingly, as shown in Figs. 5(a)–(c), although the area of
live cells was different between the patterned and the control
samples, almost the same number of cells were observed. One
reason for this observation is shown in the cross-section images,
which show thicker patterned samples compared with control
samples. This thicker structure is caused by two reasons. First,
because cells were rapidly gathered into the nodal circle with
our device, cells have less time for differentiation, which is
caused by cell–cell contact and decreases cell proliferation [41],
[42]. Cells then continuously proliferated at a high cell density,
resulting in a thicker structure. Second, the patterned sample
shrunk because of the intercellular tension and the stacking of
the cells. Cells have intercellular tension [43]. The cultured
control cells spread over the cell culture dish, without sample
shrinking or cell stacking, indicating each cell was subjected
to intercellular tension from all directions. In contrast, in the
patterned sample, there is the nodal area on which cells can
adhere and the antinodal area on which cells can not adhere,
indicating that cells around the boundary between the nodal area
and the antinodal area are subjected to intercellular tension from
the direction toward the node position. Due to this directional
tension, the patterned sample shrunk and generated a three-
dimensional structure.

To determine whether the proposed cell patterning method
had any effect on cell function, we also evaluated the expres-
sions of MHC, LIFR and β-actin proteins. MHC and β-actin
are intracellular proteins, whereas LIFR is a membrane protein.
MHC and LIFR are related to the differentiation rate of C2C12
myoblasts, whereas β-actin is a stable protein and is commonly
used as a loading control in many studies. No changes in expres-
sion were detected for these proteins, which range in cellular
characteristics and function, indicating that cell functionality
was not impacted by our method. One reason for evaluating
the differentiation rate is that some stimuli, including vibration
stimuli, have been used to induce differentiation of C2C12 cells
[44], [45]. Our results demonstrated that our method effectively
generated patterned cells, and the characteristics and viability of
these pattern cells were not altered or decreased by the proposed
method, as shown by proliferation and protein assays.

Together these results show that our 10-min insonification
method can pattern cells with no effect on cell functionality.
Therefore, we conclude that the proposed method can success-
fully pattern cells on the clinically ubiquitous cell culture dish.

In short, we developed a simple, label-free, contact-free and
flexible cell patterning method that allows for extended culture
and reduced risk for contamination.

In many of the studies on cell patterning, cells could not
be observed sequentially with a phase-contrast microscope and
cell conditions, such as proliferation and protein expression,
could not be evaluated after patterning, because it is difficult
to create and maintain sterile conditions in the device [15].
Thus, the effect of vibration on cells with long period culture
after patterning was not evaluated in previous studies. In this
research, as our method patterned cells on a cell culture dish,
the cell functionality of patterned cells can easily be evaluated.
Furthermore, our method allows observation of the generation of
three-dimensional cell tissue during long periods of culture. This
method allows researchers to pattern cells into several shapes,
and the relationship between the shape of cell patterning and the
cell functionality could be studied to determine the best shape
for each cell type and application. The cell patterning technique
using resonance vibration could be a promising method for cell
patterning because this is the first technique to pattern cells on a
cell culture dish with no inclusion. Importantly, our patterning
method could be used for therapy because of sterile conditions
and the absence of impact on cell functionality. We believe that
this technique could contribute to the development of novel
regenerative medicine applications.

V. CONCLUSION

In this study, we proposed a novel method for patterning cells
in a clinically ubiquitous culture dish by using an acoustic pres-
sure generated from a resonating disk-shaped ultrasonic trans-
ducer. The developed cell patterning device can pattern cells
corresponding to the nodal shape of resonance vibration of the
transducer. This is the first technique to pattern cells on a culture
dish with no inclusion, not providing any effect on cell function-
ality even after 120-h culture with 10-min patterning. Thus this
technique using acoustic pressure could be a promising method
for cell patterning.
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