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Abstract
Background: Low-intensity ultrasound (LIUS) has been used to increase the proliferation rate of various
stem cells including human adipose-derived mesenchymal stem cells (hAdMSCs). hAdMSCs is now
commercially produced for various therapeutic applications. The purpose of this study was to show
feasibility of enhancing the productivity of cell culture during 16-day cell culturing and increasing
proliferation rate of hAdMSCs by LIUS stimulation with appropriate ultrasound parameters.

Methods: Beam patterns of 5 and 10 MHz ultrasound transducers were measured to con�rm the area of
stimulation. The intensity of sound waves transmitted through a Petri-dish was measured in situ for
quantitative evaluation. Bromodeoxyuridine (BrdU) incorporation assay was performed to search for
appropriate parameters for LIUS stimulation of hAdMSCs. Cell culture medium supplemented with 8%
fetal bovine serum (FBS) in a 35 mm Petri-dish was used for 16 days with subculture from 2 to 6
passage.

Results: A frequency of 5 MHz, an intensity of 300 , a duration of 10 minutes per day, and continuous
waves with 100% duty cycle were the best parameters according to the BrdU assay of proliferation rate of
hAdMSCs. LIUS stimulation group had about 3.25-fold greater number of cells from passage 2 to 6
compared with the control group. Doubling time was decreased to 4.44 hours in average. Cell viability
was the same between the control and LIUS stimulation groups.

Conclusions: This study of enchanced proliferation rate and cell culture productivity of hAdMSCs by LIUS
stimulation may lay the foundation for the application of LIUS stimulation in cell therapeutic industry by
reducing the production cost and time required for cell therapy.

Background
Mesenchymal stem cells (MSCs) are attracting researchers due to their ability to self-renew,
differentiation to other lineages of cells, and in�nite proliferation [1]. MSCs may differentiate into a
variety of cell types, osteoblasts, chondrocytes, and adipocytes [2]. MSCs are derived from adult tissues.
They are unlikely to mutate into cancer cells when transplanted. They are not associated with non-
immunological or non-ethical concerns [3–5]. Human adipose-derived mesenchymal stem cells
(hAdMSCs) are especially favored over other types of MSCs because of their availability and diverse
clinical applications. hAdMSCs are widely utilized in pre-clinical and clinical trials of various conditions
ranging from relatively mild diseases (such as skin regeneration, atopic dermatitis, Crohn’s disease, and
arthritis) to severe and incurable diseases such as ischemic stroke and Alzheimer’s disease [6–10]. Cell
banking systems have already been developed in anticipation of large-scale production after the
development of hAdMSCs therapeutics [11]. Because cells exhibit different proliferation rates,
manufacturing conditions for therapeutic hAdMSCs require strict management, including human
resources and production costs. Besides, the cell culture process starting from isolation to a desired
number of cells usually takes more than 10 days. The short expiration date of therapeutics requires
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meticulous patient scheduling. Therefore, a technology that can secure a large number of cells within a
set time is crucial.

Some methods have already been proposed to improve stem cell proliferation. In vitro studies have been
conducted by changing biochemical factors such as supplementation of cell culture media [12, 13] and
physical factors such as applying mechanical stimulus that mimics the cell micro-environment in vivo
[14–16]. The biochemical method using cell culture media has been adopted widely to increase
proliferation rate [17, 18]. In addition to biochemical factors, physical factors such as low-intensity
ultrasound (LIUS) have been introduced in recent studies [19–27]. Altered physical pressure of ultrasound
can enhance cell proliferation via integrin [28–30]. Ultrasound stimulation of the cells during culture can
save cell culture time, manpower, and production cost for the cell therapy industry.

Frequency, intensity, and duration are key factors for LIUS stimulation. Frequency is important in LIUS
stimulation [31] considering the cell size with respect to a wavelength. Intensity is important to choose
appropriately for e�cient stimulation not to be damaged depending on each cell type. Duration of a pulse
should be considered in terms of to control temporal average intensity. Continuous wave or pulsed wave
of ultrasound may have produced the different results [21]. Sonication time per a day and the days of
sonication should affect the cell proliferation. Therefore, all these factors should be tested for the best
results.

LIUS stimulation and cell proliferation rates have been reported in several studies. One study
demonstrated that LIUS stimulation at a frequency of 1 MHz, an intensity of 500 or 1500 mW/cm2, and
a duration of 10 minutes for 2 to 4 days can improve the proliferation rate of neural crest stem cells in
ethynyldeoxyuridine (EdU) assay [19]. Another study reported that LIUS stimulation at a frequency of 1
MHz and an intensity of 100, 200, or 300 mW/cm2 for 10 min/day over a 7-day period can increase
levels of extracelluar matrix protein, type II collagen, and proteoglycan and survivability of human
articular chondrocytes [20]. These results demonstrate that LIUS not only can increase proliferation rate,
but also can stimulate extracellular matrix proteins. After AdMSCs from guinea pigs were stimulated with
LIUS at a frequency of 40 kHz and an intensity of 120~350 mW/cm2, results of MTT(3-(4, 5-dimethyl-2-
thiazolyl)-2, 5-diphenyltetrazolium bromide) assay revealed that cells proliferated better when they were
treated continuously at an intensity of 230 mW/cm2. However, the yield of cells cultured for many
passages was not con�rmed [21]. When dental pulp stem cells (DPSCs), bone marrow stem cells
(BMSCs), and periodontal ligament stem cells (PDLSC) were stimulated with LIUS at a frequency of 1
MHz, an intensity of 250 to 750 mW/cm2, and a duration of 5 to 20 minutes, Bromodeoxyuridine (BrdU)
incorporation assay revealed that DPSCs exhibited the highest proliferation rate at an intensity of 750 
mW/cm2, BMSCs showed the maximum proliferation at an intensity of 750 mW/cm2 with 5 minutes
of stimulation, and PDLSCs showed the maxium proliferatnion at an intensity of 250 mW/cm2 with 5
minutes of stimulation [22]. All these results suggest that different types of stem cells might need
different parameters of LIUS stimulation. In addition, although an improvement in the proliferation rate
was con�rmed in previous studies, these results are relative values, and it is di�cult to predict how much
production will increase during long-term culture.
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In various studies, cells subjected to LIUS stimulation showed either increased proliferation or survival
rates under certain conditions. However, it is di�cult to determine the appropriate conditions of various
cell types for LIUS stimulation. Experimental conditions can vary even with the same cell type. Thus,
applications of LIUS stimulation to cell therapy require accurate and quantitative ultrasound
measurements with various parameters such as the frequency suitable for each cell size, the effective
intensity without in�icting damage, the stimulation time, and the mode of ultrasound radiation.
Ultrasound intensity applied to different cells should be adjusted according to the material and thickness
of cell culture �ask. The beam pattern in a non-uniform near-�eld of the ultrasound transducer also needs
to be measured for LIUS stimulation conditions. The purpose of this study was to show feasibility of
improving the productivity of cell culture during 16-day cell culturing and increasing proliferation rate of
hAdMSCs by LIUS stimulation with accurately measured ultrasound �eld. This study may lay the
foundation for the application of LIUS stimulation in cell therapeutic industry by reduction of the
production cost and time required for cell therapy.

Methods & Experiments

BrdU incorporation assay
BrdU incorporation assay was used to search appropriate parameters for LIUS stimulation of hAdMSCs.
Fig. 1 shows the process of the BrdU incorporation assay. Cell proliferation ELISA(Enzyme-linked
immunosorbent assay) and BrdU kit (Roche Applied Science, Germany) were used, which showed that the
absorbance varied with labelling time. Therefore, it was necessary to establish a linear interval
representing the absorbance proportional to the labelling time and the number of cells. After determining
the linear interval, the BrdU incorporation assay was performed with cell densigy of 1200 cells/well using
a labeling time of 16 hours. Each assay was performed using a single control. There were �ve
experimental groups (4 wells were for each group) within the area of a LIUS transducer. The average
absorbance was calculated from values of four wells. LIUS stimulation parameters were frequency,
intensity, duration, and duty cycle. All experiments were conducted more than three times. Absorbance
values were determined 7 times every 10 minutes starting from time zero.

Cell culture experiments
To validate effects of LIUS stimulation, two sets of control and stimulation groups were cultured from
passages 2 to 6 by recording the number of cells in each passage. Experimental procedures and LIUS
stimulation environment are detailed in Figs. 2 (a) and 2 (b), respectively. Each group consisted of three
35 mm round Petri-dishes (SPL Life Sciences, South Korea) with 20,000 cells/dish seeded. Cells from
three dishes were collected and counted after 4 days of incubation. When subculturing to next passage,
the same number of cells (20,000 cells) were seeded into each dish. Cells were incubated with alpha
MEM (Gibco™, USA) supplemented with 8% fetal bovine serum (FBS, Atlas, USA), antibiotic-antimycotic
(Gibco™, USA), hydrocortisone (HC) (Sigma Aldrich, USA), epidermal growth factor (EGF) (Cha Meditec,
South Korea), and �broblast growth factor (FGF) (Cha Meditec, South Korea). The medium was changed
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every 48 hours. After incubation, cells were washed with normal saline solution (CJ Healthcare, South
Korea), treated with trypLE express solution (Gibco™, USA), and incubated at 37°C for 10 minutes in a 5%
CO2 incubator. Cells were harvested by centrifugation at speed of 1500 rotation per minute for 5 minutes.
The number of viable cells was then counted. To determine the effect of temperature generated on the
surface of the transducer during ultrasonic stimulation, the temperature of the ultrasound gel was
measured after LIUS stimulation.

Cell counting
Numbers of hAdMSCs in the control and LIUS-stimulated groups were compared using an automated cell
counter (LUNA-II™, Logos biosystems, South Korea) equipped with an image processing technique. Cell
counter settings were: dilution factor, 2; size gating, 10~25 mm; noise reduction, 5; live cell sensitivity, 5;
roundness, 30%; de-clustering level, medium; and focusing method, autofocus. To establish the accuracy
of the cell counter, the same number of cells were seeded into seven different wells. The difference
between hemocytometer and automated cell counter was less than 4%. These results are summarized in
Table 1. Each slide of an automated cell counter was counted four times without overlapping regions.
The average value was highly precise compared with that of hemocytometer. Table 1 lists four counts of
each slide, the average value of four counts, standard deviation (SD), and counts using a hemocytometer.
Although the automated cell counter showed a low precision, the average value was similar to that of the
hemocytometer. The deviation between four counts may be attributed to the non-uniform sample spread
when pipetted to a slide of an automated cell counter.

Table 1
Summary of seven repeated cell counting experiments. Each slide of an automated cell
counter was counted four times without overlapping regions. The average value showed

high precision comparable to that of hemocytometer. Four counts of each slide, the average
value of 4 counts, standard deviation (SD), and counts from a hemocytometer were

con�rmed. Although each count using an automated cell counter has low precision, the
average value is similar to that of the hemocytometer. The deviation between 4 counts may
be attributed to the non-uniform sample spread on the slide of an automated cell counter.

x 106/mL Count 1 Count 2 Count 3 Count 4 Average SD Hemo

cytometer

Well 1 1.26 1.22 1.25 1.17 1.22 0.040 1.27

Well 2 1.36 1.29 1.31 1.30 1.31 0.031 1.31

Well 3 1.39 1.30 1.50 1.39 1.39 0.100 1.35

Well 4 1.25 1.06 1.35 1.47 1.28 0.173 1.26

Well 5 1.44 1.24 1.47 1.00 1.28 0.217 1.26

Well 6 1.13 1.08 1.39 1.33 1.23 0.150 1.24

Well 7 1.18 1.08 1.39 1.26 1.22 0.131 1.25

Ultrasound measurement system
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One of the most essential components in cell culture studies exposed to LIUS stimulation is quantitative
evaluation of the ultrasound �eld. In this study, LIUS transducers, with an element size of 2.54 cm had
resonance frequencies of 5 MHz (V307-SU, OLYMPUS, USA) and 10 MHz (V322-SU, OLYMPUS, USA). A
pulser-receiver (5900PR, Panametrics, USA) and a hydrophone (0.2 mm needle hydrophone, Precision
acoustics, UK) were used in beam pattern measurement to establish the stimulation área and attenuation
coe�cient of ultrasound signal passing through a Petri dish. Settings of the pulser-receiver were: pulse
repetition frequency of 100 Hz; damping resistance of 50 ohms yielding 20 dB, attenuation of 0 dB at an
energy level of 12.5 μJ, and the �lter frequency of 10 to 20 MHz. In LIUS stimulation of hAdMSCs, a US
module (Research model, MediFUS, South Korea) was adopted as a transmission unit to adjust
frequency, intensity, and duty cycle. By quantifying the spatial average of the temporal average intensity
depending on the module input voltage with a power meter (UPM-DT-10PA, Ohmic Instruments, USA),
desired intensities at each frequency were obtained and used for LIUS stimulation. A 3 mm ultrasound gel
layer (Sono Jelly, Care Pharm, South Korea) was used to avoid an air layer between the surface of a US
transducer and a Petri dish and to prevent cell damage caused by the heat produced from the surface of
the US transducer. Fig. 3 (a) illustrates settings of ultrasound measurement.

Beam pattern
Figure 3 (b) shows a cross-sectional view of 5 MHz transducer with a defective área. Experiments were
conducted assuming that a defective area less than 10% of entire area was negligible. Figure 3 (c) is a
longitudinal view of beam pattern of 5 MHz transducer. It was measured from 3 mm to 80 mm along the
beam direction. The distance from the transducer surface to the cell was 3 mm for the ultrasound gel
layer, 1 mm for the Petri-dish layer, and 1 mm for the hydrophone measuring point. Thus, the total
distance was 5 mm. The sound pressure was effectively transmitted at 5 mm along the x-axis. The beam
pattern of the 10 MHz transducer was also measured. There was no defective area. An even sound
pressure �eld was con�rmed. Thus, the area stimulated by LIUS was identi�ed as approximately 52% of
the area of the 35 mm Petri-dish.

Transmission coe�cient
Z(Acousticimpedance) = ρ ∗ c(1)

k(WaveEquationNumber) =
ω
c =

2πf
c (2)
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I(Intensity) =
P2

2Z(4)

Transmission loss and attenuation should be considered to establish the attenuation of sound waves
radiating from the transducer to hAdMSCs. Equation (3) considers sound wave transmission through
three layers, including the ultrasonic gel, the Petri-dish, and the cell culture medium. Z is the acoustic
impedance of each layer and the product of the medium density (ρ) and speed of sound(c) as indicated
in Equation 1. k denotes the wave number, which is obtained by dividing angular frequency (ω) by speed
of sound as shown in Equation 2.Z1, Z2, and Z3 represent the impedance of ultrasonic gel, Petri-dish, and
cell culture medium, respectively. The cell culture medium and the ultrasonic gel were regarded as water
in this study. ρ1, ρ2, and ρ3 are 1000, 1500, and 1000 kg/m3, respectively. c1, c2, are c3 are 1500, 2257,

and 1500 m/s, repectively Substituting these values, Z1,3 = 1.5 × 106 Rayl and Z2 = 2.37 × 106 Rayl, were
obtained. Based on the thickness of Petri-dish and the wave number provided, the theoretical acoustic
intensity transmission coe�cient was calculated to be 0.82 using Equation 3 [32]. Fig. 3 (d) displays that
the ratio of the peak-to-peak sound pressure with and without the Petri-dish (1.2726 and 1.1039 Mpa,
respectively) was 0.867. Based on the Equation 4 suggesting that the acoustic intensity was proportional
to the pressure squared, the intensity transmission coe�cient was 0.75. Compared with the theoretical
value of 0.82, the acoustic intensity transmission coe�cient was 0.07 less than the 3-layer transmission
coe�ceint. The error may be attributed to the difference of acoustic impedance of ultrasonic gel and
near-�eld inferference of sound. Accordingly, to stimulate cells at about 300 mW/cm2, 400 mW/cm2 of
an actual emission of sound wave was required.

Statistical analysis
All statistical analyses were performed using the MATLAB software Version 2019a (MathWorks Corp.,
USA). Statistical values were expressed as mean, SD, and t-test values. The correlation analysis between
groups was performed using the ttest2 function in MATLAB software. The ttest2 function tests the null
hypothesis that two data samples are derived from populations with the same mean. The signi�cance
level was set to be p < 0.05 for all cases.

Results
In this study, LIUS stimulation was adopted to enhance the proliferation rate of hAdMSCs. Before
stimulation, it is crucial to set suitable parameters and measure the ultrasound beam �eld quantitatively.
To identify suitable parameters from a range of stimulation parameters, BrdU incorporation assay was
performed with experiments repeated in a relatively short time. Appropriate conditions with the maximum
stability and the highest proliferation rate of hAdMSCs under LIUS stimulation were: frequency of 5MHz,
intensity of 300 mW/cm2, continuous wave, and duration of 10 min/day. In the cell culture experiment,
using the selected parameters for LIUS stimulation, hAdMSCs were cultured from passages 2 to 6.
Culture studies were performed to compare the number of cells and doubling time between control and
stimulation groups.



Page 8/21

Cell proliferation rates with different ultrasound parameters
BrdU incorporation assay was conducted to determine effects of LIUS stimulation parameters on cell
proliferation rate. Absorbance values were determined up to 90 minutes. However, results were evaluated
for 60 minutes before the absorbance was saturated. In Figs. 4 (a), 4 (b), 4 (c), and 4 (d), parameters were
set to identify the most appropriate conditions. All experimental results were normalized against the
absorbance of the control group after 60 minutes of �uorescence reaction. As shown in Fig. 4 (a), at a
frequency of 10 MHz, the normalized absorbance was 1.76, which was the largest compared with the
control. At frequencies of 5 MHz, 4 MHz, 6 MHz, and 9 MHz, normalized absorbance values were 1.32,
1.19, 1.07, and 0.8, respectively. Although the absorbance at the frequency of 10 MHz was the highest, 5
MHz with a standard deviation of 0.23 was selected because the standard deviation at 10 MHz was
relatively high at 0.47. As shown in Fig. 4 (a), the absorbance at 9 MHz was 0.8 due to the heat generated
systemically on the transducer surface at an intensity of 300 mW/cm2. Fig. 4 (b) shows the proliferation
rate acording to the intensity of the ultrasound signal. As shown in the graph, at 300 mW/cm2, the
absorbance was the highest (1.40), whereas the absorbance value was 1.35 at 500 mW/cm2and 1.17 at
100 mW/cm2. Absorbance values at higher intensities (700 mW/cm2 and 900 mW/cm2) were lower
than that of control because of the heat generated on the surface of the transducer, which affected cells.
The change in absorbance based on duty cycle (0~100%) is described in Fig. 4 (c). No change in
absorbance occurred from 20–60%, although it increased to 1.31 at 80% and 1.51 at 100%. Fig. 4 (d)
displays values depending on the duration of stimulation time. Upon stimulation of cells for 10 minutes
each day, the absorbance was the highest at 1.34. Stimulation twice or three times daily for 10 minutes
resulted in absorbance of 1.25 and 1.23, respectively, suggesting that the proliferation rate decreased as
the stimulation time increased to 20 and 30 minutes. Table 2 summarizes all absorbance values and SDs
of all experimented parameters.
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Table 2
Average of normalized absorbance values and standard deviation (SD) based on BrdU

incoporation assay.
Frequency

(MHz)

Control 4 5 6 9 10

Normalized Absorbance 1.00 1.19 1.32 1.04 0.80 1.76

SD 0.12 0.22 0.23 0.21 0.18 0.47

Intensity

(mW/cm2)

Control 100 300 500 700 900

Normalized Absorbance 1.00 1.17 1.40 1.35 0.98 0.94

SD 0.28 0.19 0.22 0.18 0.15 0.18

Duty cycle

(%, period = 10 ms)

Control 20 40 60 80 Continuous wave

Normalized Absorbance 1.00 1.21 1.17 1.15 1.31 1.51

SD 0.11 0.06 0.14 0.27 0.23 0.15

Stimulation time

(Min)

Control 10 20 30 10 x2 10 x3

Normalized Absorbance 1.00 1.34 1.17 1.03 1.25 1.23

SD 0.15 0.20 0.15 0.12 0.10 0.18

Increased number of cells during 16-day culturing
A long-term subculturing experiment was conducted with set parameters of LIUS stimulation based on
results of BrdU incorporation assay. Cell numbers in stimulated groups of passage 3 shown in Fig. 5 were
higher than those in control groups. Results revealed that the number of cells in control groups (C1 and
C2) at passage 3 was increased 5.28-fold on average compared to the seeding number of cells. In
passages 4, 5, and 6, the average number of cells increased 10.34-, 10.51-, and 7.48- fold, respectively. In
case of ultrasound-stimulated groups (U1 and U2), the average number of cells compared with seeding
number of cells was increased 8.35-, 12.20-, 13.35-, and 10.07-fold in passages 3, 4, 5, and 6, respectively.
The decreased cell proliferation rate in passage 6 was attributed to characteristics of cells. If the seeding
number was not restricted to 2170 cells/cm2 and all cells were seeded by increasing the number of Petri-
dishes instead, the total number of cells would have increased about 4291-fold from passages 2 to 6 in
the control group and about 13982-fold in the stimulated group (3.25-fold higher than that in the control
group). A summary of the number of cells after culture compared with the number of seeding cells is
presented in Table 3.
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Table 3
Results of cell culture experiment.

  Seeding cells Passage 3 Passage 4 Passage 5 Passage 6

C1 (x106) 0.060 0.303 0.638 0.618 0.437

C2 (x106) 0.060 0.330 0.603 0.643 0.460

Average (x106) 0.060 0.317 0.621 0.631 0.448

Multiples of seeding cells 1.00 5.28 10.34 10.51 7.48

U1 (x106) 0.060 0.507 0.732 0.848 0.618

U2 (x106) 0.060 0.451 0.732 0.787 0.590

Average (x106) 0.060 0.501 0.732 0.818 0.604

Multiples of seeding cells 1.00 8.35 12.20 13.63 10.07

Doubling time
Cumulative population doubling level (CPDL) and doubling time were calculated based on the subculture
cycle and number of cells in a given subculture. In Fig. 6 (a), the CPDL of the control group increased
from 2.32 to 12.15, while the CPDL of stimulated group increased more steeply from 2.91 to 13.87. Fig. 6
(b) explains the decrease in average doubling time from passage 3 to passage 6 between the control and
stimulated groups. The control group had an average doubling time of 32.63 hours, while the stimulated
group showed 28.19 hours, which was 4.44 hours less on average. Using t-test to determine the statistical
similarity between the two groups, the null hypothesis was rejected at the signi�cance level of 5% with a
p-value of 0.0485. Analysing the data from Fig. 6 (c), the difference in doubling time between the two
groups in passage 2 was the highest, ranging from 6 to 10 hours, and that in passage 3 was the lowest at
1.5 to 2.7 hours. As the doubling time increased from passage 3 to passage 5, the e�ciency of the LIUS
stimulation also increased. These results suggest that LIUS stimulation might have a greater effect in
reducing the incubation time of subculture to passage with a shorter doubling time.

Cell characteristics and viability
To determine characteristics and survival rates of hAdMSCs upon stimulation with LIUS, �uorescence-
acticated cell sorting (FACS; Z6511540132, BD, USA) and an automated cell counter were employed.
Table 4 presents FACS data based on purity markers (CD34, CD45) and identity markers (CD73, CD95,
and CD105) for both control and stimulated groups, establishing their identities as stem cells. As a result
of the purity test, no signi�cant difference was found between control and LIUS groups, with event
incidence rate of less than 1%. There was no sign�ciant difference between control and LIUS stimulation
groups either based on results of the identi�cation test, with a maximum of 0.49%. These results showed
no difference in cell characteristics between the control and LIUS stimulated groups. Table 5 lists survival
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rates from automated cell counter which showed survival of more than 95% in both groups,
demonstrating the lack of adverse effects of LIUS stimulation.

Table 4
Results of purity and identity tests of cells from passage 6. CD34

and CD45 markers were used for stem cell purity test. CD73,
CD95, and CD105 markers were used for stem cell identi�cation

test. Results showed no signi�cant difference between the
control and LIUS-stimulated groups.

%

(10000 events)

Purity Test Identi�cation Test

CD34 CD45 CD73 CD95 CD105

C1 0.36 1.20 99.02 98.99 99.04

C2 0.32 0.53 99.40 98.97 99.34

U1 0.32 1.09 99.18 98.93 99.06

U2 0.44 1.03 99.51 98.67 99.05

Table 5
Cell viability of control groups (C1, C2) and LIUS stimulation
groups (U1, U2). Cell viability in each passage exceeded 95%,

con�rming that LIUS stimulation did not decrease cell
viability.

% Passage 3 Passage 4 Passage 5 Passage 6

C1 98.10 97.50 98.70 98.50

C2 98.38 98.12 98.13 98.05

U1 95.43 99.03 98.28 98.63

U2 97.98 98.60 98.73 97.55

Discussion
In this study, LIUS stimulation, one of various mechanical stimulation methods, was used to improve the
proliferation rate of hAdMSCs. BrdU incorporation assay was repeatedly performed to determine
appropriate ultrasound parameters for cell stimulation. As a result, a frequency of 5 MHz, an intensity of
300 mW/cm2, a duration of 10 min/day, and continuous wave were selected as the optimal conditions
within the scope of this study. In this study, the stimulation area and the effectiveness of the ultrasound
transducer were quantitatively evaluated by measuring the beam pattern. The degree of attenuation of
ultrasound transmitted through the Petri-dish was also experimentally con�rmed. With set parameters,
hAdMSCs were cultured from passage 2 to passage 6 for 16 days. Results demonstrate that LIUS
stimulation increased the cell population by 3.25-fold compared with the control group. LIUS stimulation
also reduced an average of 4.44 hours of doubling time in 4 passages. The results con�rmed that the
effect of the LIUS stimulation on the reduction of doulbing time was greater as the doulbing time was
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longer. Application of low-intensity ultrasound to hAdMSCs culture not only induced an increase in cell
proliferation rate, but also preserved characteristics of stem cells. Cell viability in each passage exceeded
95%, indicating that the LIUS stimulation did not cause any harm. These results suggest that the cell
culture time can be shortened by about 3 days for 16 days. This is crucial in the cell therapeutics industry,
which requires tight patient scheduling due to short expiration date of the product and lengthy production
requiring human resources and expenses.

Ultrasound system and parameters
The generation of the same intensity of 300 mW/cm2 from several frequencies using two transdcuers
with diferent frequency responses requires adjustment of input voltages. For frequencies outside the
resonance frequency of each transducer (4 and 6 MHz, 9 MHz) requiring increased amount of voltage,
heat is easily generated not only on the electrical system, but also on the surface of the ultrasound
transducer. Continuous wave generates higher heat compared with pulsed wave, contributing to similar or
lower proliferation rate compared to the control rate at frequencies of 6 and 9 MHz and at intensities of
700 and 900 mW/cm2 as shown in Figs. 4 (a) and 4 (b). Temperatures measured under those
conditions were 38.5, 42, 42, and 45°C, which were substantially higher than the incubation temperature
of 37°C, and in other conditions. Resolution of these complexities requires manufacture of an ultrasound
transducer and systemic supplementation by matching impedance of electronic module, or installation of
insulator between the transducer and the Petri-dish.

The frequency of 5 MHz was selected due to the relatively higher stability and constancy. Proliferation
rate at 10 MHz was the highest. However, its variation was high. With the optimized electornic system, the
higher frequencies including the resonant frequency similar to cell size and cell layer need to be further
investigated in future. Cellular substrate of hAdMSC increased from 10~30 μm to about 100 μm.
Considering that the wavelength of 5 MHz was 300 μm, the LIUS stimulation e�ciency was increased at
shorter wavelength or higher freqeuncy.

Continuous wave had the highest proliferation rate as shown in Fig. 4 (c), but cells showed higher rate
when they were treated for 10 minutes each day compared with longer duration, thereby establishing that
the proliferation e�ciency did not increase proportionate to the exposure time. However, the reasons for
higher proliferation rate at 10 minutes each day need to be explored to establish the optimal diurnal
duration. Continuous wave at higher intensity generates heat in the elelctronic system and transducer
easily, suggesting the need for selecting the right intensity with appropriate sonication duration for
optimal conditions without heat generation.

Limitation
Cell characteristics including proliferation rate might differ between individual cases. However, this study
was perfomed with an assumption that the allogenic line of hAdMSCs would share optimal parameter of
LIUS stimulation, although it might differ in the degree of increase in the proliferation rate according to
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each LIUS stimulation parameter. Therefore, a single line of hAdMSCs was used for all BrdU incorporation
assays and another line of hAdMSCs was used for whole-cell culture experiment from passage 2 to 6.

The diamater of the Petri-dish used in this study was 35 mm, a little wider than the diameter of the
transducer aperture, 31 mm, with stimulating diameter being 25.4 mm as shown in Figs. 3 (b) and 3 (c).
Thus, 52% of whole Petri-dish area was actually stimulated, suggesting that the proliferation rate might
increase by using a transducer covering the whole surface area. Cells are usually cultured in 75,175 mm2

�asks, which are much wider than the Petri-dish used in this experiment. Therefore, industrial application
of LIUS stimulation requires further investigations to determine the appropriate size of the transducer and
the best area of stimulation.

Conclusion
LIUS stimulation with quantitative measurement was adopted in this study to enhance the proliferation
rate of hAdMSCs. Appropriate parameters of LIUS stimulation in this study were validated via repeated
BrdU incorporation assays. Incubation of hAdMSCs from passages 2 to 6 using set parameters of LIUS
stimulation revealed that the average number of cells and the average doubling time of stimulated
groups were 3.25-fold higher and 4.44 hours shorter than those in the control groups, respectively, without
damaging cells. These results can be applied to cell therapeutics industry to reduce cell culture time and
cost of manufacture.
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Figures

Figure 1

Block diagram outlining ultrasound stimulation and BrdU incorporation assay procedures. Cells were
seeded at a density of 1200 cells/well. LIUS stimulation was applied after 8 hours of incubation. BrdU
incorporation assay was conducted at 24 hours after LIUS stimulation to determine hAdMSC proliferation
rates depending on various ultrasound parameters such as frequency, intensity, duty cycle, and
sonication time per day. BrdU was incorporated into the newly synthesized DNA strand, replacing
thymidine in the DNA of proliferating cells duringBrdU labelling for 16 hours. Anti-BrdU-PODs were added
after cell �xation. Cells were washed three times. A substrate solution was added, followed by
measurement of absorbance using ELISA. A 96-well plate used for the experiment is depicted on the
lower left of the diagram. Experiments were conducted in four wells in each experimental group covering
the area of the US trasducer. BrdU: Bromodeoxyuridine; LIUS: Low-intensity ultrasound; hAdMSC: Human
adipose derived mesenchymal stem cell; POD: Peroxidase; ELISA: Enzyme-linked immunosorbent assay.
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Figure 2

Cell culture experiments during 16-day. (a) Subculturing steps from passages 2 to 6. Each passage was
conducted after 96 hours of incubation. For each passage, the number of cells, doubling time, MSCs
characteristics, and survival rates were recorded. (b) A diagram of LIUS stimulation environment used to
stimulate hAdMSCs in cell culture experiments is shown. Cells were stimulated under appropriate
ultrasound parameters within the scope of this study during the BrdU assay. MSCs: Mesenchymal stem
cells; LIUS: Low-intensity ultrasound; hAdMSCs: Human adipose derived mesenchymal stem cells; BrdU:
Bromodeoxyuridine.
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Figure 3

Settings of an ultrasound measurement system used to evaluate ultrasound conditions for stimulating
hAdMSCs. (a) Illustration of the experimental system. Pulser-receiver (transmission unit) (5900PR,
Panametrics, USA), hydrophone (reception unit) (0.2 mm needle hydrophone, Precision Acoustics, UK),
and LIUS transducers with resonance frequencies of 5MHz (V307-SU, OLYMPUS, USA) and 10 MHz
(V322-SU, OLYMPUS, USA). (b) Beam pattern of 5 MHz ultrasound transducer, cross-sectional view at 3
mm at (c). (c) Beam pattern of 5 MHz ultrasound transducer, longitudinal view. (d) Ultrasound signal
measured using the hydrophone with or without the Petri-dish. When the ultrasound signal passes
through the Petri-dish, the sound speed is increased to receive the signal earlier while the peak-to-peak
sound pressure is decreased. hAdMSCs: Human adipose derived mesenchymal stem cells; LIUS: Low-
intensity ultrasound.
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Figure 4

Proliferation rates of hAdMSCs depending on various parameters based on BrdU incorporation assay. (a)
Frequency (4, 5, 6, 9, 10 MHz) dependence. (b) Intensity (100, 300, 500, 700, 900 mW/cm2) dependence.
(c) Duty cycle (20, 40, 60, 80, 100 %) dependence. (d) Duration of time (10, 20, 30, 10x2, 10x3 min per
day) dependence. hAdMSCs: Human adipose derived mesenchymal stem cells; BrdU: Bromodeoxyuridine.
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Figure 5

Images of the control and the stimulated group at passage 2. The seeding density was 2170 cells/cm2.
There was no difference in cell proliferation rate on the �rst day. However, on the third and �fth days, the
proliferation rate of cells stimulated with LIUS was higher than that in the control group. LIUS: Low-
intensity ultrasound.

Figure 6

Graphical analysis of CPDL of control and LIUS stimulation groups. (a) CPDLs of control and stimulated
groups from passages 3 to 6. (b) Average doubling time of control and stimulated groups from passages
3 to 6. (c) Change of doubling time from passage 3 to passages 4, 5, and 6. CPDL: Cumulative population
doubling level; LIUS: Low-intensity ultrasound.


