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Abstract—Ultrasound accelerates healing in fractured bone; however, the mechanisms responsible are poorly
understood. Experimental setups and ultrasound exposures vary or are not adequately characterized across stud-
ies, resulting in inter-study variation and difficulty in concluding biological effects. This study investigated exper-
imental variability introduced through the cell culture platform used. Continuous wave ultrasound (45 kHz; 10,
25 or 75 mW/cm2, 5 min/d) was applied, using a Duoson device, to Saos-2 cells seeded in multiwell plates or Petri
dishes. Pressure field and vibration quantification and finite-element modelling suggested formation of complex
interference patterns, resulting in localized displacement and velocity gradients, more pronounced in multiwell
plates. Cell experiments revealed lower metabolic activities in both culture platforms at higher ultrasound inten-
sities and absence of mineralization in certain regions of multiwell plates but not in Petri dishes. Thus, the same
transducer produced variable results in different cell culture platforms. Analysis on Petri dishes further revealed
that higher intensities reduced vinculin expression and distorted cell morphology, while causing mitochondrial
and endoplasmic reticulum damage and accumulation of cells in sub-G1 phase, leading to cell death. More
defined experimental setups and reproducible ultrasound exposure systems are required to study the real effect
of ultrasound on cells for development of effective ultrasound-based therapies not just limited to bone repair and
regeneration. (E-mail: d.gupta@bham.ac.uk) © 2022 The Author(s). Published by Elsevier Inc. on behalf of
World Federation for Ultrasound in Medicine & Biology. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Low-intensity ultrasound has been in clinical use for the

treatment of non-union fractures since 1995, when clini-

cal trials revealed it could accelerate healing by more

than 30% (Heckman et al. 1994). Osteogenic differentia-

tion, essential to the healing process, has been a focus of

several studies that sought to understand the mechanism

underlying this effect. A wide variety of osteogenic cells

have been investigated, including primary cells, such as

bone marrow�derived (Angle et al. 2011;
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1745
Sant’Anna et al. 2005; Sena et al. 2011; Gao et al. 2016)

or adipose-derived mesenchymal stem cells

(Yue et al. 2013); osteoblasts derived from calvaria

(Sun et al. 2001), femora, tibia, fibula, clavicle

(Hasegawa et al. 2009) and of alveolar (Lim et al. 2013)

and mandibular origin (Imai et al. 2014;

Huang et al. 2015); osteocytes from femora

(Naruse et al. 2003); periodontal ligament cells

(Reher et al. 1997); gingival fibroblasts

(Reher et al. 1998); and dental pulp stem cells

(Gao et al. 2016) sourced from humans, rats and mice;

and also some cell lines including human adipose stem

cells (Uddin and Qin 2013), MC3T3-E1 cells

(Man et al. 2012a), Saos-2 (McCormick et al. 2006) and
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ST2 and MDPC-23 cells (Scheven et al. 2007, 2009).

Such studies also describe a wide variety of ultrasound

exposure conditions with ultrasound frequencies ranging

from 1�3 MHz down to 45 kHz (Azuma et al. 2006)

operated in continuous and pulsed modes across a range

of intensities (2�2000 mW/cm2 spatial-average, tempo-

ral-average intensities [ISATA]), duty cycles (20�50%,

continuous) and exposure times (5�20 min).

While a number of methodologies have been used

to expose cells in vitro to ultrasound, the majority of

these studies utilize Exogen systems or ultrasound condi-

tions that replicate them. Exogen (Bioventus LLC) is a

commercial ultrasound bone healing system comprising

an unfocused, circular aperture (diameter = 22 mm)

ultrasound transducer with an operational frequency of

1.5 MHz, ISATA of 30 mW/cm2, pulse width of 200 ms,

pulse repetition frequency of 1 kHz and duty cycle of

20%. Exogen is approved by the National Institute of

Clinical Excellence (NICE) in the United Kingdom to

treat patients with non-union fractures (NICE 2019) and

by the Food and Drug Administration (FDA) in the

United States (Aliabouzar et al. 2018). Several studies

have coupled one or more of these transducers to the

base of multiwell plates (typically) or Petri dishes, using

acoustic couplant to promote sound transmission, as a

basis to investigate the effect of pulsed ultrasound on

cellular activities. Studies using Exogen systems claim

that ultrasound upregulates COX2, PGE2, BMP2,

BMP4, BMP6 and BMP7, increases cell division in peri-

osteal cells, upregulates growth factors that trigger new

blood cells, increases bone mineral density, upregulates

endochondral ossification and enhances osteoblast dif-

ferentiation (Padilla et al. 2014).

The Duoson ultrasound device (SRA Develop-

ments, Devon, UK) offers a clinical alternative to the

Exogen and can be operated at two frequencies, 45 kHz

and 1 MHz. In studies where this device was employed,

it was commonly positioned above a well plate or Petri

dish, with the transducer dipped into the culture medium
Fig. 1. Configuration of Duoson transducer. (a) Exploded view
plate. (c) Transducer in th
to couple the propagating sound to the plated cells

(Fig. 1). Other devices investigated include ultrasonic

tips, inspired by traditional dentistry tools, that can be

employed in vitro by inserting them within cell culture

dishes (Sura et al. 2001; Scheven et al. 2009). However,

all of these systems have limitations, including damping

arising from the tissue culture plastic (polystyrene) itself;

interference patterns developed because of polystyrene

or glass at the base or walls of the wells that influence

the acoustic field experienced (potential for cells to be

subjected to large, localized gradients of displacement,

velocity and acoustic pressure); and overheating leading

to thermal effects (Padilla et al. 2014). In addition, when

the ultrasound is applied, surface waves will be produced

on the liquid, which may lead to disturbance of the

medium. There will be complex longitudinal waves pro-

duced inside the dishes, which may lead to varying

amounts of potential resonance. Cells will receive differ-

ent sound levels depending on whether any resonance

takes place during exposure.

This, in conjunction with the range of cell culture

platforms used and the wide variety of acoustic parame-

ters, has led to significant inter-study variation in the lit-

erature. Such inter-study variation makes the direct

comparison between studies difficult and, therefore, pre-

cludes formulation of meaningful conclusions regarding

reproducible and real biological effects occurring

because of ultrasound in vitro.We propose that standard-

ization of experimental setups and a better understanding

of the acoustic doses delivered to the cells under investi-

gation are required.

This study investigated how the selection of the cell

culture platform used, in conjunction with the Duoson

device, which has an anterior face diameter of 30 mm,

influences the effects of ultrasound treatment on Saos-2

osteoblast-like cells. Two different culture vessels were

investigated, multiwell (6-well) plates and single well

(Petri dish), each with a well diameter of 35 mm. We

aimed to determine the suitability of these vessels for
of the Duoson transducer. (b) Transducer in the 6-well
e 35-mm Petri dish.
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investigating the effects of ultrasound on cells in vitro

and this work may be applicable to other in vitro studies

that investigate the effect of ultrasound on cells.
METHODS

Ultrasonic characterization of the Duoson transducer

The Duoson is a dual-frequency therapeutic ultra-

sound device with eight modes of operation at 1 MHz,

45 kHz or both. Throughout this study, the 45-kHz fre-

quency was employed, namely, Modes I, II and III,

which operate in continuous wave. This frequency has

been suggested to be therapeutic in previous studies

(Reher et al. 1998; Maddi et al. 2006; Man et al. 2012b).

The associated power and ISATA values (as determined

by the manufacturer with radiation force balance mea-

surement) are listed in Table 1.
Vibration response of the transducer. The Duoson

utilises a standard bolted Langevin-style transducer con-

sisting of front and back metal masses sandwiching a

stack of piezoceramic elements by means of a pre-stress

bolt (Fig. 1a). The piezoceramic stack is excited with an

alternating current signal at a specified frequency, lead-

ing to excitation of ultrasonic vibration of the same fre-

quency that propagates through the metal waveguide to

the anterior (front) face of the transducer. The Duoson

device was used to expose cells, plated in two different

culture platforms, to ultrasound (Fig. 1b, 1c). In the mul-

tiwell (6-well) plate, the Duoson transducer anterior face

was immersed in the water in the middle-top well, and

the two wells positioned diagonally to this were also

filled with water (to mimic the cell culture experiments

as the cells were seeded in these alternating wells). In

the Petri dish, the transducer was directly immersed in

the water. In all cases, the diameter of the wells was

35 mm.

A 1-D laser Doppler vibrometer (OFV 303, Polytec

GmbH, Waldbronn, Baden-Württemberg, Germany) was

used to measure the normal-to-surface vibration dis-

placement response on the anterior face of the Duoson

transducer in air in the pre-set modes of operation I, II

and III (Fig. 2a). Measurements were acquired from a

grid of measurement points on the curved anterior trans-

ducer face in radial increments of 5 mm (Fig. 2b), with
Table 1. Duoson 45-kHz operational modes with custom-
designed associated power and spatial-average, temporal-aver-

age intensity (ISATA)

Mode Power (mW) Intensity (mW/cm2)

I 160 10
II 406 25
III 1217 75
reflective tape used to increase the reflected signal at

each grid point. It should be noted that the central metal

nib was not part of the 45-kHz transducer mode.

Finite-element models of the transducer inserted in

cell culture dishes. Models of the Duoson transducer,

both in a free condition and inserted in a 6-well plate or

Petri dish, were created using finite-element analysis

(FEA) software (OnScale, Redwood City, CA, USA).

The FEA models of the transducer immersed in a 6-well

plate or Petri dish were developed initially in CAD soft-

ware (SolidWorks, Dassault Systemes, Paris, France), as

illustrated in Figure 1, and then imported into the FEA

software OnScale. Material properties were assigned to

each component of the assembly. The transducer, well

plate and water boundaries were defined by a change in

impedance, and the boundary condition of the external

faces of the whole model was defined by contact with

water, to mimic the experimental setup in which the

whole well plate was partially immersed in water to

half-height of the well plate. The mesh incorporated 40

elements per wavelength.

The models were all developed to match the condi-

tions of the experiments. In each model that incorporated

a well plate, the wells were filled with 6.5 mL of water

(Fig. 1b, 1c). For the 6-well plate, the depth of each well

was 15.7 mm, and the water depth in the well was 8 mm.

For the 35-mm Petri dish, the depth of the well was

9.35 mm, and the depth of water was 8 mm. For all mod-

els, the anterior face of the transducer was set at a height

of 5 mm from the base of the well. For Mode I (10 mW/

cm2), Mode II (25 mW/cm2) and Mode III (75 mW/

cm2), a continuous ultrasound wave was applied. The

FEA models were then used to calculate characteristics

of the transducer in air and in the two different well-plate

configurations (6-well plate and single Petri dish). The

change in resonance frequency of the transducer in water

was calculated to investigate the effect of water loading.

The vibration displacement amplitude in resonance in air

of the transducer’s anterior face was calculated for the

three acoustic intensities of Modes I, II and III, to allow

for verification of the FEA model from vibration dis-

placement measurement data using a laser vibrometer.

Calculation of the electrical impedance of the transducer

revealed the change from air to water loading, providing

an indication of the significance of loading between the

two well-plate configurations. Finally, the acoustic pres-

sure field in the water-filled wells and the vibration dis-

placement field of the culture platforms were calculated.

Acoustic pressure field measurement. The acous-

tic pressure field produced by the Duoson transducer was

measured in a scanning tank (600 £ 900 £ 600 mm)

filled to a depth of 400 mm with de-gassed, de-ionized



Fig. 2. Setup for vibration measurement of the Duoson device. (a) Schematic of the laser Doppler vibrometer (LDV)
measurement. (b) Measurement grid (using reflective tape) on the anterior face of the transducer.

1748 Ultrasound in Medicine & Biology Volume 48, Number 9, 2022
water heated to 37 § 2˚C. Pressure measurements were

made using a 2-mm�diameter needle hydrophone (Pre-

cision Acoustics, Dorchester, UK) aligned to the center

of the Duoson anterior face and mounted on a precision

XYZ motorized stage (Fig. 3a) with linear resolution

62.5 mm.

Root mean square (RMS) and peak negative pres-

sures (p�) were acquired in the XY plane at propagation
Fig. 3. (a) Setup for acoustic field measurement of the Duoson
transducer. (b) Positions of transducer and hydrophone and

image of bubble formation.
distances (Z) of 3 and 5 mm from the anterior face of the

transducer to a distance §20 mm of the beam center and

increments of 1 mm.

Acoustic pressure field measurements were hin-

dered by the formation of bubbles around the central nib

of the transducer anterior face (Fig. 3b). Inspection of

the device patent (Young and Bradnock 2003) revealed

that the central nib material was aluminium. It is sus-

pected that the bubbles were caused primarily by oxida-

tion of the aluminum, possibly because of a galvanic

reaction with other more noble metals submerged in the

tank (steel rod or stainless steel/bronze of the needle

hydrophone housing). The presence of these bubbles

induced cavitation in the higher-intensity modes, so pres-

sure measurements were limited to Mode I only.

To minimize the errors associated with the bubble

formation, a maximum amplitude approach was

employed and measurements were averaged. An acoustic

absorber (SF5048, Precision Acoustics, Dorchester, UK)

was used to minimize ultrasound wave reflections within

the tank. The hydrophone output was routed via its pre-

amplifier and DC coupler to an oscilloscope (DPO7054,

Tektronix, Beaverton, OR, USA) and received at a PC

via a GPIB interface. All voltage waveforms were

stored as position-stamped delimited text files for further

analysis.

Voltage waveforms were converted to pressure

(1.639 mV/Pa at 45 kHz). Finally, assuming radial sym-

metry, peak negative pressures were extrapolated to pro-

duce acoustic field maps in the XY plane to illustrate the

free-field beam shape.
Cell-based experiments

All materials were purchased from Thermo Fisher

Scientific (Gloucester, UK) unless otherwise specified.
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Saos-2 cell culture. Saos-2 cells derived from

osteosarcoma tissue were cultured in standard culture

medium, that is, McCoy’s 5A medium supplemented

with 10% (v/v) foetal bovine serum, 100 U/mL penicil-

lin, 100 mg/mL streptomycin and 1 mM L-glutamine at

37˚C in a humidified atmosphere with 5% CO2 to

70%�90% confluency.

For metabolic activity per well assessment over

short periods of culture (4 d), cells were seeded at

10,000 cells/cm2, and the next day (day 1), after chang-

ing the culture medium, ultrasound treatment was

started. Ultrasound was further applied on days 2 and 3.

On day 4, metabolic activity per well was assessed as

described below. Cells were exposed to ultrasound for a

duration of 5 min/d at a frequency of 45 kHz, with the

power and intensities (SATA) defined in Table 1. In all

cases, the transducer was positioned at a distance of

5 mm from the cell surface, with the transducer anterior

face submerged in the culture medium for ease of acous-

tic coupling.

For osteogenic differentiation, cells were seeded at

10,000 cells/cm2, and on day 2 culture medium was

replaced with osteogenic culture medium, that is, stan-

dard culture medium supplemented with 50 mg/mL

ascorbic acid 2-phosphate and 0.5 mM b-glycerophos-

phate. Then cells were treated with ultrasound as

described above, and this treatment was continued for a

further 9 d. Ten days after the addition of the osteogenic

supplements, calcium deposition was assessed using an

Alizarin Red S assay as described below.

To assess the effect of ultrasound treatment on cell

attachment in Petri dishes, cells were seeded at 10,000

cells/cm2 and ultrasound was applied immediately. Post-

treatment, cells were aliquoted in volumes of 250 mL

and transferred to 48-well plates for metabolic activity

assessment and also in volumes of 100 mL to eight-well

m-slides (Ibidi, Thistle Scientific LTD, Glasgow, UK)

for assessment of actin and vinculin the next day as

described below.

Ultrasound exposure setup. Cells plated in either

6-well plates or Petri dishes were each treated with ultra-

sound using Modes I, II and III. The 6-well plate

(Fig. 1b) was positioned in a custom-built anti-reflective

chamber containing water maintained at 37˚C. Cells

were seeded in three wells at a time as illustrated in

Figure 1b. This step was taken because a previous study

indicated significant lateral propagation of ultrasound to

adjacent wells (Patel et al. 2015). The distance between

the base of the well plate where the cells attached and

the transducer anterior face was 5 mm. To treat cells

within Petri dishes (Fig. 1c), the transducer was mounted

in a fixed vertical position, and each Petri dish was

sequentially mounted into a concentrically aligned jig
and raised on a precision vertical stage (LJ750/M, Thor-

labs, Ely, UK) to a pre-set insertion depth corresponding

to a 5-mm separation between the bottom of the culture

dish and the transducer tip. In both configurations, a con-

trol condition was used in which the transducer was sub-

merged into the same culture platform but no ultrasound

energy was applied (0 mW/cm2).

PrestoBlue� assay. PrestoBlue� is a resazurin-

based dye that is reduced in the mitochondria of living

cells and converted into a red fluorescent resorufin that

can be detected and extrapolated to quantify metabolic

activity. Prestoblue� assay was used to assess the meta-

bolic activity per well of Saos2 cells after ultrasound

treatment. On each time point, culture medium was

removed, and cells were washed with phosphate-buff-

ered saline (PBS) before adding the PrestoBlue� work-

ing solution prepared by mixing the PrestoBlue� reagent

with pre-warmed Hanks’ balanced salt solution at a ratio

of 1:9 (v/v). Three wells containing only the working

solution with no cells were used as blanks. During the

kinetic phase of reactions, 100-mL aliquots per well

were taken after gentle mixing of cells, and the fluores-

cence intensity was measured using 530-nm�excitation

and 590-nm�emission filters on a microplate reader

(Tecan, Thale, UK).

The mean metabolic activity per well was expressed

as mean fluorescence intensity measured after subtract-

ing the reading for unreduced (blank) reagent and nor-

malising to the reaction time.

Alizarin Red S assay. Calcium deposited by the

cells in the extracellular matrix was assessed using the

Alizarin Red S assay. Culture medium was removed,

and cells were washed once with PBS at room tempera-

ture for 5 min, before fixation using 3.7% paraformalde-

hyde in PBS for 10 min. After the fixative was removed,

cells were again washed with PBS and then stained with

a 1% (w/v) solution of Alizarin Red S (pH 4.2) for

30 min at room temperature. Once the staining solution

was removed and cells were washed with de-ionized

water to remove any unbound stain, cells were imaged

using a Nikon Eclipse TE300 microscope (Nikon Europe

BV, Amsterdam, Netherlands) connected to a Nikon

D5100 camera (Nikon Europe BV).

Actin and vinculin staining. To assess cell attach-

ment, actin and vinculin staining was performed. The

culture medium was removed, and cells were washed

once with Dulbecco's phosphate-buffered saline (DPBS)

before fixation with 3.7% paraformaldehyde in PBS for

10 min at room temperature. Samples were permeabi-

lized with 0.1% Triton X-100 in DPBS for 1 h and

stained with 10 mg/mL Alexa Fluor 488 anti-vinculin
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antibody (53-9777-82, Thermo Fisher Scientific) over-

night at 4˚C. On the next day, after being washed with

DPBS, cells were stained with 100 nM Acti-stain 555

phalloidin (PHDH1, Cytoskeleton, Inc., Denver, CO,

USA) and 1 mg/mL 40,6-diamidino-2-phenylindole

(DAPI) in DPBS for 30 min at room temperature.

Finally, cells were washed with DPBS and visualized

using a Zeiss LSM780 confocal microscope (Carl Zeiss

MicroImaging GmbH, Jena, Germany) with a 40 £ lens.

Propidium iodide staining. Propidium iodide (PI)

is a fluorescent nucleic acid dye that can be used to quan-

tify the proportion of cells in one of the three interphase

stages of the cell cycle. PI staining was undertaken after

cells were treated with ultrasound. Cells were seeded at

10,000 cells/cm2 in Petri dishes and left overnight to

attach. On the following day, culture medium was

changed, cells were treated with ultrasound and immedi-

ately the culture medium was transferred to a new tube;

the remaining cells were detached using 0.25% (w/v)

trypsin and 1 mM EDTA and transferred to the same

tube as the culture medium. The cell suspensions were

pelleted, washed using DPBS, then fixed using 1 mL of

70% ethanol before again washing twice with DPBS.

Finally, for PI staining, 300 mL of PI working solution

(50 mg/mL PI in DPBS) and 50 mL of RNase working

solution (0.3 mL/mL of RNase A in DPBS) was added

and samples were incubated at 37˚C for 1 h before being

left undisturbed overnight at 4˚C. On the next day, sam-

ples were analysed using FACSCalibur (BD Bioscien-

ces, Ashland, OR, USA) and Flow Jo 10.6.0 software

(BD Biosciences).

Transmission electron microscopy

Cells were seeded at 10,000 cells/cm2 in Petri

dishes, and ultrasound (mode III) was applied immedi-

ately for 5 min. Post-treatment, cells were collected and

pelleted, and samples were washed with DPBS and fixed

using 2.5% glutaraldehyde in 0.1 M PBS. Subsequently,

samples were treated with 1% osmium tetroxide in

0.1 M PBS, dehydrated in graded ethanol solutions

2 £ 50%, 2 £ 70%, 2 £ 90%, 2 £ 100% and 2 £ 100%

ethanol for 15 min each step. Samples were treated with

propylene oxide twice, refreshed after 15 min, followed

by propylene oxide/resin solution (1:1) overnight on a

rotator before being embedded in fresh Epon epoxy

resin, prior to polymerization, for at least 16 h at 60˚C.

Samples approximately 90 nm thick were sectioned

using an ultramicrotome (Ultracut E, Reichert Jung Lim-

ited, Cambridge, UK), placed on 200-mesh copper For-

mvar-coated grids and stained with 30% uranyl acetate

for 7 min. Sections were washed three times with soni-

cated ultrapure water, dried using a filter paper and fur-

ther stained with Reynolds lead citrate for 7 min before
being washed with sonicated ultrapure water. Finally,

sections were examined using a transmission electron

microscope (JEM-1400 120kV, Hertz, JEOL (UK) Ltd.)

using an accelerating voltage of 80 kV. Electron micro-

graphs were recorded using a Morada 3.0 soft imaging

system (EMSIS GmbH, Münster, Germany).

Statistical analysis

All statistical analyses were performed using

GraphPad Prism 8, version 8.2.0. (San Diego, CA,

USA). The mean and standard error of mean (SEM)

were computed for at least three replicate samples in all

experiments and one-way or two-way analysis of vari-

ance was performed. Ultrasound intensity and day of cul-

ture were two fixed factors. For pairwise comparisons,

post hoc analyses using least significant difference,

equivalent to no adjustments, were carried out. P values

<0.05 were considered to indicate significant difference.

RESULTS

Ultrasonic characterization

Vibration response and acoustic pressure measure-

ments were used to validate the FEA of the Duoson

transducer such that the vibration and pressure amplitude

distributions generated within both 6-well plates and

Petri dishes during in vitro ultrasound exposures could

be estimated and correlated with data collected from the

cell culture experiments.

Vibration response of the 45-kHz transducer in

experiments. From the laser vibrometer measurements,

when the transducer is vibrating in air under free condi-

tions (Fig. 4), the displacement is dependent on the drive

power applied to the transducer and, therefore, increases

from Mode I to Mode II to Mode III. X and Y are hori-

zontal and vertical coordinates of the transducer anterior

face, with the origin (0,0) located at the transducer’s cen-

tral axis. The axial displacement amplitudes are illus-

trated for all the measurements points in Figure 4.

There is a 127% increase in displacement amplitude

at the inner circumference of the anterior face from

Mode I to Mode III. Vibration displacement amplitude is

highest at the inner circumference and lowest at the outer

circumference. The displacement fields in Figure 4 are

not precisely radially symmetric, despite the transducer

face being symmetrical. This meant that the acoustic

field sensed by cells in the well plates may not be exactly

as predicted by the FEA model, which assumes radial

symmetry, but the difference may be small.

Transducer FEA model. From the FEA of the

transducer, the resonance frequency of the 1st longitudi-

nal mode is calculated from the electrical impedance as



Fig. 4. Vibration displacement amplitude measured at the anterior face of the transducer for Modes I, II and III.
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44.63 kHz (Fig. 5a), compared with 45.8 kHz from the

laser vibrometer measurements. Figure 5b and 5c illus-

trate that the resonance frequency increases by around

4 kHz when the water and well contact loads are intro-

duced by immersing the transducer into the 6-well plate

or Petri dish.

To match the experimental measurements of the

vibration displacement amplitude, the voltages applied

to the piezoceramic stack in the FEA models were set at

2.2, 3.1 and 5.5 V for Modes I, II and III intensities,

respectively. When immersed in water, as with the trans-

ducer placed in the 6-well plate or the Petri dish, the res-

onance frequencies increased by approximately 4 kHz,

and the impedance increased to 496.4 and 227.6 V,

respectively, results that are consistent with a previous

study using the Duoson device (Patel et al. 2015).

Through use of the same applied voltages to the piezo-

ceramic elements, the vibration displacement amplitude

at the anterior face of the transducer decreased when

placed into water, and attenuation was greater in the

6-well plate than in the Petri dish as a result of the higher

impedance. These FEA results suggest that the trans-

ducer would excite lower vibration levels when config-

ured with a 6-well plate than with a Petri dish.
Simulation of the transducer immersed into cell cul-

ture platforms. FEA predictions of the vibration
Fig. 5. Finite-element analysis�predicted free response of the
the transducer immersed in a (b) 6-wel
displacement distribution on the surfaces of the culture

platforms (well plate and Petri dish) when ultrasound

was applied using the Duoson device are illustrated in

Figure 6. The results indicate that standing wave patterns

are excited in both cell culture configurations. The ultra-

sound propagates through the walls of the 6-well plate

into other wells (Fig. 6a) even when adjacent wells are

not filled with water. The vibration displacement of the

anterior face of the transducer exhibits some asymmetry

(Fig. 6b), even though the applied displacement of the

transducer is radially symmetric in the FEA model,

because the load is asymmetric. In the case of the 35-

mm Petri dish, the load is symmetric and, therefore, the

displacement of the transducer is symmetric, which was

transmitted to the Petri dish as well (Fig. 6e�h).

The pressure field on the top and bottom surfaces of

the water volumes in the three water-filled wells of the

6-well plate are illustrated in Figure 6 (c, d). For the two

water volumes with a free top surface, there was an

acoustic field excited throughout the water volume,

which diminishes to zero on the free surfaces, where the

acoustic field is excited by direct (via contact with the

well plate) and indirect (through the directly excited

water volume) vibration transmission from the trans-

ducer.

A 50-ms time domain simulation in FEA was per-

formed for the three acoustic intensities, first to estimate
transducer. (a) Impedance in free air. (b, c) Impedance of
l plate and (c) 35-mm Petri dish.



Fig. 6. Finite-element analysis�predicted normalized displacement of the transducer and normalized pressure field in
water for the transducer immersed into a (a�d) 6-well plate and (e�h) 35-mm Petri dish. Red and blue indicate the
regions of maximal displacement (with red and blue being out-of-phase with each other) and yellow/green indicates

nodal lines/regions.
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Fig. 7. Response of the cell culture systems to the ultrasound transducer. (a) Location of 17 points at the bottom of one of the wells (35 mm wide) of a 6-well plate and
35-mm�wide Petri dish. (b) Vibration amplitude of the 17 points at Mode III. (c) Root mean square amplitude of 17 points for the 6-well plate and 35-mm Petri dish.
(d) Acoustic pressure field in a cross-section of water for the 6-well plate and 35-mm Petri dish. (e) Pressure along the black dashed lines in (d). The red dotted line

marks the center of the well/dish.
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Table 2. Finite-element analysis�predicted root mean square values of displacement of the polystyrene base, and pressure at the base
of the associated water volumes, of the 6-well plate and Petri dish from 17 locations*

Platform Vibration displacement amplitude (mm) Acoustic pressure (kPa)

Mode I Mode II Mode III Mode I Mode II Mode III

6-well plate 0.08 § 0.05y 0.11 § 0.06 0.20 § 0.12 37.8 § 9.8 53.3 § 13.9 96.1 § 25.0
35-mm Petri dish 0.05 § 0.02 0.07 § 0.02 0.13 § 0.04 24.6 § 8.9 34.7 § 12.6 62.7 § 22.7

* See Figure 7.
y Mean § standard deviation.
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the displacement amplitude of the polystyrene base of

the 6-well plate and 35-mm Petri dish and subsequently

to estimate the acoustic pressure field in the water in the

two cell culture platforms, where cells would be located

in ultrasound experiments. The results are illustrated in

Figure 7a�e and Table 2.

The base of the 6-well plate vibrated with at least

35% higher mean displacement amplitude in steady state

than the 35-mm Petri dish, but the standard deviations

for the displacement across the 17 points in the 6-well

plate is much higher for modes I, II and III (Fig. 7b, 7c).

The predicted acoustic pressure in the water at the

central cross-section (at the diameter from point 10 to

point 14 in Fig. 7a) is shown for Modes I, II and III in

Figure 7d, with the peak pressure increasing with inten-

sity, agreeing with the displacement and pressure field
Fig. 8. Pressure field of the Duoson transducer in Mode I at 3-
anterior face in free field conditions. (a, d) Root mean square p
at 5 mm). (b, e) Average peak negative pressure (p�). (c, f) Co

and (e) averaged either side of the beam center to ind
distributions shown in Figure 6. The Figure 7e plots the

predicted acoustic pressure along a diameter (black

dashed line in Fig. 7d) at the base of the water volume,

with the mean of the acoustic pressure also recorded in

Table 2. The Figure 7e illustrates the symmetry of the

pressure field in the Petri dish compared with the 6-well

plate at the location where cells are seeded in typical

ultrasound experiments.
Measured acoustic pressure field excited by the

transducer. The measured average RMS pressure

(Fig. 8a) at 3 mm from the center of the anterior face of

the transducer revealed a three-peak beam shape, with

the highest pressures (16.6 kPa) occurring 10 mm from

the beam center in both positive and negative directions

and a smaller central peak of 14.1 kPa. The standard
and 5-mm separations from the center of the transducer
ressure with standard deviation s (N = 5 at 3 mm, N = 2
lor maps of peak negative pressure extrapolated from (b)
icate the cross-sectional pressure distribution.



Fig. 9. Effect of different ultrasound intensities on Saos-2 cells in 6-well plates (a, b) and 35-mm Petri dishes (c, d). (a,
c) Mean § S.E.M. of metabolic activity per well over 4 d (n � 15). *p < 0.05, ***p< 0.001 compared with controls
unless indicated. (b, d) Alizarin Red staining after 10 d in osteogenic medium. In the case of 6-well plates only, there
was a clear area around the center of the well that was devoid of cells and calcium deposition in the 10 mW/cm2 condi-

tion that was not observed in controls.
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deviation was high (average 37%) because of bubble for-

mation and the issues with continuous wave measure-

ments mentioned under Methods. The peak negative

pressure (Fig. 8b) revealed the same three peaks but with

the highest amplitude of 26.4 kPa in the center. The

beam shape extrapolated from this distribution (Fig. 8c)

showed the central peak with a ring of high pressure

(23.4 kPa) in a 10-mm radius around the center. The

RMS pressure data at 5 mm from center of the anterior

face of the transducer (Fig. 8d) revealed a beam shape

with a single peak and smoother roll-off, with maximum

pressures in the center of the beam ranging from 17.5 to

18.5 kPa. The standard deviation was, on average, 15%

lower than found at 3 mm. The half-pressure beam

width, which is the distance between the two points at

which the pressure reaches one-half of the maximum,
was 28 mm, compared with the 35-mm diameter of the

culture platforms. The peak negative pressure (Fig. 8e)

had a similar beam shape, with amplitudes up to 29 kPa.

The extrapolated beam shape (Fig. 8f) had a single circu-

lar beam shape with a smoother amplitude distribution.
Cellular responses to ultrasound in 6-well plates

In 6-well plates, metabolic activity per well was

assessed on days 1 and 4 of culture (Fig. 9a). There was

a decrease in mean metabolic activity per well with

increased ultrasound intensity from 10 to 75 mW/cm2

(p < 0.05) at both time points. Mineralization was

assessed after 10 days with or without exposure to

10 mW/cm2 ultrasound intensity. In ultrasound-treated

wells, there was a clear region in the center (Fig. 9b) that



Fig. 10. Reduced Saos-2 cell attachment as an effect of ultrasound. (a) Mean § S.E.M. of metabolic activity per well measured 24 h after treatment (n = 6). *p< 0.05,
***p < 0.001 compared with control unless indicated otherwise. (b) Representative vinculin, actin and DAPI stained cells with overlays 24 h after treatment. Arrows
indicate vinculin stain. (c) Ultrasound caused ultrastructure damage in Saos-2 cells. TEM images of cells in control (normal cells) and at 75 mW/cm2 ultrasound inten-
sity are shown. Note the increased size of endoplasmic reticulum (ER, double-sided arrows) and increased density and presence of ruptures (yellow arrows) in some of

the mitochondria (M) after ultrasound treatment that were not observed in normal cells.
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Fig. 11. Propidium iodide uptake analysis to assess impact of ultrasound treatment on cell cycle. Blue, brown and green
regions depict cells in G1, S and G2 phases (n = 1). Note that the sub-G1 (<G1) cell population increased at higher ultra-
sound intensities compared with the control condition. This indicated an increase in both cell death and accumulation of

cell debris as the ultrasound intensity increased.
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was devoid of cells and calcium deposition, which was

not present in controls.

Cellular responses to ultrasound in 35-mm Petri dish

Mean metabolic activity per well and matrix miner-

alization were also investigated for cells seeded in Petri

dishes while exposed to ultrasound. There was signifi-

cantly lower mean metabolic activity per well for the 75

mW/cm2 condition compared with all other conditions

on day 4 (p < 0.001, Fig. 9c). Alizarin Red staining after

10 days in osteogenic medium showed the formation of

mineralized matrix across the entire Petri dish both for

controls and under 10 mW/cm2 conditions, unlike that

observed in the 6-well plates (Fig. 9d).

As there was no crossover of ultrasound from one

biological replicate to another in Petri dishes, further

investigations were carried out using this setup. To

assess the effect of ultrasound on cell attachment, cells

were seeded on Petri dishes and immediately exposed to

ultrasound for 5 min at different intensities. On the next

day, the metabolic activity per well assessment was per-

formed, which showed a reduction in metabolic activity of

cells as ultrasound intensity increased (Fig. 10a). Cytoskel-

etal staining (Fig. 10b) revealed that the cells that were not

exposed to ultrasound had an angular morphology with

intense vinculin expression apparent in the cell periphery.

In the 10 mW/cm2 condition however, the intensity of
vinculin staining was only slightly reduced, and for the 25

and 75 mW/cm2 conditions, the cells exhibited a distorted

morphology with accumulation of cortical actin and much

reduced vinculin staining, as observed through visual

inspection. TEM was also performed to examine the ultra-

structure of cells after the ultrasound treatment. There was

swelling (increased internal area of tubules in the TEM

cross-section) of the endoplasmic reticulum and mem-

brane damage in some mitochondria after treatment with

ultrasound and evidence of ruptured cells only in the

treated sample was also present (Fig. 10c). Finally, to

assess the effect of ultrasound on cell cycle, PI staining

was performed. The G2 population dropped from 18.2%

to 11.7%, and the sub-G1 population increased from

16.4% to 31.4% in comparison with controls following 75

mW/cm2 exposure (Fig. 11). This confirmed significant

cell death and formation of cell debris after application of

higher doses of ultrasound intensity.
DISCUSSION

A commercially available Duoson ultrasound ther-

apy unit, which has been previously used for application

of ultrasound in vitro (Man et al. 2012a;

Ghorayeb et al. 2013; Patel et al. 2015; Gao et al. 2016,

2017), was used in this study in continuous wave mode

at a resonant frequency of 45 kHz and at three set
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intensities of 10, 25 and 75 mW/cm2. Ultrasound was

applied to Saos-2 cells seeded on tissue culture plastic in

two different culture platforms, namely, 6-well plates

and Petri dishes. Both culture vessels are regularly used

to investigate cellular mechanisms after ultrasound

application. The present study set out to explore differ-

ences in cellular responses in different culture systems

as a result of ultrasound application using the same trans-

ducer.

Laser vibrometry is commonly used as a non-con-

tact measure of the vibration displacement of the surfa-

ces of ultrasonic devices (Xiao et al. 2016). Laser

vibrometer measurements of the Duoson anterior face

revealed an inherent variation in the vibration pattern of

the transducer, where the inner edge of the transducer

vibrated at a higher amplitude than the outer edge. This

may be due to the convex shape of the plastic anterior

cover of the transducer. The vibration displacement at

the center of the device was close to zero, most likely

because only the ring-shaped vibrating mass of the

Duoson’s 45-kHz transducer element was being driven,

and not the 1-MHz transducer in the central nib. This

ring shape could be seen in the spatial maps of vibration

in Figure 4 and in the measured p� values at 3 mm from

the anterior face in Figure 8c. As the ultrasound intensity

increased from 10 to 75 mW/cm2, the average vibra-

tional amplitude across the entire surface of the trans-

ducer increased by 127% as a consequence of driving

the transducer at higher excitation levels.

Ultrasound wave propagation within the culture

platforms was investigated using FEA. Standing waves

existed in both in the 6-well plate and the Petri dish.

Although the vibration response in the Petri dish pre-

sented a symmetric mode, the 6-well plate mode was

non-symmetric. As a result, the cells present in different

regions of the 6-well plate and the dish will have experi-

enced different ultrasound waves intensities and peak

pressure amplitudes. Additionally, vibrations were not

limited to single wells of a 6-well plate where the trans-

ducer was placed, but the entire well plate was predicted

to vibrate. Moreover, the FEA results confirmed that

there was uneven distribution of the vibration displace-

ment and pressure field, not only at the anterior face of

the transducer, but also propagated to the bases of the

culture platforms. Even though the attenuation of the dis-

placement amplitude at the transducer anterior face is

larger when in contact with water in the 6-well plate

than in the Petri dish, as a result of the higher electrical

impedance illustrated in Figure 5c, the displacement

amplitude at the bottom surface of the well in the 6-well

plate in which the ultrasound was directly applied is

higher than in the Petri dish, as seen in Figure 7 (b, c).

Together, these observations strongly indicate that the

same transducer is capable of inducing different
vibrations, and hence different pressure fields, in differ-

ent cell culture platforms. The presence of standing

waves, as a result of reflected waves in the confined

space of the well-plate cultural platform, as well as the

transmission of vibration between wells (in the case of

the 6-well plate), makes it difficult to correlate the ultra-

sound intensity and vibrational amplitudes generated by

the transducer with the ultrasound dose experienced by

the cells seeded at the base of the culture systems.

Simulations also illustrated that at the same ultra-

sound intensity there was higher maximum pressure and

vibrational displacement amplitude, both with higher

standard deviations, across the base in 6-well plates com-

pared with Petri dishes. Therefore, it was likely that the

cells on the base experienced more extensive motion in

6-well plate than in Petri dish and, hence, may have been

more prone to detachment or damage in 6-well plates

upon ultrasound application. This might explain the

lower mean metabolic activities observed in 6-well

plates than in 35-mm dishes at the higher intensities of

25 and 75 mW/cm2 and also the absence of mineralized

matrix in certain regions of the 6-well plates after 9 days

of exposure to an ultrasound intensity of 10 mW/cm2.

The FEA-predicted pressure field in a Petri dish was

compared with pressure measurements in the tank. The

predicted peak negative pressure in the Petri dishes at

Mode I ranged from 15- 39 kPa across the central 20-

mm diameter of the well, compared with 20�29 kPa

measured peak-negative pressure at 5 mm beneath the

transducer over the same diameter, amounting to a

25%�34% difference. This further demonstrates that

standard tank-based acoustic field characterization of

ultrasound transducers poorly represents the pressure

fields experienced in cell culture platforms such as Petri

dishes. The beam width was wide compared with the

dimensions of the culture wells as observed by

Patel et al. (2015), who also found biological evidence

of ultrasound transmission to other wells of a 6-well

plate.

The FEA results in the present study bear a resem-

blance to those in the study by Leskinen and Hyny-

nen (2012), who measured the pressure fields and

vibration amplitudes of 6-well plates excited by a trans-

ducer positioned below the plate with a short water path

between the anterior face and the well base. They found

that the combination of reflections and Lamb wave plate

vibrations induced by the ultrasonic excitation resulted

in uncertainties of up to 700% in ultrasound exposure

conditions. Leskinen and Hynynen’s study was con-

ducted at higher frequencies (650 kHz to 10 MHz),

where the reflection coefficient and consequently the

reflection amplitudes of the water-polystyrene interface

would be higher than at 45 kHz. However, the standard

deviations of RMS vibration displacement in Table 2
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suggested a variance of 110%�120% (with 95% confi-

dence) in the vibration experienced by the cell layer in

the 6-well plate and a variance of 58%�80% variance in

the Petri dish, which are still significant discrepancies.

Thus, any controlled ultrasound exposure system must

minimize seco ndary vibrations induced on the cell

growth surface for accurate data interpretation.

The peak negative pressure 3 mm from the anterior

front face of the transducer exhibited a ring-shaped

beam pattern with another peak in the center of the beam

(Fig. 8a�c). This is a common pattern in the near field

of an ultrasonic device, where the arrival times from dif-

ferent areas of the anterior face (and spreading of the

beam in this case) result in constructive and destructive

interference and the positions of maxima and minima

can change significantly with small changes in distance,

as evidenced by the beam pattern at 5 mm (Fig. 8d�f),

where the beam now has one central, smoothed peak.

Therefore, experiments requiring a controlled ultrasound

field should preferably be conducted in the far field to

avoid the inherent unpredictability of the near field.

This study indicated that the Duoson device is not the

ideal device to use in the investigation of biological effects

in vitro, and instead, custom-designed devices tailored to

the desired outcomes of the in vitro trial should be used. If

driven with a signal generator and power amplifier, these

devices would have the added advantage of allowing

investigation of several variations of pulse characteristics,

amplitudes and even frequency. Once the optimal in vitro

conditions are known, the same conditions could be care-

fully reproduced in vivo to test for healing effects.

Hensel et al. (2011) investigated the ultrasound wave prop-

agation in cell culture wells using simulations that were

verified by hydrophone measurements and determined the

acoustic parameters of the materials used for culture plates

and growth medium. They also reported the presence of

standing waves and ring interference patterns caused by

reflections at interfaces, causing local maximal pressure

amplitude to increase by a factor of 5. Additionally, minor

variations in culture medium volumes (as low as 2.56%)

could increase or decrease the peak rarefaction pressure at

a cell layer by a factor of 2, which may significantly affect

the cells.

This work shows that the experimental setup results

in the presence of standing waves, consequently leading

to uncontrolled exposure of the cells to ultrasound.

Despite the presence of standing waves is inherent in

experimental setups involving Petri dishes and multiwell

plates, the literature has many examples of studies of

biological effects on cells where their presence is not

appreciated and their influence is not considered. The

other weakness in such experiments is the lack of cali-

bration of the acoustic field. There is a wish among bio-

logical researchers to use either Petri dishes or multiwell
plates as they are standard containers for growing cells

and allow the growth environment to be fully controlled,

but they do not allow for control of the ultrasound field

or, therefore, the ultrasound dose to which the cells are

exposed. There may be a benefit in using a 35-mm dish

over multiwell plates as ultrasound will not be transmit-

ted from one experimental replicate to another. Never-

theless, it was found that as ultrasound intensity

increased, the cell attachment efficiency decreased

because the ultrasound energy was being concentrated in

the container, leading to higher levels of exposure. This

was evidenced by a nearly 75% reduction in metabolic

activity per well as well as poor focal adhesion, both

indicating poor cell survival, in the case of cells treated

with 75 mW/cm2 ultrasound intensity. Cell cycle analy-

sis and TEM images confirmed the formation of cell

debris, possibly cells bursting under high energy and

mitochondrial damage as well as endoplasmic reticulum

swelling following ultrasound exposure. Previously,

Sura et al. (2001) determined that continuous ultrasound

waves (generated using a 25-kHz magnetostrictive trans-

ducer and TFI-1 chisel-shaped tip, with tip displacement

set at 9.84, 12.23 or 18.20 mm, over a period of 30 s)

caused rat osteoblasts to detach and lose viability

whether the cells were in suspension or attached to the

Petri dish in the period 0�20 h after exposure. It is also

known that ultrasound causes mitochondrial dysfunction

and autophagy in nasopharyngeal carcinoma cells

(Li et al. 2018) and mitochondrial enlargement in ovar-

ian cancer cells (Xiang et al. 2014). Recently,

Wang et al. (2019) used microarray data from NCBI

GEO Dataset databases to perform mining analysis,

which indicated that low-intensity ultrasound activated

different cell death transcription factors (299 death regu-

lators) in cancerous or non-cancerous cells (total of 13

different cell types) and changed the redox status of the

cells, known to be linked to mitochondrial damage

(Pelicano et al. 2004). Wu et al. (2018) also suggested

that cavitation induced with low-frequency ultrasound

could trigger endoplasmic reticulum stress, downregulat-

ing the PI3K/AKT/mTOR signalling pathway in prostate

cancer cells. To validate these effects, it is critical that

experimental apparatus and schemes used to investigate

the effects of ultrasound application on cells are opti-

mized such that the frequencies and intensities capable

of delivering therapeutic effect in bone repair and regen-

eration can ultimately be identified. The recommenda-

tion is to avoid experimental setups that lead to standing

wave formation in the container and poor acoustic field

calibration. To understand what cells are experiencing

when exposed to ultrasound, the ideal container would

be acoustically transparent, the ultrasound field would be

well characterized and the ultrasound dose would be

well controlled and measurable.
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CONCLUSIONS

This study explored the propagation of continuous

wave ultrasound in two different and widely used cell

culture platforms, namely, multiwell (6-well) plates and

Petri dishes with the same well diameter. The ultrasound

waves produced by the same transducer at the same reso-

nant frequency and intensity, for the same exposure time,

propagated not just differently in these culture platforms

but also led to different biological effects in terms of

Saos-2 cell metabolic activity and calcium deposition.

The base of 6-well plates vibrated at a higher amplitude

and experienced higher acoustic pressure in an asymmet-

rical fashion than that measured in Petri dishes, and this

may have been responsible for increased cell detachment

and death in this system. Mitochondrial rupture and

endoplasmic reticulum swelling were the main features

of dying cells after treatment with ultrasound at higher

intensities in 35-mm dishes. Due to the confined space

of both culture wares relative to the wavelength of the

ultrasound, standing waves were generated in both set-

ups, and in the case of 6-well plates, ultrasound was not

just limited to the well where the transducer was placed

but was predicted to propagate across the entire plate.

Thus, it can be concluded that characterization of acous-

tics in different culture systems is critical in the interpre-

tation of experimental results as it contributes to

determining the cell fate, which may be applicable not

only to bone cells but also to other cells linked to neurop-

athy, angiogenesis, cementogenesis in tooth, and so on.

Future work should focus on developing standardized

cell culture systems that are reliable and reproducible to

study the effects of ultrasound on cells such as for appli-

cation in bone repair.
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