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Effects of ultrasound on mesenchymal stem cells (MSCs) have been investigated widely at MHz frequencies. How-
ever, the impact of kHz ultrasound frequencies on MSCs is unknown. This study investigated the effects of 25 kHz
ultrasound on bone marrow-derived human MSCs. A 25 kHz transducer manufactured in-house was characterised
and used to deliver ultrasound to MSCs in an in vitro experimental apparatus comprising of a degassed water-filled
tank lined with ultrasound-absorbing tiles and an acoustically transparent non-traditional cell culture vessel
called CLINIcell® cassette. Ultrasound field scans inside the tank confirmed absence of standing waves and peak
negative pressure (PNP) ranges of 0, 0—45, 0—108 and 0—185 kPa with highest PNP at the centre of the cassette.
Cells seeded in the cassette were exposed to continuous 25 kHz ultrasound for 5 min and immediately after treat-
ment, cell death increased and metabolic activity decreased with increasing PNP, with most cell detachment at
the centre of the cassette. Necrosis or apoptosis, accompanied by altered mitochondrial homeostasis (visualised
via PINK1 and IP3R immunocytochemistry), was found to be the mechanism of cell death. Two and five days
post-treatment, a PNP of less than 108 kPa upregulated early osteogenic genes (OSX, RUNX2 and bGLAP). Four-
teen days post-treatment, a PNP of less than 45 kPa enhanced collagen production and mineralisation by 10%
(measured via Sirius Red and Alizarin S Red staining). These findings suggest that a low ultrasound PNP (<45

kPa) at 25 kHz may offer potential therapeutic benefits applicable for bone regeneration.

Introduction

Mesenchymal stem cells (MSCs) residing within the bone marrow are crit-
ical for bone regeneration throughout the lifespan of skeletal hard tissue [1].
The routine application of ultrasound-based devices in medical procedures,
such as bone healing [2] and osteotomy [3], has necessitated a clearer under-
standing of the interactions between MSCs and ultrasound energy.

High-power low-frequency ultrasound has applications in sur-
gery, for example, in hard and soft tissue cutting and vessel sealing.
Piezoelectric ultrasonic surgical devices, operating in resonance at a
frequency in the range 20—100 kHz, are used as an alternative to
conventional instruments [4] in dental [5], craniofacial [6], ortho-
paedic [7] and neurological procedures [8,9]. Al-Namnam et al.
[10] recently reported that an ultrasonic scalpel (35 kHz) resulted
in a 32%—36% reduction in the width of the zone of cell death at
the cutting site in cartilage when compared with a standard conven-
tional scalpel. A further understanding of cellular responses to

excitation in this frequency range of ultrasound may improve hard
and soft tissue recovery post ultrasonic treatment.

Significant attention has been focused on the effects of high-frequency
(MHz) ultrasound on MSCs [11], but the influence of low-frequency ultra-
sound (20—100 kHz) on the survival and osteogenic differentiation potential
of MSCs remains unclear. Low-frequency ultrasound has a longer wavelength
and a wider beam that scatters more easily, leading to anomalies such as
standing waves or unpredictable energy levels, respectively [12]. This makes
it difficult to control ultrasound dose and relate it to biological effects, espe-
cially in traditional cell culture vessels [11,13], which have been used for the
majority of in vitro investigations. Thus, there is a requirement for standardis-
ing kHz ultrasound exposure for accurate assessment of effects on cells.

Attempts have been made to minimise standing wave generation by
placing the cell culture vessel in front of the ultrasound transducer, while
both are immersed in a tank filled with degassed water [14,15]. Another
study improved this system by also adding an ultrasonic absorber behind
the sonicated sample [16]. Savva et al. [17] modified this setup further by
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developing a new cell culture vessel called a Biocell, which was acoustically
transparent and could be fully immersed in the tank. This enabled delivery
of LIPUS doses at 1 MHz and 45 kHz to murine osteogenic cells for prolifer-
ation assessments. However, the biocell was manufactured specifically for
the study and is not commercially available.

Beekers et al. [18,19] reported commercially available CLIN-
Icell® cassettes as suitable for studying microbubble oscillation
behaviour and ultrasound-mediated drug delivery in endothelial
cells. Therefore, this study combines the use of CLINIcell® cassettes
with a water-filled glass tank, fully lined with an acoustic absorber,
to achieve two aims: first, to establish a novel methodology that
standardises the assessment of kHz ultrasound in vitro, and second,
to determine the effects of 25 kHz ultrasound on MSC survival, pro-
liferation and osteogenic differentiation.

Materials and methods

All materials were purchased from ThermoFisher Scientific, UK
unless described otherwise. All calorimetric assay measurements were
undertaken using the Spark® multimode microplate reader. The design
of the ultrasound transducer is explained in Supplementary data and
illustrated in Figures S1 and S2.

In vitro ultrasound exposure set up

The ultrasound exposure system consisted of a tank (length
60 cm, height 30 cm and width 30 cm) lined with polyurethane
acoustic absorber (50 mm thick, Apltile SF5048, Precision Acoustics,
UK) on the base and vertical walls; the tank was then filled with
deionised degassed water (Fig. S3). The 25 kHz transducer was fully
immersed in the tank and driven by an ultrasonic driver (PDUS210
and TX3 Transformer, PiezoDrive). CLINIcell® cassettes (50 pm
polycarbonate membranes, 25 cm? surface area, MABIO, Tourcoing,
France), were chosen as the cell culture vessels [19—21] and were
also immersed in the tank. The centre of each cassette was aligned
with the centre-line of the transducer, with a separation distance of
5 mm from the transducer output face (Fig. 1).

The cells within the cassette were exposed to 25 kHz continuous
ultrasound (with wavelength of 59.6 mm) for 5 min then either incu-
bated further at 37°C, 5% CO, for 2 or 5 days or removed for assessment
or reseeding. Four transducer driving current settings were selected, of 0
(control — no exposure), 0.01, 0.025 and 0.045 A, the latter three corre-
lating with a low, medium and high ultrasound PNP. The water in the
tank was maintained at 37°C using an electric immersion water heater
(Tianbi Ceramics Co, Ltd, China) throughout the exposure period.
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Ultrasound field characterisation

To measure the ultrasound pressure field in the tank, an initial
transducer current of 0.025 A (Fig. 2) was selected. The pressure
field was then mapped using a calibrated 4 mm needle hydrophone
(Precision Acoustics), connected to an oscilloscope (PicoScope 3000
series, Pico Technology, UK). Five cycles of the waveform were cap-
tured in a sample window of 200 us while the transducer was in
steady-state operation. Three transverse area scans (10.5
cm X 8.5 cm) and one longitudinal area scan (8.5 cm X 2.5 cm)
with respect to the transducer face were performed. The first trans-
verse scan was recorded at 5 mm from the transducer face and the
second at 25 mm; the third was again at 25 mm but with a deion-
ised degassed water-filled cassette placed 5 mm from the transducer
face. The longitudinal scan was started at 5 mm from the transducer
face and moved along the length of the tank. The pressure field was
measured for each of the transducer driving currents.

Human mesenchymal stem cell culture

Immortalised (Human mesenchymal stem cell) hMSCs were pur-
chased (T0529, Applied Biological Materials Inc., Richmond, Canada).
Cells were regularly passaged at a ratio of 1:3 when 80%—90% conflu-
ent. Until passage 5, the cells were cultured using PriCoat™ T25 Flasks
(G299, ABM) and PriGrow III (TM003, ABM) with 10% (v/v) foetal
bovine serum (FBS, 10270-106, Gibco™), 1% (v/v) penicillin/strepto-
mycin (P/S) (Sigma, UK) at 37°C, 5% CO,. At passage 6, the cells were
transferred to Thermo Scientific™ Nunc™ cell-culture treated polysty-
rene and grown in 44.5% (v/v) PriGrow III, 44.5% (v/v) Dulbecco’s
Modified Eagle Medium (DMEM, 31885-023, Gibco™) with 10% (v/v)
FBS and 1% (v/v) P/S. At passage 7 and beyond, the cells were trans-
ferred to 89.5% (v/v) DMEM with 10% (v/v) FBS and 0.5% (v/v) P/S,
henceforth termed the standard culture medium (SC) [22].

Cells between passages 11 and 40 were used for experimentation.
As different culture conditions may alter MSCs characteristics [23],
the cells were analysed for hMSC characteristics including CD
marker expression, specifically CD73 (APC-conjugated), CD105
(PerCP-conjugated) and CD44 (PE-conjugated) (all from BD Bio-
sciences) using flow cytometry, and for multipotency (osteogenesis
and adipogenesis), which were described for this cell line in its orig-
inal state by the manufacturer. For osteogenic (OS) differentiation,
SC was supplemented with 100 nM dexamethasone, 50 pg/mL ascor-
bic acid 2-phosphate and 0.5 mM beta-glycerophosphate [22]. For
adipogenic (AD) differentiation, SC was supplemented with 100 nM
dexamethasone, 100 ug/mL insulin, 0.2 mM indomethacin, 0.45 mM
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Figure 1. Diagram of in vitro ultrasound exposure set-up showing a side view of the degassed water-filled tank lined with ultrasound-absorbing tiles. The centre of the transducer front
face and the centre of the CLINIcell® cassette were aligned at a distance of 5 mm from each other and 11 cm above the absorber surface for the delivery of ultrasound to the cells.
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Figure 2. Transducer characterisation in air at low power including low power impedance spectroscopy showing (a) the 1st longitudinal mode impedance magnitude
and (b) the impedance phase. Transducer dynamics were characterised by (c) an FEA model of the transducer showing the calculated longitudinal mode (warm to cool
colours depict antinodal to nodal locations) with the longitudinal waveform also shown, and (d) EMA of the transducer using laser vibrometry, showing good agree-
ment. The out-of-plane motion of the anterior face was measured (e) showing the displacement at the maximum and minimum of one vibration cycle of the transducer
longitudinal mode, measured from a grid of measurement locations using a scanning 3D laser Doppler vibrometer. Notice the nonuniformity across the face (seen as
red to green and also visible in the FEA model). The anterior face vibration displacement amplitudes (f—h) were characterised for currents of 0.01, 0.025 and 0.045 A,
showing displacement increasing with current. EMA, experimental modal analysis; FEA, finite element analysis.

3-isobutyl-1-methylxanthine, 1 uM Roziglitazone [24]. The medium
was changed every 2—3 days until day 21 of differentiation. Meth-
odology for metabolic activity assay, real-time PCR, immunocyto-
chemistry, DNA content assay, Alizarin Red S, Sirius Red and Oil O
Red stainings are described in Supplementary data.

To investigate the immediate effects of ultrasound, cells were seeded at
a density of 10,000 cells/cm? in CLINIcell® cassettes. The following day,
cells within the cassettes were exposed to ultrasound in the tank and imme-
diately assessed for morphology and detachment via actin/DAPI staining
(Section ‘Measurement of cell morphology and zone of cell detachment on
CLINIcell® cassette’) and for cell death via trypan blue staining. The
markers of cell death were investigated using an apoptosis/necrosis assay
via flow cytometry (Section ‘Apoptosis/Necrosis assay’). To assess the
effect of ultrasound on early osteogenic markers, expression levels for OSX,
RUNX2 and bGLAP (osteocalcin) genes (Table S1) using real-time PCR
were assessed after 2 and 5 days of culture in cassettes post ultrasound
exposure. For induction of osteogenic differentiation  or

immunocytochemistry after 24 h, the cells previously exposed to ultra-
sound were trypsinised to remove from cassettes and reseeded at 10,000
viable cells/cm? on well plates or Ibidi slides, respectively. The reseeded
cells were also assessed for mitochondrial homeostasis via immunochemis-
try for PINK1 (phosphatase and tensin homolog-induced kinase 1, involved
in mitophagy for removal of damaged mitochondria) and IP3R (inositol
1,4,5-trisphosphate receptor, an intracellular calcium channel on the endo-
plasmic reticulum membrane known to respond to ultrasound [16]) after
24 h.

Measurement of cell morphology and zone of cell detachment on CLINIcell®
cassette

Cells were washed with Dulbecco’s phosphate buffer saline
(DPBS) and fixed with 3.7% paraformaldehyde (Alfa Aesar) in phos-
phate-buffered saline (PBS) for 10 min at room temperature (RT).
After a washing with DPBS and permeabilisation with 0.5% Triton



JID: UMB

D. Gupta et al.

X-100 in DPBS, the cells were again washed with DPBS and stained
with AlexaFluor™ 488 phalloidin (R37110) for 30 min at RT and
then 1 pg/mL 4',6-diamidino-2-phenylindole (DAPI) in DPBS for
5 min at RT [25]. Images were captured using a Nikon D5100 cam-
era from an inverted Nikon ECLIPSE TE300 fluorescent microscope.
To measure the zone of cell detachment after ultrasound treatment,
multiple sequential images were taken across the breadth of the cas-
sette film in the middle of the cassette (Fig. S4). The area occupied
by actin-stained cells per image was measured using Image J soft-
ware (version: 2.0.0-rc-69/1.52p).

Apoptosis/Necrosis assay

A GFP-CERTIFIED® apoptosis/necrosis detection kit (Enzo Life
Sciences, Devon, UK) was used to assess cell death. The cells float-
ing in culture medium and those attached on the cassette film were
collected and stained according to the manufacturer’s instructions.
Samples were analysed using a CytoFLEX Flow Cytometer (Beckman
Coulter Life Sciences) and CytExpert software (Beckman Coulter Life
Sciences). For 7-aminoactinomycin D (7-AAD) only and annexin V
only controls, cells were cultured with 1% saponin and 30% H»O-
solutions, respectively (Fig. S5).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 10, version
10.1.0. (San Diego, CA, USA). All experiments were repeated twice with
three wells or samples per condition per experiment. Simple linear
regression was performed to compare trends of cell detachment in con-
trols with cells exposed to 108 kPa ultrasound PNP in the cassettes. One-
way analysis of variance was performed for cell counts, metabolic activ-
ity, protein expression, DNA content and cell differentiation assess-
ments. p values < 0.05 were considered to indicate significant
differences.

Results
Transducer characteristics

Impedance analysis identified the resonance frequency of the 1st lon-
gitudinal mode of the transducer as 25.4 kHz (Fig. 2a), with impedance
magnitude and phase at resonance of 160 2 and 18°, respectively
(Fig. 2b). The 1st longitudinal mode predicted by finite element analysis
(FEA) and measured by experimental modal analysis (EMA), using a
laser Doppler vibrometer (LDV) are shown in Figure 2c,d, showing good
agreement, with the mode shape nodal plane located at the transducer
flange. Slight displacement nonuniformity is observed across the ante-
rior face of the transducer (visible in Figure 2e—h).

LDV measurements from a grid of measurement points on the
anterior face, when the transducer was vibrating in air under free
conditions (Fig. 2f—h), show the increase in displacement amplitude
as current was increased. The centre point of the transducer exhib-
ited displacement amplitudes of 0.094, 0.282 and 0.400 ym and a
mean + S.D. of 0.087 + 0.007, 0.239 + 0.023 and 0.425 +
0.039 um across the 17 points measured when the transducer cur-
rent was 0.01, 0.025 and 0.045 A, respectively. This amounted to
274% and 486% increase in the displacement amplitude of the trans-
ducer in air when the current increased from 0.01 to 0.025 A and
0.01 to 0.045 A, respectively. Vibration non-uniformity is evident in
Figure 2f—h, consistent with the mode shape observed in Figure 2e,
particularly at higher current levels (0.025 A and 0.045 A). For
instance, in Figure 2h, the top-right region of the transducer’s
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anterior face exhibits 30% lower displacement amplitude than the
bottom-left region.

Ultrasound characteristics

The transverse scans (Fig. 3a—c) illustrate that 5 mm from the
transducer face, the highest PNP occurred at the centre, which
reduced by approximately 70% at 2.5 cm radially outwards from the
centre. There was almost three times lower PNP at 25 mm from the
transducer face and approximately 50% reduction in PNP at 2.5 cm
radially outwards from the centre. For both scans, the pressure field
was not symmetrical, in fact when the cassette was introduced
between the transducer face and the scanning distance (25 mm),
there was a second ‘hot spot’ at around x = 40 mm (Fig. 3c). The
longitudinal scan (Fig. 3d) confirmed that the highest PNP was near-
est the transducer face; however, the pressure field was not symmet-
rical around 0 mm in the XZ plane.

PNP at increasing driving current was measured (Fig. 3e,f) at 5 mm
from the transducer anterior face, where the cassette was subsequently
positioned for ultrasound exposure in cell culture experiments. The PNP
in water increased linearly with transducer current. Based on this rela-
tionship between measured PNP and transducer driving current at 5 mm
distance from the transducer face (Fig. 3e), it was deduced that the cells
experienced PNPs of 0, 0—45, 0—108 and 0—185 kPa in the cassette
with highest PNP in the centre of the cassette, for transducer current set-
tings of 0 (control — no ultrasound), 0.01, 0.025 and 0.045 A, respec-
tively. Moreover, the presence of the cassette did not significantly affect
ultrasound propagation in the tank as the transmission percentage of the
cassette (80%) was within the needle hydrophone accuracy of 13%
—20%.

Characterisation of the hMSC cell line

Figure S6 shows CD marker expression as well as the osteogenic
and adipogenic differentiation potential of the adapted immortalised
hMSCs. The cells (>90%) expressed CD73, CD44 and CD105. When
grown in OS medium, the cells demonstrated >10-fold increase in
the expression of all the investigated osteogenic markers, namely,
RUNX2, bGLAP (osteocalcin) and SPARC (osteonectin) compared with
cells maintained in SC medium on days 7 and 14 in culture (p <
0.05). By day 21, there was 300 times higher calcium deposited in
the extracellular matrix (ECM) by cells in OS medium compared
with cells in SC medium (p < 0.05).

Cells maintained in AD medium showed a consistent increase in
expression of PPARy, AP2 and ADIPOQ and a decrease in GLUT4 expres-
sion, from day 7 to day 21 of culture (p < 0.05), whilst there were no sig-
nificant changes observed in cells in the SC medium. By day 21, there
were three times more lipids stained in the case of cells in AD medium
compared with in SC medium (p < 0.05). The osteogenic and adipogenic
assays indicated that the hMSCs were able to differentiate along both
lineages.

Effect of ultrasound on cell survival and attachment in cassettes

After ultrasound exposure, the cells (those floating in the culture
medium as well as the cells attached to the film) were collected and
assessed for cell viability (Fig. 4a). The trypan blue exclusion assay
showed a drop in mean percentage of live cells with increasing PNP (p <
0.05), where an average of 17% of the total cells died after exposure to 0
—185 kPa PNPs. The mean percentage metabolic activity per cassette
(an indirect measure of number of cells that remained attached to the
cassettes) decreased with an increase in ultrasound PNP (p < 0.05), with
27% reduction for 185 kPa highest PNP (Fig. 4b).
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Figure 3. Characterisation of the ultrasound field in the tank. All transverse scans, at (a) 5 mm distance, (b) 25 mm distance without cassette and (c) 25 mm
distance with cassette, showed a hotspot for PNP at the centre of the cassette. The longitudinal scan at 5 mm from the transducer along the length of the
tank in (d) also showed a hotspot for PNP at the ultrasound source. The PNP increased as the transducer driving current increased from 0.005 to 0.04 A, at
(e) 5 mm distance and (f) at 25 mm distance (with or without cassette in the wave path) away from the transducer. Error bars indicate a 13% measurement

error. PNP, peak negative pressure.

Cell morphology was also assessed immediately after ultrasound
treatment in cassettes (Fig. 4c). For the controls, the cells exhibited a
characteristic spindle shape. Application of ultrasound caused some of
the cells to round up and detach from the cassette film. The higher the
PNP, the more cells detached from the centre of the cassette. As an
example, the effect of 0—108 kPa ultrasound PNPs on an area covered
by cells across the width of the cassette is shown in Figure 4d. On aver-
age, there was 42% reduction in area covered by the cells per image

across the width of the cassette in the middle. Images from the central
region of the cassette (where the ultrasound field is strongest) showed
least cells or maximum cell damage, and this region was approxima-
tively 1 mm wide. There were also two other regions away from the cen-
tre of the cassette (p < 0.05) on either side but the cell detachment here
did not seem symmetrical in both directions, in line with the non-uni-
form nature of ultrasound field and the displacement measurements of
the transducer face.
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in purple dotted region. * Indicates p < 0.05 relative to control, unless otherwise indicated, n = 3. DAPI, 4’,6-diamidino-2-phenylindole.

Mechanism of cell death after ultrasound treatment

A consistent increase in early apoptotic, late apoptotic and dead cell
populations was identified as ultrasound PNP increased (Fig. 5a). For PNPs
0—185 kPa, there were 14% dead or dying cells, in comparison with 6%
dead or dying in the controls. As a consequence of this observation, the 0
—185 kPa PNPs condition was excluded in subsequent experiments.

Osteogenic gene expression post ultrasound treatment

On days 2 and 5, there were no significant differences between con-
trols and cells exposed to 0—45 kPa PNP ultrasound in terms of OSX
expression (Fig. 5b—g). However, there was 52% and 26% higher OSX
expression in cells exposed to 0—108 kPa PNP ultrasound compared to

control (p < 0.05) on day 2 and day 5, respectively. RUNX2 expression
levels were similar on day 2 for all conditions. On day 5 RUNX2 expres-
sion increased with ultrasound PNP, with 17% and 26% higher expres-
sion for 0—45 and 0—108 kPa PNP ultrasound conditions, respectively
compared to control (p < 0.05). A similar trend was observed for bGLAP,
with 25% and 79% higher expression in 0—108 kPa PNP ultrasound con-
dition compared to control on day 2 and day 5, respectively (p < 0.05),
but it was 40% lower for 0—45 kPa PNP on day 5 compared to control
(p <0.05).

Assessment of ultrasound-exposed reseeded cells

After 1 day of reseeding, cells for all ultrasound exposure conditions
(controls, 0—45 and 0—108 kPa PNP) showed similar cell morphologies
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Figure 5. Effect of ultrasound on cells in cassette. (a) Apoptosis/necrosis assay for cells immediately after ultrasound exposure. There was a decrease in healthy cell
population (green) and an increase in early apoptotic (blue), late apoptotic (red) as well as dead cell (mmagenta) populations as the ultrasound pressure increased at the
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mean relative expression for all three genes on day 5 in the 108 kPa condition. * And ** indicate p < 0.05 relative to 0 and 45 kPa highest PNP conditions, respectively,

n = 3. PNP, peak negative pressure.

with spindle shapes (Fig. 6a). There was also a similar number of cells
present for all exposure conditions as assessed via DNA content measure-
ments. When the culture period was extended to 7 and 15 days, there
were again no significant differences between any of these conditions
(Fig. 6b).

There was up to 60% and 25% downregulation of PINK1 (phospha-
tase and tensin homolog- induced kinase 1) and IP3R (inositol 1,4,5-tri-
sphosphate receptor) proteins expression respectively, in comparison to
control for both ultrasound PNPs of 0—45 kPa (p < 0.05) and 0—108 kPa
(p~0.06) (Fig. 7a—d).

No significant differences in calcium deposition or collagen produc-
tion were observed between the ultrasound PNPs for cells maintained in
SC medium. In cells from OS medium there was 10% more calcium
deposited as well as collagen produced for 0—45 kPa ultrasound PNPs,
which was a statistically significant difference compared with other con-
ditions (p < 0.05) (Fig. 8a—e).

Discussion

A standardised, quantifiable ultrasound dose delivery system is
imperative when conducting in vitro investigations in the kHz ultrasound

range. Correct measurement of the ultrasound dose delivered to the cells
is essential to allow ultrasound effects to be linked to any biological
changes detected.

The tank arrangement (Fig. 1) resulted in PNP hot spots at the
centre of the measured ultrasound field at 5 and 25 mm distance
from the transducer face, which aligned with the transducer long-
axis. There were negligible reflections, from the water-absorber
interfaces (at the tank walls) or at the water—air interface, evident
in the scans at 5 mm distance from transducer face, with no other
hot spots visible in the field data. However, at 25 mm distance the
ultrasound field is asymmetrical and introduction of CLINIcell® cas-
sette leads to the generation of a second hot spot; however, its mea-
surement lies within the accuracy of the hydrophone and is much
further away from where the cells were exposed to ultrasound. The
CLINIcell® cassette placed in the path of the ultrasound had a trans-
mission percentage of 80%, again within the error of hydrophone
measurements (Fig. 3). Thus, it was concluded that the CLINIcell®
cassette resulted in insignificant disruption to ultrasound wave prop-
agation, meeting the requirement that it is acoustically transparent.
This enabled precise measurement of ultrasound dose delivered to
the cells in this study. Such a set-up enables reliable in vitro
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assessments of biological effects in different cell types exposed to a
range of low frequency ultrasound doses.

As the transducer driving current, and hence the vibration displace-
ment of the anterior face of the transducer, increased (Fig. 2), cell death
increased by 17% and the metabolic activity per cassette decreased by
27%, for the maximum PNP used in the study of 185 kPa. Moreover, cell
detachment (42%) was mostly visible in the central region of the cassette
where PNP was maximum. One-third of the dying cells were found to
undergo stress-induced necrosis-like cell death whilst the remainder
showed signs of apoptosis-like cell death [26] (Figs. 4 and 5a). This
strongly suggested that higher PNP (>45 kPa) enhanced cell detachment
and reduced cell survival. Moreover, not all the cells that detached from
the cells were dying.

Other studies have also shown that osteogenic cell survival is
affected by kHz ultrasound. A previous study showed that increasing the
ultrasound intensity (from 10 to 75 mW/cm?) led to increased osteo-
genic cell (Saos-2) death by inducing ER stress and membrane rupture in
mitochondria [12]. These cells were seeded in traditional well plates or
petri dishes and a Duo Son device was used to deliver continuous ultra-
sound (45 kHz, 5 min) to cells. In another study, Sura et al. [27] exposed
rat primary osteoblasts (in a 35 mm petri dish) to 25 kHz continuous
ultrasound for 30 s using a magnetostrictive ultrasound transducer and a
TFI-1 tip (Dentsply, UK). There was increased cell death and decreased
cell attachment as the transducer displacement increased. Scheven et al.
[28] also showed a decrease in viability of odontoblast-like cells (on
well plates) after exposure to a 30 kHz frequency D-tip scale probe for
3 min at intensities of 0.17 up to 0.92 W/cm?. Hence, the relationship
between osteogenic cell death and ultrasound pressure/intensity seems
to be consistent and independent of the culture platform used, where
higher PNP leads to cell death.

In this study, the cells exposed to ultrasound demonstrated upregula-
tion of OSX and RUNX2 expression, which sustained up to 5 days in cul-
ture, specifically for 0—108 kPa PNPs (Fig. 5b—g). This suggests that
ultrasound can promote early osteogenic differentiation in hMSCs in
the absence of osteogenic induction medium, easily detectable for O
—108 kPa PNPs range. When these cells were detached and reseeded
on well plates, they had similar attachment efficiency and prolifera-
tion rate as the control cells during 2 weeks of normal culture
(Fig. 6). More interestingly, the cells exposed to ultrasound lower
than 45 kPa PNPs may have enhanced osteogenic potential for bone
healing due to enhanced mineral and collagen production when cul-
tured in osteogenic medium (Fig. 8).

Upregulation in osteogenesis has mostly been reported in the MHz
frequency range, and within a few studies at 45 kHz frequency. Specifi-
cally, frequencies of 1-1.5 MHz have been shown to upregulate osteo-
genesis in MSCs via inhibition of PPAR-y activation through ROCK-Cot/
Tpl2-MEK-ERK pathway [29] and via activation of JNK, ERK1/2 and
p38 MAPK pathways [30—32]. Hasegawa et al. [33] reported two and
four times higher OSX and RUNX2 expressions respectively, after 2 days
of daily exposure to LIPUS (1.5 MHz, Isa14 30 mW/cm?, 20 min) in hae-
matoma-derived progenitor cells from human tibia, fibula and clavicle.
Lai et al. [34] also reported three times higher RUNX2 expression after 1
—4 weeks of daily exposure to LIPUS (1 MHz, Isa1q 200 mW/cm?,
20 min). Some other studies also showed enhanced collagen production
and calcium deposition in human mandibular osteoblasts when exposed
to pulsed 1 MHz frequency ultrasound (100 mW/cm?) or 45 kHz contin-
uous frequency ultrasound (30 mW/cm?) [35—37]. Direct comparison
of these studies, between each other and with the present study, is diffi-
cult due to the variation in experimental set-ups and cells used as well as
the unknown pressures experienced by cells in these studies due to the
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Figure 7. Assessment of PINK1 and IP3R proteins expression by ultrasound exposed reseeded cells. Ultrasound exposure led to a drop in the expression of both proteins
per cell. Representative images of PINK1 or IP3R (red), DAPI (blue) with overlays after 24 h of reseeding are shown in (a) and (c). Signal quantification normalised to
control (0 kPa) are shown in (b) and (d).* Indicates p < 0.05, n = 10 cells/condition. DAPI, 4',6-diamidino-2-phenylindole.

use of non-standardised ultrasound delivery systems. Nonetheless, the
present data confirmed that the therapeutic effect of ultrasound may not
be limited to the MHz frequency range or 45 kHz frequency applied on a
daily basis, but is also possible at a lower kHz frequency of 25 kHz with
a single exposure of 5 min. However, it remains unclear if similar molec-
ular mechanisms are involved and if longer exposure in continuous or
pulsed mode could further enhance this effect, warranting further inves-
tigations.

Previous studies have also shown that mitochondrial stress can lead
to release of Ca®* into the cytosol [38] and an overload can induce apo-
ptosis [39], which may be mitigated by downregulation of IP3R (an
intracellular calcium channel on the endoplasmic reticulum membrane)
expression [40] as a protective mechanism. In relation to ultrasound
treatment, it was found that a much higher frequency than used in the
present study, of 47 MHz, can trigger the connexin 43 hemichannels on
the plasma membrane of MSCs to open up and in effect release Ca®*
reserves from endoplasmic reticulum via the phospholipase C-inositol
1,4,5-trisphosphate (IP3) pathway [16]. In the present study, both
PINK1 and IP3R protein expression levels were reduced after ultrasound
treatment (Fig. 7). This observation is in line with a previous study that
showed mitochondrial damage and cell death in osteogenic cells
(Sao0S2) after 5 min of 45 kHz continuous ultrasound exposures at three
different intensities of 10, 25 and 75 mW/cm? [12]. The current results

also suggested that 25 kHz ultrasound may have dysregulated mitochon-
drial homeostasis via calcium release due to dysregulation of IP3R. In
the case of cells exposed to lower PNP, the Ca®™ release in cytosol may
have been controlled by reduction in IP3R expression (protective mecha-
nism). On the other hand, at higher ultrasound PNP mitochondria may
have been excessively damaged [12] causing failure to regulate IPsR
and, in some cells, instant death. It is also possible that the Ca®* reserves
released at <45 kPa PNPs condition may have been deposited into ECM,
which was detectable on day 14 of osteogenic differentiation of hMSCs.
Future work on calcium release and IP3R and PINK1 expressions will
explore this hypothesis.

Current findings suggest that careful control of ultrasound could
minimise damage to hMSCs and potentially enhance bone regenera-
tion. This has potential benefits for the use of ultrasonic bone sur-
gery devices. If the ultrasonic surgical tip is within 5 mm of the
bone marrow during surgery, a lower power setting, and hence
lower ultrasonic displacement of the tip, may minimise MSC death
and upregulate osteogenesis. This may be more relevant during sur-
geries of thinner bones in infants, children or in adults (e.g., jaw
and fibula) where the bone marrow is more easily accessible and
also for ultrasonic osteotomes, where it is important in surgery to
minimise tissue damage, for example, in bone biopsies and bone
grafting applications. Future in vivo bone-cutting experiments using
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surgical tools with 25 kHz ultrasound frequency will provide more
reliable data to support this.

Conclusions

The tank-based ultrasound exposure system used in this study did not
generate standing waves or reflections and ensured reliable delivery of
quantifiable ultrasound doses. This methodology allows standardisation
of kHz ultrasound delivery to assess cellular effects. MSCs survival and
osteogenic differentiation were shown to be affected by the kHz continu-
ous ultrasound with an application of 5 min duration. Specifically, lower
ultrasound pressure (<45 kPa PNP at 25 kHz) had minimal impact on
hMSC survival and enhanced osteogenic differentiation, and higher
ultrasound pressure (>108 kPa PNP at 25 kHz) led to increased hMSC
death through necrosis and apoptosis. A clear quantifiable ultrasound
dose delivered to the MSCs will allow reliable clinical translation of
observed biological effects for robust bone healing applications.
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