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ARTICLE INFO ABSTRACT
Keywords: Whilst a number of studies have demonstrated that low-intensity pulsed ultrasound (LIPUS) is a promising
Low intensity pulsed ultrasound therapeutic ultrasound technique that can be used for delivering mild mechanical stimuli to target tissue non-
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invasively, the underlying biophysical mechanisms still remain unclear. Most mechanism studies have focused
explicitly on the effects of LIPUS on the cell membrane and mechanosensitive receptors. In the present study, we
propose an additional mechanism by which LIPUS propagation through living cells may directly impact intra-
cellular dynamics, particularly the diffusion transport of biomolecules. To support our hypothesis, human
epithelial-like cells (SaOS-2 and HeLa) seeded on a confocal dish placed on a microscope stage were exposed to
LIPUS with various exposure conditions (ultrasound frequencies of 0.5, 1 and 3 MHz, peak acoustic pressure of
200 and 400 kPa, a pulse repetition frequency of 1 kHz and a 20 % duty cycle), and the diffusivities of various
sizes of biomolecules in the cytoplasm area were measured using fluorescence recovery after photobleaching
(FRAP). Furthermore, giant unilamellar vesicles (GUVs) filled with macromolecules were used to examine the
physical causal relationship between LIPUS and molecular diffusion changes. Nucleocytoplasmic transport co-
efficients were also measured by modified FRAP that bleaches the whole cell nuclear region. Extracellular signal-
regulated kinases (ERK) activity (the phosphorylation dynamics) was monitored using fluorescence resonance
energy transfer (FRET) microscopy. All the measurements were taken during, before and after the LIPUS
exposure. Our experimental results clearly showed that the diffusion coefficients of macromolecules within the
cell increased with acoustic pressure by 12.1 to 33.5 % during the sonication, and the increments were pro-
portional to their molecular sizes regardless of the ultrasound frequency used. This observation in living cells was
consistent with the GUVs exposed to the LIPUS, which indicated that the diffusivity increase was a passive
physical response to the acoustic energy of LIPUS. Under the 1 MHz LIPUS exposure with 400 kPa, the passive
nucleocytoplasmic transport of enhanced green fluorescent protein (EGFP) was accelerated by 21.4 %. With the
same LIPUS exposure condition, both the diffusivity and phosphorylation of ERK induced by EGF treatment were
significantly elevated simultaneously, which implied that LIPUS could also modify the kinase kinetics in the
signal transduction process. Taken together, this study is the first attempt to uncover the physical link between
LIPUS and the dynamics of intracellular macromolecules and related biological processes that LIPUS can possibly
increase the diffusivity of intracellular macromolecules, leading to the changes in the basic cellular processes:
passive nucleocytoplasmic transport and ERK. Our findings can provide a novel perspective that the mechano-
transduction process that the intracellular region, in addition to the cell membrane, can convert the acoustic
stimuli of LIPUS to biochemical signals.
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1. Introduction

Low-intensity pulsed ultrasound (LIPUS) is a specific type of thera-
peutic ultrasound technique that delivers low acoustic energy into target
tissue noninvasively for cell stimulation [1]. The pulsed wave mode used
in LIPUS prevents the bulk temperature rising and mechanical disrup-
tion of the target tissue while maintaining a moderate level of me-
chanical stimulation [2]. The biological effects of LIPUS have been well
demonstrated in a number of studies for clinical applications, including
bone-fracture healing [3,4], soft-tissue regeneration [5-7], inflamma-
tory response inhibition [8,9] and neuromodulation [10,11]. Despite the
promising beneficial effects of LIPUS reported, the underlying physical
and molecular mechanisms of how LIPUS interacts with cells or tissues
remain obscure [12,13]. A number of potential mechanisms have been
proposed.

Most biophysical mechanisms studies on LIPUS treatment have
mainly paid attention to the cell membrane in which acoustic stimula-
tion has transformed into biological signals [14]. Ultrasound with low
intensity can deform the lipid membrane tension by acoustic radiation
force [15] or by a direct mechanical interaction between the membrane
and acoustic wave [16,17], stimulating mechanosensitive receptors and
channels to trigger the signaling cascades. In contrast to the cell mem-
brane, the interaction of LIPUS with the intracellular domain has barely
been considered a potential mechanism. The cell interior is a complex
aqueous environment crowded with a large number of subcellular or-
ganelles, biopolymers and other molecules [18,19]. External forces can
directly impact the intracellular domain modifying subcellular organelle
physiology [20,21] and molecular crowding [22]. It has been reported
that the reaction rate of many biochemical reactions depends on the
diffusion process (i.e., diffusion-limited process) [23] and the diffusion
of biological macromolecules can be slowed down by its crowded
environment. The time taken for proteins within a cell to encounter their
targets during cellular processes such as signaling cascade [24], nucle-
ocytoplasmic transport [25] and cytoskeletal dynamic [26,27] depends
partly on how fast the proteins can diffuse. Along with these, the
intracellular diffusion can also be affected by changes in pH level [28],
osmotic pressure [29] and growth-induced pressure [22]. With these
contexts and given the nature of how ultrasound travels through a me-
dium, we hypothesise that, in addition to the cell membrane, LIPUS can
possibly alter the intracellular environment triggering the signaling
cascades (e.g., pressure oscillation of intracellular biomolecules within
the ultrasound beam path) whilst propagating through a cell or cell
cluster. Physical and biological responses of the cell interior to LIPUS
exposure are, however, largely unknown.

To that end, the main objective of the present study is, therefore, to
provide better insights into the mechanisms of LIPUS stimulation by
investigating the potential effect of LIPUS on the intracellular environ-
ment, particularly the molecular diffusivity within the cell interior. In
the present study, an in vitro experiment with an epithelial human cell
line, SaOS-2 or HeLa cells, embedded in a confocal dish under various
LIPUS exposure conditions was carried out. The diffusivity of macro-
molecules with various sizes (4 to 500 kDa) injected or genetically
expressed in the cytoplasm region was measured using fluorescence
recovery after photobleaching (FRAP). A cell-mimicking model with
giant unilamellar vesicles (GUVs) was employed to verify the diffusivity
changes due to LIPUS at a cell. Then, the passive nucleocytoplasmic rate
of enhanced green fluorescent protein (EGFP) was quantified under
LIPUS exposure by modified FRAP that bleaches the whole cell nuclear
region. Lastly, extracellular signal-regulated kinases (ERK) phosphory-
lation dynamics during both epidermal growth factor (EGF) and LIPUS
stimulations were monitored by fluorescence resonance energy transfer
(FRET) microscopy.
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2. Materials and Methods
2.1. LIPUS experimental setup and acoustic pressure field calibration

The ultrasound stimulator used in the present study was designed to
be used in conjunction with a confocal microscope for simultaneous
microscopic observation of the changes of biomolecules in cells during
LIPUS exposure, as shown in Fig. 1a. The LIPUS stimulator filled with
degassed water was placed on the top of a confocal dish, which has a
180 um thick polymer coverslip bottom for adherent cell culture (80136,
ibidi, Germany), to stimulate adherent cells while monitoring changes in
cells in real-time with an inverted microscope. An unfocused ultrasound
planar transducer operating at 0.5, 1 or 3 MHz with a 10 mm diameter
(DONG IL Technology Ltd, Republic of Korea) was integrated to the
stimulator. The ultrasound was delivered to the cells at an incident angle
of 40° to minimise potential standing wave formation. An acoustic
absorber was also put on the opposite side of the transducer to prevent
undesired acoustic reflections. The distance between the surface of the
transducer and the target cells on the confocal dish was 30 mm. An
acoustically transparent polyethylene (i.e., Mylar) film was placed at the
bottom of the stimulator for coupling purpose. A function generator
(33500B, Keysight, US) and a power amplifier (210L, Electronics &
Innovation, US) were used to drive the transducer. Various LIPUS
exposure conditions with a pulse repetition frequency (PRF) of 1 kHz,
pulse duration of 200 ps, peak acoustic pressure of 200 and 400 kPa and
20 % duty cycle were employed in the present study. These conditions
have been widely used in many clinical applications [1]. The 2D spatial
distribution of acoustic pressure fields along the cell culture area of a
confocal dish was experimentally measured (Fig. 1c). Under a given
LIPUS exposure condition, the acoustic pressure amplitude at the center
surface of the cell dish along the transducer’s axial axis was measured
using a calibrated hydrophone (HNR-500, ONDA, US) and a digital
oscilloscope (DPO 4104, Tektronix, US) with a sampling frequency of
0.1 GHz, as shown in Fig. 1c. The position of the hydrophone was
controlled by a three-axis positioning system (Bi-Slide Velmex, Inc.
Bloomfield, US). All data in this study were acquired from the cells
placed within the circular area with the diameter of the full width at half
maximum (FWHM) of the acoustic pressure (Fig. 1d). All the LIPUS
stimulation protocols used in the present study did not adversely affect
the cytoskeletal structure and cell viability, and the bulk temperature
increase during the LIPUS treatment was measured to be less than 1 K.

2.2. Cell culture and reagents

Sa0S-2 cells and HelLa cells, obtained from Korean Cell Line Bank
(Republic of Korea), were cultured in Dulbecco’s Modified Eagle Me-
dium (DMEM; 11995065, Gibco, US) supplemented with 10 % v/v heat-
inactivated fetal bovine serum (hiFBS; 10082147, Gibco, US), 100 pg/
mL penicillin and 100 pg/mL streptomycin, and the cells were main-
tained under 5 % CO5 at 37 °C in a humidified incubator. Prior to the
experiments, 3 x 10° cells were seeded onto confocal dishes with 35 and
50 mm diameters (80136, ibidi, Germany) for the FRAP and FRET ex-
periments, respectively. The cell culture medium was changed into
phenol-red free DMEM (21063-029, Gibco, US) with 25 mM HEPES
(HO0887, Sigma-Aldrich, US) at least 8 hours before the measurements.
Cells were treated with Gadolinium (439880, Sigma-Aldrich, US) at 20
uM concentration 10 min prior to the measurements [30].

2.3. Transfections

All transfections were conducted using Lipofectamine™ 3000
(L3000008, Invitrogen, Thermo Fisher Scientific, US), following the
recommended protocol by manufacturer. pcDNA3-EGFP was a gift from
Doug Golenbock (Addgene plasmid # 13031; https://n2t.net/addg
ene:13031; RRID:Addgene_13031). GFP-ERK1 was a gift from Rony
Seger (Addgene plasmid # 14,747; https://n2t.net/addgene:14747;
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Fig. 1. (a) Illustration and image of the LIPUS stimulation and imaging setup. Live-cell imaging and FRAP measurements were conducted during LIPUS exposure on
an inverted confocal microscope. (b) Schematic of the acoustic waveform of LIPUS applied to SaOS-2 and HeLa cells. (c) The normalised lateral 2D beam profile of
LIPUS used in this study was measured in degassed water along the plane on which the samples (i.e., cells or GUVs) were to be placed. A colour bar represents
normalised acoustic pressure, and the dashed black circle indicates the full width at half maximum (FWHM) pressure contour along the lateral coordinate (x-axis). (d)
The normalised 1D beam profiles were demonstrated and the 9.2 mm of FWHM acoustic pressure along the x-axis was extracted by Gaussian fitting.

RRID:Addgene_14747) [31]. cytoplasmic EKAR(EGFP-mRFP) plasmid
was a gift from Karel Svoboda (Addgene plasmid # 18,680; https://n2t.
net/addgene:18680; RRID:Addgene_18680) [32]. mCherry-DN KASH/
EA plasmid was a gift from Daniel Conway (Addgene plasmid #125553;
https://n2t.net/addgene:125553; RRID:Addgene_125553) [33].

2.4. Glass beads loading

Glass bead loading is a rapid and simple technique for loading large
numbers of cultured cells with large macromolecules [34]. FITC-
dextrans (FD-S series, Sigma-Aldrich, US) with various molecular
weights (4, 70 and 500 kDa) were dissolved at a concentration of 10 mg/
mL in Dulbecco’s phosphate buffered saline (DPBS). After two-time rinse
of the cells cultured on a confocal dish using DPBS, 1 mL of FITC-dextran
solution was pipetted onto the cells. 200 mg of Acid-washed glass beads
of 425-600 pm diameter (G8772, Sigma-Aldrich, US) were then care-
fully and evenly sprinkled onto the cell culture area of the confocal dish.
Beads were allowed to roll around on top of the cells until evenly
distributed over their surface and afterward, the cells were rinsed by
dipping the whole confocal dish in a DPBS bath (>50 mL). Then, the
cells were incubated with the culture medium and allowed to recover in
a cell incubator. Cells were further incubated at least 8 hours before the
FRAP experiments.

2.5. Osmotic stress

Hyperosmotic stress (400 mOsm/kg) was applied by changing the
cell culture medium to the hyperosmotic medium, which is DMEM
supplemented with 3.0 wt% polyethylene glycol 400 (PEG / 202398,
Sigma-Aldrich, US), and the cells were incubated 5 min before imaging.
The weight concentration value of PEG 400 solution was obtained from
the previous report [35].

2.6. Confocal fluorescence imaging
The cells were imaged by a confocal laser-scanning microscope (LSM

800, Carl Zeiss, Germany) with a 20 x /NA 0.8 DIC PlanApo dry objective
and 63x/NA 1.4 DIC PlanApo oil-immersion objective, depending on

the measurements. For EGFP and FITC, a diode laser (488 nm) was used
for excitation, and the emission was collected from 530 to 630 using the
spectral detection system. RFP and mCherry were excited at 561 nm
using a diode laser, and the emission was collected from 590 to 620 nm.

2.7. FRAP and diffusion coefficient measurement

FRAP experiments were performed on the same confocal microscope
stated above using a 63x/NA 1.4 DIC PlanApo oil-immersion objective.
The imaging window was selected as a horizontal strip shape (10 x 3 ym
or 5 x 3 um, depending on the experimental sample, 1 px = 0.1 um) to
minimise the image acquisition time (scan speed 0.53 psec/px, 18.58 or
13.68 ms frame time). Samples were imaged and bleached using a 30
mW Argon laser (488 nm) and the laser power for fluorescence images
was maintained between 6.5 and 10 nW (488 nm). Each FRAP experi-
ment was conducted only one time per sample (i.e., a cell or a GUV) per
condition at room temperature (23 °C). The bleaching of EGFP and FITC
was achieved by focusing the 488 nm laser light with maximum power
on a circular region (r = 1.5 um). In the case of cells, the bleaching
position was arbitrarily selected within the cytoplasmic area so that the
bleaching area did not contain part of the cell nucleus or cell exterior. All
FRAP experiments under LIPUS exposure were carried out within the
first 3 min of the sonication. Furthermore, to correct any diffusion that
occurs during photobleaching and the time taken to acquire the first
image, the effective radius r. was extracted from the Gaussian fit of
postbleaching profile [36] (Supplementary Fig. 1a). The postbleaching
profile was obtained from the first captured fluorescence image after the
bleaching, radially integrated over a full angle (¢ = 360°) to obtain 1D
profiles of intensity against the distance (r) from the center of the
bleached area. The profile was normalised by the mean prebleach
fluorescence intensity (N = 10). Then, the normalised profile was fitted

to [36]
r2
_ ﬁ)

where K is the bleaching depth minimising the sum of mean-square er-
rors by use of OriginPro 9.0 (OriginLab Corporation, US). Diffusivity of

Cpo»lbleach (") =1- Kexp ( (1)
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macromolecules was calculated by fitting the recovery curve [37,38]
(Supplementary Fig. 2b). A solution of the implicit equation with un-
known diffusion coefficient D and an initial condition given by equation
(2), a numerical equation for FRAP can be presented as [36]

K

F(f)=F{1-——
() 1+y2+2[/7;[)

M;+ (1 — My)F, (2)

where tp =r2/(4D) and y = ry/r..Mj is defined as

Fo —Fy

M, =
T F—F

3
where Fj is prebleach fluorescence intensity average with 10 images, Fy
is the postbleach initial fluorescence intensity and F,, is the postbleach
steady-state fluorescence intensity.

2.8. GUV formation and vesicle immobilization

GUVs were electroformed on stainless steel electrodes [39]. In brief,
solutions of 1,2-distearoyl-sn-glycero-3-phosphocholine (DOPC) (25
mg/mL in chloroform) and cholesterol (10 mg/mL in chloroform) were
mixed at 1:1 molar fractions. 1,2-dipalmitoyl-sn-glycero-3
phosphoethanolamine-N-(cap-biotinyl) sodium salt (DPPE-biotin) was
then added to the solution at 1 mol% for vesicle immobilisation on the
glass surface of confocal dish. The resulting solution was then pipetted
vertically onto a pair of stainless-steel electrodes (50 pl per pair). After
drying, the electroformation chamber was filled within sucrose solution
(~3 mL, 200 mM sucrose in MilliQ deionised water at 23 °C) in which
10 mg/mL of FITC-dextran was solved, the electrodes were submerged,
and the function generator was connected using brass rods on the
chamber sides. A 10 Hz, 5 V peak-to-peak voltage (Vpp) sinusoidal
excitation was then applied for 2 h, followed by 30 min at a lower fre-
quency of 5 Hz to facilitate vesicle detachment. The vesicle with a range
between 30 and 50 um in diameter were manually selected for FRAP
experiments.

The vesicles were immobilised on a confocal dish using avidin-biotin
chemistry. First, the imaging region (glass coverslip) of confocal dish
was coated with 400 pl of biotin labelled bovine serum albumin (bBSA)
solution (10 mg/mL in PBS) for two hours at room temperature. After
washing with deionised water, an avidin solution (1 mg/mL in PBS) was
pipetted on the plate and incubated for four hours. After repeated
washing with PBS, a 500 pl of biotin labelled GUV solution was added
and allowed to attach on the surface for 30 min. The lipid shell structure
of GUV was labelled with a 1.0 pg/ml concentration of Nile red (72485,
Sigma-Aldrich, US) solution. The vesicles with 30-50 um of diameter for
FRAP experiment were measured and selected manually using LSM 800
confocal microscope.

2.9. Nucleus-cytoplasmic translocation rate measurement using FRAP

The cells were imaged with a 20x/NA 0.8 DIC PlanApo objective,
and the focus was adjusted in the middle plane of the nucleus. For FRAP
analysis, the whole nucleus area was manually selected and photo-
bleached for 3 sec with maximum laser power (488 nm) until a less than
80 % reduction of initial fluorescence intensity. The fluorescence images
were obtained every 2 sec for 10 min. In all cases, the time-dependent
intensity rise calculated by taking the averaged (background-cor-
rected) nucleus fluorescence intensity, F(t) was fitted to a single-
exponential curve with an equation as follows [40,41],

F(t) = Fmax(l - eik[) @

where t is the time, and k is the first order rate constant, nucleocyto-
plasmic transport rate. All transport rates used in the present study were
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extracted from qualified curves with the R? value (>0.95).
2.10. Ratiometric FRET measurement

Cytoplasmic EKAR (EGFP-mRFP), a FRET-based sensor of ERK ac-
tivity (the extracellular signal-regulated kinase activity reporter), was
used for the analysis of ERK signaling in living cells [32,41]. Cells were
starved for at least 12 hours to inhibit ERK activity and then stimulated
with EGF. Cells were imaged in phenol red-free DMEM medium using
LSM 800 laser-scanning confocal microscope using a heated stage and
CO2 supply with a 40x/1.20NA Plan Apo objective. For ratiometric
FRET analysis, EGFP images were captured with an EGFP excitation and
EGFP emission filter, and mRFP images were defined as fluorescence
images with an EGFP excitation and mRFP emission filter. Then, mRFP
images were divided by EGFP images to obtain mRFP/GFP ratio, which
is defined as FRET efficiency. The acquisition time interval was 30 sec,
and the whole observation time span was 20 min. 5 min after the
acquisition started, 100 pl of concentrated EGF solution was injected
carefully to reach the concentration of 50 ng/mL [42,43], then the cell
media was homogenised by multiple pipetting towards the inner wall of
the dish. The data analysis for FRET efficiency for each data analysis was
conducted with the ImageJ software described in the other protocol
[44]. The ratio of acceptor and donor fluorescent intensities was
calculated with flat field images for each channel after the background
correction process. Normalised curves were obtained by dividing the
average of the pre-stimulated images (time points —5 to 0 min) for each
time point.

2.11. Data and statistical analysis

All image analysis was performed using ImageJ (National Institutes
of Health, US) and its plug-in package, Fiji. Statistical analysis was
performed with GraphPad Prism 9.0.0 (Dotmatics, US) with one-way
ANOVA for multiple comparison analysis, while a Student’s t-test was
used for direct comparison between two data sets. All data are expressed
in terms of mean =+ standard deviation (SD) and the number of inde-
pendent replicates is expressed in the figure captions. Following con-
ventions for statistical significance are used throughout the experiments:
ns =p > 0.05, * =p < 0.05, ** =p < 0.01, *** =p < 0.001, **** =p <
0.0001.

3. Results

3.1. LIPUS stimulation increases the diffusivity of cytoplasmic
macromolecules

To explore the effect of LIPUS stimulation on the diffusion behaviour
of biomolecules in a human cell, we initially introduced various bio-
logically inert fluorescent probe molecules with a wide range of mo-
lecular weights into the cytoplasm of SaOS-2 and HeLa cells. As a probe
molecule, EGFP (27 kDa) was expressed in a cell by transient trans-
fection, or fluorescein isothiocyanate (FITC) conjugated-dextran with
different molecular weights (4, 70 and 500 kDa) was injected in the
cytoplasm using the glass bead loading method (see Materials and
Methods 2.4). The diffusion coefficient of each probe molecule was
measured using FRAP (see Materials and Methods 2.7) analysis. The
FRAP measurements under LIPUS exposure were conducted within 3
min of sonication to minimise the interference with cellular responses to
external stresses. In the absence of the LIPUS exposure, the diffusion
coefficient of 70 kDa FITC-Dextran in the SaOS-2 cytoplasm (D) was
initially determined as 15.9 + 3.5 pmz/s (mean =+ standard deviation)
(Fig. 2b). This was comparable to the value reported in previous studies
[45,46]. Interestingly, in our experiments, we observed that the diffu-
sion coefficient of 70 kDa FITC-Dextran increased during the 1 MHz
LIPUS exposure (17.0 & 3.2 pmz/s with 200 kPa) which was then further
increased with increasing the acoustic pressure (18.8 + 3.1 um?/s with
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Fig. 2. (a) llustration of FRAP experiment during LIPUS stimulation on a SaOS-2 cell. The yellow circle in the prebleach image indicates the bleaching area (r, = 1.5
pm) within the cytoplasm of SaOS-2 cells. After bleaching was executed, each image was acquired in 13.8 or 18.3 ms of time intervals. (b) Molecular diffusivity of 70
kDa FITC-dextran within the cytoplasm of SaOS-2 cell in the absence or presence of LIPUS stimulation (1 MHz) and hyperosmotic pressure (400 mOsm/kg). The
statistically significant data is presented with different colours. (c) Percentage change of diffusivity of various samples with different molecular weights (GFP, 4 kDa,
70 kDa and 500 kDa of FITC-dextran) at 400 kPa acoustic pressure. Three different LIPUS frequencies (0.5, 1 and 3 MHz) were utilised. Values are expressed as mean
=+ SD of > 18 samples. * P < 0.05, ** P < 0.01 and *** P < 0.001. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

400 kPa), whereas the diffusion coefficient under polyethylene glycol-
induced hyperosmotic stress (400 mOsm/kg) decreased to 12.0 + 0.7
pmz/s (Fig. 2b) which was comparable to the value reported in a pre-
vious study [47].

The effects of the variations of the molecular weight of the probe
molecules (4, 27, 70 and 500 kDa) and ultrasound frequency (0.5, 1 and
3 MHz) on the diffusion coefficient at a constant acoustic pressure of
400 kPa were then examined. In all cases, the diffusion coefficient
gradually increased with the molecular weight at a given LIPUS fre-
quency (Fig. 2c and Supplementary Fig. 2a). These similar trends were
also observed with HeLa cells (Supplementary Fig. 2b). From these
experimental results, we therefore can conclude that LIPUS stimulation
can increase the diffusivity of molecules in the cells. The heavier the
molecules, the faster the diffusion rate under a given LIPUS exposure.

It has been reported that ultrasound stimulation can impact the cy-
toplasm’s water or ion content by opening the mechanosensitive mem-
brane channels, including Piezol [48] and TRP channels [17], possibly
resulting in changes in cytoplasmic diffusion properties. To show that
the changes in the diffusion coefficient of the probe molecules by the
LIPUS stimulation observed in the present study did not result from the
mechanosensitive ion channel opening, we treated the SaOS-2 cells with
Gadolinium ion (Ga3+) [30], which is a nonspecific blocker of mecha-
nosensitive ion channels, prior to the LIPUS exposure. Interestingly, the
molecular diffusivity again increased by the LIPUS stimulation (1 MHz,
200 and 400 kPa) with no significant differences between those with and
without the Ga3* ion pretreatment (Supplementary Fig. 2c). This shows
that the increased molecular diffusivity by the LIPUS stimulation was
not due to altered intracellular ionic distribution.

3.2. The effect of LIPUS stimulation is consistently observed in a cell-
mimicking model system with giant unilamellar vesicles (GUVs)

To further demonstrate that the increase of diffusivity by LIPUS
stimulation is a direct effect caused by the interaction between ultra-
sound waves and macromolecules, we used GUVs as a simplified cell-
mimicking model [49,50] and measured the diffusion coefficient of
FITC-Dextran (20, 70 and 500 kDa) in the GUV (Fig. 3a). The size of the
prepared GUVs filled with FITC-dextran solution was in the range of 30
to 50 pm which was comparable to that of mammalian cells. GUVs were
then attached to the glass surface of a confocal dish using biotin-avidin
chemistry (Fig. 3b, see Materials and Methods 2.8).

Prior to LIPUS exposure, the diffusion coefficient of 70 kDa FITC-
Dextran in the GUV was determined as 53.9 + 9.9 pmz/s (mean +
standard deviation) (Fig. 3c), which was 3.39-fold greater than that of
the Sa0S-2 cell. This slower molecular diffusion rate inside the cyto-
plasm is likely to be due to the impeded mobility of molecules by a
crowded environment of living cells [47,51]. As soon as the GUV vesi-
cles were exposed to the 1 MHz LIPUS with 200 and 400 kPa, the
diffusion coefficients of macromolecules in the GUV increased with the
acoustic pressure amplitude (Fig. 3c). Similar to the results obtained
with Sa0S-2 cells depicted in Fig. 2c, the percentage increase in the
diffusivity in the GUV was proportional to the size of the molecules
(Fig. 3d). These results can imply that the increased macromolecular
diffusivities within both the cytoplasm and GUV lumen under LIPUS
exposure share the same principle, which is directly derived from the
acoustic energy of LIPUS on the dynamics of macromolecules rather
than via a biological reaction.
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3.3. LIPUS stimulation accelerates passive nucleocytoplasmic transport
rate

On the basis of the experimental observations on the changes of the
diffusivity of cytoplasmic macromolecules (Fig. 2), we hypothesised that
LIPUS stimulation could also affect the kinetics of intracellular pro-
cesses. To explore this possibility, we first considered nucleocytoplasmic
transport. Nucleocytoplasmic transport of macromolecules through the
nuclear membrane is a fundamental process for the signal transduction
of eukaryotic cells [52]. In particular, small molecules such as ions,
metabolites and intermediate-sized macromolecules can pass through
the membrane by passive diffusion; however, this passive transport
becomes increasingly restricted as the particle size approaches 60 to 70
kDa [25,53]. To investigate the potential effect of LIPUS stimulation on
the passive nucleocytoplasmic transport, we measured the nucleocyto-
plasmic transport rate EGFP (27 kDa) expressed in SaOS-2 cells by FRAP
analysis [40]. In the FRAP experiment, the nucleus area to be bleached
was manually selected, and the recovery of fluorescent level of EGFP
was processed by the exchange with intact molecules from the cyto-
plasm (Fig. 4a). Fig. 4b shows the recovery curve averaged over 10
samples, and the nucleocytoplasmic transport k was estimated by fitting
each normalised recovery with the single exponent (equation (4). From
the recovery curve of fluorescence after photobleaching, the nucleocy-
toplasmic transport rate of EGFP (27 kDa) was measured to be 9.8 & 2.0
x 10 s71. After EGFP photobleaching was completely recovered, we
used the same cell to measure the transport rate under the 1 MHz LIPUS
exposure with 400 kPa (Fig. 4b). When the LIPUS was applied during the
whole recovery process after the photobleaching for 10 min, the
nucleocytoplasmic transport rate of the EGFP increased by 20.9 %
(Fig. 4c).

To exclude the possibility that the opening of nuclear pore complexes
(NPCs) by LIPUS exposure may increase nuclear membrane permeability

[54-56], we disrupted the linker of nucleus and cytoskeleton (LINC)
complex which connects actin fibers to the nuclear lamina, and then
examined whether the nucleocytoplasmic transport rate was affected by
NPC structural changes. Nesprin [57], a family of proteins that are found
primarily in the outer nuclear membrane, can mediate external force
delivered from the cytoskeleton to the nucleus, and the force can
modulate the mechanical process of NPCs’ opening [56]. To block the
LINC complex by nesprin, mCherry labelled dominant negative form of
nesprin KASH domain (DN-KASH) was overexpressed in Sa0S-2 cells
(Supplementary Fig. 3). In comparison to the control group, the nucle-
ocytoplasmic transport rate of DN-KASH overexpressed SaOS-2 cells was
reduced to 6.8 + 3.2 x 10 s7! (mean =+ standard deviation, Fig. 4c),
which is consistent to the previous study [54]. Notably, the increase of
nucleocytoplasmic transport rate by the LIPUS stimulation was main-
tained regardless of DN-KASH overexpression (Fig. 4c). Taken together,
we can therefore conclude that the LIPUS-induced acceleration of pas-
sive nucleocytoplasmic transport results from acoustically increased
diffusivity of EGFP, rather than the modulation of LINC complex-
dependent deformation of the nucleus membrane.

3.4. LIPUS stimulation amplifies ERK reaction kinetics

In the present study, we also tested whether LIPUS can increase the
diffusion of protein enzymes into the cytoplasm and can affect their
kinase activity. For this purpose, we chose extracellular signal-regulated
kinase (ERK), a central regulator kinase of a variety of cellular processes.
ERK plays a role in mitogen-activated protein kinase (MAPK) signaling
cascades and transmits extracellular signals to diverse intracellular
targets [58,59]. To monitor the ERK-activation dynamics, a genetically
encoded FRET biosensor, cytoplasmic EKAR whose conformational
rearrangement by phosphorylation enhances the FRET signal, was used
[32]. The FRET efficiency which was defined by the ratio of Ipa/Ipp (see
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Materials and Methods 2.10) was monitored before and after epidermal
growth factor (EGF) treatment (Fig. 5a). Before the kinetic measure-
ments, the diffusivity of the GFP-tagged ERK1(GFP-ERK1, 71 kDa) was
initially measured by FRAP analysis. We observed that the diffusion
coefficient of GFP-ERK1 increased by 27.3 % with the 1 MHz LIPUS
exposure (400 kPa) (Fig. 5b), which was consistent with the previous
measurements with similar molecular weight (shown in Fig. 2b). Next,
to observe LIPUS dependent EKR activation dynamics, SaOS-2 cells were
transfected with ERK FRET sensor, cytoplasmic EKAR (EGFP-mRFP)
plasmid, which shows increased FRET by ERK phosphorylation. The
signaling cascade was initiated by EGF treatment (50 pg/mL) followed
by a 5 mins-long LIPUS exposure (1 MHz with 400 kPa).

Distinct temporal changes of ERK activation were observed in the
corresponding FRET signal shown in Fig. 5c. The ERK phosphorylation
induced by EGF increased by the LIPUS stimulation, and the level was
maintained over 10 min after reaching the peak point (indicated by the
red line in Fig. 5¢), whereas we observed a gradual decline of the ERK in
the absence of the LIPUS exposure (indicated by the black line in
Fig. 5¢). There seems no significant differences in the onset and the slope
of EGF-induced FRET signal risings that occurred around 2 min between
with or without the LIPUS exposure (between the red and black lines in
Fig. 5¢). Furthermore, when we solely applied the LIPUS to SaOS-2 cells
without the EGF treatment, the ERK activity was rarely observed
(indicated by the blue line in Fig. 5¢). This can exclude the possibility
that LIPUS directly activates the membrane receptors initiating ERK
cascade. Our findings thus suggest that LIPUS can amplify the ERK ac-
tivity by increasing its cytoplasmic diffusivity.

4. Discussion

In the present study, we (a) investigated how the diffusivity of
intracellular macromolecules can be affected by LIPUS exposure and its
possible effect on cellular processes, (b) and proposed an additional
possible mechanism of LIPUS stimulation, which is shown in Fig. 6. It
was clearly observed that LIPUS stimulation enhanced the diffusion
coefficient of various macromolecules by ranging from 12.1 % to 33.5 %,
depending on their molecular weight and acoustic pressure of LIPUS
(Fig. 2¢). Interestingly, there was a positive correlation between mo-
lecular weight and percentage increase of diffusivity upon LIPUS stim-
ulation, and the trend was maintained regardless of the LIPUS driving
frequency (Fig. 2c and Fig. 3d). The acoustically-increased diffusion of
EGFP by LIPUS exposure led to a 21.4 % increase of its passive nucle-
ocytoplasmic transport rate (Fig. 4). The increased diffusivity of ERK by
LIPUS further amplified ERK activity which was initially triggered by
EGF (Fig. 5). From these experimental results, it can be suggested that
LIPUS can extensively modify cellular processes by increasing the dif-
fusivities of various macromolecules within the intracellular region.

The LIPUS-increased diffusivity observed in the present study
(Fig. 2b and 3c) is most likely to be due to the mechanical effects of
LIPUS, since a significant temperature rise at the treatment site was not
observed during the sonication. Acoustic cavitation, acoustic radiation
force and acoustic streaming can be considered as major mechanical
effects induced by ultrasound. During our experiments, however, no
violent acoustic cavitation would likely occur; otherwise, significant
cellular damage would have appeared. Since the range of molecular
weights of the biomolecules used in this study was 4 to 500 kDa, the
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largest one was assumed to be a sphere particle with a radius of 5 nm.
The size of the particle (sub nanoscale) and the difference of acoustic
impedance with the surrounding fluid were, however, too small to
generate acoustic radiation force, inducing a directional motion of the
particle through the wave-particle interaction [60,61]. In addition,
although oscillatory diffusion is conceivable, the case of a weak solution
at GUV (<1% w/v) hardly fulfils the basic assumption that the sur-
rounding of probe particles is a poroelastic environment [62,63].

The physical basis for the increase in the molecular diffusivity during
the LIPUS radiation is possibly derived from the mechanical stress that is
transmitted across cell and vesicle lipid membrane. The viscous friction
between the lipid membrane and the acoustic streaming of the sur-
rounding medium can induce the motion and deformation of lipid
membrane. In the cases of lipid vesicles, the mechanical stresses induced
by unidirectional flow or ultrasound have been shown to transmit into
the lumen area, producing internal streaming within the vesicles [64].

Ultrasound-induced acoustic radiation force can also deform and oscil-
late the cell membrane directly [15]. The radiation force induced by a
10 ms of 1 MHz burst continuous ultrasound with 185 kPa directly
deflected the lipid membrane up to about 170 nm, and the mechanical
response of the membrane was predicted to oscillate at a frequency far
less than the incident ultrasound [15]. The slow response (kilo Hertz
order) not only corresponds to the frequency range of action potentials
induced by ultrasound but also proposes that the membrane dissipates
mechanical energy partially into viscous force, which may assist the
molecular diffusion process in the vicinity solution.

In addition, ultrasound waves may directly impact macromolecular
dynamics. When ultrasound propagates through a complex solution, the
media absorbs the part of acoustic energy by solute solvent interaction
[65,66]. Each molecular content within the solution has a different
translational relaxation time, suggesting that ultrasound causes relative
motion between them (a mechanical momentum exchange). When
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ultrasonic pulses impinge on microparticles dispersed in a liquid, ul-
trasonic scattering from the particles can be observed, albeit at a very
low intensity [67]. It has been observed that the motions of 25-nm-sized
silica particles were greatly accelerated by pulsed ultrasound [68].
Furthermore, ultrasound can enhance the cooperative local motions of
the solvent protein molecules (including diffusive motion) while the
macroscopic temperature of the system remains unchanged [69]. On the
basis of these, the attenuation of ultrasonic scattering within nanoscale
particle suspensions (i.e., colloidal suspensions) can be possibly corre-
lated with the acceleration of molecular dynamics. Experimental and
theoretical investigations on ultrasonic scattering in a suspension of
nanoscale silica particles have shown that the attenuation of particles
with diameters below 1 pm is generally proportional to ultrasonic fre-
quency and particle size [70,71]. Baudoin et al. showed that the acoustic
attenuation of suspension of silica particles with a 70 nm diameter
(comparable particle size to macromolecules) was about five times
greater than that of 35 nm [72]. The values were successfully compared
with the simulation that accounted for the visco-inertial effects caused
by velocity and thermal capacity differences between particles and the
surrounding liquid. Therefore, scattering attenuation may be respon-
sible for our results showing the positive correlation between molecular
weight and the percentage increase of diffusivity upon LIPUS stimula-
tion (Fig. 2¢ and 3d).

In the present study, no dependence of diffusivity changes on LIPUS
frequency (varied from 0.5 to 3 MHz) was observed (Fig. 2c). This is
most likely to be due to the relationship between attenuation of acoustic
scattering and the size of biomolecules (nanoscale particles). The con-
ventional multiple scattering theory often overestimates acoustic
attenuation in suspensions as the particle size approaches the nanometer
scale (less attenuation measured than prediction) [73]. Through the
investigations on acoustic attenuation over a wide frequency range of
1-100 MHz, the attenuation in suspensions of nanoscale silica particles
with 100 nm diameter, as opposed to macro-sized particles, was
measured to be lower than the value predicted by the conventional
model [71]. Correspondingly, the attenuation change of nanoscale
particles as a function of frequency in the low frequency region (1-5
MHz) was significantly lower than that in the high frequency range [71].
The Stokes diameters of the macromolecules used in the present study
were in the range of 2 to 15 nm, so the dependence under the LIPUS
frequencies of 0.5 to 3 MHz used in the experiments may, therefore, be
insignificant, which can possibly explain our experimental results shown
in Fig. 2c and 3d.

Biological context of molecular diffusivity changes caused by other
external stresses such as osmotic pressure [74], heat shock [75], and
hypergravity [76] has been reported. Osmotic pressure directly modifies
intracellular viscosity by regulating the water content, which causes
changes in the diffusivity of various macromolecules within the cell. The
polymerisation of microtubules (MT) is strongly dependent on the
diffusion of tubulin molecules (100 kDa), and the diffusion and poly-
merisation rates in yeast protoplasts increased up to about 50 % by
hypoosmotic shock with 0.2 M sorbitol [26]. In contrast, hyperosmotic
compression slowed down various cellular dynamic processes, including
protein diffusion, signal transduction and nuclear translocation [74].
These can possibly imply that there is a positive relationship between
diffusivity changes of functional biomolecules and intracellular pro-
cesses. In our experiments, it was clearly observed that the diffusivity
increased by LIPUS exposure (Fig. 2), which in turn may lead to an in-
crease in cellular dynamic processes (Figs. 4 and 5). Of course, addi-
tional studies focussing on each diffusion-dependent cellular process
and their interplays are needed to further understand the impacts of
LIPUS-induced diffusivity changes on cell function.

It has been reported that the passive nucleocytoplasmic transport
rate can be physically modulated by applying mechanical force. For
example, mechanical cues such as force application [55], substrate
stiffness [77] and topography [78] could directly control the passive
nucleus transport process. These statically or quasi-statically applied
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forces are delivered through the cytoskeleton to the nucleus membrane,
resulting in the structural changes of NPC. Therefore, disruption of LINC
by DN-KASH expression can abolish these mechanical effects [54,79].
On the other hand, our result implies that the increased transport rate by
LIPUS originated from the increased molecular diffusivity rather than
physically regulating LINC-dependent structural changes of NPC
(Fig. 4c) [80]. Fick’s first law of diffusion, which describes the mass flux
of the permeates through the membrane, states that the flux is propor-
tional to the permeates’ self-diffusivity. The two comparable increases in
EGFP’s diffusivity in the cytoplasm (15.8 %, Fig. 2d) and nucleocyto-
plasmic transport rate (20.9 %, Fig. 3c) could mean that the flux of EGFP
through the nuclear membrane is enhanced in line with its diffusivity.
Meanwhile, various mechanical stimuli, including LIPUS, have been
reported to enhance the nuclear translocation of YAP [81], a vital
mechanosensitive transcriptional activator [82,83]. These results have
mainly been explained by mechanically widened NPCs through LINC
[54,84]. However, due to the relatively comparable size of YAP (~54
kDa) for passive transport, it is also possible that the increased diffusion
process mediates enhanced nuclear translocation [56]. Further investi-
gation is necessary to clarify the detailed mechanism of YAP nuclear
entry under LIPUS exposure.

The enhanced phosphorylation of ERK substrate by LIPUS stimula-
tion (Fig. 5) demonstrated that LIPUS stimulation can possibly regulate
the kinase activity followed by the signal transduction process. A nu-
merical study reported that ultrasound has the potential to accelerate
protein-ligand binding kinetics through a solvent-mediated mechanism
without denaturalising the protein structure [69]. There also are studies
that the kinase’s signaling cascade can be regulated by the diffusivity of
molecules involved [85-87]. Still, assessing the effect of increased
diffusion of macromolecules, including ERK by LIPUS, on the whole
MAPK/ERK signal transduction is challenging. This is because LIPUS
may impact the different dynamics of the multiple components of the
pathway; not only ERK but also complex crosstalk with other pathways
also exists. Radiating LIPUS on a cell-free kinase assay could effectively
help understand whether and how kinase kinetics are directly altered by
ultrasound waves [88]. On top of that, eukaryotic cells overcome a large
spatial gradient [89-91] of kinase localization not only by passive
diffusion but also by many other dynamical strategies, including phase
separation [92], molecular crowding [93] and endocytic trafficking
[94]. Further investigation into the LIPUS effects on the general kinase
activity in the signaling pathway would flourish our understanding of
acoustically modulated signaling transduction.

5. Conclusion

In this study, for the first time in the fields of LIPUS, we reported the
increased diffusivity of intracellular macromolecules by LIPUS stimu-
lation. During the sonication, the diffusivity enhancement of FITC-
dextran, ranging from 4 to 500 kDa, increased with acoustic pressure,
and the percentage of increase was proportional to the molecular weight
of the probes. The comparison with the diffusion of macromolecules
within a GUV (a cell-mimicking model) showed the same trend of
diffusivity enhancement with living cells, which indicates that this
phenomenon is a physical reaction. LIPUS acoustically increased the
rate of passive nucleocytoplasmic transport of EGFP and intensified the
phosphorylation of ERK together with its diffusivity. This implies that
cell biological effects of LIPUS can be initiated by physical property
changes in the intracellular area. Our findings open up new perspectives
in mechanobiology in that mechanical stress can accelerate pre-existing
cellular processes, not only triggering specific signal pathways.
Furthermore, taken together, our results provide the possibility of
developing new technologies that can noninvasively control nanoscale
dynamics inside cells.
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