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Abstract

Purpose This paper explores the effect of therapeutic ultrasound on the mechanical and biological properties of ligament
fibroblasts.

Methods and Results We assessed pulsed ultrasound doses of 1.0 and 2.0 W/cm? at 1 MHz frequency for five days on liga-
ment fibroblasts using a multidisciplinary approach. Atomic force microscopy showed a decrease in cell elastic modulus for
both doses, but the treated cells were still viable based on flow cytometry. Finite element method analysis exhibited visible
cytoskeleton displacements and decreased harmonics in treated cells. Colorimetric assay revealed increased cell proliferation,
while scratch assay showed increased migration at a low dose. Enzyme-linked immunoassay detected increased collagen and
fibronectin at a high dose, and immunofluorescence imaging technique visualized B-actin expression for both treatments.
Conclusion Both doses of ultrasound altered the fibroblast mechanical properties due to cytoskeletal reorganization and
enhanced the regenerative and remodeling stages of cell repair.

Lay Summary Knee ligament injuries are a lesion of the musculoskeletal system frequently diagnosed in active and sedentary
lifestyles in young and older populations. Therapeutic ultrasound is a rehabilitation strategy that may lead to the regenerative
and remodeling of ligament wound healing. This research demonstrated that pulsed therapeutic ultrasound applied for 5 days
reorganized the ligament fibroblasts structure to increase the cell proliferation and migration at a low dose and to increase
the releasing proteins that give the stiffness of the healed ligament at a high dose.

Future Works Future research should further develop and confirm that therapeutic ultrasound may improve the regenerative
and remodeling stages of the ligament healing process applied in clinical trials in active and sedentary lifestyles in young
and older populations.
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Introduction

Therapeutic ultrasound produces sound waves to create
vibrations that exert forces on cells and stimulate the
regenerative and remodeling stages coordinated by fibro-
blasts during the wound healing process [1-3]. Never-
theless, the exact doses of ultrasound that may affect the
ligament fibroblast elastic modulus and harmonic vibra-
tion to improve the regenerative and remodeling stages
remain largely elusive. The elastic modulus of cells is a
biomarker that determines several biological responses
such as communication with the environment, cell death,
aging, and cellular motility [4—6]. It may also influence the
harmonic vibration (i.e., natural vibration frequencies of
the cell structure) [7], which is the rate at which the struc-
ture oscillates at a point of balance without being affected
by an external force [8].

Therapeutic ultrasound generates a micro-massaging
effect caused by compression and negative pressure from
micro-vibration and cavitation [9-13]. Cellular transmem-
brane receptors such as integrins and cadherins detect
these forces. Consequently, external stimuli are con-
ducted rapidly along cytoskeleton filaments and absorbed
at reserved edges in the cytoplasm and nucleus, modifying
the cellular genome activities by increasing collagen syn-
thesis and activating the mitotic activity of cells [14—16].

Cells react to external physical stimuli caused by ultra-
sound by altering their cytoskeleton, which is the struc-
ture responsible for regulating the mechanical behavior of
cells. The cytoskeleton maintains the cell shape, responds
to external mechanical cues, exerts forces, and produces
motion [13, 17, 18]. In addition, it transduces the mechani-
cal signal and converts it into a biological response associ-
ated with the wound healing process. This mechanotrans-
duction process is evidenced by measuring changes in the
mechanical properties of cells [4-6, 17, 19-22].

The mechanical and biological effects of conventional
ultrasound doses of 0.1-3 W/cm? spatial average temporal
average intensity (SATA) at 1-3 MHz frequency to liga-
ment fibroblasts remain unclear [23]. The evidence so far
has shown contradictory results: On the one hand, when
therapeutic ultrasound is applied at conventional frequen-
cies [9-12], there is no resonance effect; in other words,
cell harmonics differ from ultrasound frequency. For exam-
ple, when using therapeutic ultrasound at 1 MHz and low
intensities (less than 1.0 W/cm?), ultrasound improves cell
proliferation and extracellular matrix (ECM) [20, 23-26]
and cell migration [24] by modulating cell cytoskeleton
organization [20, 25].

On the other hand, when applying ultrasound at low
frequencies in the kHz range, typically, a resonance effect
occurs, compromising cell structure integrity because of
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the oscillation at such frequencies that coincide with the
harmonic vibration of the cell [7, 26-28]. For instance,
when applying ultrasound at frequencies between 550
and 650 kHz, cell death increases, and cell proliferation
decreases in breast cancer cells [29].

The effects of conventional doses of therapeutic ultra-
sound used in rehabilitation [23] on the elastic modulus and
harmonic vibration (mechanical properties), as well as on
the viability, proliferation, migration, and synthesis of the
ECM (type I collagen, type III collagen, and fibronectin) and
B-actin expression (biological properties) of ligament fibro-
blasts in joints remain uncertain [30-34]. The controversy
concerning the contradictory results of ultrasound and the
lack of evidence motivated us to measure and demonstrate
that conventional doses of therapeutic ultrasound can modu-
late the mechanical and biological properties by the ligament
fibroblast cytoskeleton reorganization to improve the cell
functions associated with wound healing.

Therapeutic ultrasound modifies the elastic modulus of
cells and their harmonic vibration, while cells reorganize
their cytoskeleton structure without resonance or harmful
effects. It also improves the regenerative and remodeling
functions of ligament fibroblasts. However, clinicians cannot
evaluate this complex effect by patient assessment. Thus, we
applied a multidisciplinary approach that integrates in vitro
and computational techniques to assess the impact on the
mechanical and biological responses of ligament fibroblasts
of joints by using two intensities of conventional pulsed
therapeutic ultrasound, namely, a low dose of 1.0 W/cm?
and a high dose of 2.0 W/cm?, both at a frequency of 1 MHz
applied for 5 days. Furthermore, we determined the specific
ultrasound dose required to improve the regenerative (cell
proliferation and migration) and remodeling (extracellular
matrix synthesis) of the ligament fibroblast healing process.

Materials and Methods

We show the summary methods in Fig. 1. For additional
details of conventional procedures to evaluate the biological
properties of ligament fibroblasts, refer to the supporting
information (S1 File).

Ligament Fibroblast Explant

An explant technique allowed ligament fibroblasts’ obten-
tion. Lateral Collateral Ligaments (LCLs) came from two
male Wistar rats sacrificed from the animal research facility
of the Pharmacy Faculty. They were sacrificed for exhibit-
ing aggressive behavior. According to international regula-
tions for laboratory animals, a zoologist specialist sacrificed
the Wistar rats by using a faster CO, euthanasia method
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Fig. 1 Summary methods.
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to decrease distress time. Then, an anesthetic protocol was
unnecessary. After the research was complete, it was not
necessary to sacrifice other rats. Finally, the ethics commit-
tee of the Faculty of Sciences at the Universidad Nacional de
Colombia (Protocol Number: FC-13-01,082,016) approved
the research protocols.

First, dissection of LCLs was performed with a scalpel to cut
the femoral and fibular insertions. Then, we placed the LCLs
into T-25 culture flasks containing a sterile supplemented cul-
ture medium (Fig. 2A—C). The only modification we made to
the explant technique proposed by Henshaw et al. was using a
different culture medium [35]. Then, we maintained the explant
pieces of LCL under aseptic conditions in a 1:1 mixture of
Dulbecco’s modified Eagle medium and nutrient mixture F-12
(DMEM/F12; DF-041-B; Merck Millipore) supplemented
with 1% antibiotic/antifungal (15,240,062; Gibco) and 10%
fetal bovine serum (FBS; 12,657,029; Gibco). Next, the culture
medium was changed every 48 h, and we incubated the flasks at
37 °C in a humidified atmosphere containing 5% CO,.

\i)Conduct statistical analysis|

Analyze results

Ligament cells were motile around the explanted tissue
and then adhered to the flasks where they grew. To ensure
that cells obtained from ligaments corresponded to fibro-
blasts, we followed the laboratory protocol described by
Spitalnik [36], and we highlighted the cell nuclei and bod-
ies using hematoxylin—eosin staining (H&E) and micro-
scopic observation [37]. As a result, cells had an average
and typical fibroblast shape, namely, adherence; the pres-
ence of nucleus and body; flat, elongated, and triangu-
lar shape; and linkage between cells, were evident [38]
(Fig. 2D). After 15 days, the monolayer cultures became
confluent, and we removed the tissues from the flasks.

Finally, we washed ligament fibroblast with Hank's
balanced salt solution (14,065,056; Gibco), detached
using 0.025% trypsin (15,400,054; Gibco) for 5 min,
centrifuged at 287 X g for 5 min, and subcultured for
subsequent experiments. We cryopreserved the remain-
ing cells in a mixture of 10% DMEM/F12, 80% FBS, and
10% dimethyl sulfoxide.
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Fig.2 Ligament fibroblast (A)
explant. A Adult male Wistar
rat. B Lateral Collateral Liga-
ment (LCL). C Small pieces of
the ligament tissue cultured in
a T-25 culture flask. D Verified
and stained adherent ligament
fibroblasts with H&E

Ligament fibroblasts

Pulsed Ultrasound Intensity and Application Time

The protocol of ultrasound therapy applied to cultured
cells followed the standard clinical guidelines for ligament
treatment [39-42]. We applied pulsed ultrasound at 1 MHz
of frequency 1:1 (1 ms on; 1 ms off), which means 50%
of duty cycle every 24 h for 5 days to the two treatment
groups we designed. Treatment Group A received 1.0 W/
cm? (low dose), whereas treatment Group B received 2.0 W/
cm? (high dose) of the maximum intensity and energies of
1.5 and 5.0 J/cm? for the low and high dose, respectively.
We selected these energy values according to the dosage for
in vitro studies, corresponding to 5% and 17% of the 30 J/
cm? applied in human therapy [39—41, 43, 44]. The SATA
values were 0.5 W/cm? and 1.0 W/cm? for the low and high
doses. The ultrasound transducer showed an effective radi-
ated area (ERA) of approximately 5.0 cm?. We applied a
different time according to the surface area of the well plate
by using the potency equation of energy transmission [11,
12, 45] (see P1 and P2 Protocols).

Fibroblast Elastic Modulus by AFM

Fibroblasts (3.5 x 10* cells from each treatment group) were
cultured in Petri dishes after 5 days of ultrasound treat-
ment. If they reached 20-40% confluency on the 6th day,
we measured the elastic modulus of viable cells maintained
in DMEM/F12 within 2-3 h of the duration of the meas-
urements. Then, we monitored changes in the cell elastic
modulus using AFM (MFP3D-Bio AFM system, Asylum
Research, Santa Barbara, CA) [46, 47].

We employed soft cantilevers T R400P B (Olympus,
Japan) with a nominal spring constant of 0.09 N/m, a tip
radius of 42 nm, and a half-opening angle of 35°. The rela-
tive trigger force was 2 nN. To estimate the elastic modulus,
we used the force—volume technique by measuring the can-
tilever deflection as a function of the cell position. A video
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microscope allowed placing the AFM tip precisely over the
cell surface. The probe moved up and down, simultaneously
registering the force curve and cell topography at each sur-
face pixel. As a result, we obtained force—volume images
with a resolution of 20X 20 pixels within 30 x 30 um? scan
areas for ten cells per group and a 15-min approximate
acquisition time per image.

We performed 863, 866, and 338 indentations from ten
cells for the high and low doses and the control group. A
larger sample of indentations to calculate the average elastic
modulus values avoided errors associated with the inden-
tation depth. In addition, force curves determined from a
relative area above the whole cell enabled the comparison
of induced changes to a constant force. We calculated the
elastic modulus using the Sneddon and the asymptotical cor-
rection model [48] as indicated in Eq. 1:

8 E , 45,208 53

F,==-=tan(0)6°{ 1+ C—==-+C"—==+0| —

¢ 3ﬂan() { * 7r2h+ 7r4h2+ <h3
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Here, F, is the elastic force, E is the elastic modulus, 6 is
the indentation depth, 6 is the rigid cone angle (set as 35°),
h is the thickness of adherent cells at the point of indentation
(set as 150 nm), O represents higher-order terms in the series
(assumed to be negligible), and C = 1.7795tan(@) [48]. For
additional details of the parameters used in the asymptotical
correction model, refer to supporting information (S2 File).

Harmonic Vibration and Modal Analysis by Finite
Element Method (FEM)

We proposed a simplified theoretical model to consider
only the cytoskeleton, as it predominantly determines
cell mechanics and its response to external stimuli [49,
50]. A three-dimensional (3D) octahedron tensegrity
model with 12 coordinates and 30 beam elements rep-
resented the ligament fibroblast cytoskeleton elements
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(actin filaments, intermediate filaments, and microtu-
bules) (Fig. 3) [51]. Then, the FEM analysis predicted
the 50th natural vibration frequencies (harmonics) and
eigenforms of the ligament fibroblast cytoskeleton using
the eigenvalue extraction method Lanczos (ABAQUS/
CAE 6.12.3 software). Refer to the supporting informa-
tion (S3 File) for additional details.

We used the elastic modulus median and the mean
height values for the treatment groups and the control
group from the AFM results as input parameters for the
tensegrity structure to calculate the harmonic vibration
and perform the modal analysis for every cytoskeleton
configuration in each group [46, 52]. In addition, we used
the data for the Poisson’s ratio, length, and beam radius of
the tensegrity structure from the literature. These values
are provided in Table 1 [53-56].

While cells exhibited small deformations of 2—8%,
we considered cytoskeleton filaments (beam elements)
isotropic and elastic [56-59]. In the simulation, we
converted the material properties units to microscale.
The beam length of the contact radius in the tenseg-
rity structure was 11.2 um [56]. The filament density
was 1.15x 107® ug/um? [7]. We configurated the ini-
tial boundary conditions on the three base nodes of the
tensegrity structure [56]. These three base nodes rep-
resented the focal adhesion of the cell receptors to the
ECM because ligament fibroblasts are adherent cells and
are dependent on the actin cytoskeleton [60]. They were
constrained for three degrees of freedom (Ul =U2=U3
=UR1=UR2=UR3=0).

We used the height values (Y axes) for each octahe-
dron structure from the mean values obtained in the AFM
force—volume topography maps and the X and Z axes from
the literature to comply with the spread shape of an adher-
ent cell [56, 61].

Fig.3 Three-dimensional
octahedron tensegrity model.
Tensegrity structure represented
the cell cytoskeleton geometry

Length contact radius

Statistical Analyses

We conducted the statistical analyses using BioVinci soft-
ware version 2.8.5 for Windows (BioTuring Inc., San Diego,
California, USA, www.bioturing.com). All data were rep-
resentatives of at least two independent experiments. First,
we assessed normality using the Shapiro—-Wilk test, Pearson
chi-square test, one-sample Kolmogorov—Smirnov test, and
Jarque—Bera test. Because the data distribution was not nor-
mal, the medians (elastic modulus, harmonics, cell prolifera-
tion and migration, ECM synthesis, and f-actin shortening
area) were compared across groups using a nonparametric
multiple comparison Kruskal-Wallis test. The data were
presented as a boxplot with medians for elastic modulus,
harmonics, and ECM synthesis, and standard errors of the
means (SEMs) for the cell proliferation, cell migration, and
B-actin shortening area. We assumed statistical significance
at P<0.05.

Results

Effect of Ultrasound Treatment on Ligament
Fibroblast Structure

The AFM revealed that the median elastic modulus of the
treated ligament fibroblasts decreased by 22% for the low
dose (1.0 W/cm?) and 31% for the high dose (2.0 W/cm?)
compared to that of the control group. We found signifi-
cant differences among the groups (***P =0.00001x 107,
Fig. 4A). Moreover, the ligament fibroblast topography
through 3D force—volume maps showed darker areas
(decreased elastic modulus) and greater height for the
treatment groups than for the control group (Fig. 4B).
We highlight those darker areas corresponding to the

Tensegrity structure

Table 1 The cytoskeleton material properties for the low and high doses and the control group

Material properties Low dose 1.0 W/cm?

High dose 2.0 W/cm?

Control 0.0 W/cm? Reference

Elastic modulus (Pa) 1085 Pa 970 Pa
Height (um) 4.6 um 3.1 um
Poisson’s ratio (dimensionless) 0.4+0.08 0.5+0.05
Beam radius (m) 2%x10° m 5%107%m

1399 Pa Taken from the AFM results
2.7 um Taken from the AFM results
0.36+0.06 [7,56]

8x 107" m [55, 56]
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cell cytoskeleton zone and lighter areas matching the cell
nucleus.

Effect of Ultrasound Treatment on Harmonic
Vibration

The FEM predicted the natural vibration frequency for each
cytoskeleton structure until the 50th harmonic and eigen-
form (mode of vibration). Ligament fibroblast cytoskeleton
for the treated cells obtained similar displacements, but they
were different compared to the control group, as shown in
Fig. 5A in the 5th mode of vibration. Refer to the supporting
information (S4 Movie A-C) for additional predicted vibra-
tion modes and displacements for each group. Regarding the
natural vibration frequencies, a higher cytoskeleton filament
elastic modulus (control group) produces higher frequencies,
reaching a maximum vibration frequency of 4.1 x 10° Hz in
the 50th vibration mode.

On the other hand, when the cytoskeleton filaments had
the elastic modulus of treatment Groups A and B from
the AFM results, the vibration frequencies decreased up
to a maximum of 3.3 x 10° Hz in the 50th vibration mode

Fig.5 Alteration of ligament (A)
fibroblast cytoskeleton due to
ultrasound treatment. A 3D

. . Max

tensegrity structure for liga- Yo

ment fibroblast cytoskeleton. 0E> 2
B Boxplot showing medians o

with whiskers from minimum to 3

maximum values a 3

o 2
Min 1 W/cm
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for both structures (Fig. 5B). Additionally, the median of
the 50th harmonic of natural vibration frequencies of the
treated ligament fibroblasts decreased by 13% for the low
dose (1.0 W/cm?) and 17% for the high dose (2.0 W/cm?)
compared to that of the control group. Nevertheless, there
was no statistically significant difference among the groups
(P=0.514).

Effect of Ultrasound Treatment on the Viability
of Ligament Fibroblasts

Histograms from the cell death assays indicated the number
of cells stained with Annexin V-FITC and PI (Fig. 6A). Flow
cytometry showed that most cells were viable in the treat-
ment and control groups (Fig. 6B). The number of events
collected was 10,000. The results showed that cell viabil-
ity slightly decreased by 1% for the low dose (1.0 W/cm?)
and 10% for the high dose (2.0 W/cm?) compared to the
control group. In addition, all groups have a small percent-
age of ligament fibroblasts in necrotic (Quartile 1) and late
apoptosis (Quartile 2). However, the high dose produced the
lowest percentage of viable cells (Quartile 3) and the highest
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Fig.6 Negligible effect of low and high doses of ultrasound on the
viability of ligament fibroblasts. A Histogram and dot plot of cell via-
bility assay using Annexin V-FITC and cationic marker PI. Quartile

percentage of cells in early apoptosis (Quartile 4) among the
groups (Fig. 6A and 6B).

Effect of Ultrasound on Fibroblast Cell Proliferation
and Cell Migration in the Regenerative Stage

We used the MTS assay to determine the cell number in
proliferation for the treatment groups and the control group
during ultrasound stimulation for 5 days (1st and 3rd days)
and 24 h after treatment (6th day) by measuring the mito-
chondrial activity. We observed a typical growth curve for
all groups when comparing the mean cell density for the
1st day of treatment to the 6th day post-treatment. How-
ever, cell density showed a slightly fluctuating percentage
of change, for example, 90% of cell proliferation at the low
dose (1.0 W/cm?), 91% at the high dose (2.0 W/cm®?), and
92% for the control group.

1, necrotic cells; Q2, late apoptotic cells; Q3, viable cells; and Q4,
early apoptotic cells. B Bar plot of the mean number of events for
each quartile of the flow cytometry data

Subsequently, on the 1st day of culture, the mean cell
density increased by 25% for the low dose and decreased by
11% for the high dose compared to that of the control group.
The 3rd day of culture decreased by 11% and 9%, respec-
tively. Finally, on the 6th day of culture (1st post-treatment
day), it increased 10% at the low dose but decreased 13% at
the high dose. We found significant differences among the
groups (*P=0.041; Fig. 7A) post-treatment. Results were
obtained and analyzed for 18 samples.

Afterward, the scratch assay assessed the cell migration
for the treatment groups and the control group after ultra-
sound stimulation for 5 days. The assay showed that the
mean migration length of ligament fibroblasts increased by
4% for the low dose and decreased by 11% for the high dose
compared to that of the control group after treatment (6th
day). We found significant differences among the groups
(**#P=0.00003 x 10~*; Fig. 7B). The image analysis pro-
duced 102 images for each treatment group and 107 for the
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Fig.7 An increase in fibro-
blast cell proliferation and cell
migration in the regenerative
stage due to the low dose of
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control groups. We analyzed 494 displacement measure-
ments from the treatment group at the low dose, 613 from
the treatment group at the high dose, and 641 from the con-
trol group. We excluded twenty images from the low dose
group because of their poor quality. In general, we observed
in common that ligament fibroblasts increased proliferation
and migration at the low dose.

Effect of Therapeutic Ultrasound on the Protein
of ECM: Type | Collagen, Type Il Collagen,
and Fibronectin Synthesis in the Remodeling Stage

On the 6th day post-treatment, both treatment groups
and the control group did not express enough type I col-
lagen or type III collagen protein despite the absorbance

>
Measurement days

measurement of the OD being higher than zero. Refer to
the supporting information for additional details (S5 File).
Thus, after constructing the curvilinear regression line
using the standard, these OD values were lower than the
minimum of the standard curve, which indicates no detected
protein concentrations (ng/mL) as shown in Fig. 8; although
fibronectin was increased by 79% for the low dose, it was
not enough expressed for the high dose regardless of the OD
values higher than zero. In contrast, compared to the control
group, on the 10th day after the stimulation period, the low
dose of ultrasound increased the concentration of both col-
lagens (type I collagen by 30%; type III collagen by 33%) but
decreased fibronectin by 33%. Furthermore, compared to the
control group on the 10th day after the stimulation period,
the high dose of ultrasound increased the concentration of

Fig.8 Increase in ECM concen- 6th day 10th day
tration in the remodeling stage 2 >
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the three proteins: type I collagen by 45%; type III colla-
gen by 71%; and fibronectin by 44%. A box plot shows the
protein concentration data, including at least five averaged
measurements (Fig. 8).

Effect of Therapeutic Ultrasound on B-Actin
Expression for Promoting Regenerative
and Remodeling Stages

Immunofluorescence imaging detected -actin (an essential
structural protein of the cell cytoskeleton) in both treated and
control ligament fibroblasts. Previously, we found that both
doses of therapeutic ultrasound decreased the elastic modu-
lus of ligament fibroblasts, an effect caused by cytoskeleton
reorganization, which was confirmed for both treatments in
our images through f-actin expression represented by the
green cell area in Fig. 9A.

Interestingly, the immunohistochemistry image analysis
showed a greater B-actin shortening area in the treatment
groups (Fig. 9B). Although there was no statistically sig-
nificant difference among the groups (P =0.373), compared
to the control group, after the stimulation period, the low
dose of ultrasound increased the mean of the p-actin short-
ening area by 71%, and the high dose by 25%. In addition,
compared to the high dose after the stimulation period, the
low dose of ultrasound increased the mean of the p-actin
shortening area by 62%.

It should be noted that results were obtained and analyzed
for three different samples. Refer to the supporting informa-
tion (S6 File) for additional details.

Discussion

Our results demonstrated that low and high doses of pulsed
therapeutic ultrasound applied at 1 MHz for 5 days modify
the mechanical and biological properties of ligament fibro-
blasts. Figure 10 integrates the results of this study.
Regarding the mechanical properties, we proved that liga-
ment fibroblasts treated with low and high doses of pulsed

(A)

1 Wicm?

therapeutic ultrasound tend to be softeners than the control
group [62] but possess the strength to maintain the cell shape
without rupture. In other words, the resistance required to
deform the ligament fibroblast with the AFM tip was lower
for the treatment groups, as shown in Fig. 4A. Therefore,
the ligament fibroblast elastic modulus is dependent on
ultrasound stimulation. Furthermore, while the cell elastic
modulus measured by AFM may elucidate the changes in
cytoskeleton elasticity [46, 52], we infer that ultrasound
stimulation produces cytoskeleton reorganization, as we
verified by cytoskeletal displacements observed in treated
cells (Fig. 5A) and shortening of the fB-actin area (Fig. 9).

Our results are comparable to those of previous studies
on cancer cells. Low-intensity pulsed ultrasound stimulation
at 20 kHz of frequency and energies between 2.8 and 6.6 J/
cm? also decreased the cell elastic modulus for squamous
cells, carcinomas, and melanomas, indicating that cancer
cells were less stiff than noncancerous cells [63].

In epithelial and endothelial cell lines derived from
human breast cancer (MCF-7) compared to human umbilical
vein endothelial cells (HUVEC), low-intensity ultrasound
stimulation for 2 s with a frequency of 20 kHz, applied at
two intensities of 0.9 and 1.8 W/cm?, produced a lower elas-
tic modulus caused by less organized and decreased actin
fibers of the cytoskeleton [13].

Therefore, as the dosage of ultrasound decreases the stiff-
ness of cancer cells, it also decreases the elastic modulus
of ligament fibroblasts. A study found a strong relation-
ship between ultrasound frequency and the elastic modu-
lus of breast cancer cells. For example, at a frequency of
450 kHz and 60-s exposure to ultrasound, the cell elastic
modulus initially tended to increase by 50%. However, when
the frequencies were 550-620 kHz, the cell elastic modu-
lus decreased by 50% [29]. Therefore, we suggest that the
higher frequency used in our study at 1.0 MHz on ligament
fibroblasts may influence the cytoskeletal deformation and,
consequently, a decreased elastic modulus.

Although our experimental elastic modulus (Fig. 4A)
showed greater dispersion for ligament fibroblasts, the
median values were in the range of NIH3T3 fibroblasts
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Fig.9 Alteration of B-actin expression to promote the regenerative and remodeling stages due to therapeutic ultrasound. A Immunofluorescence
analysis of B-actin (green) and cell nuclei (blue) in ligament fibroblasts. B Mean of B-actin shortening area (cm?). Error bars indicate SEMs
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Fig. 10 Low and high doses of pulsed therapeutic ultrasound applied for 5 days alter the mechanical and biological properties of ligament fibro-
blasts. This study evaluated all variables after treatment on the 6th day and re-evaluated the ECM proteins on the 10th day

and noncancerous cells (0.8-5 kPa) [13, 62, 64]. The AFM
indentation random procedure may influence this dispersion
in the elastic modulus, which can include one or more of
the following: cytoskeleton, membrane, and cell organelles.

Because the elastic modulus obtained by using the rigid
cone indenting and computed by the Sneddon model may cre-
ate a bottom substrate effect, a typical error found in adherent
cells where their elastic modulus seems stiffer [65], we used
an asymptotical correction model to nullify this source of
error [48] (see supporting information (S2 File)). In addi-
tion, although stiffer substrates may increase the cell elastic
modulus and decrease cellular height and cell migration [29],
only the control group showed a higher elastic modulus. It
means that therapeutic ultrasound is the primary source that
alters the mechanical properties of ligament fibroblasts more
than the stiffness of the surrounding location.

Concerning the decrease in the elastic modulus of both
treatment groups, we predicted the natural frequencies of
vibration of ligament fibroblasts cytoskeleton by using FEM
analysis to detect a possible resonance effect with the ultra-
sound frequency. The simulation showed decreased harmon-
ics and varied displacements for cytoskeleton for both treat-
ment groups. Then, while the AFM results characterized the
cytoskeleton structure in the FEM analysis, we confirmed
that vibration modes and harmonics depended on the elastic
modulus decreased by ultrasound stimulation [7].

Although FEM results showed no significant differences
between groups for the 50th harmonic frequencies pre-
dicted, we validated that harmonics for the cytoskeleton in
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the control group were higher than in the treatment groups
(Fig. 5B), such as in normal cells owing to their high elastic
modulus [7, 66]. Moreover, to resist the external forces due
to the mechanical stimulation produced by ultrasound [17,
18], the cytoskeleton structure is deformed through different
displacements observed in each mode of harmonics between
the treatment and control groups (Fig. 5A) [7].

While our goal was to analyze only cytoskeleton dynam-
ics, since it mainly provides the cell structure, balance,
and resistance against external forces, we excluded the
cytoplasm and nucleus from our simulation [14—17]. This
simplified geometry configuration may explain why the
values of natural vibration frequencies that we reported
(3.3x10°—4.1 x 10° Hz) vary from those obtained in previ-
ous studies (21-34 x 10° Hz for tumor cells) [7, 66].

Accordingly, our results suggest that pulsed therapeutic
ultrasound applied at 1 MHz induces a low risk of cell dam-
age by the resonance effect since the frequency values for
the cytoskeleton harmonics differed from the ultrasound
frequency [9-12]. We also confirmed that therapeutic ultra-
sound does not induce harmful effects due to an unstable
cavitation threshold, that is, expanding bubbles originating
in a liquid collapse severely, causing damage to the nearest
structure [32, 67]. The absence of a resonance effect and
cavitation consequence may explain why cell viability did
not change by more than 1% and 10% for the low and high
doses, respectively.

In addition, ligament fibroblasts do not perceive the
treatments as negative stimulation because their cell
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death and early apoptosis levels are comparable to those
of the control group cells (Fig. 6). Lucas et al. supported
these results, demonstrating that low and high doses of
ultrasound stimulation are safe and do not affect cell via-
bility or apoptosis [23]. However, the high-dose group
had the greatest late apoptosis [23, 73]. This finding may
be related to the amount of reflection that might produce
higher doses of ultrasound [68]. Ivon et al. showed simi-
lar effects on myelomonocytic lymphoma cells, where
low-intensity ultrasound stimulation for 90 and 180 s
with a frequency between 400 and 620 kHz applied at
two intensities of 0.045 and 0.09 W/cm? after 6 h pro-
duced a low percentage of early apoptosis; in contrast,
they found lowest late apoptosis and decreased cell pro-
liferation [69].

In nasopharyngeal carcinoma cells, continuous low-
intensity ultrasound with 1.35 W/cm? spatial average
intensity at a frequency of 1.7 MHz produced cytotoxic
effects after 18 h of ultrasound stimulation. Specifi-
cally, Wang et al. observed autophagy, apoptosis, and
mitochondrial structural and functional damage to can-
cer cells [70]. Bergman et al. also demonstrated that the
viability decreased in cancer cells due to a lesser fre-
quency applied in ultrasound (20 kHz) [63].

These studies suggest that every cell responds dif-
ferently to the ultrasound stimulation dosages and the
modality (pulsed or continuous) of application. Then,
prolonged continuous ultrasound stimulation at a high
dose and frequencies near kilohertz produces a heating
effect that may affect cell integrity [31, 71], and pulsed
treatment at low or high intensities with kilohertz or
megahertz of frequency generates a mechanical effect
that may positively alter the cell functions while main-
taining its viability [25, 72]. These reasons justified the
dosage prescribed in our study: pulsed mode (50% duty
cycle), low (1.0 W/cm?) and high (2.0 W/cm?) intensi-
ties, and short time of application of therapeutic stimula-
tion at 1 MHz.

To this point, we confirmed the hypothesis that therapeu-
tic ultrasound alters the mechanical properties of ligament
fibroblasts by cytoskeleton reorganization without harmful
effects. Then, the elastic modulus and harmonics are predic-
tive biomarkers of ligament fibroblasts specialized biological
functions related to the healing process, such as prolifera-
tion, migration, and formation of a new extracellular matrix
[23, 71, 73-75].

For instance, first, we found that the low dose
increased the proliferation and migration of ligament
fibroblasts (Fig. 7) by using the MTS assay. It should
be noted that our objective was to measure the changes
in the cell density and not to calculate the rate of cell
division after ultrasound stimulation [76]. Therefore, we
interpret that a low dose of pulsed therapeutic ultrasound

increases the metabolic activity of ligament fibroblasts
during proliferation to improve the regenerative stage of
ligament wound healing. Our results extend the previous
findings where pulsed ultrasound increased fibroblast
cell proliferation at 1.0 W/cm? [43, 77] and 0.2 W/cm?
with 1 MHz of frequency [78].

Regarding cell migration, our results are consist-
ent with previous studies on other mammalian cells.
For example, Tsai et al. demonstrated that ultrasound
at 1 MHz of frequency, 1.0 W/cm? of intensity, and a
duty cycle of 20% enhances the migration of tendon cells
without visible damage because of the mechanical effect
of ultrasound [29]. Correspondingly, Man et al. reported
that osteoblast cells exposed to the same frequency as in
our study but, with low intensities (0.025 and 0.25 W/
cm?), exhibited increased cell migration by 40% [79].
In addition, low-dose ultrasound treatment enhanced the
migration speed of osteoblasts (MC3T3) by 30% [80],
relative migration by 150%, and proliferation by 80%
in keratinocytes by activating signaling pathways [81].

Second, we observed contradictory results for the high-
dose group. While the high dose diminished cell prolifera-
tion and migration after treatment, it increased the produc-
tion of proteins in the ECM on the 10th day after stimulation
compared to the other groups. Therefore, we infer that the
high dose produces higher mechanical stimulation on liga-
ment fibroblasts, and because of the mechanical signal trans-
duction through the cytoskeleton, the cell increases collagen
and fibronectin synthesis. Then, a high dose of pulsed ultra-
sound might improve the remodeling stage of the ligament
healing process.

The complex processes of transcription, translation, and
assembly implied in ligament fibroblasts to synthesize new
proteins in the ECM may explain this increased time to
observe the effect of ultrasound stimulation [82]. For these
reasons, we re-evaluated the collagen synthesis on the 10th
day (Fig. 8). Indeed, our findings regarding collagen synthe-
sis on the 10th day after stimulation are consistent with other
studies. For example, Tsai et al. found that pulsed (25%)
low ultrasound intensities (0.1 and 1.0 W/cm?) at 1 MHz
stimulated the synthesis of type I and III collagen on tendon
cells [83].

Lee et al. reported increased collagen type I at 20 kHz
with high-intensity ultrasound (HIUS) treatment at 15%
amplitude in the early time point and 10% and 12% ampli-
tudes at the late time point on human dermal fibroblasts [84].
In general, the specific biological answer of cells depends
on the dosage of ultrasound stimulation and cell type. In
addition, compared to our findings, these studies commonly
applied ultrasound at pulsed mode, producing a mechanical
effect than heating.

Moreover, since cell-ECM adhesion alters cell shape,
proliferation, and migration, we measured the synthesis
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of fibronectin, a protein—ligand involved in the interaction
between ECM proteins and transmembrane receptors [85].
Our results for the low dose after stimulation agree with
those of Harle et al. They found that stimulation with lower
ultrasound intensities (0.14—0.99 W/cm?) in human osteo-
blasts upregulated fibronectin synthesis as in our study on
the 6th day of evaluation [47]. Also, Lee et al. reported
increased fibronectin at 20 kHz with high-intensity ultra-
sound (HIUS) treatment at 10%, 12%, and 15% amplitudes
in the early and late time points related to the increased cell
proliferation and migration as well in our study on the 6th
day of evaluation for the low dose [84].

Alternatively, in human periodontal ligament cells,
diminished fibronectin synthesis as in our study on the 10th
day of evaluation for the low dose [43]. Therefore, we infer
that fibronectin depends on the ultrasound dosage; how-
ever, simultaneous biological answers like proliferation and
migration may regulate fibronectin and vice versa [84]. It
explains a decreased fibronectin in the remodeling stage on
the 10th day of evaluation for the low dose (Fig. 10).

Hence, we hypothesized that fibronectin initially
increased to facilitate cell proliferation and migra-
tion (6th day of measurement) at the low dose. Then,
it decreased due to a diminished necessity of ECM
assembly considering a lesser synthesis of collagen than
the high dose (10th day of measurement), as shown in
Fig. 10. In the same way, we suggest that fibronectin
initially decreased at the high dose due to more time
required to assemble the ECM. Fibronectin increased at
least 5 days after treatment (Fig. 10).

Our results showed that the synthesis of proteins
depends not only on the stimulation dose but also on
the number of days after stimulation, which indicates
the importance of selecting the correct stimulation dose
based on the regenerative and remodeling stages of the
ligament healing process.

For example, we suggest applying a low dose to increase
the proliferation and migration of ligament fibroblasts to the
injured area during the regenerative stage of wound healing.
In contrast, to increase the synthesis of type I and type III
collagen in the remodeling of wound healing, we recom-
mend applying a high dose of stimulation and evaluating the
results on the 10th day after stimulation [21, 86].

Finally, we predicted that both doses of ultrasound
increased the f-actin shortening area. Even so, it was more
remarkable for the low dose. For this reason, we confirm
that the ultrasound stimulation activates the cytoskeleton
disassembly to allow the ligament fibroblasts functions to
proliferate and migrate at the low dose [32, 87-89] and
to facilitate collagen and fibronectin synthesis at the high
dose. Furthermore, the decrease in the cell elastic modulus
and harmonics and the varied cytoskeleton displacements
verify the f-actin shortening area [87].
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Atherton et al. support our results; they demonstrated
that low intensity (0.3 W/cm?) of pulsed ultrasound at
1.5 MHz activates pathways to diminish the cell adhesion
to the ECM to allow cell migration through mechano-
sensitive focal adhesion and molecular regulators [88].
Furthermore, as shown in living fibroblasts, shortening
of stress fibers occurs at the proximal end, reflected by
a decrease in fluorescence intensity [89], as measured
in our study (Fig. 9A). Nonetheless, to our knowledge,
there is a lack of evidence about the effects of high doses
of ultrasound on P-actin variations that verifies our find-
ings [78].

To conclude, we confirm that low and high doses of
pulsed therapeutic ultrasound on ligament fibroblasts
produce a mechanotransduction process. The mechani-
cal effect caused by ultrasound at 1 MHz is sensed by
cells and transmitted by the cytoskeleton to activate gene
expression. Consequently, ligament fibroblasts increased
(i) cell proliferation and migration at the low dose and
(ii) the generation of a new ECM at the high dose [90],
diagnosed by decreased cell elastic modulus and har-
monics and increased f-actin shortening area. Therefore,
our results may help researchers justify the dosages of
therapeutic ultrasound that can potentially improve the
regenerative and remodeling stages of the ligament fibro-
blast healing process.

Conclusions

Using in vitro and computational methods, we demonstrated
that pulsed therapeutic ultrasound at 1.0 MHz applied for five
days at low (1 W/em?) and high 2 W/em?) doses decreased the
elastic modulus and harmonics of ligament fibroblasts. The low
dose improves cell proliferation and migration (regenerative
stage), and the high dose enhances the proteins of extracel-
lular matrix synthesis (remodeling stage). While both doses
increase the -actin shortening area, this confirms that thera-
peutic ultrasound produces a cytoskeleton reorganization, and
the mechanical properties act as biomarkers to determine the
specialized biological responses of ligament fibroblasts related
to wound healing. We highlight that both doses of therapeutic
ultrasound are safe and do not produce unstable cavitation or
an unfavorable resonance effect.
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