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Introduction

In recent years, ultrasound is increasingly considered a bioactive 
therapeutic tool because of its wide scope of natural, biological, and 
biochemical effects in vitro [1, 2]. Low-intensity Ultrasound (LIUS) 

as a type of physical stimulation factor can promote tissue regenera-
tion by improving blood circulation, accelerating wound healing, and 
stimulating angiogenesis [3]. The fundamental processes can enhance 
growth factors or signaling molecules, facilitate differentiation, and pro-
duce extracellular matrix in cell and tissue repair [4]. A fibroblast is a 
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ABSTRACT
Background: Ultrasound waves are considered non-invasive, safe, and mechanical 
stimuli with unknown mechanisms. 
Objective: The aim of this study is to determine the effect of acoustic cavitation 
interaction according to the mechanical index (MI) on fibroblast cells’ reproducibility 
and gene expression of collagen Ι as a skin repair agent.
Material and Methods: In this interventional study, the ultrasonic pressure 
equations were solved to extracted the maximum mechanical indices with frequencies 
of 150 kHz, 40 kHz, 28 kHz and low intensity (<0.5 W/cm2). Groups were extracted 
with a mechanical index of 0.10, 0.20, and 0.40. Then, fibroblast cells were exposed to 
selected acoustic parameters from simulation. After 5 days, the proliferation was mea-
sured with an MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) 
assay, and collagen Ι expression was quantified. 
Results: Increasing reproducibility in the groups of 0.23 W/cm2 with 0.20 me-
chanical index threshold was calculated at 1.70±0.05 and 1.07±0.04 times higher in 
continuous and pulse modes compared to the control group. Reducing the proliferation 
in group 0.40 mechanical index was shown as compared with control and sham groups 
in pulse mode (P-value<0.05). The collagen Ι expression level of fibroblast cells in 
groups of control and 0.20 MI were 0.03±0.00 and 0.17±0.05, respectively. The acous-
tic vibration effects at 0.20 mechanical index have promoted fibroblast cell functions.  
Conclusion: Low-frequency and -intensity ultrasound waves on the mechanical 
index threshold (cavitation threshold) increases the proliferation of fibroblast cell and 
the expression of collagen type Ι.
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significant form of cell in the connective tis-
sue that synthesizes the Extracellular Matrix 
(ECM) and collagen and is also essential for 
the reconstruction and remodeling of tissue af-
ter injury [5]. In this regard, collagen type Ι is 
the most common type of collagen and plays 
a functional key role in skin tissue [6]. Col-
lagen types I and II have significant roles in 
the regeneration of tissue by fibroblast cells 
[7, 8]. The process of fibroblast proliferation, 
secretion of growth factors, and synthesis of 
collagen seem essential to treat wound heal-
ing. One method for realizing the process of 
stimulation on fibroblast function and collagen 
gene expression is the isolation, culture, reser-
vation, and proliferation of fibroblast cells in 
vitro [9, 10].

In addition, the healing of skin injuries re-
quires complicated interactions of the ECM, 
dermal, and epidermal cells. Mechanical and 
chemical stimuli activated the intracellular 
signaling pathways [11, 12]. Therefore, it is 
important to select the optimal parameters for 
stimulation of the signal pathways to repair 
the damage and increase cell proliferation. 
Mechanical stimulations are among the es-
sential factors for the proliferation of cell and 
stem cells and the stimulation of special intra-
cellular signal pathways [13].

LIUS is now widely used for several purpos-
es. Suspension-cultured hazel cells were soni-
cated with LIUS. Treatment stimulated the 
production of major taxanes. Increased release 
of taxanes by ultrasound resulted likely from 
stimulation of taxane biosynthesis [14]. LIUS 
may increase the fibroblast growth factor and 
expression of collagen type I through its ad-
vantages such as non-invasiveness and ease to 
use. The previous study was shown that low-
intensity ultrasound with low frequency did 
not alter temperature, and the positive effects 
of LIUS could be caused by non-thermal ef-
fects [15]. Such mechanical stimulation trig-
gers a specific signaling platform [16].

Cellular responses to LIUS are parameter-
dependent with specific exposure conditions. 

Ultrasound biological effects are thermal and 
non-thermal (vibration or ultrasound-induced 
cavitation). Despite various advances, the ac-
tual mechanisms of interaction between ultra-
sound and acoustic cavitation with cells and 
its effectiveness have not been clear yet in pro-
liferation and gene expression in tissue repair 
[13, 15-17]. 

Studies indicated that low-frequency ul-
trasound has more effective therapeutic im-
pacts than high-frequency ultrasound [15-17]. 
Hence, frequencies below 200 kHz are espe-
cially noticed and studied in the field of tissue 
regeneration and cell activity. Acoustic cavita-
tion is a term that describes the effect of ul-
trasound on the formation, growth, oscillation, 
and collapse of cavities in a liquid medium. If 
the negative acoustic pressure is high enough, 
bubbles form in the half cycle of expansion. 
To understand the biological effects of acous-
tic cavitation of ultrasound with a low-intensi-
ty (<2 W/cm2) and low-frequency (<200 kHz), 
it is necessary to analyze the effect of interac-
tions between acoustic waves and biological 
medium [16]. Moreover, in vitro studies using 
cell culture can lead to understanding the phe-
nomena of the proliferation of fibroblast and 
collagen synthesis, including the main histo-
logical changes observed in wounds treated 
with bio-stimulation; these effects require 
specific exposure conditions. For example, a 
0.20 Mechanical Index (MI) is a threshold of 
induced acoustic cavitation in water or culture 
medium [16]. In the present study, the effect of 
the mechanical index of low-frequency soni-
cation was evaluated on the proliferation and 
collagen Ι expression of fibroblast cells.

Material and Methods
In this interventional study, MI was intro-

duced to investigate the effects and safety 
levels of low-frequency ultrasound waves in 
therapeutic and cellular applications. The me-
chanical index is applied to define the thresh-
old of cavitation. In the present study, acous-
tic cavitation interaction is investigated using 
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acoustic pressure and MI modeling of low-fre-
quencies to optimize the mechanical transmis-
sion pathways in fibroblast cells. The radia-
tion parameters are then extracted, including 
the frequency, intensity, and distance of the 
culture plate, and fibroblast cells irradiated at 
pulse and continuous modes.

According to Rayleigh’s equation, low-in-
tensity and, low-frequency ultrasound param-
eters are obtained by acoustic pressure and MI 
modeling [17, 18]. The Mechanical index 
higher and lower than the threshold of 0.20 
were selected to examine the mechanical in-
teraction, such as the micro-streaming, the 
acoustic cavitation, and collapse interaction, 
in vitro [16]. The analytical solution of acous-
tic pressure, ( )P r′ , and the MI are obtained 
through an acoustic propagation equation. The 
conditions for solving the equation are given 
as follows [17, 18]:
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where u and u0 denote the amplitude of the 
oscillation speed of the crystal surface and the 
amplitude or initial oscillation speed. Also, 
k, ρt, c, α, ds, ω, and r are wave number, the 
density of the tissue, speed of acoustic propa-
gation in the medium, absorption coefficient, 
elements of the transducer, angular frequency, 
and distance of crystal surface to the target, re-
spectively. Considering the disc shape of the 
crystal, cylindrical coordinates are selected to 
solve the equation. According to Equation 3, 
Rayleigh integral pressure equation considers 
an acoustic transducer infinite element with 
a suitable size and less than the sound wave-
length, acting as a point acoustic source [18]:
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The ultrasound interaction of these sources 
involves constructive and destructive interfer-
ence. Finally, the acoustic pressure is mea-
sured through the sum of the waves and cal-

culating the pressure for each point [19]. The 
acoustic pressure equation in cylindrical coor-
dinates with transducer cross-section and cul-
ture plate cross-section to the desired distance 
was solved in FORTRAN (Microsoft Fortran 
Power Station 4.0, MathWorks Co., MA, 
USA) language and a computer with a pro-
cessor (Core™ i5-4200M CPU- 2.50 GHz- 6 
GB RAM, Australian Co., Sydney, Australia). 
Calculations were done using the following 
parameters: water temperature of water 37 °C, 
a density of 1000 kg/m3, a sound propagation 
speed of 1528 m/s, and an attenuation coeffi-
cient of 0.002 N/MHz. Figure 1 (a- b) depicts 
the effects of ultrasound waves on cells based 
on radiation geometry and experimental setup. 
The experimental setup includes a transducer, 
impedance-matching gel, cell culture plate, 
and ultrasound absorber to prevent the forma-
tion of standing waves.

A low-frequency transducer with 150 kHz, 
40 kHz, and 28 kHz and low-intensity (<0.5 
W/cm2) in continuous exposure mode and the 
radius of the target (1.8 cm) were considered 
an input variable to extract the MI.

Based on the physical input parameters, the 
ultrasonic pressure was calculated and the 
minimum acoustic pressure was obtained at 
intervals with 10-5 m spatial resolution at each 
point. In specified z, r, and θ, MI was deter-
mined by solving the pressure equation at each 
point similar to Figure 1b [16]:

[ minPMI
f

= ]                                              (4)

Pmin and f are the minimum acoustic pressure 
and frequency, respectively. Figure 1c presents 
a contour of ultrasonic pressure in cylindrical 
coordinates with culture plate cross-section 
(r=1.87 cm).

Experiments were done in the Faculty of 
Medical Sciences, Tarbiat Modares Univer-
sity, Tehran, Iran. All of the studies followed 
the guidelines of the Laboratory Animal Ethi-
cal Commission. Fibroblast cells of guinea 
pig skin tissue were selected because these 
cells have a high resemblance to the human 
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skin model. Hartley Dunkin Guinea pigs (n=5) 
with a mean weight of 450-500 g were used 
in the experiments and euthanized by an in-
traperitoneal injection of ketamine 10% and  
xylazine 2% (Alfasan, Woerden, Holland). The 
skin of the neck or abdomen was immediately 
removed and washed in sterile Phosphate-
buffered Saline (PBS; Gibco, UK) containing 
1% penicillin and streptomycin. The skin was 
cut into small pieces (1 mm2) and explanted in 
Dulbecco’s Modified Eagle Medium (DMEM; 
Gibco cat. number 12800-116), 10% Fetal 
Bovine Serum (FBS; Gibco, UK), 1% peni-
cillin and streptomycin, and 1% L-glutamine 
in 6 well culture plate and were cultured at  
37 °C in an incubator with 5% CO2 and satu-
rated humidity. The medium was replaced af-
ter 48 h. During the expansion, the medium 
was replaced every 2-3 days. Fibroblast cells 
were grown on the skin explant, after ten days. 

When fibroblast cells reached 80-90% conflu-
ence, the cells were harvested using 0.25% 
trypsin (Gibco, UK) and transferred to the 
next passage. Images were captured with an 
Olympus microscope (ix70 model, Olympus 
Co, Tokyo, Japan). 

A total of 104 fibroblast cells were placed 
at different distances according to various MI 
to evaluate the effect of ultrasound waves on 
proliferation. The groups consisted of three 
treatments referred to as 0.10, 0.20, and 0.40 
MI groups, compared with control and sham 
groups at continuous mode and pulse mode. 
Cells cultured in an enclosed sterile 3.5 cm 
tissue culture plate in an incubator (37 °C) 
were sonicated. The transducer was placed 
at the bottom of the cell plate, and ultrasound 
waves were transmitted through coupling gel 
into the cell plate. The effect of the ultrasound 
waves was investigated on fibroblast cells at 

Figure 1: The acoustic pressure model of low-frequency ultrasound: a) the setup of the trans-
ducer and cell culture plate, absorbing foam prevents the creation of standing waves, b) ge-
ometry in the modeling in cylindrical coordinates, and c) the axial contour [r (cm)] of acoustic 
pressure [Pm].
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continuous mode and 20% pulse mode with a 
Pulse Repetition Frequency (PRF) of 0.5 Hz. 
The acoustic cavitation rate in PRF of 0.5 Hz 
was significantly higher than that of other PRF  
(3, 5, and 10 Hz) [20]. 

The culture medium at 37 °C with the inten-
sity and frequency corresponding to the select-
ed MI was radiated under ultrasound waves. 
The medium temperature was measured by a 
digital thermometer (Multilogger Thermom-
eter CHY/502A, Taiwan, ±1 °C). There was 
a micro-thermocouple channel in the culture 
medium and another one on the outside. Af-
ter recording the results, the sonication time 
was determined lower than the hyperthermia 
level. This study was conducted to reduce the 
thermal effects of ultrasound waves. Ther-
mal monitoring was repeated three times on a 
3-day duration. 

Fibroblast cells were incubated into a sterile 
3.5 cm culture plate with 104 density of cells 
in passages 3-4 and maintained in DMEM with 
FBS (10%). Then, they were exposed with 
0.10, 0.20, and 0.40 MIs as treatment groups 
in an incubator (37 °C), after 24 h. After soni-
cation, cells were incubated for five days. The 
control and the sham groups were cultured in 
10% FBS in the DMEM medium without son-
ication. The ratio of optical density (OD) of 
cells in MTT (3-(4, 5-Dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide) assay was ex-
tracted. Briefly, 10 µl MTT was added to 100 
µl of DMEM on each plate. After 6 h of incu-
bation, 100 µl of Dimethyl Sulfoxide (DMSO) 
was added to 100 µl of DMEM in each plate 
and the optical density (OD) was determined 
by a microplate reader (Multi-Mode Micro-
plate Readers, BioTek, λ=570 nm). The MTT 
standard curve was plotted to estimate the cell 
number (1,000-80,000 cells) based on optical 
density [21]. 

The focus of the present study is on the colla-
gen transcriptional level in the fibroblast cells 
of the guinea pig. In response to external me-
chanical stimuli on fibroblast cells, collagen 
Ι is the most abundant collagen synthesized 

from fibroblast cells in tissue repair. Hence, 
total Ribonucleic Acid (RNA) was harvested 
on a 5-day similarity MTT assay after 3-day 
ultrasound exposure in vitro to evaluate the ef-
fect of the MI with the most effect on repro-
ducibility [22]. RNA of fibroblast cells was 
achieved by RiboEx total RNA (RNX). Ac-
cording to the manufacturer’s protocol, total 
RNA was reversed and transcribed to cDNA 
by Prime Script RT reagent Kit with a cDNA 
eraser [23].

Reverse Transcription Polymerase Chain 
reaction (PCR) oligonucleotide primers 
were used as primers: collagen type 1 (F: 
5′-GGCTGCACGAGTCACACA-3′ and R: 
5′-TGGAGGGAGTTTACACGAAGC-3′) 
and the internal control β-actin (F: 5′-AGAC-
GAAGCCCAGAGCAAAAG-3′ and R: 
5′-GCCAGAGGCATACAGGGACAG-3′). 
Using the Oligo 7 software, the Primer was 
designed based on the homology method. 
The PCR oligonucleotide primers have been 
published at the National Center for Bio-
technology Information (NCBI), with locus 
LC386214. Realtime PCR using Fluorescent 
DyesSYBR Green: BioFACTTM2X qPCR 
Master Mix was used for quantification of 
gene expression. Reactions have taken place 
in the StepOneTM v2.3 software. Reactions 
were performed on the StepOneTM v2.3 soft-
ware. The expression of β Action was used for 
the standardization of real-time PCR results. 
For each reaction, a melting curve was gen-
erated to rule out primer formation of dimer 
and false priming, followed by calculating the 
2-ΔCt (fold change) and 2-ΔCt (expression level) 
to determine relative levels of mRNA. Next, 
the cDNA of each sample was examined using 
agarose electrophoresis [23].

The results of 10 groups with 0.10, 0.20, 
and 0.40 MI, sham, and control after con-
tinuous and pulsed LIUS (20%) presented as 
mean±standard deviation (SD), and one-way 
ANOVA test were used to analyze differ-
ences between groups, at a significant level 
of 0.05 (P-value<0.05). Also, the dependence 
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between the cell proliferation and collagen I  
expression level at continuous and pulse 
modes was studied by Pearson correlation 
analysis. All treatments were done with three 
independent replicates. All data were analyzed 
using the SPSS statistical v20 software (SPSS/
PC Inc., Chicago, IL).

Results
The changes in acoustic pressure at differ-

ent points from the surface of the transducer 
were calculated. Figure 2 presents the plot of 
transducers of 150, 40, and 28 kHz at different 
intensities on a target with a radius of 1.8 cm.

Figure 2: The axial contour of acoustic pressure on the r-z screen: a) 150 kHz, (Mechanical Index) 
MI=0.35, b) 40 kHz, MI=0.50, and c) 28 kHz, MI=0.20 in near-field depth. The horizontal axis shows the 
z-axis (cm) and the vertical axis shows minimal acoustic pressure (MPa). Color changing from blue to red 
suggests an increase in acoustic pressure up to 14×104 Pa at 150 kHz and 40 kHz and up to 4.5×104 Pa at 
28 kHz. The radius profile of a MI is shown for 40 kHz frequency, in which the color map shows the MI 
range: d) 0.10 MI, 0.12 W/cm2, 3 cm, e) 0.20 MI, 0.23 W/cm2, 2.5 cm, and f) 0.40 MI, 0.30 W/cm2, 1 cm. 
Vertical and horizontal axes are in cm. 

(a)

(b)

(c)

(d)

(e

(f)
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According to contours in Figure 2, ultra-
sonic wave propagation of 150 kHz is cylin-
drical at near field depth (1.5 cm). The maxi-
mum pressure level was observed in the near 
field depth with 140 kPa acoustic pressure 
and 0.35 MI at 0.20 W/cm2 intensity and 150 
kHz frequency. The MI at a near distance of 
the transducer was 0.26 while it is 0.01 at a 
distance of 3 cm. The near field depth of 40 
kHz frequency is 0.4 cm from the transducer. 
100 kPa acoustic pressure at near field depth 
was observed for 40 kHz frequency and 0.23 
W/cm2 intensity with 0.50 MI value. However, 
the highest MI was estimated to be 0.70 at 0.1 
cm from the ultrasonic transducer. The lowest 
MI was 0.13 cm at 3 cm, which was achieved 
by propagating acoustic pressure in the water 
environment. The 28 kHz ultrasonic transduc-
er with 0.30 cm near field depth shows more 
divergence. The acoustics pressure average at 
0.30 cm distance was estimated to be 27.3 kPa. 
In near field depth of 28 kHz frequency and  
0.02 W/cm2 intensity, acoustics pressure is 
maximum. The mechanical index values are 
the highest (0.20) in the near field depth. 

The MI is influenced by the intensity and 
the frequency. The frequency reduction leads 
to an increase in MI. An increase in the inten-
sity of low-frequencies results in elevating the 
number of MI. 40 kHz frequency was selected 
at 0.12-0.35 W/cm2 intensity at the target sur-
face with a 1.8 cm radius. In this study, the 
acoustic cavitation interactions were estimat-
ed by the MI threshold between 0.10 to 0.80 
(3.0 cm to 0.1 cm) from the 40 kHz transduc-
er, selected because of the access to different 
practical intensities from 0.12 to 0.35 W/cm2  
(<0.50 W/cm2), and having the MI threshold 
of 0.20, more (0.4) or less (0.1). 

In 0.20 (threshold MI), more or less than it, 
axis curves of 40 kHz are plotted along the ra-
dial axis of the transducer (Figure 2d-f). The 
selected radius is the target radius (i.e., culture 
plate). Maximum MI (40 kHz) for 0.12 (3 cm), 
0.23 (2.5 cm), and 0.30 (1 cm) W/cm2 intensi-
ties were calculated to be 0.10, 0.20, and 0.40, 

respectively (Figure 2d-f). 
Various distances were selected to investi-

gate the MI (threshold, higher and lower) at 
low intensities of 40 kHz frequency. With 0.12 
W/cm2 intensity (a 3-cm distance from the 
transducer surface), 0.23 W/cm2 intensity (a 
2.5-cm distance from the surface transducer), 
and 0.30 W/cm2 intensity (1.0 cm distance 
from the surface transducer), the maximum 
mechanical indices are 0.10 (Figure 2d), 0.20 
(Figure 2e), and 0.4 (Figure 2f), respectively. 
In Figure 2d, the color changes from blue to 
red, indicating that MI increased from 0.09 to 
0.12 by the minimum acoustic pressure of 19 
to 24 kPa. Figure 2e shows the MI changes 
from 0.14 to 0.20 with the minimum pressure 
changes from 28 to 39 kPa. Figure 2f illus-
trates the minimum pressure changes from 38 
to 86 kPa with the MI range of 0.19 to 0.43. 
Indeed, the MI is dependent on the intensity 
of ultrasound waves, leading to increasing MI 
with increasing intensity. A 40 kHz frequency 
was selected due to the access to the threshold 
of the MI range. The treatment groups evalu-
ated consisted of 0.10, 0.20, and 0.40 MI, 
with different intensities of 0.12, 0.23, and  
0.30 W/cm2 in 3, 2.5, and 1 cm from the trans-
ducer and also control and sham groups in a 
continuous mode and pulse mode. 

To reduce the thermal effects of ultrasound 
waves (<1 °C), sonication time at 0.12 W/cm2 
(MI=0.10) was about 224 s; at 0.23 W/cm2 
(MI=0.20), it was about 140 s; and at 0.30 W/
cm2 (MI=0.40), it was about 105 s with con-
tinuous mode. Also, sonication times were 
about 730, 256, and 226 s at MI values of 0.10, 
0.20, and 0.40 with pulse mode, respectively. 
The repeatability error is less than 1%. The 
exposure time was obtained from the results 
of thermal control by a micro thermocouple at 
continuous and pulse modes. The time needed 
for a 1 °C rise in temperature was selected as 
the exposure time of low-frequency LIUS in 
MI groups.

The sonication was applied to fibroblast cells 
24 h after cells adhered to the culture plate. 
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Table 1 presents the sonication conditions (in-
tensity, distance, sonication time) for each MI.

At about 9-10 days after the tissue explants 
adhered to the plats, fibroblast cells were 
observed surrounding the edge of these tis-
sue pieces (Figure 3a). The cells indicated 
normal fusiform morphology with centrally 
located oval nuclei (Figure 3b and c). The 
morphology of fibroblast cells was shown 
for 0.20 and 0.40 MI groups under continu-
ous mode sonication (Figure 3d-f) and 0.40 
MI group under pulse mode sonication (20%)  

(Figure 3g) compared to the control group (Fig-
ure 3e). These groups are significantly different 
from the control groups. the morphology of fi-
broblast cells was shown for 0.20 and 0.40 MI 
groups under sonication with continuous mode  
(Figure 3a-b) and 0.40 MI group under sonica-
tion with pulse mode (20%) (Figure 3f) com-
pared to the control group (Figure 3g). These 
are significantly different from the control 
groups.

The effect of low-frequency LIUS on 10,000 
fibroblast cells was investigated in 10% FBS 

Figure 3: Characterization of guinea pig fibroblast cells: a) fibroblast cells surrounding explant 
tissue (×40), b) adherent and fibroblast morphology (×100), c) demonstrating a more spindle-
shaped morphology at a confluence of >80% (×40). The morphology of fibroblast cells (×40) in 
groups of; d) 0.20 MI (Mechanical Index) with continuous mode, e) 0.40 MI with continuous 
mode, f) 0.40 MI with pulse mode (20%), and, g) control.

MI
Intensity 
(W/cm2)

Distance 
(cm)

Sonication time continuous 
mode (s)

Sonication time 20% 
pulse mode (s)

0.10 0.12 3.0 224 730
0.20 0.23 2.5 140 256
0.40 0.30 1.0 105 226

MI: Mechanical Index

Table 1: The sonication conditions of 40 kHz for each mechanical index (MI).
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culture medium under ultrasonic transducer 
radiation of 40 kHz with 0.10, 0.20, and 0.40 
mechanical indices, 0.12, 0.23, and 0.30 W/
cm2 intensities, and 224, 140, and 105 s expo-
sure time in continuous mode, and 730, 256, 
and 226 s in 20% pulse mode for 3 consecu-
tive days. Treatment groups were compared 
with sham and control groups. The cell pro-
liferation was evaluated using the MTT assay 
after five days (Figure 4a-c). The proliferation 
index was calculated based on 570 nm opti-
cal density on the 5th day relative to an optical 
density at zero-day by the standard curve of 
fibroblast cells.

According to Figure 4a, there is no signifi-
cant difference between the sham and control 

groups (P-value>0.05, P-value=0.798). In-
creasing reproducibility showed that 0.2 MI 
group with the 1.70±0.05 times and 0.40 MI 
with the 1.40±0.03 times had the maximum re-
producible, and 0.10 MI with 1.05±0.05 times 
had the least reproducibility compared to the 
control group at continuous mode (Figure 
4a). There is a significant difference between 
0.20 and 0.40 MI groups with other groups  
(P-value<0.05). Increasing reproducibility was 
observed in groups 0.10 and 0.20 MI and with 
pulse mode of 1.04±0.01 times and 1.07±0.04 
times compared to the control. Also, a signifi-
cant difference is between the 0.20 MI group 
with other groups (P-value<0.05). Reducing 
the proliferation in group 0.40 MI was noticed 

Ultrasound Stimulates Collagen Expression in Fibroblasts

Figure 4: Comparison of the proliferation index of cultured cells after 5 days in control, sham, 
and MI (Mechanical Index) groups with 0.12, 0.20, and 0.30 W/cm2 intensity: a) continuous 
mode, and b) pulse mode. c) the effect of MI on collagen type Ι expression of fibroblast cells 
with continuous mode and pulse mode (20%) sonication. Markers (*) represented the signifi-
cance level.
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compared to the control and sham groups at 
pulse mode (P-value<0.05). The results illus-
trated that the effects of low-frequency LIUS 
on cell proliferation are parameter-dependent 
and LIUS with 0.20 MI has the highest impact 
on proliferation in continuous mode. 

Obtained fibroblast cells have a spindle-
shaped morphology (Figure 3). Increasing 
proliferation was shown in the 0.20 MI group 
under continuous mode sonication with 40000 
cells after 5 days. The morphological images 
confirmed the proliferation index. The effect 
of MI on the expression level of the collagen 
Ι gene was compared with the control group 
using real-time PCR analysis (Figure 4c). The 
expression level of collagen type Ι on fibro-
blast cells in 0.23 W/cm2 at the threshold of 
acoustic cavitation with 0.20 MI was achieved 
to be 0.17±0.05 compared to the control group, 
which was 0.03±0.00. Accordingly, it is seen 
that collagen Ι fibroblast cells has increased 
(P-value<0.05). Fold change in the expres-
sion level of fibroblast cells in 0.20 MI was 
achieved 4.35 times compared to the control 
group. The results show that there is a signifi-
cant correlation between cell proliferation and 
collagen I expression level at continuous and 
pulse modes (R=0.91, P-value<0.05). 

Discussion
The bio-stimulated effects of low-frequency 

and also low-intensity ultrasound waves on 
cell proliferation are influenced by the fre-
quency, intensity, distance, time, and radiation 
mode. Accordingly, it is necessary to extract 
optimal treatment parameters. Regarding the 
importance of the effect of mechanical stimu-
lus on cells, the present study demonstrates 
that fibroblast cells can be stimulated by 0.2 
mechanical index under specific treatment 
conditions (i.e., radiation mode, intensity, and 
distance). The benefits of this type of stimuli 
are safe, non-invasive, non-ionization, and 
easy to handle. 

Low-frequency and low-intensity ultrasound 
waves are propagating pressure waves that 

can transfer mechanical energy into the tis-
sues and cells with applications, such as tissue 
regeneration stimulus and protein synthesis 
in fibroblasts and wound healing. Ultrasound 
therapy has a purely non-thermal function and 
can trigger intracellular signal transduction 
and subsequent gene transcription through 
mechanical interactions on the cellular mem-
brane and cytoskeletal structures [4]. As low-
frequency ultrasound waves come through the 
cell, the mechanical interactions of ultrasound 
stimulate integrins and receptors on mem-
brane cells. FAK (Focal Adhesion Kinase) and 
Src (Steroid Co-activator) are intracellular 
(non-receptor) tyrosine kinases that play im-
portant functions in integrin-mediated signal 
transductions that contribute to promoting a 
wide range of cellular responses [11, 12].

Acoustic cavitation can be produced as sta-
ble states (i.e., radiation force, micro-stream-
ing, and expansion) and inertial states (i.e., 
shock wave, jet formation, and collapse). At 
a stable state, the bubbles vibrate around the 
equilibrium radius and transmit into the cell 
via an integrin acting as a mechanoreceptor, 
promoting the attachment of various focal 
adhesion adaptor proteins to increase prolif-
eration and gene expression [24]. However, 
in transient cavitation, the bubbles grow rap-
idly and expand and collapse sharply during 
a single acoustic compression cycle. Acoustic 
cavitation interaction could be lethal to cells 
[25, 26]. Ter Haar’s study showed that low-in-
tensity ultrasound may alter cell structure and 
functioning, attributed to its transient acoustic 
cavitation effect as well as a change in volume 
and pressure caused by acoustic cavitation 
formed in the liquid medium. A change in the 
pressure exerted by acoustic cavitation may 
modify the permeability of the cellular mem-
brane to calcium and sodium ions, increasing 
protein synthesis in cells [1]. 

Tissues and cell lines derived from animal 
models are ideal sources to study mechani-
cal stimuli on proliferation and gene expres-
sion. Fibroblasts as a form of cell in the con-
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nective tissue are critical to the restoration 
and remodeling of tissue after injury [5]. The 
techniques currently utilized to obtain fibro-
blasts from skin tissues include explant (the 
growth of cells from cultured tissues) and me-
chanical or enzymatic degradation methods. 
In this study, fibroblast cells were obtained 
by explant outgrowth of guinea pig skin. In  
Figure 3a, fibroblast-like cells migrate from 
the skin explants after 9-10 days. The hair pat-
terns and skin characteristics of the guinea pig 
are more human-like than other rodents [27]. 
According to this method, the primary pas-
sages of these fibroblasts can also be used to 
evaluate gene expression and proliferation. 
The advantage of this protocol over enzymatic 
methods includes achieving more cells in any 
small amount of skin tissue, a simple, conve-
nient, and rapid procedure.

MI values obtained in 40 kHz with vari-
ous intensities are more than other frequen-
cies. It has been shown that 40 kHz frequency 
has positive effects on chronic wound heal-
ing rates, proliferation, and migration of cells 
[28]. Ebrahiminia [29] explored the parame-
ters of exposure in low-intensity in near fields 
of 40 kHz by iodide chemical dosimeter in 
pulse and continuous modes. He showed the 
dosimeter absorbance in continuous mode 
was more than in pulse mode. These results 
are consistent with the results of the present 
study (Figure 2). 

In this study, the acoustic cavitation threshold 
(0.20) for stable cavitation (a low- frequency 
at a 0.23 W/cm2 intensity, 140 s for 3 consecu-
tive days) showed a significant increase in the 
cell proliferation. Doan [30] compared 1 MHz 
frequency, 20% pulsed mode, at 0.1, 0.4, 0.7, 
and 1.0 W/cm2 with 45 kHz frequency at 5, 
15, 30, and 50 mW/cm2 at a continuous mode. 
The best effects on cell proliferation and col-
lagen/non-collagenous protein synthesis are 
achieved by a 45 kHz continuous mode soni-
cation. Jong [31] showed 40 kHz frequency 
and 25 to 35 mW/cm2 intensity increases mes-
enchymal stem cell proliferation derived from 

a human umbilical cord. 
Also, group 0.30 W/cm2 with 0.40 MI in-

dicated a decrease in the optical density 
(0.22±0.00) compared to the control group 
0.41±0.01 and sham 0.42±0.05 in the pulsed 
mode. These results show the difference in the 
effect of the possible interaction of continu-
ous and pulse modes in the culture medium 
at 40 kHz frequency. An MI higher than 0.20 
has a harmful effect on the fibroblast cells in 
pulse mode because microbubbles rupture at 
a higher MI and higher intensity leads to ac-
tivation of the signal pathway for cell death. 
Thus, incorporating the cavitation threshold 
of different materials is necessary to find ef-
fective parameters for proliferation for the ap-
plied frequencies. Oliveira (2011) [32] studied 
the effects of LIUS with 0.20 and 0.60 W/cm2 
on fibroblast cell cultures. According to the 
results, intensity is important as an initial pa-
rameter for the optimal use of therapeutic ul-
trasound waves. Furthermore, low intensities 
decrease cell damage and induce the prolifera-
tion of fibroblast cells.

Sonication mode is important because the 
continuous mode presented significantly high-
er proliferation effects than the pulsed mode 
at 40 kHz frequency. Man (2012) [33] inves-
tigated the effects of continuous 45 kHz (25 
mW/cm2) and pulsed 1 MHz (250 mW/cm2) 
ultrasound waves for 30 min (2 days) on os-
teoblast cells. Continuous kHz ultrasound 
waves mainly promoted in vitro wound clo-
sure by enhancing osteoblast proliferation and 
cellular migration. The results showed the ef-
fect of LIUS with low frequencies, continuous 
mode, and constant temperature on the cell 
proliferation.

Low-frequency LIUS applies mechanical in-
teractions. Then, intracellular signaling path-
ways for transcription of the collagen type1 
gene are activated. The mechanical stimula-
tion of type 1 collagen primer (alpha 1 type1 
collagen) was recorded in the gene bank for 
a Hartly Dunkin guinea pig specimen and 
published on the NCBI site to investigate 

Ultrasound Stimulates Collagen Expression in Fibroblasts

XI



J Biomed Phys Eng

Zeinab Hormozi Moghaddam, et al

the collagen expression of fibroblast cells. 
The expression level of collagen type Ι in  
0.23 W/cm2 with 0.17±0.05 MI was compared 
to that of the control group (0.03±0.00 MI). 
With 0.17 MI, collagen type I in fibroblast 
cells increased significantly. Tang [8] showed 
in the fibroblast growth factor with low-inten-
sity sonication, the expression of collagen I 
and collagen II was increased. In these types 
of studies, the MI of the ultrasound waves was 
not mentioned. In Tang’s study, the distance 
to the transducer was not set, and only inten-
sity was selected for experimental testing. Tas-
sinary et al. [5] immersed cells in water and 
sonicated them for the creation of sterile con-
ditions and setting a medium temperature. In 
the present study, sonication was performed 
under sterile conditions and in a 37 ℃ incuba-
tor. The sonication time was determined based 
on the medium temperature.

In the current study, LIUS with 0.20 MI at 
0.23 W/cm2 (continuous wave) significantly 
increased the proliferation rate and collagen 
type Ι expression. Therefore, according to 
the mechanical index modeling, low-intensi-
ty ultrasound waves at the mechanical index 
threshold, and stable cavitation, dermal fi-
broblasts enhance through intracellular sig-
nal pathways, such as the MAPK pathways 
(integrin/Mitogen-activated Protein Kinase). 
Therefore, the cavitation threshold of different 
materials, environments, and cells is needed to 
determine their effects.

Conclusion
It is concluded that fibroblast cell prolifera-

tion and collagen type Ι expression increase 
on the mechanical index threshold (cavitation 
threshold) at the continuous mode of 40 kHz 
frequency and, 0.23 W/cm2 intensity.
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