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Resumen y Abstract IX

 

Resumen 

El objetivo de esta tesis fue modelar computacional y experimentalmente el 

comportamiento mecánico y biológico de fibroblastos del ligamento colateral de la rodilla 

expuestos a estímulos biofísicos del ultrasonido. Tratamiento con ultrasonido pulsátil a una 

frecuencia de 1.0 MHz con dos intensidades diferentes 1.0 W/cm2 (Grupo A) y 2.0 W/cm2 

(Grupo B) fue aplicado cada 24 horas por cinco días a cultivos monocapa de fibroblastos 

de ligamento. Un grupo control no recibió tratamiento (Grupo C). La autora midió el módulo 

de elasticidad celular a través del ensayo con Microscopio de Fuerza Atómica (AFM), 

armónicos utilizando el Método de los Elementos Finitos (FEM), viabilidad a través de la 

técnica de citometría de flujo, proliferación por medio de un ensayo colorimétrico (MTS), 

síntesis de colágeno tipo I y III, y fibronectina mediante el Ensayo de Inmunoabsorbancia 

Ligado a Enzimas (ELISA), y migración celular a través del ensayo de lesión por raspado. 

Los resultados mostraron una disminución en el módulo de elasticidad (22% y 32%, 

p<0.05), en los armónicos (20% y 20%) y en la viabilidad celular (1% y 10%) para la baja 

y alta intensidad, respectivamente. La proliferación celular fue aumentada 10% (Grupo A) 

y disminuida 13% (Grupo B) (p<0.05). El colágeno tipo I fue aumentado 100% para la alta 

intensidad, y no hubo expresión de colágeno tipo III para la baja intensidad ni para el grupo 

control. La producción de fibronectina fue aumentada 79% (Grupo A) y 61% (Grupo B). Se 

comprobó que la disminución del módulo de elasticidad se produjo por una reorganización 

del citoesqueleto de la célula para 1) proliferar y migrar (aumento del 4%) a la zona de 

lesión ante baja intensidad de tratamiento y para 2) producir matriz extracelular en la zona 

de lesión y por tanto disminuir la migración celular (11%) para el tratamiento con alta 

intensidad (p<0.05). Estos hallazgos mostraron que baja dosis de ultrasonido puede 

estimular la etapa temprana o regenerativa de reparación y alta dosis de tratamiento 

estimula la etapa tardía o de remodelado. Este trabajo sugiere que el ultrasonido pulsátil 

estimula a las células para mejorar el proceso de reparación de los ligamentos. 
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Palabras clave: fibroblastos, ligamento, ultrasonido pulsátil, módulo de 

elasticidad, armónicos, viabilidad, proliferación, proteínas de matriz 

extracelular, migración.  

 

Abstract 

The aim of this thesis was develop a computational modeling and in vitro testing of the 

mechanical and biological properties of collateral knee ligament fibroblasts treated with 

therapeutic ultrasound. Pulsed ultrasound at 1.0 MHz with two different intensities 1.0 

W/cm2 (Group A) and 2.0 W/cm2 (Group B) was applied every 24 hours for five days to 

ligament fibroblasts monolayer cultured. Group C was untreated control group. The author 

measured cell elastic modulus using an Atomic Force Microscopy (AFM) testing, harmonics 

with Finite Element Method (FEM), viability by flow cytometry analysis, proliferation via 

colorimetric assay (MTS), synthesis of type I, type III collagen and fibronectin using the 

Enzyme Linked Immunosorbent Assay (ELISA) assay, and cell migration through wound 

scratch assay. The results showed a decreased cell elastic modulus (22% and 31%, 

p<0.05), harmonics (20% and 20%), and viability (1% and 10%) due low and high intensity, 

respectively. Cell proliferation was raised 10% (Group A) and diminished 13% (Group B) 

(p<0.05). Type I collagen was increased 100% for high intensity, and no detectable type III 

collagen for low intensity and control group was observed. Fibronectin production was 

increased 79% (Group A) and 61% (Group B). It was showed that elastic modulus was 

decreased due cytoskeleton rearrangement to allow cell 1) migration (increased 4%) for 

low intensity and 2) production of extracellular matrix for high intensity stimulation, thus 

migration decreased 11% (p<0.05). These findings showed that low dose of ultrasound 

may improve early or regenerative stage of healing and high dose may stimulate late or 

remodeling phase. This work argued that pulsed therapeutic ultrasound might be used to 

stimulate cells to improve the ligament healing process.  

 

Keywords: ligament fibroblasts, pulsed ultrasound, elastic modulus, 

harmonics, viability, proliferation, extracellular matrix proteins, migration. 
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Introduction 

 

Ligament injuries, also called sprains, are a common musculoskeletal disorder that affect 

the movement of the human body (Dale et al. 2017; Read et al. 2016; Rincón Cardozo et 

al. 2015). When a ligament is injured, the joint loses its stability and proprioception (Pedraza 

Mejías and Martínez Cañadas 2008) increasing the risk of falling-off, and in a long term, 

may even increase the risk of osteoarthritis (Wheaton and Jensen 2011). 

Ligaments are connective tissue made up by cells (fibroblasts), water (two-thirds), and solid 

components (one-third) conformed by extracellular matrix (mainly collagen, proteoglycans, 

elastin, and glycoproteins as fibronectin, actin, integrins and laminin) (Wheaton and Jensen 

2011); specifically, fibroblasts maintain and repair the extracellular matrix (Pedraza Mejías 

and Martínez Cañadas 2008). 

When a ligament injury occurs, the healing process begins. The simplified phases of the 

healing process are hemorrhaging and inflammation (the first 72 h following an injury), 

proliferation (48 h – 6 weeks after the injury), and remodeling (weeks and months). The 

objective of each one of the healing stages is to remove the damaged tissue, produce a 

scar tissue, and remodel the matrix similar to the previous uninjured tissue (Wheaton and 

Jensen 2011).  

To stimulate the stages of the ligament healing process, physiotherapists use several 

physical agents: ice and compression are used to decrease the hemorrhage and swelling 

(Cárdenas Sandoval et al. 2012; van den Bekerom et al. 2013) and, heat and mechanical 

stimuli, as elongation and therapeutic ultrasound, are applied to stimulate fibroblasts 

proliferation and remodeling tissue (Cárdenas Sandoval et al. 2012; Lu et al. 2006). 

Nevertheless, contradictory effects of ultrasound on ligament healing have been evidenced 

according to scientific research literature. 

Van Den Bekerom et al., found that ultrasound produced 20% of pain relief and decreased 

25% of swelling (Van Den Bekerom et al. 2011). Morishita et al., reported that active and 

passive range of motion was significantly higher by ultrasound (Morishita et al. 2014). 
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Charly Daniel has shown that combining ultrasound with other therapeutic modalities were 

found to be more beneficial in the ligament injuries treatment (Charly Daniel 2017). 

Conversely, researchers reported no pain reduction nor swelling, improvement of the joint 

functioning and range of motion in humans (Díaz and Fernández 2002; Van Den Bekerom 

et al. 2011; Warden et al. 2008).  

Since studies in humans are limited to explain the effect of ultrasound on the specific 

properties and function of the ligaments, animal experimentation an in vitro testing are used. 

Animal studies showed that ultrasound increased the tissue strength (elastic modulus), 

ultimate load, energy absorption, collagen fibril diameter, relative proportion, and 

organization (Fu et al. 2008; Leung et al. 2006; Sparrow et al. 2005; Warden et al. 2006a)  

In vitro studies demonstrated that ultrasound increased cell proliferation (Cárdenas-

Sandoval et al. 2014; Harle et al. 2001a), synthesis of proteins of the extracellular matrix 

(collagen and glycoproteins) on human dermal, murine embryo ant tendon fibroblasts 

(Bohari et al. 2015; Choi et al. 2011; Farcic et al. 2013; Freitas et al. 2010; Roper et al. 

2012; Shyh-Hau et al. 2003; Tsai et al. 2006; Ying et al. 2012). Ultrasound also activated 

the pathway and cell migration into the wound (Roper et al. 2015; Tsai et al. 2008). 

Moreover, the stimuli induced unstable cavitation (Dyson 1982; Yadollahpour 2014) and a 

resonance effect as well (Lennart 2002). When unstable cavitation (microbubbles expand 

and then collapse close to cells (Izadifar et al. 2017; Lennart 2002) and/or a resonance 

effect (once frequency of ultrasound coincides with the natural frequencies of vibration of 

cells) is produced, it can be deleterious to cells (Izadifar et al. 2017; Lennart 2002). 

To improve the understanding of the effect of ultrasound on tissues computational modeling 

has also been attempted. Shiran et al., simulated the thermal distribution profile in prostate 

tumor by ultrasound, finding a rise of temperature on tumors due to several ultrasound 

intensities (Shiran et al. 2013). Similar computational results showed how high-intensity 

focused ultrasound can ablate tumors by increasing temperature (Özdemir 2011; 

Solovchuk et al. 2014) and modulate tissue function as in Parkinson disease (Tarnaud et 

al. 2018; Mizera & Gambin 2011).  

Nevertheless, there are limited studies focused on the effect of therapeutic ultrasound 

specifically on the biological and mechanical properties of ligament fibroblasts. Harle et al., 

reported that low intensity ultrasound increased 20% proliferation on periodontal ligament 
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fibroblasts (Harle et al. 2001a), but no information is reported about mechanical effects of 

ultrasound on ligament fibroblasts as resistance to deformation or harmonics.  

In vitro testing and computational modeling can help to examine the impact of therapeutic 

ultrasound on fibroblast function during the ligament healing process. The task of the cells 

can be studied by measuring their ability to resist stresses by external stimuli (elastic 

modulus), live, proliferate, migrate, and produce extracellular matrix.  

We were aimed to evaluate the effect of therapeutic ultrasound on the mechanical and 

biological properties of ligament fibroblasts. Two doses of pulsed ultrasound 1.0 W/cm2 and 

2.0 W/cm2 at a frequency of 1.0 MHz, used in physiotherapy to treat the ligament injuries, 

with 50% of duty cycle and effective radiation area (ERA) of 5 cm2 were applied on 

monolayer culture of ligament fibroblasts. 

As cells rearrange their cytoskeleton to respond to external stimuli (cell elastic modulus), 

we hypothesized that therapeutic ultrasound produced variations on the cell elastic 

modulus to facilitate cell migration into a wounded area. Hence, we assessed cell elastic 

modulus through Atomic Force Microscopy (AFM) testing and cell migration by scratch 

assay. 

Moreover, we inquired if ultrasound produced a resonance effect that could induce 

alterations or death in cells. Consequently, to predict a resonance effect we calculated the 

harmonics of the cell cytoskeleton by computational modelling using the eigenvalue 

extraction method Lanczos (ABAQUS/CAE 6.12.3 software), and to detect cells that were 

damaged or dying we assessed fibroblast viability through fluorochrome staining (annexin 

and propidium iodide by flow cytometry assay). 

As cells can modify their cycle or metabolic activity due to stimulation as well, we postulated 

that therapeutic ultrasound encourages: 1) Cell proliferation to increase the cell number in 

the injured area, 2) Collagen synthesis to increase the amount of fibers that will provide the 

resistance to the new tissue, 3) Fibronectin production to facilitate cell migration as well, 

and 4) cell migration to rise-up the cell displacement into a wounded area. 

To proof those hypothesis we measured cell proliferation by cell enzyme activity through 

colorimetric assay (MTS); proteins synthesis (type I, type III collagen and fibronectin) via 
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Enzyme Linked Immunosorbent Assay (ELISA); and cell migration with scratch assay using 

a Cytation 3 Cell Imager Multi-Mode Reader (Biotek), and the software Gen 5.2.0 and 

ImageJ version 1.50i 3. 

To demonstrate that pulsed ultrasound produced non thermal effects we used a 

computational modeling. We calculated the temperature and acoustic pressure produced 

by ultrasound at 1.0 MHz on the monolayer cell culture of ligament fibroblasts using the 

software COMSOL Multyphysics 5.2. Thus, we showed that pulsed therapeutic ultrasound 

effects on ligament cells were produced by mechanical stimulation. 

The results showed a decreased cell elastic modulus (22% and 31%), harmonics (20% and 

20%) with non-resonance effect, and viability (1% and 10%) due ultrasound doses (1.0 

W/cm2 and 2.0 W/cm2). Type I collagen was increased 100% for high intensity, and no 

synthesis was detected for low intensity and control group. Fibronectin was increased 79% 

and 61% for low and high intensity, respectively. Five days after treatment, protein 

synthesis was also measured. Type I and type III collagen was increased 45% and 71% for 

high intensity, and increased 30% and 33% for low intensity. Fibronectin was decreased 

33% for treatment at 1.0 W/cm2 and increased 44% for treatment at 2.0 W/cm2 (p<0.05). 

Proliferation and migration were increased 10% and 4% for ultrasound treatment at 1.0 

W/cm2, and decreased 13% and 11% at 2.0 W/cm2, respectively. We conclude that cells 

produced lowest collagen concentration when showed higher fibronectin synthesis, 

proliferation and migration at 1.0 W/cm2, and vice versa results were detected at 2.0 W/cm2 

dose. 

The several key contributions of this work are: 1) Propose specific doses of therapeutic 

ultrasound that can stimulate fibroblasts to improve proliferation and remodeling phases of 

the ligament healing process, and 2) Complement the state-of-the-art about the influence 

of pulsed therapeutic ultrasound on the mechanical and biological properties of ligament 

fibroblasts. 

 





 

 
 

1. Effect of the ultrasound stimuli on fibroblast 

elasticity and harmonic vibration 

1.1 Introduction 

Knee ligament injuries are one of the most common musculoskeletal disorders incurred by 

young people and adults (Dale et al. 2017; Read et al. 2016). The healing process is 

initiated by fibroblasts, which are the cells that proliferate and migrate to the injury zone to 

produce and remodel the new extracellular matrix of the ligament (William E. Prentice 

2013).  

The cytoskeleton is the structure responsible for regulating the mechanical behavior of the 

cell; it maintains the cell integrity/structure, responds to external mechanical cues, exerts 

forces, and produces motion (Samandari, Abrinia, Mokhtari-Dizaji, & Tamayol, 2017; Allsop 

& Peckham, 2011; Nick, 2011). It comprises a complex interconnected network of actin 

filaments, intermediate filaments, and microtubules (Nick 2011). Therefore, the 

cytoskeleton is a fundamental structure in the cell and has an important role in the ligament 

healing, specially, in the knee ligament. 

Since the 1950s, ligament injury has commonly been treated using therapeutic ultrasound 

with a frequency between 1 and 3 MHz (Miller et al., 2012; O’Brien Jr., 2007), although, 

nowaday, little is known about its effect on fibroblast structure (Louw, Budhiraja, Viljoen, & 

Subramanian, 2013; De Deyne & Kirsch-Volders, 1995). According to Samandari et al. 

(2017), “ultrasonic waves could disrupt/fluidize actin filaments in the cytoskeleton and thus 

could affect cellular organization” (Samandari et al. 2017).  

Consequently, changes in the cytoskeleton structure may affect its mechanical properties, 

such as the elastic modulus (Wagner et al. 2009), which is defined by Franze (2013) as 

“the property of a material to deform in response to a force and to return to its original state 
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once the force is removed” (Franze, 2013; Nijenhuis, Zhao, Carisey, Ballestrem, & Derby, 

2014). Thus, the cytoskeleton is implied into the healing and in the mechanical properties 

before and afterward the damaged ligament and the mechanical behavior of the tissue. 

The elastic modulus of the cytoskeleton and the cell is related to a wide variety of biological 

cellular responses such as communication with the environment, cell death, differentiation, 

aging, pathophysiology of the disease, and cellular motility (Nijenhuis et al., 2014; Nikolaev, 

Müller, Williams, & Liu, 2014; Schulze et al., 2017), and it can also influence the harmonic 

vibration (natural frequencies of vibration) of the cells (Geltmeier et al. 2015). The harmonic 

vibration of the structure is the rate at which it oscillates at a point of balance without being 

affected by an external force (Shekofteh et al. 2016).  

This mechanical property is important when the periodic force producing by an external 

stimulus such as the ultrasound coincides with the harmonic vibration of the cell, if this 

occurs the oscillation may compromise the integrity of the structure owing to the resonance 

effect (Lepeschkin & Goldman, 1952; Geltmeier et al., 2015; Iranmanesh et al., 2016;  

Mariantonietta et al., 2015). Trendowski et al. (2015) found that, likely as a result of 

cytoskeleton involvement, ultrasound frequencies between 20 kHz and 60 kHz can induce 

lysis and cell death, which occurs in cavitation ultrasound (Trendowski, Christen, Zoino, 

Acquafondata, & Fondy, 2015; Miller et al., 2012; Wu & Nyborg, 2008; Bandyopadhyay et 

al., 2016). 

However, when there is no resonance effect, the mechanical energy produced by 

ultrasound is absorbed and modulated by the cell's proteins (Lennart 2002) through a 

process of assembly of the actin proteins and microtubules (Louw et al., 2013; Noriega, 

Hasanova, & Subramanian, 2013), which may stimulate other healing steps such as cell 

migration (Tsai et al. 2008). 

So far, studies dealing with the influence of different low-pulsed energy doses of ultrasound 

on elastic modulus, harmonic vibration and cell death of ligament fibroblasts are rare (Jiang 

et al. 2015).  

The approach described in this research complements clinical rehabilitation to find a 

standard prescription of ultrasonic that enhances the knowledge of the therapeutic 
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ultrasound effects on compositional cells. This work aims to construct an explanation of the 

effects of sound waves on the ligament cell’s energy absorption capacity evidenced by their 

elasticity and harmonic vibration. Another goal is to describe the structural modification of 

the cytoskeleton due to the ultrasound excitation and the relationship with its natural 

frequencies. The results support that the variation of elasticity and harmonic vibration are 

dependent on the excitation doses at the cellular level for the healing stages of ligaments. 

This study contributes to the understanding and provides new elements to comprehend 

cellular biomechanics. 

1.2 Materials and Methods 

To obtain fibroblasts cells that migrated out of the ligament onto the surface of the dish, an 

explant culture technique was used (Section 1.2.1). Cells passaging was made in several 

culture plates to perform both of the experiments, AFM testing and flow cytometer analysis. 

The design for every single experiment consisted in two different stimulated groups 

stimulated with ultrasound energy every 24 hours for five days, Group A, received 1.5 J/cm2 

and Group B 5 J/cm2 energy doses according to therapeutic range stimulation in cells, and 

a control Group C which was not stimulated with ultrasound energy (Section 1.2.2).  

To detect cell death after treatment with ultrasound was completed a flow cytometer 

analysis was performed (Section 1.2.3). To measure the cell elastic modulus (Young’s 

modulus) using the Hook law fundaments an AFM testing was done (Section 1.2.4).  

Finally, to elucidate the influence of fibroblast elasticity (from stimulated and control groups) 

on natural frequencies of vibration of the cytoskeleton a FEM (finite element method) 

analysis was performed using the eigenvalue extraction method Lanczos (ABAQUS/CAE 

6.12.3 software). The elastic modulus (median) and the height (mean) were used as input 

parameters (obtained in the AFM testing). To represent the internal structure (cytoskeleton) 

of an adherent cell (ligament fibroblast) an octahedron tensegrity model was used (See 

Section 1.2.5).  

1.2.1 Explant technique and cell culture protocol 

The ethics committee of the Sciences Faculty of the Universidad Nacional de Colombia 

approved the protocol that was followed in this work. Initially, the cells were obtained using 
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the primary explant technique from the lateral collateral ligaments (LCL) of both knees of 

one adult female Wistar rat following the Henshaw, Attia, Bhargava, and Hannafin protocol 

(2006) (Henshaw et al. 2006).  

The LCL were extracted from both knees and maintained in aseptic conditions on culture 

medium Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12), Gibco 

(1:1) (1x) supplemented with 1% antibiotics/antifungal (Gibco-Vitrogen Corporation) and 

10% fetal bovine serum (FBS) (Gibco-Vitrogen Corporation). The dissection was made by 

cutting the femoral and fibular insertions. The ligaments were disposed over T-25 culture 

flasks with sterile culture medium supplemented. The medium was changed every 48 

hours.  

The flasks were incubated at 37 ºC in a 5% CO2 atmosphere. The explanted cells migrated 

around the tissue and were adhered and proliferated over the flasks. After 15 days, the 

tissue was removed from the flasks. The monolayer cultures were confluent at 

approximately two weeks. They were detached using 0.025% trypsin (Gibco-Vitrogen 

Corporation) for five minutes and subcultured on a six-well plate for flow cytometry testing.  

They also were cultured on Petri dishes for atomic force microscopy (AFM) indentation. 

They were maintained in 1 mL and 2 mL, respectively, of supplemented culture medium 

DMEM/F12 at 37 ºC in a 5% CO2 atmosphere. The medium was changed every 48 hours. 

The remaining cells were cryopreserved in a 10% DMEM/F12 culture medium containing 

90% FBS and 10% Dimethyl sulfoxide (DMSO). 

The explanted cells were washed with Hank's Balanced Salt Solution (HBSS) (Gibco). They 

were centrifuged at 287 g for 5 min and evaluated under a microscope by the cell shape to 

ensure the purity of the culture. To verify that the cells shape explanted from the ligaments 

corresponded to fibroblasts, their nuclei and their bodies were highlighted through the 

Hematoxilin-Eosin technique during microscopy observations (Karlsson et al. 2009). We 

followed the laboratory protocol defined by the Laboratorio de Biomiméticos of the Instituto 

de Biotecnología de la Universidad Nacional de Colombia, which is in agreement with the 

protocol described by Spitalnik (2015) (Spitalnik 2015).  
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1.2.2 Ultrasound protocol 

In this experiment, a standard therapy device “J-Style” (JC-29021) ultrasound transducer 

was used in order to follow the standard clinical procedures for therapy on ligaments 

(Warden et al. 2006b).  

For each test, the culture plate was placed over the transducer head, on which a layer of 

sound wave-transmission gel had been previously applied (Figure 1-1). The control group 

was processed in the same way as stimulated group, but without exposure to ultrasound 

energy.  

 

Figure 1-1: Experimental design and simulation model for this work. 

                                                
 

1 Building 6. Huafeng Tech Park, Guangtian Road, Luotian Industrial Area, Songgang Town, Bao’an 
District, Shenzhen, China. Tel:86-755-33180892  Fax:86-755-33180893. Available on 
https://m.dhgate.com/product/j-style-jc-2902-face-massager-machine-multi/393944536.html 
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The stimulation was performed in accordance with the frequency of treatment used in 

physical rehabilitation and the experimental protocol used by Harle et al. (2001) every 24 

hours for five days (Carrer et al. 2015; Harle et al. 2001a) under the parameters presented 

in Table 1-1 at a frequency of 1.0 MHz, which is one of the therapeutic frequency used to 

treat the ligament injuries (Ng et al. 2003; Uhlemann et al. 2003), in pulsed mode at 50% 

duty cycle, effective radiation area (ERA) of 5 cm2, spatial average temporal average 

(SATA) intensity of 0.5 W/cm2, and an intensity of 1.0 W/cm2 for each stimulated group.  

Stimulated Group A received an intensity of 1.0 W/cm2 and an energy dose of 1.5 J/cm2, 

while stimulated Group B received an intensity of 2.0 W/cm2 with an energy dose of 5 J/cm2. 

The ultrasound parameters for each group, application time and surface area of the plate 

culture are shown in Table 1-1.  



 29

 

 

Table 1-1: Ultrasound parameters applied to each treatment group. 

Ultrasound Parameters Group A Group B Group C 

Frequency (MHz) 1 1 0 

Energy [e] (J/cm2) 1.5 5 0 

Intensity [I] (W/cm2) 1 2 0 

Effective Radiation Area [a୲] (cm2) 5 

SATA (Spatial Average Temporal 

Average Intensity) (W/cm2) 
0.5 1 - 

Duty cycle [D] 0.5 - 

Surface area of the 

plate culture [aୡ] (cm2) 

6-Well plate: 3.5 

Petri dish: 11.78 

Time (s) 
6-Well plate: 2.1 3.5 - 

Petri dish: 7 12 - 

 

For these experiments, 5% and 17% of the energy applied to humans was employed based 

on 30 J/cm2; these values were taken from the therapeutic range proposed in the literature 

(Bjordal et al., 2007; Baker, Robertson, & Duck, 2001).  

According to the ultrasound parameters and the surface area of the plate culture, the 

application time (𝑡) for the ultrasound was calculated utilizing the potency equation to 

transmit energy at 1.5 J/cm2 and 5.1 J/cm2 to cells for every stimulated Group A and B, See 

Equation (1-1) (Tole, 2005; Rodríguez, 2008; Baker et al., 2001). 

 

𝑡 =
௘ ∙௔೎ 

ூ ∙ ௔೟ ∙஽
     (1-1) 

 

Where (𝑒) is energy per square centimeter, (𝐼) is transducer intensity, ( 𝑎௧) is ERA, (𝐷) is 

duty cycle, and (𝑎௖) is cultured area. 
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1.2.3 Flow cytometry 

Conjugated annexin V-FITC combined with the cationic marker propidium iodide (PI) was 

employed to detect non-apoptotic cells, in early apoptosis, necrotic cells, and cells in late 

apoptosis after treatment (every 24 hours for 5 days). We selected this assay to assess if 

the external stimulus can trigger phosphatidylserine translocation (assumed to be an early 

feature of programmed cell death) by Annexin-V, and propidium iodide staining (Span et al. 

2002). The samples were analyzed using a flow cytometry system (BD FACSCanto II) with 

a solid state (L1) laser and a blue (488-nm excitation line, air-cooled, 20-mW solid state), 

from the Pharmacy Department of the National University of Colombia. 

A total of 2.84 x 104 cells were cultured in every six-well plate per group (Figure 1-1) to 

obtain 100% confluence on the sixth day (when the treatment has finished). One well was 

stained with fluorochrome annexin V-FITC, another with PI, and another with both. The 

other wells served as controls. The samples were placed in cytometry tubes suspended in 

a 300 μL culture medium. Each well corresponded to a specific sample. Ten thousand test 

runs were performed to identify non-apoptotic cells (Q3:annexin V-FITC negative/PI 

negative), cells in early apoptosis (Q4:annexin V-FITC positive/PI negative), necrotic cells 

(Q1:annexin V-FITC negative/PI positive), and cells in late apoptosis (Q2:annexin V-FITC 

positive /PI positive) (Hingorani et al. 2011). 

 

1.2.4 Atomic force microscopy (AFM) 

Three hundred and fifty fibroblasts were cultured in Petri dishes (3.5-cm diameter) for every 

group (exposure to ultrasound energy.  

 

Figure 1-1) to reach 20-40% confluence on the sixth day. All measurements of the cell 

elastic modulus were performed on proliferating viable cells maintained in culture medium 

DMEM/F12 within 2-3 hours. The cell elastic modulus was measured using AFM at the 

University of Los Andes (MFP3D-Bio AFM system (Asylum Research, Santa Barbara, CA)).  
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We used a pyramidal AFM tip due it is “particularly useful to probe fine features such as the 

cytoskeleton” (Chen 2014), and “because the magnitude of indentation into the cell is 

relatively small (<400 nm) compared with the height of the cell where it is probed, the elastic 

resistance to indentation reflects the stiffness of the cortical actin network” (Solon et al. 

2007). Therefore, it was estimated a change of the elastic modulus in the whole cell. This 

measure was compared with those control samples and stimulated ones, in order to detect 

significant differences in elastic modulus. Soft cantilevers T R400P B (Olympus, Japan) 

with a nominal spring constant of 0.09 N/m and tip radius of 42 nm were used. The relative 

trigger force employed was 2 nN.  

The elastic modulus as a function of position on the cell was estimated using the force-

volume (F-V) technique by measuring cantilever deflection. To make easier to position the 

AFM tip a precise location over the cell we used video microscope. The probe moves up 

and down registering simultaneous the force curve and the cell topography at each pixel of 

the surface. When the force curve is recorded, at first, the probe is displaced up, and then 

in the lateral direction to the next pixel of the surface to stay registering. 

We obtained force-volume images with a resolution of 20 x 20 pixels within 30 x 30 m2 

scan area. The approximate acquisition time per image was 15 minutes. Ten cells per group 

(A, B, and C) (exposure to ultrasound energy.  

 

Figure 1-1) were measured. The number of effective measurements performed on the A, 

B, and C groups (Figure 1-1) was 863, 866, and 338 indentations, respectively. We used a 

larger sample to better determine the average values of the elastic modulus and avoid 

errors from the indentation depth. Force curves were analyzed from a relative area above 

the whole cell.  

Since elastic modulus calculated from Sneddon Model has dependence of the depth 

indentation (Guz et al. 2014), and “to nullify the bottom substrate effect in conical tip 

indentation on the finite thickness” of adherent cell, the asymptotical correction model was 

used for rigid cone indenting using Equation 1-2 (Managuli and Roy 2018). 

 

𝐹௘ =
଼

ଷ

ா

గ
𝑡𝑎𝑛 (𝜃)𝛿ଶ ቄ1 + 𝐶

ସ

గమ

ఋ

௛
+ 𝐶ଶ ଶ଴

గర

ఋమ

௛మ + 0 ቀ
ఋయ

௛యቁቅ   (1-2)  
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Where F௘ is the elastic force, 𝐸 is the elastic modulus, 𝛿 is the indent depth, θ is the rigid 

cone angle, which is set to 45º, h is the thickness of adherent cell at the point of indentation, 

which is set to 150 nm, 0 represents higher order terms in the series, which is assumed to 

be negligible, and 𝐶 = 1.7795 tan(𝜃) (Managuli and Roy 2018). 

  

1.2.5 Harmonic vibration and modal analysis 

To elucidate and simulate the harmonic vibration of the cytoskeleton a FEM (finite element 

method) analysis was performed using the eigenvalue extraction method Lanczos 

(ABAQUS/CAE 6.12.3 software). The modal analysis was used to predict the fifth natural 

frequencies and eigenforms of cytoskeleton for every stimulated Group A and B and control 

Group C without external excitation. “The mode shapes and natural frequencies provided 

information concerning what form and with which frequency the structure oscillates freely 

on the sole basis of its mass and stiffness as well as under defined fixation conditions” 

(Geltmeier et al. 2015). 

To represent the internal structure (cytoskeleton) of an adherent cell (ligament fibroblast) 

for representing the three configurations of the stimulated groups (A and B) and the control 

group (C) an octahedron tensegrity model and twelve 3D coordinates to represent the 

nodes of the structure were used. The cytoskeleton consisted of an octahedron tensegrity 

network of 30 beam elements (Ingber 2003) (Figure 1-1), which represented twelve actin 

filaments, twelve intermediate filaments, and six microtubules. They were selected 

according to the position showed in fluorescence microscopy. The actin filaments were in 

the cortex, the intermediate filaments in the middle of the structure and the microtubules 

were in the center (Alberts et al. 2002; Ananthakrishnan et al. 2006).  

The mean height values for each cytoskeleton configuration A, B, and C in the simulation 

were taken from AFM force/volume topography maps. The 100% of the height was input in 

the Y axes for two node coordinates, and it was adjusted to the 50% height (four node 
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coordinates), 25% height (two node coordinates) and 75% height (two node coordinates) 

the other values were zero to maintain the octahedral structure.  

The X and Z axes values were taken from literature to comply with the spread shape of the 

cell (Chen, Wu, Tang, Huang, & Su, 2010) with the 100% length of the cell contact diameter 

(22.4 m) (Mcgarry and Prendergast 2004) for two node coordinates, 50% length for four 

node coordinates, 75% length for two node coordinates, 25% length for two node 

coordinates and the other values were zero. See supplementary material (Appendix A).  

AFM have reported to show the changes in cytoskeleton elastic modulus (Chen, 2014; Hoh 

& Schoenenberger, 1994), hence, the elastic modulus median values for Groups A, B, and 

C were taken from the AFM results as input parameters for the elastic modulus in order to 

calculate the harmonic vibration and the modal analysis for every cytoskeleton 

configuration. The data for the Poisson’s ratio, length, and the beam radius were taken from 

available literature. These values are provided in Table 1-2 (Jacobs, Huang, & Kwon, 2012; 

Ofek, Wiltz, & Athanasiou, 2009; Guilak, Haider, Setton, Laursen, & Baaijens, 2006; 

Mcgarry & Prendergast, 2004). 

 

Table 1-2: Cytoskeleton filament material characteristics. The elastic modulus and the 

height were taken from the AFM results obtained for Groups A, B, and C. Poisson’s ratio, 

length, and the beam radius were taken from literature. 

Filament 

Median elastic 

modulus (Pa) from 

AFM 

Mean height 

(µm) from AFM 

Length 

contact 

radius 

(µm) 

Poisson’s 

Ratio 

Beam 

Radius [m] 

A B C A B C A B C A B C A B C 

Actin 

1085 970 1399 4.6 3.1 2.7 11.2 

0.4 ± 0.08 

2x10-9  

(Mcgarry 

and 

Prendergast 

2004) 

Intermediate 

Filaments 
0.5 ± 0.05 5x10-6  
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(Guilak et 

al. 2006) 

Microtubules 
0.36 ± 

0.06 

8x10-9  

(Mcgarry 

and 

Prendergast 

2004) 

 

 

The units were converted to micro scale. The cytoskeleton filaments were considered 

isotropic and elastic since the cells had small deformations 2-8% (Ananthakrishnan et al. 

2006; Mcgarry and Prendergast 2004; Palmer and Boyce 2008; Unterberger et al. 2013). 

The beam length of the contact radius in the tensegrity structure was 11.2 µm (Mcgarry and 

Prendergast 2004). The density of the filaments was 1.15x10-6 µg/µm3 (Geltmeier et al. 

2015). The initial boundary conditions were imposed on the three base nodes of the 

tensegrity structure in accordance with the McGarry and Prendergast Model (2004) 

(Mcgarry and Prendergast 2004) (Figure 1-1). The three receptor nodes represented the 

focal adhesion of the cell to the extracellular matrix. They were constrained for the three 

degrees of freedom (U1 = U2 = U3 = UR1 = UR2 = UR3 = 0). 

 

1.3 Results 

1.3.1 Fibroblasts isolated from the LCL 

Figure 1-2 shows fibroblasts isolated from the LCL of one adult female Wistar rat under 

Hematoxylin-Eosin staining which highlights typical characteristics of a cell identified as a 

fibroblast, such as the nucleus and body, the flat, elongated and triangular shape. “They 

link fibroblasts into the characteristic meshwork, which is one of the ways they are 

recognized to be fibroblasts” (Abercrombie 1978). 
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Figure 1-2: Fibroblasts explanted from the LCL in the knee and stained in Hematoxylin-

Eosin. 

 

1.3.2 Cell death 

Figure 1-3 shows the histograms from the cellular death test, which represent the number 

of cells that emitted fluorescence intensity for each annexin fluorochrome FITC and PI 

application. For stimulated groups (see Figure 1-3A, Figure 1-3B) and the control group 

(see Figure 1-3C). The number of events was 10,000. Figure 1-4 shows the bar plot for the 

mean number of events for the three groups (A, B, C) for each region.  

 

Figure 1-3: Histogram and dot plot density. Results of the membrane alteration cell death 

test with fluorescein conjugated annexin V-FITC combined with the cationic marker 

propidium iodide (PI) and detection using flow cytometry. From top to bottom, the results 

are presented for groups A, B, and C. Noted in each region are Q1: necrotic cells; Q2: late 

apoptosis; Q3: viable cells; and Q4: cells in early apoptosis. 
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Figure 1-4: Bar plot for the mean number of events for the three groups (A, B, C) for each 

region from the data generated by flow cytometry. (Q1: necrotic cells; Q2: late apoptosis; 

Q3: viable cells; and Q4: cells in early apoptosis) 

 

 

For each region from the data generated by flow cytometry (Necrotic cells (Q1), Late 

apoptosis (Q2), Viable cells (Q3), Early apoptosis (Q4)) for stimulated Groups (A and B) 

and control Group (C), statistical analysis was analyzed. Significant differences were not 

found among the groups. We interpreted there is no dependence between the level of 

energy and intensity of the ultrasound and the cell death. See supplementary material 

(Appendix B). 
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1.3.3 Elastic Modulus 

In both treatment Groups (A and B) exposed to doses of therapeutic ultrasound which had 

an elastic modulus (median) of 1085 Pa for the group stimulated with an intensity of 1.0 

W/cm2 (Group A) and an elastic modulus (median) of 970 Pa for the group stimulated with 

an intensity of 2.0 W/cm2 (Group B), the elastic modulus (median) was lower than in the 

control group that had an elastic modulus (median) of 1399 Pa. Group B had the lowest 

elastic modulus. Descriptive statistics for each group can be observed in Table 1-3. 

 

Table 1-3: Descriptive statistics for the elastic modulus for treatment Groups A and B, and 

the control Group C. 

Descriptive Statistics 

Summary 
Group A  Group B Group C 

Length 863 866 338 

Mean [Pa] ± SD 1303.1 ± 

797.1 

1119.3 ± 

634.5 

1653.0 ± 

965.0 

Median [Pa] 1085 970 1399 

Q1 722 665 1049 

Q3 1710 1392 1964 

Min 174 233 181 

Max 4877 3751 4848 

 

Figure 1-5 shows in comparative form the elastic modulus calculated using the AFM 

technique. Greater dispersion was observed for the control group, as compared to the 

stimulated groups.  

 

Figure 1-5: Elastic modulus trend and distribution of the treatments (A and B) and control 

group (C). 
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The three-dimensional (3D) force/volume topography maps show the volume of the cell and 

its relation to the elastic modulus (Figure 1-6). The darker the color of the cell, the lower the 

elastic modulus. Cells from stimulated Group A (Figure 1-6A) had a mean height of 4.6 μm. 

Cells from stimulated Group B (Figure 1-6B) had a mean height of 3.1 μm and a lower 

elastic modulus. Cells from the control group (Figure 1-6C) had a mean height of 2.7 μm 

and showed a higher elastic modulus.  

 

Figure 1-6: 3D strength/volume topography maps using AFM. The darker the color of the 

cell, the lower the elastic modulus. 
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In the statistical analysis (non-parametric statistical test of Kruskal-Wallis) significant 

differences (p ≤ 0.05) were found among the different experiment groups. We interpreted 

there is dependence between the level of energy and intensity of the ultrasound and the 

elastic modulus. See supplementary material (Appendix C).  

 

1.3.4 Harmonic vibration and modal analysis 

Figure 1-7 graphically presents similar displacements of the cell structure for five harmonic 

vibration frequencies and modes for stimulated A and B, respectively (see Figure 1-7A and  

Figure 1-7B) and control Group C (see Figure 1-7C). It also has been shown for fiftieth 

vibration modes for all groups (see Animations 1, 2 and 3). 

 

Figure 1-7: Cytoskeleton structure deformation (µm) for each treatment (A and B) and 

control group (C). Maximum deformation (1x100) and minimum (0x100). 
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In Figure 1-8, we present the natural vibration frequencies for three configurations of cell 

structure. Every configuration corresponds with Group A, Group B, and Group C, 

respectively, and takes the elastic modulus (median) and the height (mean) obtained from 

the AFM test (see Table 1-1). The figures show that there are higher frequencies of vibration 

when the elastic modulus is higher (Group C), reaching a maximum vibration frequency of 

4.1x109 Hz at the fifth vibration mode. When the cytoskeleton filaments have the elastic 

modulus of Groups A and B from the AFM results, the vibration frequencies decrease to a 

maximum of 3.3x109 Hz at the fifth vibration mode.  

 

Figure 1-8:   Natural frequencies of vibration for each treatment (A and B) and control 

group (C). 
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1.4 Discussion 

 

In this study, we have shown that the elastic modulus of fibroblasts isolated from LCL 

significantly decreased 22% and 31% owing to the application of pulsed therapeutic 

ultrasound at 1.0 MHz with intensity doses of 1.0 W/cm2 and 2.0 W/cm2, respectively. We 

have used the statistical median to compare the elastic modulus (Codan et al. 2013), and 

demonstrated significant differences among the different experiment groups.  

We note that our experimental elastic modulus results were higher than values for 

fibroblasts with decreased adherence, 0.6 ± 0.1 kPa (Mahaffy et al. 2004), and they were 

in a range of a typical values for fibroblasts, 1 to 5 kPa (Codan et al. 2013; Simon and 

Durrieu 2006; Solon et al. 2007). Here, the elastic modulus reflects the resistance to 
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indentation tip of the cortical actin network (Solon et al. 2007). The high standard deviation 

may be explained by the variant configuration of the cell membrane mesh and its 

heterogeneous surface (Kuznetsova et al. 2007). 

We hypothesize that cells stimulated with therapeutic ultrasound decreased their elastic 

modulus to promote cell motility due cross-linked network of actin filaments that are 

perturbed and focal adhesions as well (Stricker et al. 2010). According to Swaminathan et 

al. (2011), the cells have to reorganize their cytoskeleton in order to move through the 

extracellular matrix which produces a decrease in the elastic modulus of the cell 

(Swaminathan et al. 2011). This also may explain the shape changes observed in the cell 

force/volume maps and the decreased elastic modulus of the stimulated cells in our study. 

This phenomenon occurs biochemically by the assembling of the cytoskeleton network to 

facilitate cell motility (Michalczyk & Ziman, 2005; Ananthakrishnan et al., 2006), likewise 

cell migration (Roper et al. 2015). 

Thus, we can hypothesize that the elastic modulus decreased owing to the assembling of 

the actin filaments in the leading edge of the cell to prepare the cellular motility (Haase et 

al. 2015; Pollard and Borisy 2003), and it is not related to cell death (Pozzi et al. 2011). This 

was also shown through cell death testing. In stimulated Group A or Group B, most of the 

cell remained viable at 86% and 77%, respectively. These cell death results differ from 

another study that showed an increased number of cells suffering an apoptotic reaction 

when treated with ultrasound. It can be explained due the higher energy density (600 

W/cm2) and frequency (4.36 MHz) used in that study over human colon adenocarcinoma 

cell line (HT29) (Schuster et al. 2013).  

We also revealed the modes and frequencies of vibration of the cell cytoskeleton by 

numerical analysis using the elastic modulus (median) and the height (mean) obtained in 

the AFM testing. We found that, while the elastic modulus of the filaments was higher, as 

was the elastic modulus obtained in the AFM testing for the control group (C), harmonic 

vibration frequencies were also increased by the time as it has been showed in cells 

(Jaganathan, Saravana Kumar Subramanian et al. 2016). Geltmeier et al. (2015) showed 

similar results; they concluded that the natural frequencies of the normal cells were higher 

owing to their high elastic modulus (Geltmeier et al. 2015). 
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We predicted frequencies of vibration of 402 kHz (1st vibration frequency), in a range 

between 27.2 MHz to 945 MHz for the first twentieth fifth vibration frequencies for treatment 

Group A; 806 kHz (1st vibration frequency), in a range between 17.5 MHz to 978 MHz for 

the first twentieth sixth vibration frequencies for stimulated Group B, and the last 

frequencies of vibration estimated for both stimulated groups were in a range between 

1x109 Hz to 3.3x109 Hz until the fiftieth vibration frequency.  

We also predicted frequencies of vibration of 983 kHz (1st vibration frequency), in a range 

between 18,3 MHz to 955 MHz for the first twentieth second vibration frequencies for control 

Group C, and the last frequencies of vibration estimated were in a range between 1x109 Hz 

to 4.1x109 Hz until the fiftieth vibration frequency. 

This means the cytoskeleton frequency of non-stimulated cells was found to be 20% higher 

than cytoskeleton of stimulated cells for the last frequency of vibration, and it may explained 

due to higher dimensions and higher elastic modulus of the cytoskeleton for control group.  

While we only calculated the natural frequencies of vibration of the cytoskeleton for the 

treatment and control groups without considering other elements of the cell like the cytosol 

and the nucleus, we suggest more computational models to hypothesize the chance to 

cause resonant effect using therapeutic ultrasound with a frequency of 1.0 MHz.  

We demonstrated at the cellular level that the cell elasticity and the cytoskeleton harmonic 

vibration is significantly dependent upon the frequency and the energy density applied. For 

low frequency and low-pulsed energy density, therapeutic ultrasound might be used to 

increase and stimulate ligament healing.  
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2. Non-thermal effect of therapeutic ultrasound 

on cell cultures 

2.1 Introduction 

 

Ultrasound is a high frequency acoustic mechanical wave inaudible to human beings in 

which energy is transmitted by molecules that collide in a conductive medium, and that 

produces vibration and a minimum displacement of other adjacent molecules that can 

cause either thermal or non-thermal (mechanical) effects (Draper and Prentice 2011).  

Ultrasound is one of the most commonly employed therapeutic modalities in physical 

rehabilitation. It is used primarily to stimulate cells that repair tissues and produce greater 

extracellular matrix, which leads to greater mechanical resistance in the tissue (Knight and 

Draper 2013).  

Continuously applied ultrasound produces heat due to the energy transmitted between the 

molecules of the biological medium. Vitro methodology is used to understand this 

phenomenon at cellular levels. When an ultrasound beam passes through a cell culture, 

some acoustic pressure field energy is transformed into heat as it is absorbed locally by the 

culture. This attenuation is caused primarily by processes of absorption, scattering and 

beam deflection, which convert ultrasound energy into heat (Draper and Prentice 2011).  

Ultrasound that is applied in a pulsed manner will produce mechanical effects rather than 

thermal effects. (Lennart 2002). In vitro studies show that the increase in cell culture 

temperature is lower than 0.5ºC when the frequency of ultrasound is 1 or 3 MHz. The 

application is 5 to 10 minutes long and pulsatile (Bohari 2011; Lennart 2002).  

This mechanical effect is due to the combination of streaming and stable acoustic 

cavitation. Streaming corresponds to the physical force produced by the wave capable of 

displacing ions organelles and small molecules (Lennart 2002). Acoustic cavitation results 

from the rapid changes in pressure produced by the sound wave, which generates tiny 
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vacuum bubbles that contract and expand in the liquid microenvironment without collapsing 

(Lennart 2002).  

The effectiveness of ultrasound depends on the medium’s physical properties (acoustic 

absorption coefficient, density and specific heat), the properties of the ultrasound device 

(beam geometry), the frequency, the average time of sound field intensity and the modality 

applied (thermal or mechanical). For therapeutic cases, the intensity is in the range of 0.5-

2.0 W / cm2 (Cambier et al. 2001), energy is between 30 -11,600 Joules (Robertson and 

Baker 2001), and the continuous application is contraindicated due to the thermal effects 

produced in cases of edema, acute inflammation, infection, hemorrhages and coagulation 

problems. 

Although studies on humans raise questions about its efficiency in relieving pain (Draper & 

Prentice 2011; Van Den Bekerom et al., 2011), studies on rats have shown rapid cell 

proliferation and acceleration of tendon regeneration (Schencke & del Sol 2010). However, 

there is still no consensus on the dose of ultrasound required to mechanically stimulate the 

cells without producing thermal effects (De Deyne and Kirsch-Volders 1995; Louw et al. 

2013).  

Mathematical models related to the propagation of acoustic waves are helpful in 

understanding this phenomenon. Numerical implementation represents in a useful and 

realistic way the therapeutic application of ultrasound at the cellular and tissue level. 

Particularly, the Helmholtz equation has been used to represent the linear wave equation 

with time-dependent harmonic oscillation and to understand the effect of low intensity 

ultrasound on chondrocyte cultures (Louw et al. 2013).  

For the reasons stated above, this paper uses both experimental in vitro and computational 

models to determine the acoustic pressure, temperature change and internal energy 

produced in a cell culture of fibroblasts exposed to two doses of therapeutic ultrasound. 

The objective is to demonstrate that ultrasound applied in two therapeutic doses does not 

produce thermal changes in fibroblast cell cultures. 

2.2 Materials and Methods 

An in vitro experiment was carried out, which consisted of triplicate cell cultures for each 

treatment groups (A, B and control group C). Thereafter, ultrasound treatment was 
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employed. The temperature of the cell culture was measured before and after the treatment. 

Lastly, the experiment was modeled and simulated in the COMSOL software to estimate 

the acoustic pressure and temperature. The methodology is explained in detail in what 

follows. 

2.2.1 Cell Culture 

The cell culture was created using a cell line of 3T3 mouse embryonic fibroblasts in the 

National University of Colombia’s Biomimetics Laboratory, which is part of its Biotechnology 

Institute. Cells were grown as monolayers in three plastic Falcon Petri dishes measuring 

35 mm in diameter and with a cultivation area of 11.78 cm2 for each treatment and control 

group. As shown in Figure 2-1, the cell culture dish area was fit perfectly over the ultrasound 

transducer. Cells were maintained with Gibco ™ Dulbecco's modified Eagle Medium culture 

medium. The F-12 nutrient mixture (DMEM / F -12) was supplemented with Gibco ™ 10% 

fetal bovine serum and 1% antibiotic / antifungal. 

 

Figure 2-1: Therapeutic ultrasound applied to a cell culture

 

2.2.2 Ultrasound 

Pulsed ultrasound at 50% at a frequency of 1.0 MHz and ERA measuring 5cm2 were applied 

to Petri culture boxes. A layer of ultrasonic wave transmitter gel was then applied to prevent 

wave dissipation. The specific parameters applied to the ultrasound are presented in Figure 

2-2. The control group did not receive energy from the ultrasound, and the Petri dish was 

kept on the transducer for the same length of time as treatment group B. 
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Figure 2-2: Therapeutic ultrasound applied to a cell culture 

 

2.2.3 Temperature 

As shown in the dose presented in Figure 2-2, the culture medium’s temperature was 

measured before and after the ultrasound treatment, using an infrared thermometer (Fluke 

62max IR thermometer) from a distance of 30 cm distance and at 45º angle. Triplicate 

measurements were made for each Petri dish sample. There were four samples for each 

group. 

2.2.4 Statistical analysis 

Pearson chi-square, Shapiro-Wilk and Kolmogorov-Smirnov normality tests were 

performed on the pre (A0, B0, C0) and post-treatment samples (A1, B1, C1). None 

presented the normality condition. The following non-parametric statistical test was 
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performed on each experiment: Kruskal-Wallis for independent, post-sample samples. The 

null hypothesis is that the samples are the same. If p ≤ 0.05, the null hypothesis is rejected 

(visualization used from BioVinci version 1.1.3 developed by BioTuring Inc., San Diego 

California USA, www.bioturing.com). 

2.2.5 Numerical implementation 

A linear wave equation mathematical model with time-dependent harmonic oscillation was 

employed. The model was derived from computational experiments performed to measure 

the heating of an artificial tissue (tissue phantom) induced by focused ultrasound (COMSOL 

Multiphysics 5.3 2018). To validate the model, the same COMSOL tutorial simulation was 

implemented (COMSOL Multiphysics 5.3 2018). The results were the same. Next, the 

global definitions as parameters, geometry and materials were modified to customize the 

model to the particular case of exposure of therapeutic ultrasound to a cell culture (See 

Table 2-1).  

2.2.6 Geometry 

A cylinder-shaped cell culture dish (Petri dish), with a diameter if 35 and a height of 10 mm, 

was used. The cell culture dish and the transducer were arranged coaxially, and so the 

model was defined as axisymmetric 2D, as shown in Figure 2-3. The COMSOL Multiphysics 

5.2 software was used to simulate the energy transfer of the ultrasound transducer to a 

monolayer cell culture.  

The transducer had a rectangular shape with a radius of 23.5 mm to represent the 

experimental design. It had a frequency of 1.0 MHz. It was active for 1 second (pulse time 

"on") and then it was switched off (pulse time "off") according to the duty cycle (50%) of the 
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experimental design parameters, Table 2-1. This model calculated the heating of the cell 

culture and the energy of the Petri dish. The acoustic pressure was also calculated. 

 

Figure 2-3: Simulated Geometry 

 

Pressure and temperature were designated as dependent variables. Thermal simulation 

implementation was limited to the domain of the cell culture and in that of the Petri dish. 

The simulation of the acoustic pressure was performed in all domains. 

The model employed a mesh measuring size λ / 4 (where λ is the wavelength). Fourth-

order elements were used to discretize the acoustic pressure and the second-order 

elements to discretize the temperature. See Figure 2-4. 
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Figure 2-4: Acoustic pressure and temperature mesh in all domains 

 

 

2.2.7 Equations 

The relevant resolved wave equation was the homogeneous Helmholtz equation for 

axisymmetric 2D geometry with cylindrical coordinates (COMSOL Multiphysics 5.3 2018): 
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The assumption when employing Equation (2-1) was that the propagation of the acoustic 

wave was linear and the amplitude of the shear waves in the cell culture domain are much 

smaller than the pressure waves. That was, since sound waves comply with the principle 

of linear superposition, acoustic disturbances are small and high-order terms can be 

neglected (Louw et al., 2013). Nonlinear effects and shear waves are not considered. 
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The equations assumed for the domain frequency are Equations (2-2) to (2-7): 
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For the acoustic pressure in the transducer and medium: 

 𝑘 =
ఠ

௖
− 𝑖𝛼     (2-6) 

For the acoustic pressure in the Petri dish, gel and cells: 

 𝑘 =
ఠ

௖
− 𝑖ln(10)

ఈ

ଶ଴
     (2-7) 

 

Temperature and absolute pressure were the input variables. In  

Table 2-1and Table 2-2, these and other parameters can be observed. The initial values 

for the pressure and first derivative of the pressure over time were initiated at zero.  

 

Table 2-1. Global parameters 

Property Value Description Reference 
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Air absorption 

coefficient (𝛼) 
0.01727 [Np/m] 

Air absorption coefficient at 10° C, 

12500 Hz, 5% relative humidity 

(COMSOL 

Multiphysics 

5.3 2018) 

Air pressure 20 [𝜇Pa] Air pressure 

(COMSOL 

Multiphysics 

5.3 2018) 

Transducer 

displacement 

amplitude 

18.1 [nm] 
Calculation derived using the 

amplitude equation 

Calculated 

Data 

(Appendix D ) 

Frequency 1 [MHz] 
Value taken from the ultrasound 

manufacturer 
(JC-2902)2 

Temperature initial 

value 
297.9[K] 

Average value measured by a 

thermographer3 
Experimental  

Cell culture start 

position 
5[mm] 

Value taken from in vitro 

experimental conditions 
Experimental 

Absolute pressure 1[atm] Value taken from literature 

(COMSOL 

Multiphysics 

5.3 2018) 

 

                                                
 

2 Building 6. Huafeng Tech Park, Guangtian Road, Luotian Industrial Area, Songgang Town, Bao’an 
District, Shenzhen, China. Tel:86-755-33180892  Fax:86-755-33180893. Available on 
https://m.dhgate.com/product/j-style-jc-2902-face-massager-machine-multi/393944536.html 
 
3 Fluke 62 Mini Infrared Thermometer 
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The boundary condition for the calculation of the acoustic pressure was: 

 

−n ∙ ቆ−
ଵ

ఘ೎
൫∇𝑝௧ − qௗ൯ቇ = (i𝜔)ଶd௡    (2-8) 

 

The displacement amplitude value of the transducer was input d௡, see Table 2-1.The 

following Figure 2-5 shows the contour condition delimitation for the Petri cell culture dish 

in blue and the transducer with respect to the acoustic pressure in red. 

 

Figure 2-5: Contour conditions for acoustic pressure  

 

 

Given the acoustic pressure field, the acoustic intensity field is derived. The heat source Q 

for the thermal simulation, given at the plane wave limit, was then calculated as (COMSOL 

Multiphysics 5.3 2018): 
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𝑄 = 2𝛼஺஻ௌ𝐼 = 2𝛼஺஻ௌ ቚ𝑅𝑒 ቀ

ଵ

ଶ
𝑝vቁቚ    (2-9) 

 

Where 𝛼஺஻ௌ is the acoustic absorption coefficient, 𝐼 was the acoustic intensity magnitude, 

𝑝 was the acoustic pressure, and v was the acoustic velocity vector. In COMSOL, the 

intensity was a derived variable where the magnitude can be searched as acpr.I_mah. 

Additionally, the dissipated power density (for flat waves) was defined as acpr.Q_pw. In this 

way, the heat source Q can be calculated after the acoustic field was resolved (COMSOL 

Multiphysics 5.3 2018). 

By inserting the volumetric acoustic heat source into the bio-heat transfer equation (heat 

transfer model for biological tissues) (COMSOL Multiphysics 5.3 2018), we obtain 

 

𝜌𝐶௣
డ்

డ௧
= ∇ ∙ (𝑘∇T) − 𝜌௕𝐶௕𝑤௕(𝑇 − 𝑇௕) + 𝑄 + 𝑄௠௘௧   (2-10) 

 

Where 𝑇 es temperature, 𝜌 is density, 𝐶௣ was specific heat, 𝑘 was thermic conductivity, 

𝜌௕ was blood density, 𝐶௕ was blood specific heat, 𝑤௕  was the blood perfusion index, 𝑄 es 

the heat source (the absorbed ultrasound energy calculated in Equation 2), y 𝑄௠௘௧ was the 

heat source metabolic rate (COMSOL Multiphysics 5.3 2018). In this model it was assumed 

that crop properties do not change when the temperature increases (COMSOL Multiphysics 

5.3 2018).  

The temperature calculation for the boundary condition in the Petri dish and in the middle 

was: 

 

−n ∙ q = 0      (2-11) 

 

For the cells: 
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𝑇 = 𝑇଴      (2-12) 

 

The temperature value was the input 𝑇଴, see  

Table 2-1.The following Figure 2-6 presents the boundary conditions for the Petri dish in 

blue and the medium and for the cell culture area in red. 

 

Figure 2-6 Temperature boundary conditions 

 

 

In Table 2-2, the cell culture material properties are observed (Lucia 2015; Park et al. 2016; 

Pasternak et al. 2015): gel (FDA 2014; Gonzalo-Garijo et al. 2011; Jönsson 2015; Menikou 

and Damianou 2017) and polystyrene (Algaer 2010; Lochab and Singh 2004; Zhang 2013). 

The material properties for the air and the culture medium were taken from the COMSOL 

library, both of which were equivalent to that of water (COMSOL Multiphysics 5.3 2018). 

The attenuation coefficient for air was 0.01727 dB/m (Harris 1966) and for the medium 

0.025 Np/m (COMSOL Multiphysics 5.3 2018). 
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Table 2-2. Material properties for cell culture, gel, polystyrene, air and culture medium. 

Material properties Cell culture Gel Polystyrene 

Density (𝜌) [Kg/m3] 993 1060 1050 

Sounds velocity (𝑐) [m/s] 1565 1320 2450 

Thermic conductivity (𝑘) [W/m∙K) 0.585 0.585 0.187 

Specific heat at constant pressure (𝐶௣) [J/Kg∙K] 4186 4186 2092 

Attenuation coefficient (α) [dB/m] 1.20  0.6 1.8 

 

2.3 Results 

Next, presented are the results obtained in the controlled experiment and computational 

model.  

2.3.1 Temperature 

Because the test data do not comply with the normality principle (Pearson chi-square, One-

sample Kolmogorov-Smirnov and Shapiro-Wilk) the nonparametric Wilcoxon test was 

performed (Wilcoxon rank sum test with continuity correction). Before and after treatment, 

the level of significance obtained for group A, B and C was 0.47, 0.16 and 0.09, respectively. 

Since the significance was greater than or equal to 0.05, the null hypothesis is accepted 

and thus concluded that the pre and post treatment temperature does not change for any 

of the groups. Figure 2-7 shows a bar chart comparing the average temperature for all 

groups. 
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Figure 2-7. Bar graph of temperature change for groups, before (A0, B0 and C0) and 

after (A1, B1 and C1) treatment. Error bas indicate SEMs 

 

 

For the three groups, the comparison of post-treatment samples through the non-

parametric Kruskal-Wallis test yielded a level of significance of 0.216. Because the 

significance was greater than 0.05, the null hypothesis was accepted and it was concluded 

that the temperature was the same for the three treatment and control groups (A1 = B1 = 

C1). Therefore, the therapeutic ultrasound applied in the dose presented for groups A and 

B does not produce significant changes in temperature. 

2.3.2 Simulation 

Figure 2-8 shows the acoustic pressure produced in relation to the longitude geometry. The 

highest pressure peak was received by the medium (810 Pa). These values were exported 

from the software. 

 

Figure 2-8. Simulated geometry acoustic pressure field 
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Figure 2-9 shows the acoustic pressure in 3D. The ultrasound beam travels through the 

gel, cell culture, and culture box. 

 

Figure 2-9: Gel and cell culture acoustic pressure fields 
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Figure 2-10 presents the result of the temperature after exposure to ultrasound. The 

maximum temperature was 297.9 K. These results indicates no significant changes in 

temperature. 

 

Figure 2-10: 3D graph of temperature change in the Petri dish. 

 

Figure 2-11 shows the internal energy of the cell culture after exposure to ultrasound, i.e. 

the energy associated with the movement of the particles in each domain. The internal 

energy cell culture was equivalent to -1.1x103 J / Kg, indicating little particle movement, 

and furthermore no significant increase in temperature. 

 

Figure 2-11: Graph of cell culture internal energy after exposure to ultrasound 
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2.4 Discussion 

This study demonstrates experimentally and computationally that two specific doses of 

therapeutic ultrasound do not produce thermal effects. In a controlled experiment, cell 

culture temperature was measured before and after ultrasound treatment. In a 

computational model, acoustic pressure was determined as a result of applying 1.0 MHz of 

therapeutic ultrasound, temperature change was evaluated, and cell culture internal energy 

was calculated upon being exposed to the same acoustic stimulus.  

The simulation resulted in a maximum acoustic pressure range of (195 - 308 kPa) for the 

cell culture and the medium respectively. These values are higher than the pressure 

exerted by a therapeutic ultrasound of 1.0 MHz (55.7 kPa) on stem cells of dental pulp 

(Ghorayeb et al., 2013), but lower than the acoustic pressure used in physiotherapy (0.5 

MPa) (Cox 2013) and in high frequency ultrasound (1.5 MPa) (Mast et al., 2006). This 

indicates that ultrasound under the dose presented in this study produces a low-pressure 

amplitude and does not produce an unstable cavitation effect on the cell culture (Wu & 

Nyborg 2008). 

In a controlled experiment, no significant temperature change was produced in the cell 

culture domain or other any other domain. This phenomenon is due to the mechanical effect 

produced by the sound wave on the cells, which responds to the stimulus through 

mechanotransduction (Miller et al., 2012; Bohari, 2011), (Louw et al., 2013; De Deyne & 

Kirsch-Volders, 1995). 

The internal energy obtained from the cell culture (particle movement) was minimal (-1.1 

x103 J / Kg). This measurement indicates non-significant changes in temperature. It is 

concluded that the specific ultrasound doses applied in this study produce physiological 

effects due to the mechanical stimulus and not due to thermal effects in cell cultures. 
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3. Effect of the ultrasound stimuli on ligament 

fibroblast proliferation and extracellular 

matrix synthesis in vitro 

3.1 Introduction 

Ligament injury is worldwide common pathology, 1 of every 10,000 people suffer an injury 

per day, and the rehabilitation cost rises to two-billion dollars annually (Rincón Cardozo et 

al. 2015). Ligaments are a connective tissue made up by cells (fibroblasts) that release and 

maintain the extracellular matrix, their function is guarantee joint stability, proprioception 

and loads transfer during body movement (Pedraza Mejías and Martínez Cañadas 2008).  

When a ligament is injured due to an overstress, the collagen fibers, blood vessels and 

nerve fibers are broken (Pedraza Mejías and Martínez Cañadas 2008). This event induces 

the healing process as follows: “a distinct sequence of cellular events that take place in 

three consecutive stages: an acute inflammatory phase, a proliferative or regenerative 

phase, and a tissue remodeling phase” (Hauser et al. 2013).  

Therapeutic ultrasound (US) is frequent agent used in physiotherapy to treat the ligament 

injuries. It works at 1.0 or 3.0 MHz, using low intensities 0.1 to 2.0 W/cm2 (Miller et al., 

2012; O’Brien Jr., 2007), and producing energy ranging between 1.0 J/cm2 to 300 J/cm2 

(Tole, 2005; Rodríguez, 2008; Baker et al., 2001). Nevertheless, its efficacy is still 

controversial for clinical use, and scientific evidence to support its impact at the cellular 

level in ligaments is limited (Louw, Budhiraja, Viljoen, & Subramanian, 2013; De Deyne & 

Kirsch-Volders, 1995). 

Previous findings regarding the effects of ultrasound in other cells as such tendon 

fibroblasts, gingival, dermic and from connective tissue have shown high collagen synthesis 

(Ramirez et al. 1997a) (Bohari et al. 2015). Stimulation increased proliferation (Harle et al. 

2001b), growth factors (Lai and Pittelkow 2007), focal adhesion proteins (Choi et al. 2011), 

cellular integrity (Franco de Oliveira et al. 2011) Oliveira et al. 2015), and affected the 

migration patterns and cellular morphology (Conner-Kerr et al. 2015).  
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Harle et al., reported that continuous ultrasound at a frequency of 3.0 MHz on periodontal 

ligament fibroblasts applied at low intensities influenced the expression of collagen type I 

and fibronectin (Harle et al. 2001b). See more detailed information in Appendix D. 

The effect of different doses of pulsed therapeutic ultrasound on ligament fibroblasts 

obtained from synovial joints in terms of proliferation and extracellular matrix synthesis has 

not been studied. The aim of this study was to determine whether pulsed ultrasound 

treatment at 1.0 MHz with two different intensities 1.0 and 2.0 W/cm2 increases (1) collagen 

type I, type III and fibronectin synthesis using and ELISA assay and (b) cell proliferation 

through MTS assay by cultured fibroblasts explanted from knee collateral lateral ligament 

of rat growing as monolayers. 

 

3.2 Materials and Methods 

To obtain fibroblasts cells that migrated from the ligament onto the surface of the dish, an 

explant culture technique was used (See 1.2.1). A cell passaging was done in several 

culture plates to perform both experiments, the enzyme-linked immunosorbent assay 

(ELISA) extra cellular matrix (ECM) synthesis testing and MTS4 proliferation assay.  

The design for every single experiment consisted in two different stimulated groups treated 

with ultrasound energy every 24 hours for five days, Group A, received 1.5 W/cm2 and 

Group B 2.0 W/cm2 doses according to therapeutic range stimulation in cells, and a control 

Group C was not exposed with ultrasound energy.  

To detect collagen type I, type III and fibronectin synthesis in ligament fibroblasts by 

ultrasound an ELISA testing was performed (Section 3.2.1). To measure cell proliferation 

by ultrasound a MTS assay was done (Section 3.3.2). Figure 3-1 summarize the designs 

of both experiments.  

                                                
 

4 MTS: 3-(4,5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 
(National Center for Biotechnology Information 2019) 
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Figure 3-1: Experimental design of ELISA testing and MTS assay for this work. 

 

 

3.2.1 ELISA testing 

The enzyme linked immunosorbent assay (ELISA) was used to measure the concentration 

of collagen type I, type III and fibronectin in a conditioned medium (culture supernatant) of 

ligament fibroblast cells. These cells (1800 cells/well) were cultured in six-well plate per 

group to obtain 100% confluence on the sixth day (when the treatment had finished). 

At this time, the samples of the sixth and tenth culture day (1 mL of culture supernatant for 

each six-well plate per group) were stored at 4℃ and assayed within 7 days. The medium 
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was aspired and transferred to the wells of a 96-well ELISA plate following the Rat Collagen 

Type I (E-EL-R0233), Rat Collagen Type Ⅲ (E-EL-R0235) and Rat Fibronectin (E-EL-

R0578) ELISA kit of Elabscience®. Every assay was performed in a different day. 

To establish a standard curve for each test, eight diluted concentrations of the typical 

solution were added in duplicate. For each protein (Collagen type I, Collagen type III, 

Fibronectin) of every treatment Group A and Group B, we evaluated six samples and three 

samples for control Group C at sixth day (A6, B6, C6) and tenth day (A10, B10, C10) of 

culture after the treatment ended (every 24 hours during 5 days).  

Besides, we used the standard working solution as a blank control (BL) and culture medium 

as a negative control (N). A volume of 100 μL/well of the solution standard, samples, blank 

and negative control was added. The results of each standard and samples were averaged. 

To determine the optical density (OD) value of each well the microplate was read at 450 

nm absorbance. 

3.2.2 Cell proliferation assay 

Ligament fibroblasts (40 cells/well) were cultured in 96-well plate per group to obtain 100% 

confluence on the sixth day (when the treatment had finished) in a final volume of 200 

µL/mL. Wells of every plate were divided into three duplicated groups, each one containing 

nine wells. The output intensities of ultrasound in the proliferation study were the same 

used in ELISA testing 1.0 and 2.0 W/cm2 for the treatment Group A and Group B, 

respectively, and 0.0 W/cm2 for control Group C.  

Ligament fibroblasts were exposed to US for 5 days every 24 hours. The MTS assay was 

adopted to test the cell proliferation on the 1st and 3rd day during stimulation and at 6th 

and 10th day of culture (after treatment had finished).  

The MTS reagent (20 µL) was added directly into cell culture medium following the MTS 

Cell Proliferation Assay Kit (Colorimetric ab197010) abcam®. Culture plates were incubate 

for 3 hours at 37 ºC in a 5% CO2 atmosphere.  
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A microplate reader at 490 nm measured the absorbance. Parallel wells with no cells but 

the medium contain were set as blank controls. In the control group, the concentration of 

the MTS assay reagent kept the same as the treated wells. Mean absorbance was 

calculated from two replicates for each exposure and subtracted values of blank controls.  

3.2.3 Statistical Analysis 

Statistical analysis was completed using BioVinci software version 1.1.3 for Windows 7, 

developed by BioTuring Inc., San Diego California USA, www.bioturing.com, a software 

environment for data visualization, analytics, and machine learning for life sciences.  

All data was checked for consistency with the Shapiro-Wilk test, Pearson chi-square test, 

One-sample Kolmogorov-Smirnov test, and Jarque Bera Test. The differences between 

treatments and controls for each protein, and further discrepancies between all groups were 

evaluated with the nonparametric multiple comparison Kruskal-Wallis test. 

The null and alternative research hypotheses for the nonparametric test were stated as 

follows: H0: The samples are equal versus H1: The samples are not equal. Differences 

were at the 5% level of significance. 

 

3.3 Results 

3.3.1 ELISA testing 

To evaluate the dependence of extracellular matrix synthesis of rat ligament fibroblasts on 

the ultrasound stimulation the mean protein optical density (OD) was analyzed. For 

ligament fibroblasts, the gradual increase in collagen type I, type III and fibronectin 

expression was upregulated dose dependently after pulsed ultrasound treatment (Figure 

3-2). 

The optical density (at 450 nm) of type I (0.1 ± 0.04) and type III collagen (0.4 ± 0.2), and 

fibronectin (0.1 ± 0.02) on ligament fibroblasts increased dose dependently for an intensity 

of 2.0 W/cm2 at tenth day of culture (five days after treatment), it is showed as B10 in Figure 



66 Computational modeling and in vitro testing of the mechanical and biological 

properties of collateral knee ligament fibroblasts treated with therapeutic 

ultrasound 

 
3-2a. Absorbance of type I (0.04 ± 0.03) and type III collagen (0.07 ± 0.04) for the treatment 

group measured after stimulation (B6) had the highest value between groups, however, it 

had lower value than treatment measured five days after stimulation. 

Optical density (at 450 nm) of fibronectin (0.03 ± 0.007) for the treatment group measured 

after stimulation (A6) had the highest value between groups, however, it had lower value 

than treatment measured five days after stimulation. For all optical density values significant 

differences were found among the different experiment groups with p-values showed in 

Figure 3-2b. 

 

Figure 3-2: The protein optical density (OD) of cell culture supernatant of rat ligament 

treated with ultrasound (Groups A and B) every 24 hours for five days and controls 

(Group C). OD measured at sixth (A6, B6, C6) and tenth (A10, B10, C10) culture days 

after treatment. (n=6 treatment groups n=3 control groups; *p-values < 0.05). ). a) Rat 

type I (RCI) and type III collagen (RCIII). b) Rat fibronectin (RF) 

 

a) 
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The amount of type I (2.6 ± 1.8 ng/mL) and type III collagen (1.1 ± 0.7 ng/mL), and 

fibronectin (5.8 ± 1.1 ng/mL) on ligament fibroblasts increased dose dependently for an 

intensity of 2.0 W/cm2 at tenth day of culture (five days after treatment), it is showed as B10 

in Figure 3-3a and Figure 3-3b. Concentration of type I (0.9 ± 0.9 ng/mL) and type III 

collagen (0.1 ± 0.1 ng/mL) for the treatment group measured after stimulation (B6) had 

lower protein expression. 

Concentration of fibronectin (1.0 ± 0.4 ng/mL) for the treatment group measured after 

stimulation (A6) had higher protein expression between groups, however, it had lower 

amount of protein than treatment measured five days after stimulation. For fibronectin 

significant differences (p<0.05) were found among the different experiment groups with p-

values showed in Figure 3-3b. We interpreted there is dependence between the level of 

energy and intensity of the ultrasound and the fibronectin.  

When the protein concentration was less than the smallest value of the reference curve, it 

became cero. For type I and type III collagen expression the values were cero at 1.0 W/cm2 

and for Control Group measured after treatment (A6 and C6). 

 

b) 
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Figure 3-3: The protein concentration of cell culture supernatant of rat ligament 

fibroblasts treated with ultrasound (Groups A and B) every 24 hours for five days and 

controls (Group C). Concentration measured at sixth (A6, B6, C6) and tenth (A10, B10, 

C10) days after treatment. (n=6 treatment groups n=3 control groups). a) Rat type I (RCI) 

and type III collagen (RCIII). b) Rat fibronectin (RF) (*p-value < 0.05). Error bas indicate 

SEMs 

 

a) 
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3.3.2 MTS assay 

On the first day of stimulation (24 h) the cell proliferation assay showed an increase in cell 

density of 25% for treatment Group A (1.0 W/cm2) compared with the control Group C, but 

without significance.  

On the third day of stimulation (72 h) the cell proliferation assay showed a decrease in cell 

density of 11% and 9% for treatment groups (A and B), respectively, but without significance 

(Figure 3-4) . 

On the sixth day of culture (144 h) or on the first day after treatment, an increase in cell 

density of 10% for treatment Group A compared with the control Group C was observed 

(Figure 3-4) (P < 0.05).  

On the tenth day of culture (240 h) or on the fifth day after treatment, though a decrease in 

cell density of 92% and 44% for treatment groups (A and B), respectively, (P < 0.05), was 

found, it may seem strange the decreased cell density for all groups compared with the 

results obtained on the 6th day of culture. 

b) 
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Figure 3-4: Mean of cell density of ligament fibroblasts under different output intensities of 

ultrasound. Cell proliferation was measured by MTS assay n = 9 duplicated on the first and 

third day during stimulation and at sixth day and tenth day of culture (after treatment with 

ultrasound was completed). Data were presented as the mean ± SD. *P<0.05 compared 

between groups. Error bas indicate SEMs 

 

3.4 Discussion 

 

In these experiments, we showed the effects of ultrasound on extra cellular matrix synthesis 

and cell proliferation. Regarding the effect on collagen and fibronectin synthesis, the 

present experiments demonstrated the dose-dependent stimulatory effect of pulsed 

ultrasound on collagen type I, type III and fibronectin expression after five days of 

stimulation at 2 W/cm2.  

It has been shown a dose dependence of ultrasound at 1.0 W/cm2 on cell proliferation on 

the 1st day of stimulation and for the 1st day after treatment. On the same days, the ELISA 

testing showed non-collagen (type I and III) synthesis. It means low stimulation on cells 

produced high proliferation and non-collagen protein synthesis. 
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After treatment the results were similar to those obtained from Donan et al., they found that 

fibroblasts treated with 1.0 MHz ultrasound showed an increase at 1.0 W/cm2 (p<0.05) 

(Doan et al. 1999) 

Collagen type III synthesis was dose dependent of ultrasound at 2.0 W/cm2 after treatment 

(increased 100%), and it was dependent at 1.0 W/cm2 (increased 33%) and 2.0 W/cm2 

(71%) five days after treatment. On the same 1st day after treatment was finished, the 

proliferation assay showed a decrease (13%) in cell density for treatment Group B (2.0 

W/cm2). It means while cells are producing collagen type III they diminished proliferation  

These findings are consistent with the observations done by Tsai et al., that concluded that 

ultrasound stimulates the expression of type I and type III collagen (Tsai et al. 2006). 

In contrast to collagen synthesis, fibronectin was dependent of ultrasound at 1.0 W/cm2 

after treatment (79%), but decreased (33%) five days after treatment, and increased at 2.0 

W/cm2 on the 1st (61%) and 5th day (44%) after stimulation (p<0.05). After treatment, 

proliferation assay showed an increase (10%) in cell density only for treatment Group A 

(1.0 W/cm2). It means stimulation at low intensity produced high fibronectin protein 

synthesis and cell proliferation as well  

Similar results were obtained by Harle et al., which found on a human osteoblast-like cell 

line that fibronectin was up-regulated at low intensities of ultrasound, however different 

results were found on human periodontal ligament cells (Harle et al. 2001a). These 

differences may be explained by different doses of stimulation and a diverse cell culture 

type. 

These findings demonstrate that therapeutic ultrasound may influence on ligament repair 

and healing processes through increasing the synthesis of proteins of the extracellular 

matrix, and suggest that the parameters of ultrasound could be controlled to stimulate cells 

to improve either stage of healing, early phase or regenerative (cell proliferation), or late 

phase called remodeling (protein extracellular matrix production). 
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4. Effect of the ultrasound stimuli on ligament 

fibroblast migration 

4.1 Introduction 

 

Ligaments are dense connective tissue that stabilize and provide tensile strength to an 

articulating joint (Foote 2017; Larson 2017). They are composed of a cellular component 

called fibroblasts that maintain and produce extracellular matrix (Larson 2017; Trepat et al. 

2012). When tissue has been injured, fibroblasts are activated to migrate, proliferate, and 

synthesize extracellular matrix into the wounded area during the ligament healing process 

(Cottrell et al. 2016). 

Cell migration is a fundamental process by which cells move from one location to another. 

In ligament healing, fibroblasts move into the site of injury to produce the new extracellular 

matrix (Dutton 2011; Springer Nature 2019; Vicente-Manzanares 2005). Its motility is 

featured by the leading edge that indicates the direction of displacement and is driven by 

actin cytoskeleton polymerization (Vicente-Manzanares 2005).  

Therapeutic ultrasound stimulates several processes within the fibroblast as proliferation 

(De Deyne and Kirsch-Volders 1995; Leng et al. 2018) and collagen synthesis (Carrer et 

al. 2015; Ramirez et al. 1997b) through the activation of calcium influx and altering plasma 

membrane’s permeability (Dinno et al. 1989). Roper et al, also found an intracellular 

mediator of fibroblast migration into the wounded area called Rac1 due to ultrasound 

treatment (Roper et al. 2015).  

A typical wound closure assay is widely used in the scientific community. It examines the 

ability of a particular cell line to migrate and subsequently close a wound made in confluent 

plate of cells (Justus et al. 2014). To simulate the wounded area a “scratch” is made on a 

cell monolayer. Then, images are captured and compare the beginning and at specific 
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intervals during cell motility to close the scratch (Bise et al. 2011; Justus et al. 2014; Liang 

et al. 2007; Trepat et al. 2012). 

Although ultrasound has be shown to affect the migration of different types of cells in vitro 

with several doses (Atherton et al. 2017; Leng et al. 2018; Mohammed et al. 2016; Zhou et 

al. 2018), the studies on ligament fibroblast (from articulating joints) migration are limited. 

The present study attempted to assess the effect of therapeutic ultrasound on ligament cell 

migration using a scratch assay. 

4.2 Materials and Methods 

To obtain ligament fibroblasts an explant culture technique was used (See section 1.2.1). 

When monolayer cultures were confluent they were detached using 0.025% trypsin (Gibco-

Vitrogen Corporation) for five minutes and subcultured on several twelve-well plates for 

migration testing. They were maintained in 1 mL of supplemented (10% Fetal Bovine Serum 

and 1% antibiotics) culture medium DMEM/F12 at 37 ºC in a 5% CO2 atmosphere. The 

medium was changed every 48 hours.  

A total of 500 cells were monolayer cultured in nine wells of twelve-well plates per group 

(see Figure 4-1) to obtain 100% confluence on the sixth day (when treatment has finished).  

Two different treated groups were stimulated with ultrasound intensity every 24 hours for 

five days (See section 1.2.2), Group A, received 1.0 W/cm2 and Group B 2.0 W/cm2 

according to the therapeutic range stimulation in cells, and a control Group C was 

processed in the same way as the stimulated group, but without exposure to ultrasound 

energy. 

 

Figure 4-1. Method design of the wound scratch assay to measure cell migration for treated 

groups with ultrasound Group A (1.0 W/cm2) and Group B (2.0 W/cm2) and control Group 

C. 
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To measure ligament fibroblasts migration we used the in vitro scratch assay proposed by 

Liang et al., (Liang et al. 2007). 24 hours after ultrasound treatment was completed, we 

changed the culture medium without fetal bovine serum to control cell division. Then, we 

created a “scratch” in a cell monolayer using a 10-µL tip, capturing the images at the 

beginning and within 24 hours when fibroblasts migration closed the scratch using a 

Cytation 3 Cell Imager Multi-Mode Reader (Biotek) and the software Gen 5.2.0.7 

(Biotek)(See Figure 4-2).  

Single blinded for migration assay was carried out. Six measurements were taken with 

respect to a vertical line that defined the reference axis on every captured image along 

each cell distance (1 pixel equal to 1 µm). We measured how far along every cell was using 

the software ImageJ version 1.50i 3 for Windows 7, developed by Wayne Rasband, 

National Institute of Health USA, http://imagej.nih.gov/ij. In total 82 (we lost 20 images due 

low image quality), 102, and 107 images were taken per group.  

An example of the in vitro scratch assay is shown in Figure 4-2a to Figure 4-2d, as well as 

the six marked points and their length, respectively for every group. The vertical lines define 

the reference axis to measure the cell length and horizontal lines define the length from the 

cell to the reference axis. In this case, we established the difference between the two 
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measurements, 24 hours at the beginning and within 24 hours of migration to each marked 

point. The mean of these differences was used to determine the length of cell migration for 

each group.  

Figure 4-2. Analysis of cell migration by in vitro wound scratch assay. Images were 

acquired at 0 h and 24 h for treatment Group A (a) and (b), Group B (c) and (d), and 

control Group C (e) and (f), respectively.  
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We analyzed 494 measurements for treatment Group A, 613 for treatment Group B and 

641 for the Control Group. Statistical analysis was completed using BioVinci software 

version 1.1.3 for Windows 7, developed by BioTuring Inc., San Diego California USA, 

www.bioturing.com, a software environment for data visualization, analysis, and machine 

learning for life sciences.  

All data was checked for normality with the Shapiro-Wilk test, Pearson chi-square test, One-

sample Kolmogorov-Smirnov test, and Jarque Bera test, however the data was non-

normally distributed. The differences between treatments and control groups were 

evaluated with the nonparametric multiple comparison Kruskal-Wallis test. 

The null and alternative research hypotheses for the nonparametric test were stated as 

follows: H0: The samples are equal versus H1: The samples are not equal. Differences 

were at the 5% level of significance. 

 

4.3 Results 

Ultrasound stimulation has shown to increase the mean migration length (µm) over a 24 h 

period of ligament fibroblasts when cells are stimulated at 1.0 W/cm2 (Treatment Group A). 

On the contrary, it was interesting to see that ultrasound stimulation at 2.0 W/cm2 

(Treatment Group B) decreased the mean migration length (µm).  
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As can be seen by Figure 4-3, when comparing the treatment Group A with control Group 

C, there was an increase in mean migration distance of approximately 11 µm (4%). In 

contrast, when comparing the treatment Group B with control Group C, there was a 

decrease in mean migration distance of approximately 29 µm (11%).  

Figure 4-3: Mean of migration length (µm) over 24 h period (after treatment with ultrasound 

was completed) for ligament fibroblasts treated at 1.0 W/cm2 (Group A), at 2 W/cm2 and 

non-treated (Group C). 

 

 

Figure 4-4 showed boxplots which displayed differences between populations without 

making any assumptions of the underlying statistical distribution: they are non-parametric. 

As statistical analysis showed p-value was less than the significance level of 0.05, we 

interpreted that there was dependence between the energy level and ultrasound intensity 

and the cell migration.  

 

Figure 4-4: Box plot of mean of migration length (µm) over 24 h period (after treatment with 

ultrasound was completed) for ligament fibroblasts treated at 1.0 W/cm2 (Group A), at 2.0 

W/cm2 and non-treated (Group C). 
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4.4 Discussion 

 

In this study we evaluated ligament fibroblast migration under two different doses of 

ultrasound at 1.0 MHz with intensity doses of 1.0 W/cm2 and 2.0 W/cm2 pulsed with a duty 

cycle of 50%. We found that migration increased 4% and decreased 11% due to the 

stimulation at a lower and higher intensity, respectively. We used the statistical mean length 

(µm) to compare the migration and demonstrated significant differences between the 

different experiment groups (p< 0.05). 
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It has been shown that cells proliferate and migrate into the wound area to produce the new 

extracellular matrix (Cottrell et al. 2016). Hence, adequate ligament healing requires 

fibroblasts proliferation, migration, as well as suitable extracellular matrix synthesis (type I 

and III collagen and fibronectin expression). These findings provide potential mechanisms 

for using therapeutic ultrasound to treat ligament injuries.  

Therapeutic ultrasound uses a typical frequency of 1.0 MHz and intensity in the range of 

0.5-2.0 W/cm2. Its energy can be delivered in a continuous or pulsed manner, with duty 

factor ranging from 10-50% Pulsed mode produces non-thermal effects (Draper and 

Prentice 2011; Eggers and Onks 2019). The ultrasound doses used in this study are 

consistent with what is used clinically in rehabilitation. 

We noted our experimental cell migration results were somewhat consistent with similar 

work reported in the literature. For example, Tsai et al., demonstrated that dose-dependent 

ultrasound at 1.0 MHz with 20% duty cycle at 0.1 W/cm2, 0.5 W/cm2 and 1 W/cm2 enhanced 

tendon cells migration and proliferation at 31%, 35% and 52%, respectively (Tsai et al. 

2008). 

For osteoblast migration cultures that were exposed to continuous 45 kHz ultrasound at 25 

mW/cm2 or pulsed 1.0 MHz at 250 mW/cm2 for 30 min followed by 2 days culture. 

Ultrasound significantly enhanced cell migration (wound closure) by 40% (Man et al. 2012). 

Mohammed et al., found that fibroblast cell migration was increased by 10% using 

mechanical stimulation at 100 Hz of acoustic vibration on a single cell for 5 minutes. 

However, cell migration was decreased by 48% at 1600 Hz on fibroblast lung cells 

(Mohammed et al. 2016). 

Contradictory results were observed in normal human urothelial cell monolayers migration 

that were exposed to clinical doses of low pulsed ultrasound at 1.5 MHz for 20 min (daily) 

pulsed at 1 kHz a 20% duty cycle with intensity of 30 mW/cm2. Cultures showed no change 

in migration or cell growth (Hill et al. 2005). 

Aterthon et al., demonstrated that low intensity pulsed ultrasound at 1.2 MHz with intensity 

of 30 mW/cm2 for 20 min. improves migration speed of osteoblasts (MC3T3) at 30% through 

integrin-mediated cell-matrix adhesion, inducing Rac 1 (small G protein) activation that 

produces actin cytoskeleton reorganization in order to migrate (Atherton et al. 2017).  
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Leng et al., showed that low intensity pulsed ultrasound at 0.5 MHz for 1 min with spatial 

temporal average sound pressure of 0.3 MPa promoted a relative migration at 150% and 

proliferation at 80% for keratinocytes cells by activating the PI3K/AKT and JNK pathways 

(Leng et al. 2018) that transduce the extracellular signals like ultrasound stimuli into cell 

migration, through a regulation of microtubule stability (Onishi et al. 2007). 

The effect of therapeutic ultrasound on cell migration depends on several cell types and 

ultrasound doses. Through literature analysis, we conclude that pulsed ultrasound may 

stimulate cell migration through cytoskeleton protein rearrangement and fibronectin 

synthesis. Cells need to migrate to the wound area to produce new extracellular matrix 

giving the tissue strength and structural integrity.  

In this study, we showed therapeutic ultrasound at 1.0 MHz with intensity of 1 W/cm2 

increases cell migration on ligament fibroblast and it may improve the ligament healing 

through cytoskeleton reorganization and increased fibronectin synthesis that activates 

mechanotransduction signal pathways. 
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5. Conclusions and recommendations 

In this work, the effects of several doses of therapeutic ultrasound on the mechanical and 

biological behavior of ligament fibroblasts was evaluated. Considering that ligament-healing 

process depends on cell functionality and dose of the stimulus, we measured fibroblast 

elastic modulus, viability, proliferation, extracellular matrix synthesis and migration. It was 

demonstrated that mechanical and biological properties of fibroblasts are dependent of 

therapeutic ultrasound and it can improve the ligament healing process. 

Bearing in mind that the mechanical behavior is related with cell functionality and motility, 

we measured cell elastic modulus through AFM testing, that significantly decreased 22% 

and 31% owing to the application of pulsed therapeutic ultrasound at 1.0 MHz for treatment 

Group A (1.0 W/cm2) and Group B (2.0 W/cm2), respectively. While cell elastic modulus 

reflects indentation resistance of the cell cytoskeleton with AFM tip, the data suggests that 

cell cytoskeleton structure is significantly deformable upon the applied energy density. 

To understand why the elastic modulus of the cell cytoskeleton decreased, first, we asked 

if ultrasound produced a resonance effect that could induce alterations or cellular death. 

Through computational modelling we found that harmonics were in the order of kilohertz 

and higher than 17.0 MHz, and the cell cytoskeleton frequency of control Group C was 

found to be 20% greater than cytoskeleton of stimulated cells (50th frequency of vibration). 

The second objective focused on the detection of damaged or dying cells, by the 

assessment of fibroblast viability through fluorochrome staining (annexin and propidium 

iodide) for flow cytometry assay. We showed that cell viability compared to control group 

diminished in 1% and 10% for treatment Group A (1.0 W/cm2) and Group B (2.0 W/cm2), 

respectively. We can infer that therapeutic ultrasound at 1.0 MHz produces a low chance 

of causing resonant effect, guaranteeing that cells can still be viable. 

As results indicated that therapeutic ultrasound at 1.0 MHz for both intensities did not 

produce cell damage, we hypothesized cells rearrange their cytoskeleton in order to 1) 

migrate into a wounded area or 2) resist deformation during their metabolic activity. This 

explains why cells decreased their elastic modulus. Consequently, we evaluated cell 
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proliferation, extracellular matrix synthesis (Type I and III collagen and fibronectin), and 

migration. 

To assess cell proliferation, we measured cell enzyme activity through colorimetric assay 

(MTS), finding that cell proliferation was increased 10% for treatment Group A, and 

decreased 13% for treatment Group B; results also demonstrated significant differences 

among groups (p< 0.05). This may be understood by the fact that cell division may be 

increased due to a low intensity ultrasound, and decreased by higher one. 

Collagen synthesis is important to provide resistance to the new tissue. Type I collagen was 

increased 100% for treatment Group B, and no synthesis was detected for treatment Group 

A and control Group C. Fibronectin was increased 79% and 61% for treatment Group A 

and B, after treatment (p<0.05). 

Considering that the early stage of healing continues several weeks after injury, proteins of 

the extracellular matrix synthesis were also measured during five days after treatment. Type 

I and type III collagen was increased 45% and 71% for high intensity, and increased 30% 

and 33% for low intensity. Fibronectin was decreased 33% for treatment Group A, and 

increased 44% for treatment Group B (p<0.05). 

Summarizing, levels of collagen were raised for stimulated groups five days after treatment, 

and only for stimulated Group B after treatment. Levels of fibronectin were increased in 

both treatment groups, and more significantly increasing for treatment Group B, five days 

after treatment. It means a dose-dependent stimulatory effect of pulsed ultrasound on type 

I and type III collagen, and fibronectin expression according the day after treatment. 

Finally, migration was evaluated by measuring the displacement of cells into a wounded 

area through scratch assay. We have shown that migration (mean length µm) increased 

4% and decreased 11% owing to the stimulation at lower and higher intensity, respectively, 

and demonstrated significant differences among the different experiment groups (p< 0.05). 

It means cell motility is significantly dependent upon the lower dose of ultrasound.  

Our findings suggested that specific doses of ultrasound may improve either stage of 

healing, early (regenerative) or late phase (remodeling). While collagen synthesis was high, 

the fibronectin synthesis was low, and cell elastic modulus, proliferation and migration was 
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decreased (treatment Group B). While collagen production and cell elastic modulus was 

low, the fibronectin synthesis, cell proliferation and migration was high (treatment Group A). 

In summary, this work argued that pulsed therapeutic ultrasound might be used to stimulate 

cells to improve the ligament healing process.  

There are several limitations to this study including 1) it was used a pyramidal tip in AFM 

testing. Though we used the asymptotical correction model for rigid cone indenting to nullify 

the dependence of the depth indentation, spherical tip could be also tested to measure the 

variability of cell elastic modulus for treatment and control groups.  

2) The geometry simulated to calculate harmonics has been simplified to represent cell 

cytoskeleton, since it is the structure that resist the deformation against external mechanical 

stimuli. However, we suggest to include the cytosol and nucleus in the computational model 

to evaluate the changes of harmonics in whole cell. 

3) To improve comprehension of the mechanisms underlying responses of cells to 

ultrasound, future research on molecular markers is suggested. For example, evaluate the 

dynamic of actin polymerization and disassembly due to ultrasound by detecting molecular 

targets that can be related with cell migration.  

Summary of findings is showed in Table 5-1. 

 

  



84 Computational modeling and in vitro testing of the mechanical and biological 

properties of collateral knee ligament fibroblasts treated with therapeutic 

ultrasound 

 
Table 5-1. Summary of findings 

Pulsed 

ultrasound at 

1.0 MHz  

Treatment 

Group A  

(1.0 W/cm2) 

Treatment 

Group B 

(2.0 W/cm2) 

Comments 

Variable Percentage difference 

Elastic 

modulus 

22% 31% Percentage difference was calculated 

comparing to control Group C 

Harmonic 

vibration 

20% 20% Percentage difference was calculated 

comparing to control Group C with 

respect to 50th frequency of vibration 

Viability 1% 10% Percentage difference was calculated 

comparing to control Group C 

Level of protein synthesis 

Protein 1st day after treatment with 

ultrasound was completed  

(6th day of culture) 

5th day after treatment with 

ultrasound was completed (10th day 

of culture) 

Treatment 

Group A6 

(1.0 W/cm2) 

Treatment 

Group B6 

(2.0 W/cm2) 

Treatment Group 

A10 

(1.0 W/cm2) 

Treatment 

Group B10 

(2.0 W/cm2) 

Type I 

collagen 

 

Very low 

 

Low 

 

Moderate 

 

High 

Type III 

collagen 

 

Very low 

 

Low 

 

Moderate 

 

High 

Fibronectin  

Moderate 

 

Low 

 

Moderate 

 

High 

Proliferation 10% 13% Percentage difference was calculated 

comparing to control Group C 

Migration 4% 11% Percentage difference was calculated 

comparing to control Group C 

 

 



 

 
 

A. Appendix: Python script to create 

the cytoskeleton  

Python script to create the cytoskeleton (octahedron tensegrity) structure in Abaqus CAE 

for the A, B, and C configuration. 

 

# # # # # # # # # # # # # # # # # # CELLID27#Group_A## # # # # # # # # # # # # # # #  

#Octahedron tensegrity for Group A 

#  

#Contact diameter (22.4 um) - Reference(Mcgarry & Prendergast, 2004)  

#50% - Contact radius (11.2 um) 

#25% - Half contact radius (5.6 um)  

#75% - 3 times half Contact radius (16.8 um)  

# 

#Cell Height taken from AFM results(4.6 µm) 

#50% - Half =2.3 

#25% Half of half =1.1 

#75% 3 times Half/half Cell Height = 3.4# 

# 

p = mdb.models['CELL-ID28-a'].parts['Part-1'] 

session.viewports['Viewport: 1'].setValues(displayedObject=p) 

p.DatumPointByCoordinate(coords=(22.4,2.3,5.6)) 

p.DatumPointByCoordinate(coords=(0.0,2.3,5.6)) 

p.DatumPointByCoordinate(coords=(22.4,2.3,16.8)) 

p.DatumPointByCoordinate(coords=(0.0,2.3,16.8)) 

p.DatumPointByCoordinate(coords=(16.8,4.6,11.2)) 

p.DatumPointByCoordinate(coords=(16.8,0.0,11.2)) 
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p.DatumPointByCoordinate(coords=(5.6,4.6,11.2)) 

p.DatumPointByCoordinate(coords=(5.6,0.0,11.2)) 

p.DatumPointByCoordinate(coords=(11.2,3.4,0.0)) 

p.DatumPointByCoordinate(coords=(11.2,3.4,22.4)) 

p.DatumPointByCoordinate(coords=(11.2,1.1,0.0)) 

p.DatumPointByCoordinate(coords=(11.2,1.1,22.4)) 

d = p.datums 

p.WirePolyLine(points=((d[2], d[3]),(d[4], d[5]),(d[6], d[7]),(d[8], d[9]),(d[10], d[11]),(d[12], 

d[13]),(d[3], d[12]),(d[5], d[13]),(d[4], d[13]),(d[2], d[12]),(d[8], d[10]),(d[6], d[10]),(d[11], 

d[5]),(d[10], d[3]),(d[10], d[2]), (d[11], d[4]),(d[9], d[12]),(d[3], d[9]),(d[5], d[9]),(d[7], 

d[4]),(d[7], d[2]),(d[8], d[3]), (d[8], d[5]),(d[6], d[2]),(d[6], d[4]),(d[7], d[13]), (d[8], d[11]),(d[6], 

d[11]),(d[9], d[13]),(d[12], d[7]) ), mergeWire=OFF, meshable=ON) 

p = mdb.models['CELL-ID28-a'].parts['Part-1'] 

#End  

 

 

# # # # # # # # # # # # # # # # # # CELLID27# Group_B## # # # # # # # # # # # # # # #  

 #Octahedron tensegrity for Group B 

#  

#Contact diameter (22.4 um) - Reference(Mcgarry & Prendergast, 2004)  

#50% - Contact radius (11.2 um) 

#25% - Half contact radius (5.6 um)  

#75% - 3 times half Contact radius (16.8 um)  

# 

#Cell Height taken from AFM results(3.1 µm) 

#50% - Half =1.6 

#25% Half of half =0.8 

#75% 3 times Half/half Cell Height = 2.3 

# 

p = mdb.models['CELL-ID28-b'].parts['Part-1'] 

session.viewports['Viewport: 1'].setValues(displayedObject=p) 

p.DatumPointByCoordinate(coords=(22.4,1.6,5.6)) 

p.DatumPointByCoordinate(coords=(0.0,1.6,5.6)) 
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p.DatumPointByCoordinate(coords=(22.4,1.6,16.8)) 

p.DatumPointByCoordinate(coords=(0.0,1.6,16.8)) 

p.DatumPointByCoordinate(coords=(16.8,3.1,11.2)) 

p.DatumPointByCoordinate(coords=(16.8,0.0,11.2)) 

p.DatumPointByCoordinate(coords=(5.6,3.1,11.2)) 

p.DatumPointByCoordinate(coords=(5.6,0.0,11.2)) 

p.DatumPointByCoordinate(coords=(11.2,2.3,0.0)) 

p.DatumPointByCoordinate(coords=(11.2,2.3,22.4)) 

p.DatumPointByCoordinate(coords=(11.2,0.8,0.0)) 

p.DatumPointByCoordinate(coords=(11.2,0.8,22.4)) 

d = p.datums 

p.WirePolyLine(points=((d[2], d[3]),(d[4], d[5]),(d[6], d[7]),(d[8], d[9]),(d[10], d[11]),(d[12], 

d[13]),(d[3], d[12]),(d[5], d[13]),(d[4], d[13]),(d[2], d[12]),(d[8], d[10]),(d[6], d[10]),(d[11], 

d[5]),(d[10], d[3]),(d[10], d[2]), (d[11], d[4]),(d[9], d[12]),(d[3], d[9]),(d[5], d[9]),(d[7], 

d[4]),(d[7], d[2]),(d[8], d[3]), (d[8], d[5]),(d[6], d[2]),(d[6], d[4]),(d[7], d[13]), (d[8], d[11]),(d[6], 

d[11]),(d[9], d[13]),(d[12], d[7]) ), mergeWire=OFF, meshable=ON) 

p = mdb.models['CELL-ID28-b'].parts['Part-1'] 

#End 

 

# # # # # # # # # # # # # # # # # # CELLID27# Group_C## # # # # # # # # # # # # # # #  

#Octahedron tensegrity for Group C 

#  

#Contact diameter (22.4 um) - Reference(Mcgarry & Prendergast, 2004)  

#50% - Contact radius (11.2 um) 

#25% - Half contact radius (5.6 um)  

#75% - 3 times half Contact radius (16.8 um)  

# 

#Cell Height taken from AFM results(2.7 µm) 

#50% - Half =1.4 

#25% Half of half =0.7 

#75% 3 times Half/half Cell Height = 2.0 

# 

p = mdb.models['CELL-ID28-c'].parts['Part-1'] 

session.viewports['Viewport: 1'].setValues(displayedObject=p) 
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p.DatumPointByCoordinate(coords=(22.4,1.4,5.6)) 

p.DatumPointByCoordinate(coords=(0.0,1.4,5.6)) 

p.DatumPointByCoordinate(coords=(22.4,1.4,16.8)) 

p.DatumPointByCoordinate(coords=(0.0,1.4,16.8)) 

p.DatumPointByCoordinate(coords=(16.8,2.7,11.2)) 

p.DatumPointByCoordinate(coords=(16.8,0.0,11.2)) 

p.DatumPointByCoordinate(coords=(5.6,2.7,11.2)) 

p.DatumPointByCoordinate(coords=(5.6,0.0,11.2)) 

p.DatumPointByCoordinate(coords=(11.2,2.0,0.0)) 

p.DatumPointByCoordinate(coords=(11.2,2.0,22.4)) 

p.DatumPointByCoordinate(coords=(11.2,0.7,0.0)) 

p.DatumPointByCoordinate(coords=(11.2,0.7,22.4)) 

d = p.datums 

p.WirePolyLine(points=((d[2], d[3]),(d[4], d[5]),(d[6], d[7]),(d[8], d[9]),(d[10], d[11]),(d[12], 

d[13]),(d[3], d[12]),(d[5], d[13]),(d[4], d[13]),(d[2], d[12]),(d[8], d[10]),(d[6], d[10]),(d[11], 

d[5]),(d[10], d[3]),(d[10], d[2]), (d[11], d[4]),(d[9], d[12]),(d[3], d[9]),(d[5], d[9]),(d[7], 

d[4]),(d[7], d[2]),(d[8], d[3]), (d[8], d[5]),(d[6], d[2]),(d[6], d[4]),(d[7], d[13]), (d[8], d[11]),(d[6], 

d[11]),(d[9], d[13]),(d[12], d[7]) ), mergeWire=OFF, meshable=ON) 

p = mdb.models['CELL-ID28-c'].parts['Part-1'] 

#End  

 

 



 

 
 

B. Appendix: Statistical Analysis 

including the results of the 

multicomparison tests for the Cell 

Death assay. 

Statistical analysis was completed using BioVinci software version 1.1.3 for Windows 7, 

developed by BioTuring Inc., San Diego California USA, www.bioturing.com., a software 

environment for data visualization, analytics, and machine learning for life sciences.  

For each region from the data generated by flow cytometry (Necrotic cells (Q1), Late 

apoptosis (Q2), Viable cells (Q3), Early apoptosis (Q4)) for treatment Groups (A and B) and 

control Group (C), a sample size of 2, was analyzed. The samples corresponded to a ten 

thousand test runs. A nonparametric univariate Kruskal-Wallis test was therefore used. The 

null and two-sided research hypotheses for the nonparametric test were stated as follows: 

H0: The population medians for these groups are all equal versus H1: the population means 

for these groups are all not equal. Differences were at the 5% level of significance.  

Results 

 

In these results, the sample estimated of the means for the three groups (A, B, C) for each 

region from the data generated by flow cytometry (Necrotic cells (Q1), Late apoptosis (Q2), 

Viable cells (Q3), Early apoptosis (Q4)). The null hypothesis states that the population 

means for these groups are all equal. For Q1, Q2, Q3 and Q4 no significant differences 

were found among the different experiment groups with p-value = 0.95. Groups A, B and C 

received p-value(Q1) = 0.6514, p-value(Q2) = 0.5647, p-value(Q3) = 0.1801 and p-

value(Q4) = 0.1801. Because all p-values are greater than the significance level of 0.05, 

we don't reject the null hypothesis and conclude that the means are all equal. We 
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interpreted there is no dependence between the level of energy and intensity of the 

ultrasound and the cell death. 

The results obtained in the statistical software are shown below: 

 

***********Kruskal-Wallis rank sum test for the three groups (A, B, C) *********** 

***********Using BioVinCi version 1.1.3 for Windows 7*********** 

***********Results in R: Q1 **************************** 

 

Kruskal-Wallis chi-squared = 0.85714, df = 2, p-value = 0.6514 

 

***********Results in R: Q2**************************** 

 

Kruskal-Wallis chi-squared = 1.1429, df = 2, p-value = 0.5647 

 

***********Results in R: Q3 **************************** 

 

Kruskal-Wallis chi-squared = 3.4286, df = 2, p-value = 0.1801 

 

***********Results in R: Q4 **************************** 

 

Kruskal-Wallis chi-squared = 3.4286, df = 2, p-value = 0.1801 

*************************End Kruskal-Wallis analysis************************ 

 

Here the treatment and control groups are shown below: 

 

A: Treatment group (1.0 W/cm2)    

B: Treatment group (2.0 W/cm2)   

C: Control group (0 W/cm2). 

 

 

  



 

 
 

C. Appendix: Statistical Analysis 

including the results of the 

multicomparison tests for the Elastic 

Modulus. 

Statistical analysis was completed using BioVinci software version 1.1.3 for Windows 7, 

developed by BioTuring Inc., San Diego California USA, www.bioturing.com., a software 

environment for data visualization, analytics, and machine learning for life sciences.  

Analysis results from Pearson chi-square normality test, One-sample Kolmogorov-Smirnov 

test, Jarque Bera Test an Shapiro-Wilk normality test, demonstrated that the distributions 

of elastic modulus for treatment Groups (A and B) and control Group (C) were not normal. 

From each group, a sample size of 863, 866, and 338, respectively, was analyzed.  

A nonparametric multiple comparison using a Kruskal-Wallis test was therefore used to 

compare groups A, B and C. The null and two-sided research hypotheses for the 

nonparametric test were stated as follows: H0: The two samples are equal versus H1: The 

two samples are not equal. Differences were at the 5% level of significance.  

Results 

 

Significant differences were found among the different experiment groups using the 

Kruskal-Wallis non-parametric test with p-value 6.3e-22. Hence p <0.05 for all comparisons, 

we reject the null hypothesis that the groups are equal with respect to the elastic modulus.  

 The results obtained in the statistical software are shown below: 

***********Results Kruskall test using BioVinCi version 1.1.3 for Windows 7*********** 

*****************Multicomparision for the three groups (A, B, C) ******************* 
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Information Value 

Kruskal-Wallis chi-squared 97.632414 

p-value 6.30E-22 

Degree of freedom 2 

*************************End Kruskal-Wallis analysis************************ 

 

Here the treatment and control groups are shown below: 

 

A: Treatment group (1.0 W/cm2)    

B: Treatment group (2.0 W/cm2)   

C: Control group (0 W/cm2) 
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D. Transducer displacement 

amplitude 

The transducer displacement amplitude was calculate by: 

𝐴 = ට
ଶூ

(ఘ௖)ఠమ       

Where 𝐴 is the displacement amplitude, the intensity 𝐼 of the ultrasound is provided by the 

device manufacturer, ρ is the density of stainless steel (typical material for transducers), c 

is the longitudinal propagation speed of the ultrasound, and ω is the angular velocity. 

𝜔 = 2 ∙ 𝜋 ∙ 𝑓        

𝜔 is the angular velocity and 𝑓 is the angular frequecny. The parameters used to calculate 

ultrasound displacement amplitude are presented in Table D1. 

Table D1. Parameters used in calculating ultrasound displacement amplitude. 

 

Parameter Value Reference 

𝐼 (W/cm2) 1 Ultrasound manufacturer's data (JC-2902)  

𝜌 (g/cm2) 7.8 (Ghosh 2018) 

𝑐(mm/s) 5.8 (Ghosh 2018) 

𝑓(Hz) 1000000 Ultrasound manufacturer's data (JC-2902) 

 

Respective units were converted to calculate equations. 
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E. Appendix: Literature review about 

the ultrasound effects on the 

extracellular matrix production 

Results Doses Cell type  Interpretation Reference 

Increase in 

collagen types I 

and III, 

concentration of 

TGF-b  

 

1.0 MHz, 20%,  

0, 0.1, 0.5, 1.0 

W/cm2, 5 min 

tendon cells 

(collagen-coated 

dish) 

Ultrasound 

stimulates the 

expression of type I 

and type III 

collagen in a 

process that is 

likely mediated by 

the upregulation of 

TGF-b. ELISA 

assay (p=0.043). 

(Tsai et al. 2006) 

Increase in cell 

numbers and 

collagen 

deposition 

1.0 MHz, 20%, 0.2 

W/cm2, 5 min, 

every 24 h for 10 

days. 

HDF cells 

Fibroblasts 

encapsulated in 

calcium 

pulsed low-intensity 

ultrasound alone 

shows a positive 

effect on cell 

proliferation and 

collagen deposition 

even without 

growth factor 

supplements 

(Bohari et al. 

2015) 

50-67% 

increase in the 

rate of collagen 

synthesis  

1.0 MHz, 20%, 

100%, 0.4 W/cm2, 

3 min, every 24 h 

for 9 days. 

Tendon 

fibroblasts – 

Ultrasound 

stimulates collagen 

synthesis in tendon 

fibroblasts in 

(Ramirez et al. 

1997a) 
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 Matrix digestion 

with collagenase 

(injury model) 

response to an 

injury of the 

connective tissue 

matrix and that 

ultrasound 

stimulates cell 

division during 

periods of rapid cell 

proliferation. 

Increases in 

collagen of 48%, 

57%, and 52% 

(1.0 MHz) and 

ranging from 

37% to 44% (45 

kHz) 

1.0 MHz (20%), 

01, 0.4, 0.7 

W/cm2; 45 kHz 

(100%), 15, 50 

mW/cm2, 5 min. 

Gingival 

fibroblast 

Therapeutic 

ultrasound induces 

in vitro cell 

proliferation and 

collagen 

production. 

 

(Doan et al. 

1999) 

Down-regulate 

the expression 

of fibronectin 

and collagen 

type I.  

Increase in cell 

growth. 

3 MHz, 100%, 

125, 250, 500, 

1000 mW/cm2, 5 

min. 

Periodontal 

ligament cells 

(PDL) 

Ultrasound 

influences the 

production of key 

extracellular matrix 

antigens in vitro 

and, thus, the 

functional activities 

of these cells. 

(Harle et al. 

2001b) 

Cells maintained 

their shape and 

cell integrity. 

Decrease in cell 

growth values 

after 48 h 

1.0 MHz, 10%, 

20%, 0, 0.2, 0.6 

W/cm2, 2 min, 

every 24 h for 4 

days. 

L929 fibroblast 

cells (Mouse 

conjunctive 

tissue) 

Low and medium 

intensities 

decreased cell 

damage, which 

establishes that 

acoustic pulsed 

energy induces the 

(Franco de 

Oliveira et al. 

2011) 
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proliferation of 

fibroblast cells. 

Increase in 

keratinocyte 

growth factor 

(KGF) 

expression, 

extracellular 

regulated kinase 

(ERK) and c-Jun 

N-terminal 

kinase (JNK) 

activation. 

Increase in the 

ERK/JNK ratio. 

Large vacuoles 

in the cytoplasm. 

Decrease in the 

DNA synthesis 

2h after 

treatment. 

40 kHz, %, 0.002 

W/cm2, longest 

time during which 

the ultrasound 

mist did not 

dislodge cells 

from the plate 

surface, 

measurements 

2h, 1,2,3,4 days 

after treatment 

Normal dermal 

fibroblasts. 

(Cell scrape-

wounded model) 

We conclude that 

ultrasound induces 

cellular responses 

that may be 

beneficial to wound 

healing. 

DNA synthesis 

decreased possibly 

related to limited 

cell detachment 

from the plate. 

(Lai and 

Pittelkow 2007) 

Increase in the 

expression of 

integrins, 

fibronectin, and 

paxillin, and 

activation of 

focal adhesions 

via 

phosphorylation 

of FAK.  

1.0 MHz, 100%, 

100 mW/cm2, 10 

min every 24 h for 

6 days. 

Mesenchymal 

stem cells 

(MSCs) from 

bone marrow 

(BM) 

LIUS stimulation 

could activate the 

cell adhesion 

process and 

increase the 

colony-forming 

ability of MSCs 

during the early 

stage of primary 

culture, without 

(Choi et al. 

2011) 
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affecting their 

phenotypes and 

multi-potency. 

LIUS could be a 

useful tool to obtain 

a large amount of 

MSCs for various 

therapeutic 

applications 

Decrease in cell 

growth Lower 

Nuclear Division 

Index 

Clastogenic 

damage (DNA 

breakage) by the 

increases of 

CREST‐

negative 

micronuclei 

frequencies 

confirmed also 

by H2AX 

phosphorylation 

 

1.0 MHz, 10%, 

20%, 0.3, 0.5 

W/cm2, 2 min 

every 24 h for 3 

days. 

Primary human 

fibroblasts 

(AG01522) and 

MCF‐7 human 

breast 

adenocarcinoma 

US exposure is 

able to damage the 

genome integrity. 

DNA breakage is 

explained by the 

fact that cavitation 

produces reactive 

oxygen species 

(ROS). Increase of 

CREST‐positive 

micronuclei 

frequencies was 

due to the damage 

exerted on 

microtubules of the 

mitotic spindle, 

which is known to 

cause a mitotic 

delay. 

(Udroiu et al. 

2018) 

Increase cell 

viability 

1.0 MHz, 200, 300 

mW/cm2, 5, 10, 

15, 30 min. 

L929 lineage Ultrasound became 

a resource with 

promising results in 

scar healing; that is 

(Oliveira et al. 

2015) 
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related to the fact 

that increased 

release of growth 

factors, increased 

permeability, 

membrane, 

intracellular 

calcium diffusion, 

and transportation 

of substances by 

no-thermal effects. 

Different pattern 

of fibroblast 

migration and 

altered cell 

morphology. 

35 kHz Fibroblasts Migration was more 

varied and widely 

distributed across 

multiple angles. 

The potential 

implications of 

these findings on 

collagen placement 

in the extracellular 

matrix, which may 

affect degree of soft 

tissue scarring, 

should be further 

investigated. 

(Conner-Kerr et 

al. 2015) 

Ultrasound 

treatment 

stimulates 

tenocytes 

proliferation and 

1.0 MHz, 20%, 

50%, 100%, 0.3, 

0.1 W/cm2, 20 

min. 

Rat tenocytes Significantly 

enhanced matrix 

metallopro- teinase 

13 (MMP-13), c-

Fos, and c-Jun 

gene expression, 

(Chao et al. 

2011) 
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regulates their 

matrix 

metabolism 

through the 

cross-talk 

between TGF-β 

and ultrasound-

induced 

mitogen-

activated protein 

kinases 

(MAPKs) 

signaling 

pathways 

increased JNK and 

p38, but not 

extracellular signal- 

regulated kinase-

1/2 (ERK1/2), 

phosphorylation at 

5 min, and 

sustained up to 60 

min. 

SB431542 

(transforming 

growth factor-beta 

(TGF-β) receptor 

kinases inhibitor) 

suppressed 

ultrasound-induced 

MMP-13 and c-Fos 

gene expression, 

and p38 

phosphorylation 
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