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Abstract

Objectives: The aim of this study was to investigate the

effect of the vibration amplitude of mechanical ultra-

sound waves (27 kHz) on the viability and morphology of

human gingival fibroblasts (hGFs) when cultured on a

biomaterial substrate.

Method: hGFs were seeded on tissue culture plates

(TCPs) and an Ti6Al4V titanium alloy surface in two

groups for three days and seven days of cell culture. The

cells were subjected to three vibration amplitudes for

20 min each day. Scanning electron microscope (SEM)

images were used to characterize cell morphology.

Results: Experiments showed that hGF cells became de-

tached from their plates at a vibration amplitude com-

parable to an intensity of 260 mW/cm2. In addition, hGfs

that received a vibrational amplitude comparable to an

intensity of 50 mW/cm2 underwent significant prolifera-

tion proliferated significantly; however, cells receiving

higher amplitudes suffered from adverse effects.

Conclusions: SEM images of hGFs on titanium disks at

vibration amplitude comparable to an intensity 50 mW/

cm2 showed a remarkable hexagonal architecture, which

we refer to as a honeycomb pattern. On day 6 the observed

hGFs on TCPs, proliferated at a higher rate and new cells

attached uniformly on the existing layer of cells. These data

indicate the effect of cellular tissue as a substrate on the

growth of new hGFs under low-intensity ultrasound.

Keywords: Cell architecture; Honeycomb structure; Stress

adaptation; Ultrasound device
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Introduction

It is vital to reduce complications after surgery in order to

perform successful implant treatment. Not only should sur-
gical wounds be repaired faster, but the integrity of the newly
formed tissues around the implanted biomaterial should also

be improved. Gingival fibroblasts play an important role in
oral wound healing.1 Therefore, studying the interaction of
human gingival fibroblasts (hGFs) with biomaterials will

provide scientific indications for their optimal application.
The first step to achieving this goal is to conduct an
in vitro study to reduce the number of animal experiments
(and animal sacrifice).

The study of cell-substrate and cellecell attachment is
important since morphology, proliferation, migration, and
most importantly, the vitality of connective tissue cells, are

all associated with the degree of cell attachment to the sub-
strate.2 Furthermore, the state of connection between cells
determines the degree of cell tissue integrity and their

ability to sense external mechanical forces.3,4 If the
proliferation of fibroblast cells and the formation of
gingival tissue in contact with a biomaterial can be

organized such that the tissue becomes more resistant to
separation from the prosthesis, the chances of overcoming
treatment limitations can be increased and diseases such as
pre-implantitis be prevented.

The term “ultrasound” is used to describe mechanical
waves in a frequency range of 20 kHz and above. How this
mechanical wave is transmitted depends on the elastic

properties and density of the environment. In fluids, fluid
flow is proportional to the magnitude of the mechanical wave
applied.5 In previous research, high-intensity ultrasound vi-

bration was used to uniformly disperse cellulose nanofibers
and improve humidity in a hydrogel.6 Low-intensity ultra-
sound (LIUS) vibration increases the temperature of a tissue
and the exchangeability of substances between the outside

and inside of a cell.7 Ultrasound wave stimulation has been
shown to be effective in treating chronic, diabetic and
elderly wounds.8,9 According to an ex vivo study

conducted by Alshihah et al. (2020), hard and soft tissues
of diabetic rats under LIUS showed an increase in the
number of the cells and the thickness of mandibular tissues.10

At the cellular level, mechanical vibration causes inter-
mittent expansion and contraction to accelerate the
connection between protein transport fluids, interstitial

fluids, and blood flow11; external forces have been shown to
play an important role in this regard.12,13 At the molecular
level, the absorbed mechanical vibration causes an increase
in temperature.14e16 This increase in temperature increases

Brownian motion in the blood, thus facilitating protein-
transporting fluids in the cell, and interstitial fluids.17,18

Recent studies explored the effect of MHz (1e5 MHz)

ultrasound vibration on cell viability.19e21 However, some
other studies have considered kHz ultrasound mechanical
waves (40 kHz) and showed that continuous ultrasound
vibration had a positive effect on parameters associated
with cell survival.7,22 Therefore, for the application of

restoration, ultrasound frequency cannot be considered in
a specific range and applying ultrasound mechanical waves
with lower frequencies to living cells is worth investigating.

A previous experimental study demonstrated that an ul-
trasonic wave intensity of 10e50 [mW/cm2] had an ampli-
fying and positive effect on parameters associated with cell

growth and survival while an intensity 0.075 [W/cm2] atten-
uated these effects.21,22 Therefore, the use of mechanical
vibration for tissue repair depends on the ability to
produce a waveform with a certain intensity in order to

exert positive effects and prevent detrimental effects. Wave
intensity can be defined by Formula 1.

I ¼ 1

2
Z*v2 (1)

In Formula 1, Z represents acoustic impedance and v
represents the amplitude of fluid velocity. According to this

formula, as the mechanical wave speed increases in a given
fluid, the wave intensity also increases. The speed of
oscillation depends on two factors, amplitude and

frequency. Therefore, in this study, by choosing a fixed
frequency that has not been considered in previous
research, we were able to investigate the effect of changing

the vibration amplitude on the viability and morphology of
cultured hGFs.

We aimed to develop an innovative solution in the field of
mechanobiology by investigating the effect of ultrasound

vibration on the architecture of fibroblasts. Previous studies
only attempted to create a pattern on the surface of bio-
materials.23 However, creating surface micropatterns is not

recommended due to improvement in bacteria attachment
to the surface. As an alternative, studies have reported that
strained fibroblasts both aligned and proliferated in the

direction of the strain.24 Accordingly, in this study, we
investigated tissue patterning through a stress adaptation
mechanism, which could occur separately from the creation

of biomaterial surface patterns and their associated
problems.

Materials and Methods

In this study, we investigated the effect of ultrasound vi-
bration in the range of kilohertz (kHz) on human gingival

fibroblast cells (hGFs). One group of hGfs was cultured on
tissue culture plates (TCPs), and the other group was
cultured on grade 5 titanium polished disks. To determine

the effect of vibration duration, one group of cells was
studied for 3 days while another group was studied for 7
days. Three specific vibration amplitudes in the range of
27 kHz were applied to the culture medium, and in one case,

the tool was applied in “no flow”mode without vibration. To
perform the test, an ultrasonic transducer was designed and
manufactured. The form of the tooltip in contact with the

culture medium had a spherical design.
A commercial function generator and an amplifier were

used to generate a 27 kHz (continuous) electrical current and

to amplify its voltage, respectively (Figure 1). The ultrasonic
current then was converted through the custom-made

http://creativecommons.org/licenses/by-nc-nd/4.0/
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transducer to mechanical vibration at the interface of the
transducer and culture medium. Suitable vibration ampli-

tudes were measured by a commercial gap sensor and
considered for three vibration modes: level 1, level 2 and level
3 (Table 1). The equivalent average intensity was measured

using Formula 1.
The height of the tool was adjusted manually, and contact

of the tool with the culture environment was limited to its tip.

Considering that the height of all test instruments in all cell
culture wells was adjusted manually, it could be concluded
that this adjustment did not have an interfering effect on the
validity of the results in this study. According to the purpose

of this research, the Ti6Al4V alloy disks were cut and pol-
ished in equal dimensions and surface roughness (Ra
0.11� 0.004) and were placed flat in the culture environment

(Figure 1).

Cell culture

Human gingival fibroblasts (hGFs) were purchased from
the Pasteur Institute of Iran (Passage 2), and RPMI 1640
culture environment was used for the cultivation of fibro-

blasts Initially, cells were cultured in a cell culture flask
containing a suitable culture media for fibroblasts
(RPMI þ 10%FBS þ 1%Pen/Str). The flask containing the

cells was transferred to an incubator with a humid atmo-
sphere, containing 5% carbon dioxide and a temperature of
37 �C. After two days, the supernatant was removed, and

fresh culture medium was added. Subsequently, the cell
media was changed every 3e4 days for a week.

In total, 10,000 hGFs proliferating in a normal-
conditioned flux were counted using a Neobar Lam ac-

cording to standard procedures and seeded onto selected
wells on tissue culture plates (TCPs). In this manner, the cells
were seeded on the plate wells at least one well apart. This

distance was performed to prevent the transmission of vi-
bration from a well being tested to a well nearby. During the
test, the plates containing the cells were kept in an incubator

at 60%e80% humidity and in the presence of 2.5% CO2 gas.
Each day and during ultrasonic processing, cell culture plates
were placed (for a maximum duration of 60 min) in a safety
cabinet suitable for laboratory-cell tests, including both ul-

trasonic treated and non-treated hGfs. For this purpose, we
designed and built a complex structure capable of handling
parallel processes utilizing 4 transducers.

The cells were returned to the incubator after receiving
20 min of ultrasound stimulation or no stimulation.
Furthermore, the status of cell growth was monitored daily

under an inverted microscope prior to testing. The complex
structure included a portable digital microscope, such that it
was possible to perform live observation of ultrasonic flow in

selected wells.

Exerting a shear force on fibroblasts

The first phase of the study involved investigating the flow
parallel to the surface of the grade 5 titanium disks and the
effect of sweeping such flow on hGFs on the disk. The sur-

faces of the disks were polished according to the conditions
of the apical aspect of dental implants.

Cell culture on the surface of tissue culture plates was also

taken into account to evaluate the effect of the presence of
implant material in comparison with its absence. For this
purpose, 6-well plates and 24-well plates were used so that

the position between the source of ultrasonic vibration and
the titanium disk could be adjusted.

Exerting a compressive force on fibroblasts

In the second phase, hGFs were placed under a perpen-

dicular force. The onset of ultrasound vibration in this phase
occurred 24 h after cell seeding on the surface. To study the
effect of vibration amplitude, three values were selected: level

1, level 2 and level 3. The titanium substrates at this stage
were smoother.

Preparing samples for imaging

Qualitative interpretation of scanning electron micro-
scope (SEM) images provided us with a tool to enhance our
observations. The ideal goal of this study, if plausible, was to

link the results of cell culture with the amplitude and in-
tensity of vibration corresponding to the desired biological
function; this provided us with the ability to study specific

and desirable parameters in a direct manner.
The disks containing the hGFs were fixed in glutaralde-

hyde (Merck Germany) and dehydrated with a series of al-

cohols (70, 80, 90 and 100% ethanol). The fixed and
dehydrated samples were then coated with gold by sputtering
for 50 s and then placed in the SEM system. SEM images were
magnified and the specific morphology of cells was observed.

MTT assays

The standard optical density method was used to measure

cellular metabolic activity. In the MTT assays, the super-
natant was removed and then washed twice with PBS solu-
tion. Then, 800 ml of culture media was added to each well,

followed by MTT solution (80 ml, Sigma). The plates were
then placed in an incubator for 3 h of culture. After following
all of the required steps of the test, we added DMSO solution

(400 ml, Sigma) and analyzed data with an ELISA system at a
wavelength of 540 nm based on revived formazan. Finally,
the intensity of light absorption was read on a plate reader.

According to our hypothesis, it was necessary to control
fluid flow in the culture environment by determining the
position of the ultrasonic vibration source relative to the
position of the cells on the titanium disk. In the first case, the

radial distance of the titanium disk inside the cell culture
plate with the vibration source was more than three-fold
greater than the diameter of the vibration source (Figure 1).

Statistical analysis

Based on the statistically acceptable number of replicates

in cell research, we performed three replicates for each
sample that represented one of the conditions. For example,
in an ultrasound setting, three replicates were cultured for 3

days and three replications for 7 days. In addition, for each
test condition, in two replicates, hGFs were seeded on pol-
ished titanium disks.

After reviewing the MTT results, the data were analyzed

according to their control sample. Data were analyzed by
analysis of variance (ANOVA) after confirming the



Table 1: Vibration amplification adjustment for three me-

chanical wave stimulation modes at a frequency of 27 kHz.

LIPUS (Perpendicular flow)

Setting

Level 1 Level 2 Level 3

Vibration Amplitude (um) 0.3 0.5 0.8

Calculated Intensity (mW/cm2) 50.7 72 261.1
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conditions for using this test. All independent variables were
tested and examined as a sub-formula to demonstrate the

relationship between the independent variables and their
mutual impacts on the dependent variable.

Results

This multidisciplinary research adopted a mechano-
biological approach to interpret the results of a cell culture

experiment in which hGFs were subjected to ultrasonic fluid
microflow. We showed that in the compressive direction, the
protection limit was higher than the tensile direction and that

the fluid velocity corresponding to level 3 ultrasound vibration
protection was excessive. In that case, the strain applied to the
cell was proportional to the reduction of cell attachment to its

substrate surface. The mechanism of “reduction” can be
described as tilting the cells in the direction of flow, removing
cell junctions under tension while maintaining the junction on

the compressed side through the acceptance process, ulti-
mately losing all junctions (Supplementary Material 1).
Figure 1: Settings for the two phases of cell stimulation using ultrasonic vibration at 27 kHz: culture medium flow with sweeping cells

(top) and culture medium flow by the compression and dissection of cells from each other (bottom).

Figure 2: Mean and standard deviation of hGF viability (%) on

Ti6Al4V disks or tissue culture plates (TCPs).



Figure 3: Mean and standard deviation of the effect of ultrasound

vibration on the viability of hGFs over three or seven days of

vibration. The viability of hGFs under the highest level of vibra-

tion amplitude (level 3) was significantly reduced in both of the

time periods (three days and seven days) when compared to other

vibration setups (p < 0.05).

Figure 4: SEM images (a) of fibroblast cell morphology on the surface

microflow were either aligned to the titanium substrate surface grooves

under ultrasonic vibration were either directed to the substrate surface

white lines and highlighted) to a certain direction. Diagram of (b) the m

Few honeycomb patterns were evident in both hGFs treated with flui
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MTT assay

In this study, the MTT results are presented according to

the cell substrate as an independent variable (Figure 2). In
addition, Figure 3 demonstrates the interaction effects
between the number of days of vibration and its magnitude
on cell survival (Figure 3).

According to the results, the presence or absence of the
titanium disks did not significantly affect the survival of
hGFs (Figure 2). Furthermore, the interaction effects

between vibration and cell substrate was not significant
(p > 0.05). In other words, applying level 3 ultrasound
vibration reduced cell viability, and the presence or absence

of the disks (as a substrate) did not result in a significant
difference.

Online observations of fibroblasts on TCPs

Under the in vitro conditions used in this study, we were
able to clearly observe the effect of ultrasound vibration on
of the titanium disk over seven days of vibration. hGFs under no

(light green dashed lines) or randomly (black dashed lines). hGFs

(light green dashed lines), inclined (blue lines) or aligned (dashed

ean and standard error of quantified hGF alignment (in degrees).

d flow and those without on the titanium disks (no flow) (a).



Figure 5: SEM images of (a) fibroblast cell morphology on the surface of the titanium disk over the three days of vibration. hGFs under

no microflow were aligned randomly since the titanium substrates were highly polished and the surface grooves were not detectable by the

cells. (b) Statistical analysis of the mean values of cellular length to width ratio and surface area (mm) showing a significant difference

between the no flow and ultrasonic flow conditions. Hexagonal (honeycomb) architecture of the hGFs are highlighted (light green) and the

pattern of hGFs under level 1 microflow was finer and in larger numbers (compared to the no flow condition). (c) SEM images of

fibroblast cell morphology on the surface of the titanium disk over the seven days of vibration. Differences between the honeycomb

patterns under level 1 microflow and no flow were also evident.
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the viability of hGFs. Two adjustments of ultrasound vi-

bration, including moderate and high intensity, led to the
reduction of cell viability. This effect was much more evident
at high intensity vibrations. Live imaging recorded cell
detachment during high vibration applications. During this

vibration, a constant velocity was created in the culture
medium, and the cells that adhered to the plate surface were
displaced by this velocity, as they separated and rotated.



Figure 6: SEM (above) and fluorescent images (below) of hGFs on the surface of the titanium disks in the 3 day group. In the ultrasonic

microflow fluorescent images, the region of interest in the hGFs were the connections of cellecell junctions where the red fluorescence was

clearly lighter in the ultrasonic microflow condition than in the no flow condition. SEM images of the same sites (for the two conditions) is

also provided to allow comparison and permit tracing of cellecell contacts
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Furthermore, we found that a few cells that did not detach
from the surface were not elongated and were widely

established.
At vibration level 1, the cell viability was comparable to

the no-flow condition (Figure 3), and the reduction in cell

viability in response to low vibration was not significant.
However, in the vibration group for 7 days and over the
last two days, live observations showed an increase in the
number of new cells.

Fibroblasts under ultrasonic fluid flow

Studying cell morphology is one of the criteria for inves-

tigating the effect of ultrasound vibration. For this purpose,
we used ultrasonic vibration to create two force direction
adjustments via the culture medium to the hGFs.

Effect of shear force on the morphology of fibroblasts

Scanning electron microscope (SEM) images of hGFs
under parallel microflow and “no-flow” conditions were
comparable in terms of how cells attached to the substrate

and whether surface topography or microflow represents the
dominant parameter in determining cell morphology
(Figure 4a).
The average angle (degree) of hGFs in the no-flow con-
dition was almost parallel to the direction of the grooves on

the surface of the titanium substrate. Furthermore, under
parallel microflow, a number of hGFs were formed parallel
to the microflow direction, and the average angle of the cells

was different from the substrate groove angle (Figure 4b).
Interestingly, the standard deviation (16.4�) of the angle of
hGFs was reduced (by 1.5-fold) in the parallel flow group
(compared to the standard deviation of cells under no-flow

conditions). Therefore, the angles of hGFs had a preferred
direction.

Effect of compressive force on fibroblast morphology

According to the results shown in Figure 5, cells under a

perpendicular flow formed regular hexagonal patterns,
while in those in the “no flow” condition formed several
irregular hexagons. There was one common feature

between these two patterns; both formed a honeycomb-like
array of hexagons. Thus, this pattern of cell arrangement
was referred to as hGF honeycomb architecture (Figure 5).
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Discussion

For the purpose of physiotherapy, most of the ultrasonic

devices used at present operate in the frequency range of
500 kHz and above.25 In this research, we innovatively set the
frequency at 27 kHz. To the best of our knowledge, this

frequency has never been applied to human gingival
fibroblasts (hGFs).

In this study, a vibration amplitude of level 1 to 3 was

selected as the lowest to highest amplitude, respectively.
According to our results, levels 2 and 3 caused significant cell
death, as reported in previous similar studies.21,22 In the case
of level 3 ultrasound vibration, hGFs were observed online

using a mobile digital microscope at a magnification of
200�. Although this magnitude of vibration was
considered undesirable in terms of cell viability, our

observations provided valuable information in terms of
understanding the structure and mechanisms of cell
adhesion and transportation. “Tension buffering” refers to

the mechanism used by cells to protect their structure
against external forces (after the perturbation process).
According to previous in vitro research, depending on the

strain rate exerted by an external force on a cell, this active
mechanism can minimize the tension created in the cell by
adapting to it26 (Webster et al., 2014).

A review of the literature showed that the optimal in-

tensity for cell proliferation is 50 mW/cm2, while an adverse
effect was observed at 70 mW/cm2 and above. Cased on a
specific formula for calculating sound intensity (Formula 1),

the wave intensity in the culture medium was calculated at
the interface of the ultrasonic instrument and the fluid
(Table 1). Interestingly, level 1 ultrasound resulted in the

formation of the honeycomb architecture, as characterized
by an intensity of 50 mW/cm2.

The focus of this paper was to create a reactive architecture
in fibroblast cells, once under an induced shear fluid flow and

then under a compressive flow (in a different set-up). In this
study, the alignment of hGFs exhibited a preferred orientation
and differed significantly from those under no flow (p< 0.05).

In other words, during the hGF cell cycle, a number of cells
proliferated and expanded parallel to the direction of flow to
reduce the effect of the drag force of the fluidflowandmaintain

their homeostasis. Consequently, these cells had a stretched
shape (high length-to-width ratio) and were significantly
different from those under no flow (p < 0.05). Aktas et al.

(2019) previously investigated orienting live cells in the direc-
tion of machined grooves (on the surface of biocompatible
materials) in terms of shape, cell health, and density by using
grade 5 titanium surface engineering and creating grooves on a

nanoscale.27 One problem was that surface patterning was not
significant when the surface was characterized by nano-
grooves. Several studies reported that cell patterning could be

achieved if themechanical work on a surfacewas in the formof
a micron-sized architecture. Nevertheless, the absorption of
bacteriadue to the pattern roughness of the biomaterial surface

creates a significant weakness.
The honeycomb networks described herein were simula-

tions created by the authors from the community structures of
fibroblasts cells under level 1 ultrasound vibration. In other

words, themechanismof tension compensation in fibroblasts,
in response to the creation of a flow that acted as pressure and
then the dissection of cells from each other (tension), formed

rings of chains in the form of beehives (Figure 3).
Interestingly, in the field of mechanobiology, recent studies
have shown that cell-to-cell connections not only maintain

tissue integrity but also develop a mechanical-to-biological
transducing structure. This “adhesion/cytoskeleton system”
reportedly controls cell proliferation and cell migration.4,28

Thus, the honeycomb networks of hGf connections
described herein are the result of cells detecting mechanical
force. The network created improved both the sensory
mechanism and also the integrity of the cells and tissues.

At the molecular level, the clustering of integrin in the
form of hexagonal patterns (the same pattern as that adopted
by fibroblasts in the current study) resulted in optimized

integrin functionality in terms of receiving signals from the
environment surrounding fibroblasts.29 Integrin is a protein
that plays a key role in the focal adhesion of fibroblasts

responsible for cell attachment to its substrate. Integrin
clustering in such a structure naturally provides each
fibroblast with the optimum conditions for sensing external
mechanical cues (receiving signals) and cell shape

formation and migration (actuating).
Statistical analysis (Figure 5) also revealed a significant

(P < 0.05) difference between both the surface area and the

ratio of length to width of hGFs under LIUS and those
under no flow conditions. Moreover, hGFs on the titanium
disks that were prepared and coated for SEM imaging were

visualized under a fluorescent microscope after taking SEM
images, while the titanium disks (prior to the cell culture
test) could not be detected by microscopy. The fluorescent

images at the junctions of teo cells revealed a change in the
cytoskeletal structure inside the cells as a result of
ultrasonic microflow (Figure 6).

To obtain a promising outcome from dental implants,

secondary stability is a key factor to consider.30 The Ti6Al4V
alloy used in our study is a commercial biomaterial that is
used to fabricate dental and orthopedic implants.

Improving the adsorption of molecules to achieve
secondary stability is of vital importance. Furthermore, the
availability of proteins at the healing site as well as implant

surface treatment is important.31 We found that
microwaves produced a constant flow as well as heat.
Thus, diffusion and flow could be considered as two

separate parameters that can affect adsorption, and hence,
the morphology and proliferation of hGFs.

According to the dispersion theory, the diffusion rate of
living cells on a surface depends on the flow rate of the me-

dium containing the cells32,33; as the rate increases, the rate of
cellular expansion improves. Diffusion is described by
Formula 2.

dn

dt
¼

�
D

pt

�0:5

(2)

In Formula 2, D represents the diffusion coefficient and n
represents the surface concentration of proteins; t

represents time. According to Formula 2, an increase in the
flow rate results in the improved accumulation of
molecules at the biomaterial surface.
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With regards to the architecture andproliferationof hGFs,
the increase of flow rate shouldbe limited to 0.025m/swhich is

equivalent to the level 1 setup in the current study. In other
words, the relationship between fluid flow and adsorption
should follow a different pattern (in comparison to Formula

2) and be described by a parabolic equation in which the
maximum point is located at the optimum flow rate.

There are two explanations for the observed honeycomb

structure as a result of level 1 flow. First, according to the
buffering process, the architecture of the tissue adapts to the
mechanical force of the flow; this is because this type of
structure can bear higher loads than random structures. In a

previous study, Mostafa et al. (2009) observed fibroblast
differentiation under low intensity pulsed ultrasound.34

Thus, the manner by which hGFs strengthened cellecell at-

tachments or aligned to the direction of flow must be inves-
tigated further, especially with regards to whether this
attachment was achieved through cell differentiation or not.

The second explanation could be related to the repulse force
within the protein molecules of the hGFs. As the surface of
the biomaterial was occupied by hGFs and there was a
reduction in the space available for protein bonding, mole-

cules adhered to the surface in a random and heterogeneous
direction to avoid a repulsive force under no flow conditions.
On the surface of the biomaterial, the resultant flow provided

a transportation mechanism by which the cells migrated in
the direction of flow to less populated areas. Subsequently,
the cells positioned and aligned to create and maintain a

balance between repulsive and attractive forces between the
proteins. Integrin clustering in the form of hexagons,29 as
reported by Vanamee et al. (2022), provides strength to this

explanation in that the honeycomb structure of hGFs
observed in this study represents the intrinsic ability of the
cells generated from the nano-scale protein molecules up to
fibroblasts at the micro-scale. The attractive force can be

traced by the direction in which one hGF extended and
connected to an adjacent hGF.

Due to the limitations of this study, it was not possible to

study the genome of the cultured cells; therefore, it was not
possible to study fibroblast changes exposed to mechanical
stimulation at the genomic level. Thus, in future research,

cells exposed to ultrasound should be examined for vari-
ability in myofibroblasts to determine the relationship be-
tween the amplitude of ultrasound fluctuations and the

degree of cellular differentiation. In fact, it is necessary to
investigate vibration amplitude values that can cause the
permanent differentiation of myofibroblasts into fibroblasts.
On one hand, this possible differentiation is favorable in

terms of tissue strength and resistance to functional loads.
On the other hand, the persistence of myofibroblasts in tissue
can be unfavorable in terms of fibrosis and cancerous

growth. Therefore, we also need to identify the optimal range
of ultrasound waves that could reduce the risk of myofi-
broblast stability. In addition, we suggest that this hypothesis

should be tested by investigating if the ultrasound stimu-
lating effect will be amplified when a modified biomaterial
surface, for example an oxidized titanium disk,35 is used as a
substrate for cell culture. It will also be important to

investigate whether the morphology of cellular adhesion
and the proliferation rate would differ when low intensity
ultrasound is applied.

Conclusion

We found that low intensity ultrasound stimulation could
improve the sensor-actuator mechanism and result in the
integrated connection of human gingival fibroblasts in a
honeycomb structure. This structure is the result of natural

processes at the cell and tissue levels and was sensitive to
external mechanical stress. A maximum vibration amplitude
of 0.4 microns at a frequency of 27 kHz was identified as the

critical limit for the safety of ultrasonic vibration to maintain
cellular proliferation and architectural strengthening.

Abbreviations: hGFs, Human Gingival Fibroblasts; LIUS, Low

Intensity Ultrasound; LIPUS, Low Intensity Pulsed Ultrasound;

TCPs, Tissue Culture Plates.
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