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Introduction: Wound healing is characterized as a complicated and sophisticated 
biological process through which tissue heals and repairs itself after injury. 
However, the normal wound healing process relies on different growth factors 
as well as the presence of an accurate cytokine level to ensure appropriate 
cellular responses. In the case of wound healing, the effects of various growth 
factors have been studied, but the effects of transforming growth factor beta 
(TGF-β) on wound healing have been found to be more significant because of 
its broad spectrum of impacts on healing the wounded tissues or skins.

Methods: In the current study, the impact of TGF-β3  in bone cells’ wound 
healing was examined in vitro. Furthermore, the activities and characteristics 
of TGF-β3, as well as those of related growth factors throughout this wound 
healing process, were studied under hydrodynamic shear stress conditions as 
well as static conditions of cultured bone cells.

Results: We  demonstrated that a positive outcome of TGF-β3 treatment was 
found after 24  h under a static condition, while TGF-β3 treatment was found to 
be effective under a dynamic condition for wound closure. In the case of the 
dynamic condition, a full wound closure was obtained after 18  h in both the 
control and TGF-β3 treatment, while in the case of static conditions, wounds 
were found to remain open, even after 24  h, for both the control and TGF-β3 
treatment. Additionally, in the static condition, the wound closure rate with 
TGF-β3 treatment was found to be quicker than that of the control flask, which 
implies that wound healing can be  postponed in the static condition. In the 
dynamic condition, the wound healing process became more rapid in a cultured 
cell environment.

Conclusion: The synergistic effect of TGF-β3 and hydrodynamic shear stress 
conditions had a positive impact on increasing wound healing and improving 
the rate of wound closure.
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1 Introduction

Wound healing is a complex biological process that involves four 
different stages: hemostasis, inflammation, proliferation, and 
remodeling of the wounded tissue. The wound healing process is 
completed with the coordination and integration of all these steps (1). 
This process is typically modulated systematically (by estrogens and 
calcitonin) and locally (by cytokines and the presence of growth 
factors), and there is always an integration between these factors so 
that they can interconnect with each other to achieve hemostasis of 
the bone (2). Bone is the most important component of the human 
body, providing the structure of the human body. Bone formation is a 
function coordinated by numerous cells including osteoblasts, 
osteocytes, osteoclasts, and osteoprogenitors (3). It is well established 
that bone tissue has its own blood supply within the bone structure 
and, therefore, the bone healing process for wounds or fractured 
bones is initiated by blood release from the bone tissues that assesses 
the targeted wound and starts coating the fracture by blood 
coagulation. When a soft layer of collagen begins to line the wound, 
the bone cells require more time to build the bone and become rigid. 
There are different factors which are associated with the wound 
healing process and those factors may facilitate or hinder the process. 
An intricate biological process involving cell membrane and cellular 
interaction is the fundamental concept of bone healing. Bone healing 
consists of various aspects that play a crucial role in wound healing, 
such as the involvement of growth factors (TGF-β) and other cellular 
components in the regeneration process (4). Cells within human 
tissues create cytokines, one of the most important biomolecules in 
the human body, and most cell functions are normally regulated by 
cytokines. Furthermore, cytokines play a significant role in the 
introduction and prevention of different diseases in the human body 

(5). One of the most common cytokines is TGF-β, created by the cells 
in human tissues. There are three common isomers of TGF-β: TGF-β1, 
TGF-β2, and TGF-β3. These growth factors are involved in various 
cellular functions such as cell relocation, multiplication of cells, 
apoptosis, and cell attachment. All these isomers are involved in the 
control process for cellular development and improvement. However, 
the functions of various TGF-β isomers differ with respect to the site 
of the target cells as well as due to the variation of environments (6). 
TGF-β also plays a vital role in inducing the regeneration process of 
bones; however, the ability of TGF-β to repair the fractured bone in 
bone wound healing and bone regeneration depends on the 
mechanical stability of the fracture in the bone at the target site (7).

The underlying mechanism of wound healing for bone cells was 
investigated in vitro in this study, with a particular focus on the growth 
factors (TGF-β3). The behavior of TGF-β3  in bone cells’ wound 
healing was examined through the wound closure rate analysis of the 
cultured bone cell monolayers in both the dynamic condition in the 
presence of hydrodynamic shear stress and in the static condition. 
This research work in a continuation of previous research which 
investigated the effect of various TGF-β isomers including TGF-β1,2,3, 
and combination of them (8, 9). The main aim of this project is to 
investigate the hydrodynamic shear stress condition that was not 
investigated previously neither by our team nor other research teams.

2 Materials and methods

2.1 Cell culture

MG-63 osteosarcoma bone cells (Sigma-Aldrich, UK) were 
cultured in Dulbecco’s Modified Eagle Media (DMEM) containing low 
glucose (1 g/L-D-glucose) with a 25 mM HEPES, 10% (v/v) fetal 
bovine serum (FBS), penicillin (100 U/mL), streptomycin (0.1 mg/
mL), and fungizone (250 μg/mL) (Sigma–Aldrich, UK). The bone cells 
were cultured into 25 cm2 tissue culture flasks, at cell density of 4 × 105 
cells/flask. For the dynamic condition, the flasks were placed into the 
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incubator at 37°C in 5% CO2 and configured at 50 rpm (Rocker 
machine), while other flasks were kept at BSA static condition.

2.2 Reconstitutions

TGF-β3 (Sigma-Aldrich, UK) was diluted, according to supplier 
recommendation, with HCl and BSA. 10 mg BSA was dissolved in 
10 mL of 4 mM HCl to obtain 1 mg/mL HCl/BSA. Following this, the 
solution was sterilized, using a 0.22 μm filter. 2 μg of TGF-β3 was 
dissolved in 0.4 ml of 1 mg/mL HCl/BSA to give a working 
concentration of 50 ng/mL and aliquoted into forty 10 μl vials and 
stored at −20°C. All culture flasks were treated with 50 ng/ml TGF-β3 
by adding the exact dose to 5 mL of media immediately after creation 
of wound. This dose was obtained and optimized by previous work 
that compared and investigated the effect of various TGF-β isomers 
including TGF-β1,2,3, and combination of them (8, 9).

2.3 Wound creation on cell monolayers

MG-63 bone cells were refined and mixed, and in this process, the 
cell monolayers were scratched with the tip of a 1 mm plastic tube. The 
tip of the tube was placed downwards so that it could be embedded 
into the flask, and then it was drawn over the cells to make wounds on 
the cells. Then, the underside of the flask was set apart with three 
parallel lines, with the help of permanent marker, in such a way that 
the lines remained parallel to the wounds attached to the cell 
monolayers. A test was conducted to ensure the time required for 
wound closure was 48 h. This was similar to another test for 
determining wound closure of MG-63 bone cells in which wound 
closure was achieved after approximately 30 h (8). After scratching the 
cell monolayer, around 300 μm of wound was created, though there 
were some deviations (Supplementary Figure S1). To standardize the 
wound width, mean value was measured for each flask; each starting 
wound width was considered as the rate of that starting wound width. 
The test was intended to be completed within 24 h; however, for the 
static condition, complete wound closure was not completed after this 
period. Therefore, data were recorded for 48 h, at 2-h intervals, to 
observe the wound closure at static condition. Eight culture flasks 
were studied with wounded monolayer bone cells and, of these, two 
culture flasks were treated with TGF-β3 and another two flasks were 
considered as control without any treatment. Data were recorded for 
48 h, at 2-h intervals, to observe the wound closure in both dynamic 
and static conditions. The whole process of this investigation was 
repeated three times, and after obtaining all required information, the 
average width of the wound was determined at each time point.

2.4 Data collection

The culture flasks were placed inside the incubator after completing 
the wounding of the cells. Then, for a 48-h period, the wound width was 
observed and captured at every 2-h interval. Digital light microscopy 
(Olympus, UK) was used to capture the image of the cells. Images were 
processed using ImageJ imaging software to determine the distance 
between the wound edges. Again, for each cultured flask, eight horizontal 
lines were drawn to mark the wound edges. At a scratch width of 300 μm 
±10–30 μm at 0 min, measurements were performed to distinguish the 

separations between the crossing points of the lines with wound edges. 
Different graphs were plotted between the rate of wound closure against 
time needed for that closure to determine the impact of TGF-β3 in bone 
cells’ wound healing against control or without treatment conditions 
(Supplementary Figure S2).

2.5 Statistical analysis

Mean % of wound remained open was tested for normality using 
a Kolmogorov Smirnov test. Results that showed normal distribution 
(p > 0.05) were analyzed using SPSS via a Oneway Analysis of Variance 
(ANOVA) followed by a post hoc Bonferroni test. Kruskal-Wallis test 
and serial Mann Whitney tests were used for non-normally distributed 
results (p < 0.05). Statistical tests were performed such that a p-value 
of <0.05 was considered as indicating a significant difference. There 
was some variability in initial wound widths therefore, % wound 
closure was normalized.

3 Results

3.1 Effects of static condition on cultured 
human bone cell monolayers’ wound 
closure

Throughout this experiment, the progress of wound closure for 
48 h was investigated in static condition for both control (untreated) 
wounded bone cells and treated human bone cells (MG-63) with 
TGF-β3. During the investigation, wound closure in both cases was 
observed at an interval of 2 h; it was found that shortly after 24 h, 
wound healing in the culture flasks with wounded bone cells that were 
treated with TGF-β3 was more rapid than that in control flasks. Again, 
after 12 h of healing process, it was observed that cells on both sides 
of the wounds were extended to associate with other cells, forming 
bridges. Along the bridges, the cells were found to have moved and 
created a gap from the edge of the wound, which was adjusted to 
restore the structure of the cells. Those cells were extended in such a 
way that they could cover the gap created, due to the migration and 
elongation of the cells at the sites of the wound on the bone cells. It 
was observed that the wound sites were completely covered with cells 
after 24 h (p < 0.01). The extension of the cells, and their actions in 
bridging the gap created and the wound healing process, were 
observed even after 48 h. From the results, it was determined that in a 
cell-cultured environment, the wound healing process was most 
certainly affected by the TGF-β3, and the wound closure process was 
apparently speeded up due to the presence of TGF-β3 in the static 
condition. From the statistical analysis, it was found that the wound 
closure rate after 24 h was quicker when cells were treated with 
TGF-β3, compared to untreated cells or the control in the static 
condition (p < 0.01) (Table 1 and Figures 1, 2).

3.2 Effects of dynamic condition on 
cultured human bone cell monolayers’ 
wound closure

The progress of wound closure for 48 h was investigated in the 
dynamic condition for both control (untreated) wounded bone cells 
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and human bone cells (MG-63) treated with TGF-β3. During the 
investigation, wound closure in both cases was observed at an interval 
of 2 h, and it was found that shortly after 4 h, wound closure in the 
culture flasks with wounded bone cells that were treated with TGF-β3 
occurred more rapidly than that in control flasks (p < 0.05). Again, 
after 8 h of healing process, it was observed that cells on both sides of 
the wounds were extended to be associated with other cells, forming 
bridges. Along the bridges, the cells were found to have moved and 
created a gap from the edge of the wound, which was adjusted to 
restore the structure of the cells. Those cells were extended in such a 
manner that they could cover the gap created due to the migration and 
elongation of the cells at the sites of the wound on bone cells. It was 
observed that the wound sites were completely covered with cells after 

16 h (p < 0.01). After 16 h of the wound healing process, a high wound 
closure rate was found for each of the cells that were treated with 
TGF-β3 (p < 0.01). Moreover, it was found that wounded cells in the 
control or untreated flasks were healed after 18 h of the wound healing 
process (p  < 0.01). The extension of the cells and their actions in 
bridging the gap created and the wound healing process were 
observed, even after 48 h. From the results, it was found that in a cell 
cultured environment the wound healing process was most certainly 
affected by the TGF-β3, and the wound closure process was apparently 
speeded up due to the shear stress force that occurred in the 
hydrodynamic condition (p < 0.001). From the statistical analysis, it 
was found that due to the shear stress in the hydrodynamic condition, 
the wound closure rate after 24 h was more rapid in the dynamic 

TABLE 1 Statistical analysis for mean of wound remaining open against time for wounded monolayers treated with TGF-β3 and un-treated as control in 
the statics condition.

Wound closure time (Hrs)

0 2 4 6 8 10 12 14 16 18 24

Mean of wound remining open ± SD

Control 298.9 ± 21.4 286.9 ± 24.7 280.6 ± 43.6 267.1 ± 31.6 221.6 ± 30.7 220.2 ± 38.6 162.2 ± 7.5 126.5.19.1 150.5 ± 9.3 116.5 ± 31.8 83.2 ± 25

TGF-β3 307.6 ± 22.2 288.1 ± 14.8 281.7 ± 18.8 231.4 ± 12.9 206.6 ± 54.3 203.6 ± 54.3 165.4 ± 31.2 104.4 ± 1.8 81.5 ± 16.7 75.9 ± 36.7 0.00 ± 0.00

FIGURE 1

Photomicrographs of the wound healing process for the MG63 bone cell monolayers treated with TGF-β3 in static condition for the period of 48  h 
(Scale bar  =  300  μm).
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condition when compared to the static condition; this was true both 
for cells treated with TGF-β3 and untreated or control (p < 0.001). 
Furthermore, to standardize the results, the mean and standard 
deviation of the time that the wound remained open was calculated 
for both TGF-β3 and untreated or control for MG-63 human bone 
cells in the dynamic condition (p < 0.01) (Table 2 and Figures 3, 4).

3.3 Effect of static and dynamic conditions 
on scarless tissue

In the static condition, the wound of the bone cells healed after 
24 h, and most of the cells aligned in one direction, confirming the 
formation of scar tissue. On the other hand, in the dynamic state, a 
significant difference was observed in terms of cell directions. Some 
cells were aligned in one direction, which confirms scar tissue 
formation, while other cells appeared in different directions. Therefore, 
it can be confirmed that less scar tissue formation occurs in dynamic 
conditions during the wound healing process (Figure 5). It is worth to 
know that MG63 bone cell monolayers treated with TGF-β3  in 

Dynamic condition formed bridge at 6 h after treatment while in static 
condition bridge formed at 14 h.

4 Discussion

This study was intended to demonstrate that TGF-β3, along with 
the synergistic effect of hydrodynamic shear stress, plays a significant 
role in wound healing of the bone cell monolayer.

Shear stress is essential for normal and abnormal physiology and 
various common physiological processes such as particle flow and 
blood flow produce shear stress that can trigger cellular behavior. On 
the other hand, shear stress has obvious roles in some normal activities 
within animal and human body such as wound healing and cancer. 
The fluid velocity and shear stress within bone are affected by various 
loading parameters (10). Extensive literature search showed that bone 
cells can go under high and low fluid shear stress (FSS) as well as long-
term responses by cell monolayers. High FSS ranging between 0.5 and 
2 Pa have been extensively reported to impact osteoblasts in vitro, such 
as changes in biochemical factors and gene expression (11, 12). On the 

FIGURE 2

Graph of normalized the mean wound remaining open against time for wounded bone cell monolayers treated with TGF-β3 and control in static 
condition.

TABLE 2 Statistical analysis for mean of wound remaining open against time for wounded monolayers treated with TGF-β3 and untreated as control in 
the dynamic condition.

Wound closure time (Hrs)

0 2 4 6 8 10 12 14 16 18 24

Mean of wound remining open ± SD

Control 302.4 ± 14.8 290.2 ± 27.7 224.2 ± 55.6 190.9 ± 41.3 133.9 ± 51 111.3 ± 40.2 72.8 ± 28 57.4 ± 11.4 65.1 ± 8.2 0.00 ± 0.00 0.00 ± 0.00

TGF-β3 319.0 ± 31.5 225.8 ± 34.9 216.0 ± 50.3 213.1 ± 31.9 175.1 ± 32.8 140.9 ± 44.8 139.9 ± 33.7 104.9 ± 24.3 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00
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FIGURE 3

Photomicrographs of the wound healing process for the MG63 bone cell monolayers treated with TGF-β3 in Dynamic condition for the period of 48  h 
(Scale bar  =  300  μm).

FIGURE 4

Graph of normalized the mean wound remaining open against time for wounded bone cell monolayers treated with TGF-β3 and control in the hydro 
dynamic condition.
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other hand, osteoblasts unlike osteocytes might be more commonly 
subjected to low FSS. Osteoblast responses to low FSS below 0.5 Pa 
have also been reported (13–15). Finally, for long-term responses by 
cell monolayers which is more relevant to our study Morris et al. (16) 
cultured MLO-A5 osteoblasts in commercially available PPFC for 
10 days while applying fairly high intermittent unidirectional fluid 
flow (0.8 Pa). We also looked at normal physiological blood flow in 
humans which generates a range of shear stress of 0.1–9.5 Pa (17–19). 
However, the parameter we used in this study is an average between 
high and low FSS.

TGF-β3 is one of the main regulators of wound healing and scar 
formation. It modulates the scar-forming processes, such as collagen 
synthesis and deposition, as well as tissue fibrosis regulation, via 
different molecular and cellular pathways. Due to this, it is essential to 
understand the impact of TGF-β growth factors on the reaction of 
wound closure and wound healing of bone cells.

Various isomers of TGF-β proteins have already been introduced 
to clinical trials. TGF-βs have been shown to be  useful in many 
treatments such as wounds with impaired healing, fractures, mucositis, 
ischemia–reperfusion injuries, and autoimmune disease (20). Also, 
expression of TGF-β in some diseases such as glomerulonephritis, 
pulmonary fibrosis and keloids has been shown to be responsible for 
accumulation of detrimental scar tissue.

Application of active TGF-β2 for treatment of chronic progressive 
multiple sclerosis resulted in anemia and reversible nephrotoxicity in 
number of patients with no change in expanded disability status 9 
(21)). On the opposite side, murine experimental allergic 
encephalomyelitis was improved by using myelin basic protein-
activated T cells transduced with latent TGF-β1 (22). While 
application of adenoviral vectors of TGF-β or TGF-β antagonists is 
being widely used in animal models (23–27). Also, application of 

active TGF-β has been reported to have an effect for venous leg ulcers 
(28) and finally, TGF-β3 showed positive effect in treating 
chemotherapy-induced oral mucositis in patients with lymphomas 
and solid tumors (29).

In the current study, after creating wounds (by scratching) on the 
monolayers of bone cells, the mean wound closure was found to 
remain open even after being kept in the incubator for 2 h, which may 
indicate that the different rates for wound closure and the recovery of 
bone cell wounds largely rely on varying aspects. The wound closure 
rate was much more rapid in the case of the culture flasks which were 
treated with TGF-β3 compared to the untreated or control culture 
flasks. The wound closure rate was found to be notably improved in 
the case of TGF-β3 treatments. However, no significant difference was 
found in terms of the rate of wound closure in the case of the culture 
flasks which were treated with TGF-β3 compared to the untreated or 
control culture flasks in the dynamic condition after 24 h in culture. 
Wound closure rates, in both cases, seemed to be increased, and then 
slowly became equal to the wound closure rate for each condition in 
the case of the dynamic condition because, in this case, bone cells were 
stimulated by the hydrodynamic shear force, which caused them to 
communicate with each other in an efficient and more rapid manner. 
Alternatively, the wound length for the culture flasks with TGF-β3, as 
found in the static condition, showed a significant increase in the rate 
of wound closure compared to that of control culture flasks that were 
untreated. By increasing the healing time for more than 24 h, the 
healing rate was found to be increased in both static and dynamic 
conditions for the cells in culture flasks treated with TGF-β3.

Based on the current findings, it is crucial to understand the 
mechanism behind these more rapid and efficient responses of the cell 
monolayers of culture flasks with TGF-β3 when compared to control. 
For this, the role of cytokines needs to be  understood, as it is a 

FIGURE 5

Significance differences between TGF-β3 in dynamic and static conditions. Two factors that have significant difference from one another noted by an 
asterisk (*) whereas *p <  0.05, **p <  0.01, and ***p <  0.001. Error bars represent standard deviation.

https://doi.org/10.3389/fmed.2024.1328466
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Al-Attar et al. 10.3389/fmed.2024.1328466

Frontiers in Medicine 08 frontiersin.org

powerful and significant biomolecule. Cytokines manage cell 
capacities and adopt various activities throughout the initiation and 
recovery of infection (30, 31). Moreover, the superfamily of 
transforming growth factors consists of cytokines, and these cytokines 
are normally responsible for various cellular functions and activities 
such as cell relocation, multiplication of cells, apoptosis, and cell 
attachment. The first introduction of TGF-β occurred in 1978 (32), 
and it was developed with all different phenotypes in a passive 
structure (33), which means that nearly all modes of administration 
in various types of tissue were investigated. Those studies were more 
focused on the impact of TGF-β on bone and did not focus on the 
effects of TGF-β on repairing bone injury or wounds. Studies 
investigated the impact of TGF-β on cell changes as well as their effect 
when administered to film proteins, while other studies showed that 
TGF-β impacts the initiation of cell expansion, detachment, grip, 
enactment, apoptosis, and movement (34–38). According to Huang 
et al. (39), these growth factors can control cell improvement and 
advancement in a powerful manner. Feng and Zuo (40) demonstrated 
the ability of TGF-β2  in bone repair by employing a display with 
TGF-β2 for more than 2.5 months in a case of tibial deformations and 
found that TGF-β2 can positively and significantly repair bone. In the 
case of wound healing, cells behave differently in different conditions. 
Cell connections typically communicate using ligands, through film 
receptors of adjacent cells, and cell–cell flagging is a vital activity in 
cell growth and expansion (41). Based on the current findings, the 
wounded bone cells in the culture flasks which were treated with 
TGF-β3 showed a rapid decrease in wound width within 24 h of the 
recuperation of the wounds, which can be linked with the activity of 
TGF-β3, where emission of the extracellular matrix (ECM) particles 
was expanded by TGF-β3 at the wound edges. This process functions 
by grasping the cells using the integrin ECM at the wound edge, which 
helps the movement at the site of the wound. Furthermore, shear force 
was applied through the cells; this shear force is considered as an 
essential prevention strategy of bone wound healing, as it fills the 
wound site with a large number of bone cells and this, ultimately, 
enables the ECM over the wound surface to move and multiply cells 
into the wound site (41). A study by Sefat et al. (9) demonstrated that 
the TGF-β3 usually does not animate the bonding between bone and 
ECM. Refined bone cells and TGF-β3 demonstrated that the extent of 
cell surface association was reduced in the static condition. Therefore, 
TGF-β3 showed a reduced wound healing in the static condition 
compared to that under dynamic conditions. This implies that the 
static condition, in this case, slows down the control of the process of 
cell movement and multiplication. In most cases, for the scratched 
cells, the wound healing process started after 2 h since this process is 
responsive to stress or pressure shock on the cell. Similar findings were 
reported in various other studies related to keratinocytes and 
chondrocytes (42–44). Moreover, to target explicit types of cells, 
development factors can also be associated with certain capacities 
such as cell separation, multiplication, and movement. A study by 
Wan et al., conducted with a comparative methodology and various 
elements to enhance in vitro osteogenic articulation with the use of a 
combination of different cytokines, such as bone morphogenic protein 
(BMP-2) and TGF-β1, found that the superfamily of transforming 
growth factors, including TGF-β1, TGF-β2, and TGF-β3, expressively 
complete their explicit activities in the new bone development (45). A 
study by Sefat et al. investigated a mix of different growth factors, such 
as TGF-β1 and TGF-β2; TGF-β2 and TGF-β3; TGF-β3 and TGF-β1; 

or TGF-β1, TGF-β2, and TGF-β3; to determine their impacts on 
wound healing. From the study, it was determined that, in the case of 
wound healing, TGF-β3 plays a crucial role in bone repair and 
provides a better rate of wound healing than any other growth factors 
used independently or in combination. Therefore, it can be stated that 
TGF-β3 has a significant impact on the bone cell (9). Similar to these 
findings, the current study illustrated that the wound healing process 
is improved and shortened by the presence of TGF-β3. Therefore, it 
can be confirmed that TGF-β3 facilitates cell–cell communication and 
has a significant impact on the behavior of bone cells. Furthermore, 
cell migration was found to be facilitated by shear force created in the 
dynamic condition, which promotes and increases the wound 
closure rate.

5 Conclusion

The main finding of our study is that the synergistic effect of 
TGF-β3 and the hydrodynamic shear force condition play a significant 
role in bone cells’ wound closure. TGF-β3 can be used as a successful 
and effective therapeutic method for wound healing. These findings 
confirmed that when a culture flask was treated with TGF-β3, bridge 
creation occurs at the site of the wound after about 8 h, whereas 
complete healing of the wound occurs after 16 h. This finding implies 
that bridge formation is an important aspect to be considered in the 
wound healing process and that, with the help of bridging, the wound 
closure rate increases significantly. In the case of static conditions, 
TGF-β3 treatments showed an efficient result; the wound closure rate 
was more rapid than that found in the control flask. Therefore, it can 
be  suggested that wound closure can be  postponed in the static 
condition while, in the dynamic condition, the wound healing process 
became more rapid in a cultured cell environment. Moreover, TGF-β3 
treatment demonstrated greater effectiveness in wound healing than 
the control flask under both static and dynamic conditions. On the 
other hand, wound closure depends on various aspects, such as the 
migratory phenotype and proliferation of the cells, and elongations of 
the cells in the presence of TGF-β3. Our future aims to investigate the 
migration behavior in microfluidics-based wound healing assay. 
Microfluidics offers high controllability in cellular microenvironments 
while consuming low quantities of samples and reagents. Indeed, 
microfluidic cell culture provides adequate flexibility to customize 
chips in precisely defined geometries, enabling culturing and 
performing different analytic investigations on the same platform.

Data availability statement

The original contributions presented in the study are included in 
the article/Supplementary material, further inquiries can be directed 
to the corresponding authors.

Author contributions

HA-A: Conceptualization, Data curation, Formal analysis, 
Methodology, Writing – original draft, Writing – review & editing. LD: 
Data curation, Visualization, Writing – review & editing. SK: 
Conceptualization, Supervision, Visualization, Writing – review & 

https://doi.org/10.3389/fmed.2024.1328466
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Al-Attar et al. 10.3389/fmed.2024.1328466

Frontiers in Medicine 09 frontiersin.org

editing. CT-B: Project administration, Visualization, Writing – review & 
editing. SD: Writing – review & editing. MS: Data curation, Project 
administration, Validation, Writing – original draft, Writing – review & 
editing. FS: Conceptualization, Data curation, Investigation, 
Methodology, Project administration, Supervision, Validation, 
Visualization, Writing – original draft, Writing – review & editing.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

The author(s) declared that they were an editorial board member 
of Frontiers, at the time of submission. This had no impact on the peer 
review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fmed.2024.1328466/
full#supplementary-material

References
 1. Rodrigues M, Kosaric N, Bonham CA, Gurtner GC. Wound healing: a cellular 

perspective. Physiol Rev. (2018) 99:665–706. doi: 10.1152/physrev.00067.2017

 2. Barrientos S, Brem H, Stojadinovic O, Tomic-Canic M. Clinical application of 
growth factors and cytokines in wound healing. Wound Repair Regeny. (2014) 
22:569–78. doi: 10.1111/wrr.12205

 3. Bolamperti S, Villa I, Rubinacci A. Bone remodeling: an operational process 
ensuring survival and bone mechanical competence. Bone Res. (2022) 10:48. doi: 
10.1038/s41413-022-00219-8

 4. Eming SA, Martin P, Tomic-Canic M. Wound repair and regeneration: mechanisms, 
signaling, and translation. Sci Transl Med. (2014) 6:265sr6. doi: 10.1126/
scitranslmed.3009337

 5. Ramani T, Auletta CS, Weinstock D, Mounho-Zamora B, Ryan PC, Salcedo TW, 
et al. Cytokines: the good, the bad, and the deadly. Int J Toxicol. (2015) 34:355–65. doi: 
10.1177/1091581815584918

 6. Chen G, Deng C, Li Y-P. TGF-β and BMP signaling in osteoblast differentiation and 
bone formation. Int J Biol Sci. (2012) 8:272–88. doi: 10.7150/ijbs.2929

 7. Wu M, Chen G, Li Y-P. TGF-β and BMP signaling in osteoblast, skeletal 
development, and bone formation, homeostasis and disease. Bone Res. (2016) 4:16009. 
doi: 10.1038/boneres.2016.9

 8. Sefat F, Youseffi M, Khaghani SA, Soon CF, Javid F. Effect of transforming growth 
factor-Β3 on mono and multilayer chondrocytes. Cytokine. (2016) 83:118–26. doi: 
10.1016/j.cyto.2016.04.008

 9. Sefat F, Denyer MCT, Youseffi M. Effects of different transforming growth factor 
Beta (TGF-β) isomers on wound closure of bone cell monolayers. Cytokine. (2014) 
69:75–86. doi: 10.1016/j.cyto.2014.05.010

 10. Wittkowske C, Reilly GC, Lacroix D, Perrault CM. In vitro bone cell models: 
impact of fluid shear stress on bone formation. Front Bioeng Biotechnol. (2016) 4:87. doi: 
10.3389/fbioe.2016.00087

 11. Myers KA, Rattner JB, Shrive NG, Hart DA. Osteoblast-like cells and fluid flow: 
cytoskeleton-dependent shear sensitivity. Biochem Biophys Res Commun. (2007) 
364:214–9. doi: 10.1016/j.bbrc.2007.09.109

 12. Owan I, Burr DB, Turner CH, Qiu J, Tu Y, Onyia JE, et al. Mechanotransduction 
in bone: osteoblasts are more responsive to fluid forces than mechanical strain. Am J 
Physiol Cell Physiol. (1997) 273:C810–5. doi: 10.1152/ajpcell.1997.273.3.C810

 13. Aisha MD, Nor-Ashikin MNK, Sharaniza ABR, Nawawi H, Froemming GRA. 
Orbital fluid shear stress promotes osteoblast metabolism, proliferation and alkaline 
phosphates activity in  vitro. Exp Cell Res. (2015) 337:87–93. doi: 10.1016/j.
yexcr.2015.07.002

 14. Liegibel UM, Sommer U, Bundschuh B, Schweizer B, Hilscher U, Lieder A, et al. 
Fluid shear of low magnitude increases growth and expression of TGFbeta1 and 
adhesion molecules in human bone cells in vitro. Exp Clin Endocrinol Diabetes. (2004) 
112:356–63. doi: 10.1055/s-2004-821014

 15. Yu W, Qu H, Hu G, Zhang Q, Song K, Guan H, et al. A microfluidic-based multi-
shear device for investigating the effects of low fluid-induced stresses on osteoblasts. 
PLoS One. (2014) 9:e89966. doi: 10.1371/journal.pone.0089966

 16. Morris HL, Reed CI, Haycock JW, Reilly GC, Tanner KE, Dalby MJ. Mechanisms 
of fluid-flow-induced matrix production in bone tissue engineering. Proceedings of the 
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. (2010) 
224:1509–1521. doi: 10.1243/09544119JEIM751

 17. Baeyens N, Bandyopadhyay C, Coon BG, Yun S, Schwartz MA. Endothelial fluid 
shear stress sensing in vascular health and disease. J Clin Invest. (2016) 126:821–8. doi: 
10.1172/JCI83083

 18. Koutsiaris AG, Tachmitzi SV, Batis N, Kotoula MG, Karabatsas CH, Tsironi E, et al. 
Volume flow and wall shear stress quantification in the human conjunctival capillaries 
and post-capillary venules in vivo. Biorheology. (2007) 44:375–86.

 19. Roux E, Bougaran P, Dufourcq P, Couffinhal T. Fluid shear stress sensing by the 
endothelial layer. Front Physiol. (2020) 11:861. doi: 10.3389/fphys.2020.00861

 20. Flanders KC, Burmester JK. Medical applications of transforming growth factor-
beta. Clin Med Res. (2003) 1:13–20. doi: 10.3121/cmr.1.1.13

 21. Calabresi PA, Fields NS, Maloni HW, Hanham A, Carlino J, Moore J, et al. Phase 
1 trial of transforming growth factor beta 2 in chronic progressive MS. Neurology. (1998) 
51:289–92. doi: 10.1212/WNL.51.1.289

 22. Chen LZ, Hochwald GM, Huang C, Dakin G, Tao H, Cheng C, et al. Gene therapy 
in allergic encephalomyelitis using myelin basic protein-specific T cells engineered to 
express latent transforming growth factor-β1. Proc Natl Acad Sci USA. (1998) 
95:12516–21. doi: 10.1073/pnas.95.21.12516

 23. Isaka Y, Brees DK, Ikegaya K, Kaneda Y, Imai E, Noble NA, et al. Gene therapy by 
skeletal muscle expression of decorin prevents fibrotic disease in rat kidney. Nat Med. 
(1996) 2:418–23. doi: 10.1038/nm0496-418

 24. Kingston PA, Sinha S, David A, Castro MG, Lowenstein PR, Heagerty AM. 
Adenovirus-mediated gene transfer of a secreted transforming growth factor-β type II 
receptor inhibits luminal loss and constrictive remodeling after coronary angioplasty 
and enhances advertitial collagen deposition. Circulation. (2001) 104:2595–601. doi: 
10.1161/hc4601.099405

 25. Kitani A, Fuss IJ, Nakamura K, Schwartz OM, Usui T, Strober W. Treatment of 
experimental (Trinitrobenzene sulfonic acid) colitis by intranasal administration of 
transforming growth factor-(TGF)β1 plasmid: TGF-β1-mediated suppression of T 
helper cell type 1 response occurs by interleukin (IL)-10 induction and IL-12 receptor 
β2 chain down regulation. J Exp Med. (2000) 192:41–52.

 26. Pang L, Ye W, Che XM, Roessler BJ, Betz AL, Yang GY. Reduction of inflammatory 
response in the mouse brain with adenoviral-mediated transforming growth factor-ss1 
expression. Stroke. (2001) 32:544–52. doi: 10.1161/01.STR.32.2.544

 27. Ueno H, Sakamoto T, Nakamura T, Qi Z, Astuchi N, Takeshita A. A soluble 
transforming growth factor-β receptor expressed in muscle prevents liver fibrogenesis 
and dysfunction in rats. Hum Gene Ther. (2000) 11:33–42. doi: 
10.1089/10430340050016139

 28. Schimid P, Itin P, Cox D. Proteolytic inactivation of transforming growth factor 
beta 3 by elastase in venous leg ulcers: implications for clinical trials using topically-
applied peptide growth factors. Br J Dermatol. (1999) 140:1170–2.

 29. Foncuberta MC, Cagnoni PJ, Brandts CH, Mandanas R, Fields K, Derigs HG, et al. 
Investigators in TGF-beta3/OM Study Protocols 203/205. Topical transforming growth 

https://doi.org/10.3389/fmed.2024.1328466
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2024.1328466/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2024.1328466/full#supplementary-material
https://doi.org/10.1152/physrev.00067.2017
https://doi.org/10.1111/wrr.12205
https://doi.org/10.1038/s41413-022-00219-8
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1126/scitranslmed.3009337
https://doi.org/10.1177/1091581815584918
https://doi.org/10.7150/ijbs.2929
https://doi.org/10.1038/boneres.2016.9
https://doi.org/10.1016/j.cyto.2016.04.008
https://doi.org/10.1016/j.cyto.2014.05.010
https://doi.org/10.3389/fbioe.2016.00087
https://doi.org/10.1016/j.bbrc.2007.09.109
https://doi.org/10.1152/ajpcell.1997.273.3.C810
https://doi.org/10.1016/j.yexcr.2015.07.002
https://doi.org/10.1016/j.yexcr.2015.07.002
https://doi.org/10.1055/s-2004-821014
https://doi.org/10.1371/journal.pone.0089966
https://doi.org/10.1243/09544119JEIM751
https://doi.org/10.1172/JCI83083
https://doi.org/10.3389/fphys.2020.00861
https://doi.org/10.3121/cmr.1.1.13
https://doi.org/10.1212/WNL.51.1.289
https://doi.org/10.1073/pnas.95.21.12516
https://doi.org/10.1038/nm0496-418
https://doi.org/10.1161/hc4601.099405
https://doi.org/10.1161/01.STR.32.2.544
https://doi.org/10.1089/10430340050016139


Al-Attar et al. 10.3389/fmed.2024.1328466

Frontiers in Medicine 10 frontiersin.org

factor-beta3 in the prevention or alleviation of chemotherapy-induced oral mucositis in 
patients with lymphomas or solid tumors. J Immunother. (2001) 24:384–8. doi: 
10.1097/00002371-200107000-00014

 30. Huang PF, Macpherson GG. Continuing education of the immune system  - 
dendritic cells, immune regulation and tolerance. Curr Mol Med. (2001) 1:457–68. doi: 
10.2174/1566524013363573

 31. Oghumu S, Satoskar A. The emerging role of dendritic cells in the host immune 
response against Helicobacter Pylori. Front Microbiol. (2014) 5:560. doi: 10.3389/
fmicb.2014.00560

 32. Morikawa M, Derynck R, Miyazono K. TGF-β and the TGF-β family: context-
dependent roles in cell and tissue physiology. Cold Spring Harb Perspect Biol. (2016) 
8:a021873. doi: 10.1101/cshperspect.a021873

 33. Worthington JJ, Fenton TM, Czajkowska BI, Klementowicz JE, Travis MA. 
Regulation of TGFβ in the immune system: an emerging role for Integrins and 
dendritic cells. Immunobiology. (2012) 217:1259–65. doi: 10.1016/j.
imbio.2012.06.009

 34. James AW, Xu Y, Lee JK, Wang R, Longaker MT. Differential effects of TGF-Beta1 
and TGF-Beta3 on chondrogenesis in posterofrontal cranial suture-derived 
mesenchymal cells in  vitro. Plast Reconstr Surg. (2009) 123:31–43. doi: 10.1097/
PRS.0b013e3181904c19

 35. Kiso S, Kawata S, Tamura S, Ito N, Takaishi K, Shirai Y, et al. Alteration in growth 
regulation of hepatocytes in primary culture obtained from cirrhotic rat: poor response 
to transforming growth factor–Β1 and interferons. Hepatology. (1994) 20:1303–8. doi: 
10.1002/hep.1840200530

 36. Leask A, Holmes A, Black CM, Abraham DJ. Connective tissue growth factor gene 
regulation. Requirements for its induction by transforming growth factor-Beta 2 in 
fibroblasts. J Biol Chem. (2003) 278:13008–15. doi: 10.1074/jbc.M210366200

 37. Loeser RF. Growth factor regulation of chondrocyte Integrins. Differential effects 
of insulin-like growth factor 1 and transforming growth factor Beta on alpha 1 Beta 1 

integrin expression and chondrocyte adhesion to type VI collagen. Arthritis Rheum. 
(1997) 40:270–6. doi: 10.1002/art.1780400211

 38. Maxwell M, Galanopoulos T, Neville-Golden J, Antoniades HN. Effect of the 
expression of transforming growth factor-Beta 2 in primary human glioblastomas on 
immunosuppression and loss of immune surveillance. J Neurosurg. (1992) 76:799–804. 
doi: 10.3171/jns.1992.76.5.0799

 39. Huang T, David L, Mendoza V, Yang Y, Villarreal M, de K, et al. TGF-β signalling 
is mediated by two autonomously functioning TβRI:TβRII pairs. EMBO J. (2011) 
30:1263–76. doi: 10.1038/emboj.2011.54

 40. Feng C, Zuo Z. Regulatory factor X1-induced down-regulation of transforming 
growth factor Β2 transcription in human neuroblastoma cells. J Biol Chem. (2012) 
287:22730–9. doi: 10.1074/jbc.M111.338590

 41. Khaghani SA, Behruz GA, Soon CF, Dilbazi G. Effect of transforming growth 
factor-Β2 on biological regulation of multilayer primary chondrocyte culture. Cell Tissue 
Bank. (2018) 19:763–75. doi: 10.1007/s10561-018-9732-z

 42. Donnet-Hughes A, Schiffrin EJ, Huggett AC. Expression of MHC antigens by 
intestinal epithelial cells. Effect of transforming growth factor-Beta 2 (TGF-Beta 2). Clin 
Exp Immunol. (1995) 99:240–4. doi: 10.1111/j.1365-2249.1995.tb05539.x

 43. Opperman LA, Galanis V, Williams AR, Adab K. Transforming growth factor-
Beta3 (Tgf-Beta3) down-regulates Tgf-Beta3 receptor type I (Tbetar-I) during Rescue 
of Cranial Sutures from osseous obliteration. Orthod Craniofac Res. (2002) 5:5–16. doi: 
10.1034/j.1600-0544.2002.01179.x

 44. Perucca Orfei C, Viganò M, Pearson JR, Colombini A, De Luca P, Ragni E, et al. 
In vitro induction of tendon-specific markers in tendon cells, adipose- and bone 
marrow-derived stem cells is dependent on TGFβ3, BMP-12 and ascorbic acid 
stimulation. Int J Mol Sci. (2019) 20:149. doi: 10.3390/ijms20010149

 45. Wan X, Li Z-G, Yingling JM, Yang J, Starbuck MW, Ravoori MK, et al. Effect of 
transforming growth factor Beta (TGF-β) receptor I kinase inhibitor on prostate Cancer 
bone growth. Bone. (2012) 50:695–703. doi: 10.1016/j.bone.2011.11.022

https://doi.org/10.3389/fmed.2024.1328466
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1097/00002371-200107000-00014
https://doi.org/10.2174/1566524013363573
https://doi.org/10.3389/fmicb.2014.00560
https://doi.org/10.3389/fmicb.2014.00560
https://doi.org/10.1101/cshperspect.a021873
https://doi.org/10.1016/j.imbio.2012.06.009
https://doi.org/10.1016/j.imbio.2012.06.009
https://doi.org/10.1097/PRS.0b013e3181904c19
https://doi.org/10.1097/PRS.0b013e3181904c19
https://doi.org/10.1002/hep.1840200530
https://doi.org/10.1074/jbc.M210366200
https://doi.org/10.1002/art.1780400211
https://doi.org/10.3171/jns.1992.76.5.0799
https://doi.org/10.1038/emboj.2011.54
https://doi.org/10.1074/jbc.M111.338590
https://doi.org/10.1007/s10561-018-9732-z
https://doi.org/10.1111/j.1365-2249.1995.tb05539.x
https://doi.org/10.1034/j.1600-0544.2002.01179.x
https://doi.org/10.3390/ijms20010149
https://doi.org/10.1016/j.bone.2011.11.022

	Effect of TGF-β3 on wound healing of bone cell monolayer in static and hydrodynamic shear stress conditions
	1 Introduction
	2 Materials and methods
	2.1 Cell culture
	2.2 Reconstitutions
	2.3 Wound creation on cell monolayers
	2.4 Data collection
	2.5 Statistical analysis

	3 Results
	3.1 Effects of static condition on cultured human bone cell monolayers’ wound closure
	3.2 Effects of dynamic condition on cultured human bone cell monolayers’ wound closure
	3.3 Effect of static and dynamic conditions on scarless tissue

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions

	References

