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Figure 2: (a) Mechanical stretching stress stimulator machine; (b)-(1),(2) Schematic diagram of mechanical
stress application.
strain. Collapse or disintegration of the collagenGAG matrix structure occurred according to the
magnitude of mechanical strain on the matrix.
On the other hand, the non-stress group displayed
a marked shrinkage of the matrix by cell contraction without structural breakage. Many of
surviving stem cells migrated along the porous
outer surface of the matrix ( arrows in Fig.3 (a)
). Whereas many cells attached to the pore walls

were round in shape in the control and the 5%
strain group, MSCs in the highest loading condition ( 15% strain group ) often exhibited a
flattened morphology ( Fig.3 (b) ). These flattened cells looked like to extend to the mechanical
stretching direction ( both ends of arrow in Fig.3
).
Figure.3(c) shows the relationship between the
mechanical strain and the density of surviving

Fig-3(a).
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Figure 3: (a) Histological appearances ( hematoxylin-eosin stain ×50 ); (b) Histological cell morphology in
the high stress group. As compared with the round shape of cells ( arrows) in 5% strain group, many cells
on matrix surface in 15% strain group are showing the morphological change ( arrows); (c) Cell density (
cells / mm2 ) in each stress group.

222

Copyright © 2009 Tech Science Press

stem cells. The density of cells in each group was
calculated by counting the numbers of cells in the
H-E histological sections. The cell density in the
high mechanical strain group was less than that
of the control group, while the density of the 5%
strain group was the highest of all three groups (
ANOVA£ºp=0.007 ).
3.2

Immunohistochemical findings for α-SMA
expression

Figure.4(a) shows the α-SMA immunoreactivity
for each mechanical strain group after 7 days in
culture. The percentage of α-SMA positive cells
was highest in the 15% group, with no significant
difference between the control group and the 5%
group.
From these histological finding, the relationship
between mechanical strain and α-SMA expression were evaluated counting the number of αSMA positive cells in each group.
Figiure.4(b) shows the percentage of α-SMA positive cells against the number of total survival
cells in each stress group.
3.3

Immunohistochemical findings for types -I
and -II collagen

Figure.5(a) shows collagen immunoreactivity.
Type-I collagen staining indicates differentiated
cells, however we did not detect extracellular matrix expression of type-I collagen. The type-II collagen staining did not express differentiated cells
nor immunoreactivity ( No figure shows).
The percentage of cells staining positive for type-I
collagen was also measured in each strain group.
Figure.5(b) shows the relationship between mechanical strain and type-I collagen-positive cell
proliferation. Proliferation appeared to depend on
the magnitude of mechanical strain, with the percentage of type-I collagen-positive cells highest in
the 5% strain group and lowest in the 15% group
( ANOVA: p=0.0396<0.05 ).
4

Discussion

Regenerative tissue engineering using stem cells
could provide new and promising medical applications. One disadvantage to this approach, how-
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ever, is the unpredictability of stem cell behaviors inside the recipient. In the case of skin defect
repairs, implanted scaffolds will naturally be under mechanical stress. Severe tissue scar or keloid
formed from the application of stress could result
in significant functional or cosmetic problems. It
is therefore important to understand the response
of stem cells to mechanical stimulation. Li. S. et.
al. have already reported the many studies concerning the effects of mechanical stress on the tissue engineering of vascular smooth muscle cell in
vivo and vitro [12,13]. We have focused on the
mechanical stress on the dermal regeneration and
wound repair by tissue engineering using MSCs.
The type-I collagen-GAG matrix used in the
present study has already shown potential biological functionality as a scaffold for wound repair
in several vitro experiments using MSCs and the
connective tissue cells [14,15]. However, these
studies were performed under static conditions.
The present study is the first report of the behavior of a type-I collagen-GAG matrix under dynamic loading conditions. Regarding the relationship between MSC proliferation and mechanical
stress, the number of surviving cells was lowest
in the high stress (15% strain) condition, suggesting that structural deformation and stress-induced
instability of the scaffold matrix may obstruct cellular adhesion. However, cell density in the nonstress ( 0% strain ) group was lower than in the
5% strain group, probably due to deformation of
the scaffold by cell contraction. These findings
suggest that proliferation of MSCs on scaffolds
under the loading conditions might depend on interactions between the stem cells and the matrix
structure.
Cell–mediated scaffold contraction may be mediated by α-SMA, which is upregulated as an initial response to mechanical stress in MSCs. αSMA is an isoform of contractile actin and colocalizes with stress fibers, suggesting that α-SMA
expression could play an important role in the adhesion, contraction, and migration of stem cells
within the extracellular matrix in vitro [16]. In
the present study, the most α-SMA positive cells
were found in the high mechanical strain group.
Many stem cells in this group exhibited a flattened

Fig-4(a).
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Figure 4: (a) Immunohistological staining for α-smooth muscle actin (α-SMA) (×50). The red-staining
spots reveal the activated α-smooth muscle actin filaments (arrows ); (b) The relationship between number
of α-SMA expressing cells and mechanical stress.
morphology. These findings suggest that α-SMA
expression may reinforce the MSC attachment to
the scaffold surface under unstable dynamic matrix conditions, thereby providing a mechanism
for extensive contraction.
Mechanical stress can also influence the morphology and differentiation of stem cells. In high
mechanical stress group of the present study, the
flattened cells were aligned in the stretching direction. Young et al. similarly reported that
MSCs in the matrix were aligned in the direction of tensile loading [17,18]. Furthermore, Altman et al. reported that the in vitro phenotype of
mesenchymal stem cells stimulated by mechanical stress changed to that of ligament-like cells
after 2 weeks [19]. Imunohisochemistry of the

5% strain group in the present study also suggests
that MSCs might differentiate into other type-I
collagen-producing cells such as a fibroblast in response to mechanical stress. Although the mechanisms of mechanical stress-mediated stem cell
differentiation are not yet clear, the signal for differentiation may be transmitted though the sites
of cell adhesion to the scaffold surface. We speculate that receptors for mechanical stress signals
may exist on the cell surface, resulting in cascades that activate genes responsible for synthesis of the extracellular matrix. However, in the
15% strain group, the number of type-I collagenpositive cells was fewer than in the control group
( 0% strain ). This leads us to speculate that
the dynamically unstable matrix could not trans-

Fig-5(a).
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Figure 5: (a) Immunohistological staining for collagen (×50). Arrows show type-I collagen positive cells.;
(b) The expression rate of type-I collagen positive cells per total proliferated cells.
mit mechanical stress signals sufficient to induce
MSCs to type-I collagen-positive cells. Instead,
the MSCs in the high stress group strongly expressed α-SMA in order to adhere to the matrix surface under the dynamic loading condition
( Fig.6 ).
Type-II collagen was not detected in MSCs in the
present experiment. It is possible that type-II collagen expression relies not only on mechanical
stress, but also on signals from scaffold matrix.
Future studies need to address other interactions
between cells and scaffold matrices that could influence cell differentiation.
According to previous clinical studies, α-SMA

expression is associated with clinical contractile diseases such as Dupuytren’s contracture and
keloidal scarring. In which disease, myofibroblasts is activated from fibroblasts through enhanced production of α-SMA [20-23]. Other
studies using fibroblasts, hepatic cells etc. have
reported that mechanical stress might induce
expression of transforming growth factor-beta
(TGF-ß-1), which is known to be a promoter of
α-SMA expression in fibroblasts [24-26]. In the
present study, high mechanical stress ( 15% strain
) induced extensive α-SMA expression with a
consequent reduction of cell density in the matrix.
The non-stress condition also induced significant

Fig-6.
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Figure 6: The schema of cells’ reaction on scaffolds in each group under the stretching.
cell-mediated contraction through high levels of
α-SMA expression. These findings suggest that
mechanical stress could be an important cosmetic
and functional consideration for wound healing
by regenerative tissue engineering.
The 5% strain group showed higher cell density
and lower α-SMA expression when compared to
the other groups. It also showed the highest rate
of differentiated type-I collagen-expressing cells.
These findings suggest that a proper degree of mechanical stress that does not lead to the deformation of the scaffold matrix or obstruction of cell
adhesion has the potential to promote cell migration and proliferation into the matrix. Previous
clinical reports have already demonstrated that
wound scarring after burns or trauma can be decreased by application of mechanical stress [27].
Lorena et al. suggested that the proper mechanical stress could organize the extracellular matrix
and suppress α-SMA expression in myofibroblasts [28]. Our results show that small stresses
( about 5% strain ) might be proper for successful
epithelium repair. Of course, the data of present
study are limited to simulate the how mechanical
stress can be successful to the complicated clinical plastic surgery and reconstructive surgery for
dermis. However, the concept of the relation be-

tween the adhesion, contraction, and migration of
stem cells within the scaffold matrix and loading
mechanical stress will be contribute to the fabrication of scaffold biomaterials for skin repair.
For the development of clinical dermatology and
dermal surgery by the regenerative tissue engineering, further study regarding of the relation between mechanical stimulation-induced response,
differentiation of stem cell and the regulation of
mechanical stress on stem cells should be necessary in vivo and vitro.
5

Conclusions

In summary, this work explored the initial responses of MSCs seeded and grown in a collagenGAG matrix to stimulation by mechanical stretching. The results suggested that the proliferation
and differentiation of MSCs under a mechanical
loading condition might depend on the interaction between the scaffold matrix structure and adherent MSCs. The interaction may be influenced
by α-SMA expression and downstream morphological changes. Our findings further suggest that
effective proliferation and differentiation can be
achieved by using proper mechanical loading conditions.
These results are important for understanding the
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role of mechanical stimulation on the MSCs for
clinical tissue engineering applications.
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