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Abstract:
Introduction:
We here present our findings on 2 types of feeder layers, one composed of mouse embryonic fibroblasts (MEF) and the second one of mouse
skeletal myoblasts (C2Cl2) feeder cells.
Methods:
The 2 feeder layers present a dramatic variance of intrinsic stiffness (142.68 ± 17.21 KPa and 45.78 ± 9.81 KPa, respectively).
Results and Conclusion:
This information could be used for a better understanding of cells and cell microenvironment mechano-physical characteristics that are influencing
stem cell commitment, in order to develop a suitable engineered tissue for cardiac and skeletal muscle repair and a bio-actuator.
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1. INTRODUCTION
Muscle cells present intrinsic mechanical function, given
by high energy conversion abilities of adenosine triphosphate
(ATP) chemical energy [1, 2]. As other stem cells, they are
able to self-repair and self-renewal [3]. For these peculiar
properties muscle cells and tissues have been proposed as
attractive materials to be use as “bio-actuator”, which is
defined as a motor driven by living materials, i.e. biological
molecules [4], living cells [5] and living tissues [6]. Moreover,
muscle cells appear to be an optimal cell source for bioactuators, because of their mechano-physical properties of
being “soft” [7] and of having a micro-scale size, that
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allows the development of bio-microactuators. Maturation of
muscle stem cells is greatly affected by the extracellular
microenvironment they interact with. As other adult stem cells,
they usually reside in a stem cell niche, where a complex
interplay of biological and physical features maintain their
multipotentiality. Main component of the extracellular context
is the extracellular matrix (ECM). Studies regarding ECM
structural proteins (e.g. fibronectin, laminin, collagen) and
soluble molecules (e.g. hormones, growth factors) have already
been the subject of intense investigation. Because of the hostile
environment that cells encounter when transferred in vitro,
stem cells often require the support of a feeder layer, placed
between culture dishes and cells. Feeder layers are composed
of mitotically inactivated cells that are still able to supplement
the cells seeded on top with beneficial signals, without their
own further growth or division. The most common feeder cells
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currently used are mouse embryonic fibroblasts (MEF) cells.
Other cell types utilized for stem cell culture support are
testicular stromal cells, as JK1, and embryonic mesenchymal
stem cells (10T1/2) [8, 9]. Alternatively, human adult uterine
endometrial cells (hUECs), human adult breast parenchymal
cells (hBPCs), and human embryonic fibroblasts (hEFs) have
also been used as feeder cells [10, 11]. Feeder systems have
been often used in induced pluripotent stem cells (iPSCs) and
embryonic stem cells (ESCs) cell culture [12, 13]. However,
several studies demonstrated that other cell type functionality is
also improved when feeder layers are used to support their
growth. In particular, myoblast growth and differentiation
appeared to be positively regulated by fibroblast substratum
[14], with the metabolites released from cells applied as a
substratum being crucial. We have previously discovered that a
set of genes encoding for the expression of cytokines and
chemokines are upregulated in myoblast feeder layer compared
to fibroblasts feeder layer cells, and that those molecules are
responsible for the stimulation of myogenic differentiation
[15]. However, there is currently no clear understanding of the
entire group of factors involved in the process. Influence of the
extracellular microenvironment, including the impact of its
physical properties, is known to be important for stem cell
commitment [16, 17]. In this regard, ECM physical properties
have been considered as cues affecting or directing cell fate
function. Several studies demonstrated that stem cell adhesion,
growth and differentiation can be regulated by physical
interactions with local ECM [18 - 20]. Among them, substrate
stiffness showed a great influence on stem cell behavior [20,
21] and several groups worked on recreating the specific tissue
mechanical microenvironment in vitro, using both synthetic
and natural materials [22]. In particular, the behavior of muscle
stem cells appeared to be highly sensitive to substrate stiffness
[23 - 25].
A wide range of materials is currently being investigated
with the purpose of recreating an in vitro system able to
decouple the elasticity parameter for studying the direct
influence of mechanical properties on muscle cells. We
previously demonstrated that films composed of a mixture of
2-branched and 4-branched poly-ε-caprolactone (PCL),
showing no variation in substrate nanotopography and having
diverse stiffness values, could affect cardiac and skeletal
muscle cells behavior [26, 27]. In addition, when biologically
related cells (rat skeletal myoblasts) and non-related cells
(mouse embryonic fibroblasts and normal human dermal
fibroblasts) were used as feeder layers in between PCL films
and C2Cl2, a significant difference could be found in the
percentage of differentiated myotubes in the two systems.
These results suggest that different cell types have defined
response to the microenvironment mechanical characteristics
and that those feeder cells have intrinsic elasticity affecting
C2Cl2 myogenesis [27].
The most common technique used to detect cell stiffness is
through the Atomic Force Microscope (AFM). Many studies
have demonstrated the specificity of AFM method to determine
single cell stiffness [28 - 31]. Other methods include tensile
test of cells seeded on gels, micropipette aspiration [32],
optical trap detection [33 - 35] and magnetic twisting
cytometry [36]. We here propose a novel measurement
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technique for the bio-mechanical properties, such as adhesion
force, stiffness and beating force of living materials (cell sheet,
3D tissues and native tissue) for the evaluation of bio-actuators
and for medical application [7, 37]. Peculiarity of this method
is expressed by the ability of measuring the mechanical
property of an integrated multiple group of cells and of the
ECM. In fact, other techniques have already proved that cells
derived from various parts of the body display different
mechanical properties, however, no other stiffness
measurement systems known was able to quantify these
characteristics. In order to confirm our hypothesis of different
feeder layers mechanical properties influencing C2Cl2
myogenic differentiation, we here investigated their
mechanical properties, considering cell sheets developed as
feeder cells layers. Thus, we analyzed the stiffness of the
feeder layers made by two cell types: MEF and C2Cl2.
2. MATERIALS AND METHODS
2.1. Cell Culture
Skeletal myoblasts behavior was studied using mouse cell
line C2Cl2 (CRL-1772; ATTC, Rockville, Maryland, USA).
Mouse embryonic fibroblasts (MEF) were purchased from
Applied stem cell (CF-1 MEF; California, USA). Both cell
types were cultured in Dulbecco's Modified medium with 4.5
g/L Glucose (DMEM; Nacalai Tesque Inc., Kyoto, Japan)
supplemented by 10% Fetal Bovine Serum (FBS; Life
Technologies, Gaithersburg, Maryland, USA) and 1%
penicillin/streptomycin solution at 5000 µg/mL (Invitrogen), in
a condition of 37 °C in 5% CO2. Every 2 days, cells were
treated with 0.25% trypsin/1 mM ethylenediaminetetraacetic
acid (EDTA, Nacalai Tesque Inc.) and transferred to a new
tissue culture polystyrene (TCPS; Iwaki Co., Tokyo, Japan).
When required, C2C12 and MEF were treated with Mitomycin
C.
2.2. Feeder Layer Preparation
C2Cl2 and MEF feeder layers were obtained by treating
confluent cell layers with Mitomycin C. First, C2Cl2 and MEF
were seeded on TCPS with a confluence of 1.0 × 106 cells/cm2
C2Cl2 and 2.0 × 106 cells/cm2, respectively. Different cell
number was used to overcome C2C12 and MEF cell doubling
time difference (12h for MEF versus 24h in C2Cl2 [38, 39].
After 24 h, cells were treated with 10 µg/mL Mitomycin C
(Sigma-Aldrich Co., St. Louis, USA) for 2 h, trypsinized,
resuspended in complete medium and plated for use in 0.1%
gelatin-coated plate (Sigma-Aldrich Co.).
2.3. Measurement of Cell Mechanical Properties: Cell
Sheets Preparation and Tensile Test
C2Cl2 and MEF cells were used to prepare two different
types of cell sheets. First, 60 mm polystyrene dishes coated
with
temperature-responsive
polymer
poly
(Nisopropylacrilamide) (PIPAAm) (UpCell, CellSeed, Tokyo,
Japan), were pre-incubated with 2 mL FBS each. After 6 hours,
FBS was removed and cells detached from normal culture
dishes were seeded on PIPAAm and cultured at 37 °C and in
5% CO2 for 3 days. Because C2C12 doubling time is faster
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than MEF cells (12h for MEF versus 24h in C2C12 [38, 39],
6
the 2 types of cells were seeded at different densities: 1.0 × 10
C2Cl2 cells were seeded for myoblast cell sheet formation, and
2.0 × 106 MEF were plated on PIPAAm, in order to obtain
same cell density. After 3 days, tensile testing was performed
following the procedure previously described [40]. The strain
speed was adjusted to 0.5% per sec (0.1mm/s), instead of 1%
per sec (0.2 mm/s). A lower speed is believed to give less
influence to the measurement of real stiffness value attributed
to the cell sheets, through this methodology [41]. Additionally,
the thickness of cell sheet was assumed as 10 μm.
3. RESULTS
We previously demonstrated that biological related and
non-related feeder cells affected in different ways myogenic
differentiation of C2Cl2 myoblasts seeded on top [27]. We also
showed that feeder layers formed by cells of different or same
species of cells seeded on top, did not influence their ability to
support cell growth [15, 27].
In order to analyze if mechanical properties, such as
stiffness, could differ in feeder layers made by the unrelated
cell types, we first assumed that cells in a feeder layer could be
in a similar condition to cell sheets generated by temperature-
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responsive technology. The assumption was made on the
principle that in both systems, cell proliferation is inhibited. In
case of feeder layer conditions, cell proliferation is obstructed
by a phenomenon known as contact inhibition, where cells
coming in contact with other cells stop proliferating in in vitro
conditions. Contact inhibition is in fact, a powerful anticancer
mechanism of healthy cells that is lost in cancer cells [42]. In
feeder systems, mitotic activity was blocked by the treatment
with 10 µg/mL Mitomycin C. In cells seeded on PIPAAm
temperature-responsive dishes, cell-cell contact and cell
detachment from the substrate before tensile test inhibited cell
ability to grow. Cell morphology of feeder layers and cells
cultured on PIPAAm dishes was compared to confirm our
hypothesis. Both inactivated fibroblasts (Fig. 1A) and in cell
sheet mode (Fig. 1C), showed same cell morphology.
Myoblasts feeder cells treated with Mytomycin C (Fig. 1B) and
seeded on temperature-responsive dishes (Fig. 1D) showed
similar features after three days of culture. Cells that require
feeder systems, such as iPSCs and ESCs, can sense the overall
feeder layer mechanical properties, rather than individual cell
elasticity that compose the feeder layer. In order to measure
such structure, tensile mechanical test was chosen as a method
of measurement over AFM technique, from which single cell
or different parts of cell stiffness can be assessed.

Fig. (1). C2Cl2 and MEF feeder layers. Bright field images of Mytomycin C treated MEF (A) and C2Cl2 (B) and MEF and C2Cl2 cells seeded on
PIPAAM dishes (C and D, respectively), cultured for 3 days. Scale bars: 100 µm.
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Fig. (2). Schematic representation of the experiment. C2Cl2 and MEF cells were seeded on different PIPAAm termperature-responsive dishes (1) and
culture for 3 days at 37 °C and 5% CO2 (2). In order to perform the tensile test, culture dishes were then transferred at RT to allow cells detachment
and formation of C2Cl2 and MEF cell sheets (3).

Thus, feeder cell elastic properties were measured. We
previously successfully developed a tensile testing technique
that permits measurement of cells sheet stiffness, where
detached cell sheets were tested for their tensile mechanical
characteristics. A schematic representation of the adopted
system is given in Fig. (2). In this study, MEF cell sheets and
C2Cl2 cell sheets elasticity were measured through tensile
testing technique, as previously developed (Supp. video 1). In
Fig. (3), force-strain and stress-strain curves of MEF (blue
lines) and C2Cl2 cell sheets (red lines) show the stride by which
each cell sheet was stretched during the tensile test. The
Young’s Modulus values obtained by each experiment were
grouped and average values for MEF cell sheets and C2Cl2
were given (Fig. 4). As expected, when the two cell sheet types
stiffness values were compared between each other, we
observed that MEF cell sheets had higher stiffness values
(142.68 ± 17.21 KPa) as compared to cell sheets made by C2Cl2
(45.78 ± 9.81 KPa).
4. DISCUSSION
Bio-mechanical properties of cells and tissues are
important parameters for their application in the medical field
and the bio-actuator. Endogenous forces produced by cells and
their extracellular matrix (ECM), as well as contacts with
neighboring cells, are believed to influence tissue mechanical
environment and cell fate and function [18, 43].

Fig. (3). Force-strain (A) and stress-strain (B) curves of MEF (blue
lines) and C2Cl2 cell sheets (red lines), showing mechanical properties
of MEF and C2Cl2 feeder layers.
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higher than values obtained by other methods, as AFM
measurements, where skeletal myoblasts appeared to have a
Young’s Modulus of 12-15 KPa and fibroblasts around 17 KPa
[29, 47 - 49]. This result can be explained by the difference
between the 2 measurement methods of tensile test and
indentation measurements (i.e. AFM). Additionally, in our
system, cell sheet fixing before tensile test performance has to
be considered in the measurement force for the initial
cytoskeleton tension and its reorganization [40]. These two
types of forces have not been quantified so far, but clear
differences between mechanical properties of single cells and
cell sheets could be detected when cells were analyzed for their
response to substrate stiffness changes [50, 51].

200

Initial stiffness [kPa]
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Fig. (4). MEF and C2Cl2 Young’s Modulus.

Currently, the most used approach for the evaluation of cell
stiffness is the AFM technique [29, 44]. This system is very
efficient in determining single cells stiffness and elastic
property differences within one cell accurately. The accuracy
of the method resulted in the ability of telling differences in the
local Young’s Modulus within the same cell, depending on the
specific area of the cell where the measurement was performed
[45]. However, this method was not able to give bulk
information about a group of cells considered as one system.
Moreover, even though independent research groups were able
to evaluate cell stiffness, still large discordance in the absolute
stiffness values persists, suggesting that there is no
standardization for cell stiffness evaluation at present. The
method developed from our group allowed us to measure the
Young’s Modulus of a multicellular structure (an artificial
tissue), as a feeder layer or a cell sheet. This method does not
suffer from the bias due to random local measurements and
directly averages the stiffness of the in vitro cell construct [40].
Additionally, rather than giving information on the local
stiffness, this method also considers the contribution of cellcell interaction and the resistance due to the presence of the
extracellular matrix. Furthermore, the peculiarity of performing
tensile test of cells surrounded by culture medium, overcomes
the issue of inaccuracy due to cell tendency to dry, a
phenomenon occurring in other measurement methods [40].
In this study, fibroblasts feeder layers showed a
significantly higher stiffness value as compared to C2C12
feeder cells. Fibroblasts are known to play a critical role in the
formation of scar by massively producing ECM proteins as
collagen, fibronectin and elastins [46], and building a stiff
replacement tissue. This result strengthens our hypothesis that
our method could detect ECM and cell-cell contact influence in
substrate elasticity together with intrinsic single cell
mechanical feature. In fact, it was already demonstrated that
cell sheet mechanics is directed not only by focal adhesion
traction forces but also by the forces transmitted by
intercellular junctions to neighboring cells. On the contrary,
C2C12 myoblasts cells are committed to generate contractile
functional units for muscle tissues and thus need to be highly
compliant. Hence, our findings are in accordance with the
knowledge of in vivo mechanical properties of fibroblasts and
myoblast cells. The stiffness values obtained appeared to be

During the tensile test performed in this study, a difference
in the elastic and plastic deformation of MEF and C2Cl2 cell
sheets could be detected. MEF system showed higher and
faster elastic deformation compared to C2Cl2 after the first 0.02
sec of stretching (Fig. 3).
CONCLUSION
Conditions of muscle cells and tissues like differentiation
represent important parameters for applying these cells to the
medical field and the bio-actuator.
Many studies have already shown that mechanical and
several biological factors are involved in muscle cell
differentiation. In this study, we demonstrated that cells and
their microenvironment biomechanical properties, such as
stiffness, differ significantly among specific cell types. Many
techniques have already been developed for measuring the
mechanical properties of single cells. However, these methods
were not able to give bulk information about a group of cells
considered as one system. Besides, the technique developed by
our group for measuring feeder cell mechanical properties,
performing tensile tests of cell sheets generated by different
cell types, provided additional information in comparison with
other stiffness measurement methods. Fibroblast feeder layers
appeared to have higher stiffness as compared to myoblast
feeder cells. This result could explain our previous study
showing that myoblasts feeder cells could improve myogenic
differentiation of C2Cl2 seeded on top. The molecular basis of
the mechanotransduction process leading to these results,
meaning how mechanical properties are converted to
biochemical signals during these co-culture experiments, are
still unclear and further investigations are required.
AUTHOR'S CONTRIBUTION
S.R., K.U., K.M. and A.T. conceived and designed the
experiments; S.R. and K.U. performed the experiments; S.R.
and K.U. analyzed the data; A.T. and G.F contributed to the
interpretation of the results and supervised the findings of this
work. S.R. and K.U. wrote the initial draft of the manuscript
and all authors have contributed to data interpretation and
approved the final version of the manuscript.
NOTES ON CONTRIBUTORS
Sara Romanazzo obtained both BS and a MS in Molecular
and Cellular Biology at University of Rome Tor Vergata
(Rome, Italy) in 2011. She completed a PhD in Nanoscience
and Nanoengineering at Waseda University (Tokyo, Japan) in
2015 and subsequently started a postdoctoral position in a joint

Measurement of the Bio-Mechanical Properties

The Open Biotechnology Journal, 2021, Volume 15 17

program between the Trinity Centre for Bioengineering, Trinity
College Dublin (Ireland) and The Royal College of Surgeons in
Ireland. From 2018 she is a postdoctoral researcher at the
University of New South Wales, Australia, where her research
is focused on bone and vascular tissue engineering, including
3D printing techniques for tissue regenerative therapies.
Kaoru Uesugi received his BS degree in electronic
engineering from Shibaura Institute of Technology, Tokyo,
Japan, in 2008. He received his MS degree in Mechanical
Systems Engineering from Tokyo University of Agriculture
and Technology, Tokyo, Japan, in 2010. He also received his
PhD in Mechanical Engineering from Osaka University,
Osaka, Japan, in 2014. He is currently a research assistant
professor of Osaka University. His current research interests
include biomedical sensors and transducers, bio-MEMS,
biomechanics and mechanobiology
Akiyoshi Taniguchi obtained his PhD at Toho University,
Japan in 1999. He is currently professor at the Graduate school
of advanced science and engineering at Waseda University,
Tokyo, Japan and leader of the “Cell-Materials interaction”
group at the National Institute for Materials Science.
Giancarlo Forte obtained his MS in Molecular and
Cellular Biology (2000) and his PhD in Experimental
Pathophysiology (2005) at the Medical School of the
University of Rome Tor Vergata, Rome, Italy. He was then
postdoctoral fellow at the Italian Institute for Cardiovascular
Research (INRC), and senior researcher at the National
Institute for Materials Science, Tsukuba, Japan from 2010.
From 2014, he is group leader at the Center for Translational
Medicine (CTM), and vice-chair of the International Clinical
Research Center (ICRC) of St. Anne’s University Hospital,
Brno, Czech Republic.
Keisuke Morishima received his BS, MS and PhD from
Nagoya University, Aichi, Japan, in 1993, 1995, and 1998
respectively. From 2005, he was an associate professor at
Tokyo University of Agriculture and Technology, Tokyo,
Japan. From 2012, he is currently a professor at Osaka
University, Osaka, Japan. His current research interests include
bioMEMS, bioactuator, and biomedical wet robotics.
ETHICS
APPROVAL
PARTICIPATE

AND

CONSENT

TO

Not applicable.

CONFLICT OF INTEREST
The authors declare no conflict of interest, financial or
otherwise.
ACKNOWLEDGEMENTS
Declared none.
REFERENCES
[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

HUMAN AND ANIMAL RIGHTS
No animals/humans were used for studies that are the basis
of this research.
CONSENT FOR PUBLICATION
Not applicable.

[13]

[14]

AVAILABILITY OF DATA AND MATERIALS
Not applicable.

[15]

FUNDING
The present work was partly supported by the European
Regional Development Fund - Project FNUSA-ICRC (No.
CZ.1.05/1.1.00/02.0123) to Giancarlo Forte.

[16]

[17]

Carlsen RW, Sitti M. Bio-hybrid cell-based actuators for
microsystems. Small 2014; 10(19): 3831-51.
[http://dx.doi.org/10.1002/smll.201400384] [PMID: 24895215]
Wang W, Duan W, Ahmed S, Mallouk TE, Sen A. Small power :
Autonomous nano- and micromotors propelled by self-generated
gradients. Nano Today 2013; 8: 531-54.
[http://dx.doi.org/10.1016/j.nantod.2013.08.009]
Bach AD, Beier JP, Stern-Staeter J, Horch RE. Skeletal muscle tissue
engineering. J Cell Mol Med 2004; 8(4): 413-22.
[http://dx.doi.org/10.1111/j.1582-4934.2004.tb00466.x]
[PMID:
15601570]
Wang Y, Hiratsuka Y, Nitta T, Uesugi K, Morishima K. MicroAssembly Using Optically Patterned Molecular-Motor-Powered
Artificial Muscles. Proc IEEE Int Conf Micro Electro Mech Syst.
573-5.
[http://dx.doi.org/10.1109/MEMSYS.2019.8870768]
Tanaka Y, Morishima K, Shimizu T, et al. Demonstration of a PDMSbased bio-microactuator using cultured cardiomyocytes to drive
polymer micropillars. Lab Chip 2006; 6(2): 230-5.
[http://dx.doi.org/10.1039/b512099c] [PMID: 16450032]
Akiyama Y, Hoshino T, Iwabuchi K, Morishima K. Room temperature
operable autonomously moving bio-microrobot powered by insect
dorsal vessel tissue. PLoS One 2012; 7(7): e38274.
[http://dx.doi.org/10.1371/journal.pone.0038274] [PMID: 22808004]
Uesugi K, Shimizu K, Akiyama Y, Hoshino T, Iwabuchi K,
Morishima K. Contractile Performance and Controllability of Insect
Muscle-Powered Bioactuator. Soft Robot 2016; 3: 13-22.
[http://dx.doi.org/10.1089/soro.2015.0014]
Kim J, Seandel M, Falciatori I, Wen D, Rafii S. CD34+ testicular
stromal cells support long-term expansion of embryonic and adult
stem and progenitor cells. Stem Cells 2008; 26(10): 2516-22.
[http://dx.doi.org/10.1634/stemcells.2008-0379] [PMID: 18669907]
Ishigaki T, Sudo K, Hiroyama T, et al. Human hematopoietic stem
cells can survive in vitro for several months. Adv Hematol 2009; 2009:
936761.
[http://dx.doi.org/10.1155/2009/936761] [PMID: 19960048]
Lee JB, Song JM, Lee JE, et al. Available human feeder cells for the
maintenance of human embryonic stem cells. Reproduction 2004;
128(6): 727-35.
[http://dx.doi.org/10.1530/rep.1.00415] [PMID: 15579590]
Rao BM, Zandstra PW. Culture development for human embryonic
stem cell propagation: molecular aspects and challenges. Curr Opin
Biotechnol 2005; 16(5): 568-76.
[http://dx.doi.org/10.1016/j.copbio.2005.08.001] [PMID: 16099157]
Hovatta O, Mikkola M, Gertow K, et al. A culture system using
human foreskin fibroblasts as feeder cells allows production of human
embryonic stem cells. Hum Reprod 2003; 18(7): 1404-9.
[http://dx.doi.org/10.1093/humrep/deg290] [PMID: 12832363]
Takahashi K, Yamanaka S. Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell
2006; 126(4): 663-76.
[http://dx.doi.org/10.1016/j.cell.2006.07.024] [PMID: 16904174]
Cooper ST, Maxwell AL, Kizana E, et al. C2C12 co-culture on a
fibroblast substratum enables sustained survival of contractile, highly
differentiated myotubes with peripheral nuclei and adult fast myosin
expression. Cell Motil Cytoskeleton 2004; 58(3): 200-11.
[http://dx.doi.org/10.1002/cm.20010] [PMID: 15146538]
Romanazzo S, Forte G, Morishima K, Taniguchi A. IL-12
involvement in myogenic differentiation of C2C12 in vitro. Biomater
Sci 2015; 3(3): 469-79.
[http://dx.doi.org/10.1039/C4BM00315B] [PMID: 26222290]
Watt FM, Hogan BLM. Out of eden: Stem cells and their niches.
Science (80) 2000; 287: 1427-30.
[http://dx.doi.org/10.1126/science.287.5457.1427]
Votteler M, Kluger PJ, Walles H, Schenke-Layland K. Stem cell

18 The Open Biotechnology Journal, 2021, Volume 15

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]
[33]

[34]

microenvironments--unveiling the secret of how stem cell fate is
defined. Macromol Biosci 2010; 10(11): 1302-15.
[http://dx.doi.org/10.1002/mabi.201000102] [PMID: 20715131]
Guilak F, Cohen DM, Estes BT, Gimble JM, Liedtke W, Chen CS.
Control of stem cell fate by physical interactions with the extracellular
matrix. Cell Stem Cell 2009; 5(1): 17-26.
[http://dx.doi.org/10.1016/j.stem.2009.06.016] [PMID: 19570510]
Kshitiz , Park J, Kim P, et al. Control of stem cell fate and function by
engineering physical microenvironments. Integr Biol 2012; 4(9):
1008-18.
[http://dx.doi.org/10.1039/c2ib20080e] [PMID: 23077731]
Reilly GC, Engler AJ. Intrinsic extracellular matrix properties regulate
stem cell differentiation. J Biomech 2010; 43(1): 55-62.
[http://dx.doi.org/10.1016/j.jbiomech.2009.09.009] [PMID: 19800626]
Engler AJ, Sen S, Sweeney HL, Discher DE. Matrix elasticity directs
stem cell lineage specification. Cell 2006; 126(4): 677-89.
[http://dx.doi.org/10.1016/j.cell.2006.06.044] [PMID: 16923388]
Fisher MB, Mauck RL. Tissue engineering and regenerative medicine:
Recent innovations and the transition to translation. Tissue Eng Part B
Rev 2013; 19(1): 1-13.
[http://dx.doi.org/10.1089/ten.teb.2012.0723] [PMID: 23253031]
McCullen SD, Haslauer CM, Loboa EG. Musculoskeletal
mechanobiology: Interpretation by external force and engineered
substratum. J Biomech 2010; 43(1): 119-27.
[http://dx.doi.org/10.1016/j.jbiomech.2009.09.017] [PMID: 19815216]
Engler AJ, Griffin MA, Sen S, Bönnemann CG, Sweeney HL, Discher
DE. Myotubes differentiate optimally on substrates with tissue-like
stiffness: pathological implications for soft or stiff microenvironments.
J Cell Biol 2004; 166(6): 877-87.
[http://dx.doi.org/10.1083/jcb.200405004] [PMID: 15364962]
Burkholder TJ. Mechanotransduction in skeletal muscle. Front Biosci
2007; 12: 174-91.
[http://dx.doi.org/10.2741/2057] [PMID: 17127292]
Forte G, Pagliari S, Ebara M, et al. Substrate stiffness modulates gene
expression and phenotype in neonatal cardiomyocytes in vitro. Tissue
Eng Part A 2012; 18(17-18): 1837-48.
[http://dx.doi.org/10.1089/ten.tea.2011.0707] [PMID: 22519549]
Romanazzo S, Forte G, Ebara M, et al. Substrate stiffness affects
skeletal myoblast differentiation in vitro. Sci Technol Adv Mater
2012; 13(6): 064211.
[http://dx.doi.org/10.1088/1468-6996/13/6/064211]
[PMID:
27877538]
Mitrossilis D, Fouchard J, Pereira D, et al. Real-time single-cell
response to stiffness. Proc Natl Acad Sci USA 2010; 107(38):
16518-23.
[http://dx.doi.org/10.1073/pnas.1007940107] [PMID: 20823257]
Kuznetsova TG, Starodubtseva MN, Yegorenkov NI, Chizhik SA,
Zhdanov RI. Atomic force microscopy probing of cell elasticity.
Micron 2007; 38(8): 824-33.
[http://dx.doi.org/10.1016/j.micron.2007.06.011] [PMID: 17709250]
Radotić K, Roduit C, Simonović J, et al. Atomic force microscopy
stiffness tomography on living Arabidopsis thaliana cells reveals the
mechanical properties of surface and deep cell-wall layers during
growth. Biophys J 2012; 103(3): 386-94.
[http://dx.doi.org/10.1016/j.bpj.2012.06.046] [PMID: 22947854]
Weisenhorn AL, Khorsandi M, Kasas S, Gotzos V, Butt H-J.
Deformation and height anomaly of soft surfaces studied with an
AFM. Nanotechnology 1993; 4: 106.
[http://dx.doi.org/10.1088/0957-4484/4/2/006]
Mitchison JM, Swann MM. The Mechanical Properties of the Cell
Surface: I. The Cell Elastimeter. J Exp Biol 1954; 31: 443-60.
Hénon S, Lenormand G, Richert A, Gallet F. A new determination of
the shear modulus of the human erythrocyte membrane using optical
tweezers. Biophys J 1999; 76(2): 1145-51.
[http://dx.doi.org/10.1016/S0006-3495(99)77279-6] [PMID: 9916046]
Dy M-C, Kanaya S, Sugiura T. Localized cell stiffness measurement
using axial movement of an optically trapped microparticle. J Biomed

Romanazzo et al.

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

[48]

[49]

[50]

[51]

Opt 2013; 18(11): 111411.
[http://dx.doi.org/10.1117/1.JBO.18.11.111411] [PMID: 23934015]
Zhou ZL, Hui TH, Tang B, Ngan AHW. Accurate measurement of
stiffness of leukemia cells and leukocytes using an optical trap by a
rate-jump method. RSC Advances 2014; 4: 8453-60.
[http://dx.doi.org/10.1039/c3ra45835k]
Lim CT, Zhou EH, Quek ST. Mechanical models for living cells--a
review. J Biomech 2006; 39(2): 195-216.
[http://dx.doi.org/10.1016/j.jbiomech.2004.12.008] [PMID: 16321622]
Uesugi K, Shima F, Fukumoto K, et al. Micro vacuum chuck and
tensile test system for bio-mechanical evaluation of 3D tissue
constructed of human induced pluripotent stem cell-derived
cardiomyocytes (hiPS-CM). Micromachines 2019; 10: 0487.
[http://dx.doi.org/10.3390/mi10070487]
Elizondo G, Fernandez-Salguero P, Sheikh MS, et al. Altered cell
cycle control at the G(2)/M phases in aryl hydrocarbon receptor-null
embryo fibroblast. Mol Pharmacol 2000; 57(5): 1056-63.
[PMID: 10779392]
Robey TE, Saiget MK, Reinecke H, Murry CE. Systems approaches to
preventing transplanted cell death in cardiac repair. J Mol Cell Cardiol
2008; 45(4): 567-81.
[http://dx.doi.org/10.1016/j.yjmcc.2008.03.009] [PMID: 18466917]
Uesugi K, Akiyama Y, Hoshino T, et al. Measuring mechanical
properties of cell sheets by a tensile test using a self-attachable fixture.
J Robot Mechatronics 2013; 25: 603-10.
[http://dx.doi.org/10.20965/jrm.2013.p0603]
Roeder BA, Kokini K, Sturgis JE, Robinson JP, Voytik-Harbin SL.
Tensile mechanical properties of three-dimensional type I collagen
extracellular matrices with varied microstructure. J Biomech Eng
2002; 124(2): 214-22.
[http://dx.doi.org/10.1115/1.1449904] [PMID: 12002131]
Seluanov A, Hine C, Azpurua J, et al. Hypersensitivity to contact
inhibition provides a clue to cancer resistance of naked mole-rat. Proc
Natl Acad Sci USA 2009; 106(46): 19352-7.
[http://dx.doi.org/10.1073/pnas.0905252106] [PMID: 19858485]
Votteler M, Kluger PJ, Walles H, Schenke-Layland K. Stem cell
microenvironments--unveiling the secret of how stem cell fate is
defined. Macromol Biosci 2010; 10(11): 1302-15.
[http://dx.doi.org/10.1002/mabi.201000102] [PMID: 20715131]
Thomas G, Burnham NA, Camesano TA, Wen Q. Measuring the
Mechanical Properties of Living Cells Using Atomic Force
Microscopy. 2013; p. e50497.
[http://dx.doi.org/10.3791/50497]
Ofeka G, Natol RM, Athanasiou KA. In situ Mechanical Properties of
the Chondrocyte Cytoplasm and Nucleus. 2009; 42: pp. 873-7.
Deb A, Ubil E. Cardiac fibroblast in development and wound healing.
J Mol Cell Cardiol 2014; 70: 47-55.
[http://dx.doi.org/10.1016/j.yjmcc.2014.02.017] [PMID: 24625635]
Collinsworth AM, Zhang S, Kraus WE, Truskey GA. Apparent elastic
modulus and hysteresis of skeletal muscle cells throughout
differentiation. Am J Physiol Cell Physiol 2002; 283(4): C1219-27.
[http://dx.doi.org/10.1152/ajpcell.00502.2001] [PMID: 12225985]
Solon J, Levental I, Sengupta K, Georges PC, Janmey PA. Fibroblast
adaptation and stiffness matching to soft elastic substrates. Biophys J
2007; 93(12): 4453-61.
[http://dx.doi.org/10.1529/biophysj.106.101386] [PMID: 18045965]
Chiron S, Tomczak C, Duperray A, et al. Complex interactions
between human myoblasts and the surrounding 3D fibrin-based
matrix. PLoS One 2012; 7(4): e36173.
[http://dx.doi.org/10.1371/journal.pone.0036173] [PMID: 22558372]
Yeung T, Georges PC, Flanagan LA, et al. Effects of substrate
stiffness on cell morphology, cytoskeletal structure, and adhesion. Cell
Motil Cytoskeleton 2005; 60(1): 24-34.
[http://dx.doi.org/10.1002/cm.20041] [PMID: 15573414]
Miquelard-Garnier G, Zimberlin JA, Sikora CB, Wadsworth P, Crosby
A. Polymer microlenses for quantifying cell sheet mechanics. Soft
Matter 2010; 6(2): 398-403.
[http://dx.doi.org/10.1039/B916385A] [PMID: 20445765]

© 2021 Romanazzo et al.
This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: (https://creativecommons.org/licenses/by/4.0/legalcode). This license permits unrestricted use, distribution, and reproduction in any medium, provided
the original author and source are credited.

