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Abstract—Deep tissue injury (DTI) is a life-threatening type
of pressure ulcer which initiates subdermally with muscle
necrosis at weight-bearing anatomical locations, where
localized elevated tissue strains exist. Though it has been
suggested that excessive sustained soft tissue strains might
compromise cell viability, which then initiates the DTI, there
is no experimental evidence to describe how specifically such
a process might take place. Here, we experimentally test the
hypothesis that macroscopic tissue deformations translated
to cell-level deformations and in particular, to localized
tensile strains in the plasma membrane (PM) of cells, increase
the permeability of the PM which could disrupt vital
transport processes. In order to determine whether PM
permeability changes can occur due to static stretching of
cells we measured the uptake of fluorescein isothiocyanate
(FITC)-labeled Dextran (molecular weight = 4 kDa) by
deformed vs. undeformed myoblasts, using a fluorescence-
activated cell sorting (FACS) method. These PM permeabil-
ity changes were then correlated with tensile strains in the
PM which correspond to the levels of substrate tensile strain
(STS) that were applied in the experiments. The PM strains
were evaluated by means of confocal-microscopy-based cell-
specific finite element (FE) modeling. The FACS studies
demonstrated a statistically significant rise in the uptake of
the FITC-labeled Dextran with increasing STS levels in the
STS £ 12% domain, which thereby indicates a rise in the
permeability of the PM of the myoblasts with the extent of
the applied cellular deformation. The cell-specific FE mod-
eling simulating the experiments further demonstrated that
applying average PM tensile strains which exceed 3%, or,
applying peak PM tensile strains over 9%, substantially
increases the permeability of the PM of myoblasts to the
Dextran. Moreover, the permeability of the PM grew rapidly
with any further increase in PM strains, though there were no
significant changes in the uptake above average and peak PM
tensile strain values of 9 and 26%, respectively. These results
provide an experimental basis for studying the theory
that cell-level deformation–diffusion relationships may be
involved in determining the tolerance of soft tissues to
sustained mechanical loading, as relevant to the etiology of
DTI.
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ABBREVIATIONS

CSD Cell stretching device
DTI Deep tissue injury
FACS Fluorescence-activated cell sorting
FITC Fluorescein isothiocyanate
FE Finite element
GM Growth medium
PM Plasma membrane
SED Strain energy density
STS Substrate tensile strain
3D Three-dimensional

INTRODUCTION

Deep tissue injury (DTI) is a life-threatening type of
pressure ulcer which initiates with muscle necrosis near
a bone–muscle interface and may proceed to spread
superficially towards the skin, where it visually debuts
in the form of purple or black marks.1,3,7–9,21,27,44 It is
evident that sustained soft tissue deformations play a
key role in the etiology of DTI.15,45 It has further been
shown, by means of MRI and patient-specific finite
element (FE) modeling, that populations that are
known to be at risk for DTI, such as patients with
spinal cord injury or post-limb amputation, do exhibit
elevated soft tissue strains, particularly large tension
strains in skeletal muscle and fat tissues in the sus-
ceptible weight-bearing sites.28,35 Moreover, other FE
studies showed that even pure compressive loads
delivered at a continuum scale to soft tissues will cause
tensional strains at a cell-scale.40 Hence, studying cel-
lular function under sustained static stretching in living
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model systems is particularly relevant to understanding
the etiology of DTI.

Using in vitro or computer models, it has been
suggested by several groups that in individuals with
impaired motosensory capacities, the elevated soft
tissue strains around bony prominences in the weight-
bearing anatomical locations interrupt with normal
cell function and eventually lead to cell death.14,18,41

However, experimental evidence for specific cell-scale
mechanisms that could cause DTIs is still missing in
the literature. In a previous paper, we proposed how
macroscopic sustained soft tissue deformations might
compromise cell viability, through excessive stretching
of the plasma membrane (PM) of the deformed cells
which increases PM permeability beyond physiological
limits and hence, disrupts normal transport through
the PM.41 If soft tissue loads are relieved intermit-
tently, as in a healthy person who frequently moves
while sitting or lying, such temporary PM permeability
changes do not produce any clinical symptoms, since
the time constants for substantial, detrimental diffu-
sion of biomolecules from the extracellular matrix into
the cells or from the cells outwards are longer than the
intervals between postural changes. If a person stati-
cally maintains his posture for hours, however, as in
the case of bedridden or chairfast patients, there is
sufficient time for biomolecules that diffuse in a non-
controlled manner to build up cytotoxic concentra-
tions intracellularly, or, critical substances may escape
the cytosol. This deformation–diffusion mechanism of
loss of homeostasis eventually causes cell death, which
may later on involve apoptotic reactions as well.41

Some supporting evidence for the potential influ-
ence of mechanical loads on PM permeability exists in
the neurotrauma literature, where several authors
reported altered transport through the PM of cultured
neurons after subjecting the cells to loading pro-
files such as instantaneous stretch,19,20,42 fluid shear
stress,24,25,36 or impact compression.29 Additional
studies consistently provided evidence for mechanically
induced PM permeability disruptions in cells subjected
to mechanical stress levels exceeding critical thresh-
olds, such as in aortic endothelial cells17,50 and
cardiomyocytes,23 as well as in alveolar epithelial cells
subjected to cyclic stretches.13,16 Skeletal muscle tissue
was the focus of several other studies, investigating
stretch-induced muscle damage due to eccentric con-
tractions, particularly in the presence of muscle dys-
trophies.2,5,31,47 In this case, the cell-level injury was
also proposed to be caused by dynamic stretching of
the PM, as demonstrated experimentally in isolated
myotubes.11,37 Nevertheless, the effect of cell-scale
static stretching on the permeability of the PM, par-
ticularly in the context of the etiology of DTI, has not
yet been investigated. Based on the literature reviewed

above, we hypothesize that much like dynamic stretch,
static sustained cell deformations, as well, are able to
increase the PM permeability.

In the present study, we therefore aimed at deter-
mining, for the first time, whether and at which PM
strain levels does static sustained stretching of skeletal
muscle cells (myoblasts), deformed to a physiological
extent,28,35 is able to increase the permeability of the
PM.

METHODS

In order to determine whether PM permeability
changes occur due to static stretching of the cells,
delivered through stretching of the culture substrata,
we measured the uptake of fluorescein isothiocyanate
(FITC)-labeled Dextran by the deformed vs. unde-
formed cells, using a fluorescence-activated cell sorting
(FACS) method. These PM permeability changes were
then correlated with tensile strains in the PM which
correspond to the applied levels of substrate stretching.
The PM strains were evaluated by means of confocal-
microscopy-based three-dimensional (3D) cell-specific
FE modeling.33,38,40 The experimental and modeling
procedures are described in detail below.

PM Permeability Studies

Cell Stretching Device

Cells were cultured in six-well culture plates (Bio-
Flex collagen-coated culture plate, Flexcell Inc., NC,
USA). The bottom of each well had a 31-mm diameter,
0.51-mm thick flexible, transparent, and collagen-
coated culturing substrate, for which we measured
the tensile mechanical properties pre-trials using a
uniaxial material testing machine (Instron 5544, High
Wycombe, UK). We found that at a deformation rate
of 5 mm/min the substrate was linearly elastic up to
strains of 18% (three repetitions).

A custom-designed cell stretching device (CSD)
was built to function in an incubator at standard
culturing conditions (temperature of 37 �C, 5% CO2,
and humidity of 90%). To fit in the incubator, the
dimensions of the CSD were 20 9 11 9 6 cm and all
parts were made of stainless steel 303, excluding the
bottom frame which was made of polycarbonate. The
CSD allowed to induce controlled radial stretching of
the substrata at any desired well (Fig. 1). For this
purpose, the six-well culture plate was placed between
two rigid frames (Figs. 1a, 1b). Two screws, located
at each frame side, allowed the two frames to be
brought together gradually at a parallel configuration
(Figs. 1a, 1b), which caused controlled stretching of
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substrata in selected wells over Teflon rings posi-
tioned underneath the culture plate (Fig. 1c). Four
rigid spacers, placed between the frames (Fig. 1a),
determined the final distance between the frames. This
enabled adequate control over the extent of substrate
tensile strains (STSs) following a pre-trial calibration
procedure.

To calibrate the STS levels with respect to the dis-
tance between the frames of the CSD we marked three
ink dots at the center of the substrate and took a series
of digital photographs of these marks, first at the

undeformed state, and then while gradually lowering
the top frame using the screws of the CSD (Fig. 1).
Specifically, we lowered the top frame to a distance d
from the bottom frame, with d ranging between 1.51 and
0.83 cm at intervals of 0.08 cm (n = 5 repetitions per
each d value). The finite strain theory was then used in
order to calculate the three Eulerian strain components:
the circumferential strain (Ecc); the radial strain (Err);
and the shear strain (Erc), for each distance between the
frames, by means of image processing of the acquired
photographs (MATLAB, MathWorks Inc.).6,26,43

FIGURE 1. The cell stretching device (CSD): (a) The CSD when disassembled. (b) The assembled CSD with the right frame
showing cells cultured at the central region of the substrate. (c) The principle of stretching the elastic substrata over Teflon rings
that are pushing beneath the substrata. (d) The rings used to restrict cell growth to the central region of the substrata.
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To verify an equiaxial strain state in the stretched
substrata (Ecc = Err, Erc � 0) we further ran a two-
factor analysis of variance (ANOVA) for the factors of
strain component and distance between the frames d,
based on which we calculated the effective tensile strain
in the substrata, STS, as the average of Ecc and Err per
each d.

Taking together the design constrains of the CSD,
the linear elastic domain of the substrate material and
the procedure of calibration of the CSD, it was indi-
cated that the STS could be well controlled within a
range of 0–12%, at intervals of 3%.

Experimental Design

Undifferentiated C2C12 myoblasts from a murine
source (cell line #CRL1722, ATCC, VA, USA) were
used in all the experimental procedures reported
herein. Cells were maintained undifferentiated in a
growth medium (GM) containing Dulbecco’s Modified
Eagle’s medium (with 4.5 g/L glucose, Biological
Industries, Beit-Haemek, Israel), 13% fetal bovine
serum (Biological Industries), 2 mM L-glutamine
(Biological Industries), 0.8% non-essential amino acids
(Biological Industries), 1.67% HEPES (Biological
Industries), and 50 mg/mL Gentamycin (Biological
Industries). Cells were incubated at 37 �C, 5% CO2

and 90% humidity, and were passaged every 3–4 days
upon reaching a confluency of ~80%.1 The cells used
for all experiments were always younger than passage
#10. The pH in the media of the cultures, measured
using a digital pH meter, was consistently 7.6.

One day prior to stretching, cells were trypsinized and
8 9 104 cells were seeded in each well of the six-well
culture plate. Cells in each well were incubated in
1.2 mL of GM. Cell growth was restricted to the central
area of the substrate in each well, where the strain field is
uniform (see later description of the computational
simulations of the experiments). The restriction of cul-
ture growth was achieved by placing a custom-made
stainless steel 303 ring (inner radius = 13.5 mm) inside
each well (Fig. 1d). Rings were also placed below the
wells (Fig. 1d) to counteract with the weight of the top
rings, so that nomechanical loading was delivered to the
cells (by the self-weight of the top rings) at this stage of
the experiments. When a confluency of ~80% was
achieved in the regions where cultures were allowed to
develop (~24 h post-seeding) (see Footnote 1), the
restricting rings were removed, and cultures were rinsed
with PBS. The culture plate was then immediately
placed in the CSD and static stretch levels of 3, 6, 9, or

12%were set for three of the wells. The other three wells
were used as non-stretched controls. Cells in all wells
were incubated in 5.5 mL GM supplemented with
FITC-labeled Dextran (average molecular weight =

4 kDa) (Sigma-Aldrich, Israel) at a concentration of
1024 M20 for a duration of 3 h. Following this incuba-
tion period, substrate stretching was terminated and
cells in all wells were kept in their media for additional
10 min as indicated by Geddes and colleagues,19 who
found that in neurons, some stretch-induced PM per-
meability changes could be repaired 10 min post-deliv-
ery of an impact stretch. Cells were then rinsed twice
with PBS to remove any extracellular residues of the
fluorescent dye, and were then trypsinized and sus-
pended in GM to inhibit the trypsin activity. Next, cells
were centrifuged and suspended in 400 lL PBS within
flow tubes, which were fed into the FACS analyzer
(BDbiosciences, NJ, USA) for determination of the
intensity of cell fluorescence. Approximately 5000 cells
were scanned per sample using the fluorescence channel
(excitation laser 488 nm/em) of the FACS system. The
percentage change in fluorescence intensity readings
from the stretched cells with respect to readings from the
non-stretched controls (from the same trial) was calcu-
lated using the Cell Quest software (BDbiosciences). All
calculations were corrected for the natural auto-fluo-
rescence of the cells, which was determined through
concurrent cultures incubated in GM only.

For the above studies, we subjected three culture
triplicates (i.e., n = 9) to each STS level. We used a
one-factor ANOVA for the factor of the STS level to
compare the PM permeability data (quantified by the
% change in FITC-Dextran uptake) across the exper-
imental STS conditions. Tukey multiple pairwise
comparison tests were used post hoc for comparing the
permeability data across STS conditions. A p value
lower than 0.05 was considered statistically significant.

We further conducted confocal microscopy studies
(Zeiss LSM-510) for visual verification of increased
uptake of FITC-labeled Dextran by the stretched cells,
where such was detected by the FACS. For this
purpose, after conducting the FACS experiments
described above, the elastic substrata with the attached
cells were gently cut from the stretched as well as from
the control wells in preparation for dual morphological
fluorescent staining—on top of the incubation with the
FITC-labeled Dextran—as follows. Cells were first
fixed using 4% paraformaldehyde, and then stained
with Rhodamine-labeled Phalloidin (Sigma) to show
actin stress fibers. Next, samples were mounted on
microscope glass slides using mounting medium
fortified with 4¢-6-diamidino-2-phenylindole (DAPI)
(UltraCruz) to further stain the nuclei of the cells. All
confocal images were captured at an objective lens
magnification of 409.

1 We did not allow cultures to become more confluent than ~ 80% to

avoid spontaneous differentiation of myoblasts into myotubes/

myofibers.
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Simulations of the PM Permeability Studies to Evaluate
Corresponding PM Strains

In order to evaluate the tensile strains in the PM as
function of the STS levels that were applied in the
experimental PM permeability studies we used cell-
specific FE modeling.33,38,40 To allow for variability in
PM strains to be estimated as well, we used 3D models
of five different randomly selected C2C12 myo-
blasts. The cell-specific FE modeling methodology is
described in detail in the aforementioned publications,
and hence, here we review it briefly, for completeness.
First, cells which were cultured as described in the
previous section were fixed using paraformaldehyde
and stained with FITC-labeled Phalloidin (Sigma-
Aldrich, Israel). Then, cells were scanned using a
confocal microscope (Zeiss LSM-510 microscope) at
0.4 lm intervals along the z-axis, using a 1009 mag-
nification lens with a numerical aperture of 1.4 and a
pinhole size of 154 lm. Next, the resulted z-stack
images were imported to a solid modeling software
(SolidWorks 2009, Dassault Systèmes, MA, USA)
where contours of the PM and nucleus envelope were
delineated at each plane, and per each cell. These
contours were lofted to create 3D surfaces describing
the cell-specific geometry of each modeled cell. The
main geometrical characteristics of each modeled cell
are reported in Table 1. The 3D geometry of each cell
was then exported to an FE modeling software
(ABAQUS version 6.9FE, SIMULIA, RI, USA) for
structural, large deformation analyses that will simu-
late the loading conditions induced in the cells by the
CSD. In the FE software, a 10-nm-thick PM was
defined for each cell, as the envelope of the cell struc-
ture. An elastic substrate was further modeled
(separately for each cell), consistent with the experi-
mental configuration (Fig. 2). Modeled cells were lo-
cated at a random position on their substrata but
within a distance of 2/3 the radius of the substrate, as
measured from the center of the substrate outwards, to

avoid any non-uniformities in the substrate strain field
that are associated with boundary effects (see Fig. 2b).

The PM, cytoplasm, and nucleus were all assumed
to be isotropic compressible materials that obey the
following Neo-Hookean strain energy density (SED)
function4,10,33,34,38,40:

SED ¼ 1

2
k J

1=2
3 � 1

� �2
þ 1

2
G J1 � 3J

1=3
3

� �
ð1Þ

where J1 = tr(B) and J3 = det(B) are the first and third
invariants of the Finger tensor B, respectively, and k, G
are the effective bulk and shear moduli of each cell
component. The effective shear moduli assigned to the
PM, cytoplasm, and nucleus were adopted from
the literature, and were 2.5 kPa,22 1.4 kPa,40 and
2.75 kPa,12 respectively. Poisson’s ratios were taken as
0.45 for all the aforementioned cellular compo-
nents.38,40,41

All cell models were meshed automatically in
ABAQUS using the element type M3D6 for the PM
and type C3D10M for the cytoplasm and nucleus. The
substrate was meshed using the element type C3D15.
Numbers of elements ranged between 5024–6112,
20285–30506, 3348–7820 and 15811–16156 for the PM,
cytoplasm, nucleus and substrate, respectively, across
the different cell models. All material interactions,
contact conditions, constraints, and other boundary
conditions that applied herein were the same as
described in our previous publication concerning cell
stretching simulations using cell-specific FE model-
ing.38 By quasi-statically displacing the perimeter of
the substrate at the radial direction, as occurring in the
CSD (Fig. 1c), we were able to analyze the strain dis-
tributions in the PM of the individual cell models
(Figs. 2, 3). We specifically calculated the average and
peak tensile strains occurring in the PM and the area
dilatation of the PM for each modeled cell, and the
descriptive statistics for these values across all cell
models (means and standard deviations) as function of
the STS level. All PM strain data are reported here as
engineering (Cauchy) strains, which are calculated by
ABAQUS from the Green–LaGrange strain values.

RESULTS

The results of the FACS experiments, shown in
Fig. 3, demonstrate a statistically significant rise in the
uptake of the 4 kDa FITC-labeled Dextran with
increasing STS levels in the STS £ 12% domain, which
thereby indicates a rise in the permeability of the PM
of the myoblasts with the extent of the applied cellular
deformation. Tukey’s post hoc multiple pairwise
comparisons showed that the uptake differences
between all pairs of STS level conditions were

TABLE 1. Geometrical characteristics of the modeled myo-
blast cells (n 5 5).

Geometrical property Average SD

Height (lm) 4.1 0.2

Maximal width at base (lm) 54.4 10.8

Area of cell base (lm2) 1080.2 422.4

Long to short axis ratio at the cell base 2.5 1

Surface area of plasma membrane (lm2) 2563.4 978.1

Surface area of nucleus (lm2) 331.4 169

Cellular volume including nucleus (lm3) 1896.8 847.6

Nuclear volume (lm3) 113.0 77.5

Parameters were calculated using the solid modeling software

‘‘SolidWorks’’. SD stranded deviation.
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statistically significant (p< 0.05), excluding the dif-
ference between the uptakes at the 9% and 12% STS
levels (Fig. 3b). The elevated PM permeability of the
stretched cells was also visualized by means of confo-
cal microscopy, which consistently showed negligible
uptake of the FITC-labeled Dextran in control (non-
stretched) cells as opposed to intensified uptake of the
Dextran by the stretched cells (Fig. 4).

The computational simulations of the cell stretching
experiments further demonstrated considerably inho-
mogeneous strain distributions in the PMs, and, in
particular, sites of localized tensile strains in the PM of
all the five cell models (Fig. 5). The average and peak
tensile strains in the PM of the stretched cell models as

well as the area dilatation of the PM increased linearly
with the STS level (Pearson’s correlation coefficient
>0.99; Fig. 6), reaching ~12, ~33, and ~26%, respec-
tively, for an STS of 12%.

The Dextran uptake changes measured by the
FACS were plotted in Fig. 7 against the PM tensile
strains which were calculated using the FE cell models,
and which corresponded to the STS levels applied in
the experiments. The relationship between Dextran
uptake and PM tensile strains takes the form of a
sigmoid function (Fig. 7). Specifically, applying aver-
age PM tensile strains which exceed 3%, or, applying
peak PM tensile strains over 9%, substantially
increases the permeability of the PM of myoblasts to

FIGURE 2. Cell-specific finite element modeling of the stretching experiments: (a) Geometry and boundary conditions. (b) An
example simulation for cell A (see Table 1 for information regarding cell geometry) showing uniformity of tensile strains in the
substrate (excluding a ~40-lm-wide marginal zone where boundary effects of the radial displacements occur), as opposed to a
non-uniform tensile strain field in the plasma membrane (PM) of the attached cell (magnified in the right frame). This distribution of
PM strains corresponds to a simulated substrate tensile strain level of 24%.
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4 kDa-sized biomolecules (Fig. 7). Moreover, our
results combining the Dextran uptake experiments and
cell modeling indicate that the permeability of the PM
grows rapidly with any further increase in PM strains
beyond the aforementioned levels, though there were
no significant changes in the uptake above average and
peak PM tensile strain values of 9 and 26%, respec-
tively (Fig. 7).

DISCUSSION

In this study we have quantitatively investigated
changes in PM permeability of statically stretched
myoblasts as function of the STS and PM strains, by
means of FACS analyses coupled with cell-specific FE
modeling. Specifically, FACS measurements of 4 kDa

FIGURE 3. Fluorescence-activated cell sorting (FACS) stud-
ies: (a) An example of raw fluorescein isothiocyanate (FITC)-
labeled Dextran (average molecular weight 5 4 kDa) uptake
curves obtained from the FACS system for a trial where
myoblasts were stretched to a substrate tensile strain (STS)
level of 12%. The shift of the curve of the stretched cells
demonstrates an increase in their FITC-labeled Dextran up-
take with respect to the non-stretched controls. The curve of
the signal from the non-stretched and non-stained cells is
also shown, and is used to correct for natural auto-fluores-
cence from the cells. (b) The increase in uptake of FITC-
labeled Dextran by stretched myoblasts (all data were
normalized with respect to non-stretched controls) as a
function of the STS, demonstrating the rise in plasma mem-
brane permeability with the extent of cellular deformation.
Error bars are standard deviations around the mean value.
*p value < 0.05.

FIGURE 4. Example confocal microscopy images: (a) Myo-
blasts from a control (non-stretched) culture demonstrating
negligible uptake of the fluorescein isothiocyanate (FITC)-
labeled Dextran (4 kDa), as evident by minimal green fluo-
rescence. (b) Myoblasts from a culture subjected to substrate
tensile strain of 9%, showing intensified uptake of the FITC-
labeled Dextran which is manifested as regions of bright
green fluorescence (with respect to the control image on top).
The morphology of the cells is visualized in the two images
using Rhodamine-Phalloidin which stains actin fibers (red)
and 4¢-6-diamidino-2-phenylindole (DAPI) which stains nuclei
(purple).
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FITC-labeled Dextran uptake by deformed myoblasts
(STS between 3 and 12%) with respect to the uptake in
control (undeformed) myoblasts were used to demon-
strate the increase in PM permeability with the level of
stretch of the culture substrate (Fig. 3). By further
simulating the experimental configuration using cell-
specific FE modeling, the empirically observed PM
permeability changes could be correlated with average
and peak PM tensile strains of up to approximately 12
and 33%, respectively (Fig. 7).

The area dilatation of the PM is highly relevant in
the context of the present work, given that the total

uptake of any diffusing biomolecule should rise when
the surface areas of the cells increase. It was shown
here that the dilatation could exceed 50% for STS
levels above 20% (Fig. 6c). The reason for the sharp
increase of the PM surface with the STS level is that
the area dilatation should theoretically rise approxi-
mately proportionally to the square of the substrate
stretch ratio (i.e., 1 + STS), as shown analytically in
Appendix, where a simplified-geometry model of an
attached cell is used to demonstrate this phenomenon.
Nevertheless, PM tensile strains, particularly the peak
tensile strains should be studied together with the
dilatation of the PM, since localized PM deformations

FIGURE 5. Distributions of tensile strains developing in the
plasma membrane of all five stretched cell models for a sim-
ulated substrate tensile strain of 24%.

FIGURE 6. Loads in the plasma membrane (PM) of the five
cell models as function of the substrate tensile strain level: (a)
Average tensile strains in the PM. (b) Peak tensile strains in
the PM. (c) Change in surface area of the PM. Error bars are
standard deviations around the mean values.
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may actually be greater than the average PM defor-
mations (Figs. 6a, 6b).

Our finding that there is a trend of increase in PM
permeability with the static STS levels is in agreement
with previous work where a rise in PM permeability
was recorded for other cell types in response to
dynamic mechanical loading.13,16,19,20 As suggested by
these authors when addressing the effects of instanta-
neous or cyclic loading on PM permeability, it is very
likely that in our present experiments, the fluorescent
Dextran marker was able to cross the PM barrier
through non-specific pores which developed in the PM
when cells were distorted. We further surmise, based
on the data (Fig. 7), that the numbers and/or sizes of
these pores grew with the STS levels, thereby allowing
more Dextran to penetrate into the cells when the
extent of cellular deformation increased. The minimal
size of the defects that apparently appeared in the PM
of the stretched cells can be evaluated from the size of
the Dextran molecule used in the trials (4 kDa), which
has a radius of approximately 1.8 nm,32 and hence, the
typical pores were at least ~3.6 nm wide. Another
possible mechanism for the increased PM permeability
in the deformed cells, other than uncontrolled sepa-
ration of the PM, is activation or distortion of
mechano-sensitive ion channels.30,48,49

Although the confocal studies in Fig. 4 clearly
exhibit intensified uptake of Dextran across the stret-
ched cells with respect to non-stretched controls, it is

also evident that the extent of uptake of the Dextran
dye differs between the stretched cells. The differences
in extents of uptake between individual cells are very
likely associated with differences in magnitudes of
localized PM tensile strains, which in turn depend on
the individual cell geometries. Recently, we used cell-
specific FE modeling to study the variability across
localized tension strains in multiple cells from the same
phenotype, myoblasts, and demonstrated variability of
up to ~35% in local tension strains in the PM for these
cells.39 In that paper, we further found that the vari-
ability in PM strains across cells tends to decay as the
deformation of the substrate increases, but for the
domain of the STS studied herein (0–12%)—a sub-
stantial variability in PM strains across cells should be
expected,39 which is in line with the results of the
present confocal microscopy studies that show cell-to-
cell differences in uptake of the Dextran dye. To
summarize this point, taking our previous work into
consideration, we surmise that the cells showing the
highest uptake of Dextran at a given substrate tensile
strain level were the ones whose geometrical features at
the time of stretching caused the highest localized
stretching of their PM.

Increasing the STS level from 9 to 12%, or the
average PM strains above 9%, or the peak PM strains
above 26%, did not result in a further statistically
significant increase in PM permeability of the stretched
myoblasts in the domain of the substrate and PM
strains that were studied herein (Figs. 3b, 7). It is
reasonable to expect, however, that this ‘‘plateau’’-like
behavior (Figs. 3b, 7) is local, since theoretically,
increasing the STS beyond the levels applied in the
present study will eventually cause tears in the PM,
which will then allow extracellular biomolecules of any
size to flush into the cytosol. It is important to
emphasize in this regard that cells in the present study
were always viable as evident from routine phase
contrast microscopy examinations. The tolerance of
the myoblasts to the STS levels that were experimen-
tally applied herein can also be expected theoretically,
given that the PM is locally folded and crimped when
cells are not externally loaded, hence substrate stretch
levels of several-percent-strain are needed just to
unfold the natural curvatures of the PM.46 In other
words, when deforming cells by stretching their sub-
strata, elastic energy is first invested in straightening
the crimped PM surfaces, and only then do consider-
able tensile loads start to build up in the PM and be
transferred intracellularly. This PM un-crimping pro-
cess may explain the low-strain portion of the sigmoid
function in Fig. 7, below average and peak PM strains
of 4 and 12%, respectively, where the increase in the
Dextran uptake is negligible to none, since the PM is
still fully intact.

FIGURE 7. The increase in uptake of fluorescein isothiocy-
anate-labeled Dextran (average molecular weight 5 4 kDa) by
stretched myoblasts (all data points were normalized to non-
stretched controls) as a function of the average and peak
tensile strain in the plasma membrane (PM), which were cal-
culated by means of the cell-specific finite element modeling
for each substrate tensile strain (STS) level.
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Several researchers focused on the effects that
dynamic loads have on uptake of extracellular bio-
molecules by loaded cells, as described in the Intro-
duction section. Dynamic loading is not a scenario
which is directly relevant in the clinical context of the
present work—DTI. Patients who develop DTI are
immobile and typically insensitive, and soft tissue
damage in their case is associated with static sustained
loads, not dynamic ones. With that being said, path-
ways for increased PM permeability under dynamic
stretching could be different from those involved in
static stretching. Viscoelasticity of the PM, in partic-
ular, should play a major role in dynamic stretching,
where for critical deformation rates the PM could
structurally fail, resulting in tears. Experimental data
from dynamic and static stretching configurations are
therefore not easily comparable.

A few limitations of the present study should be
discussed. First, cell-specific FE modeling is more
practical to employ for single-nucleated cells (myo-
blasts in this case) which can be captured in a single
field of view of the confocal microscope for geometri-
cal reconstructions, as opposed to myotubes/myofi-
bers. Even if this technical problem can somehow be
resolved, the present study is the first to combine cell-
specific FE modeling with experimental diffusion
studies, and a follow-up study could indeed be focused
on multi-nucleated myotubes for which the baseline
permeability properties of the PM might be different as
well. However, we believe that it is important to
understand how individual myoblasts change their
permeability under static stretch and at given PM
strains before investigating the more complex structure
of myotubes/myofibers. Second, fluorescent Dextran is
a rather convenient dye to work with, particularly
given that it is non-toxic to the cells and can therefore
be used for live staining. However, Dextran also has a
drawback that it is quite sticky and difficult to remove
from the cells, and we therefore cannot rule out com-
pletely a possibility that some of the florescence signal
detected by the FACS is due to non-specific binding of
Dextran to cell surfaces (as opposed to uptake of
Dextran by the cells). Hence, one might claim that the
area dilatation of the PM, combined with such non-
specific binding of Dextran to the PM surfaces caused
the observed trend of increase in the fluorescence signal
when cells were stretched. However, this is highly
unlikely, given that the dilatation increases gradually
with the STS, as demonstrated in Fig. 6c (see also the
mathematical formulation in Appendix in this regard)
but the change in the fluorescence signal does not. In
fact, the sharp rise in the fluorescence signal shown
between the 3 and 6% STS levels and the almost no
change in the signal between the 9 and 12% STS levels
point to a threshold behavior, where a critical STS

level (or critical tensile strains in the PM; or critical
PM dilatation) needs to be exceeded for a mass of
Dextran to enter the cells (Fig. 3b). If the fluorescence
signal increased merely due to non-specific binding of
Dextran to the cell surfaces—the extent of which being
increased with the PM dilatation, then a gradual
increase in the signal should have been demonstrated,
but this is not what the evidence in Fig. 3b or Fig. 7
show. Hence, we conclude that a considerable amount
of Dextran must have entered the stretched cells.
Third, real-world conditions leading to DTI involve
combination of compression, tension and shear strains
at the cellular environment, which essentially means
that the effects of sustained compression or sustained
shearing should also be studied in isolation, using
analogue in vitro model systems, in order to fully
elucidate cellular transport changes in response to
sustained loading. As a final point, in the present
modeling, we assumed that after applying the stretches
to the cells, PM strains remain constant, which implies
that the phospholipids profile in the PM is stable and
not changing for the duration of the experiments (3 h).
This assumption indeed constitutes a limitation to the
present modeling, as it is possible that in real-world
conditions, the PM might change or adapt its structure
over time and thereby—stiffness or strength properties
could be altered. Future work, involving investigations
of the effects of time on PM permeability is therefore
of interest.

In closure, we have shown here that the permeability
of the PM grows with increasing levels of sustained
tensile strains in the PM of the cells. These findings are
in line with our present hypothesis and provide the first
experimental support for the proposed roles of cell-
level deformation–diffusion relationships in determin-
ing tissue tolerance to sustained loading as relevant to
the etiology of DTI.41 Future studies should determine
whether the changes in PM permeability observed
herein are reversible, and if so, to which extent and
after how much time, and most importantly, what is a
physiologically ‘‘safe’’ level of PM strain.

APPENDIX: AREA DILATATION

IN A SIMPLIFIED-GEOMETRY MODEL

OF AN ATTACHED CELL

In order to analytically demonstrate the trend of
effect of radial stretching of a substrate on the surface
area dilatation of a cell attached to that substrate,
consider a simplified-geometry cell model with a disk
shape. When the substrate is not stretched and the cell
is in its undeformed configuration, the dimensions
characterizing the cell are a radius R and a height H.
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When the substrate is being stretched to a stretch ratio
k, however (where k = 1 + STS), the cell radius
increases to r but due to incompressibility, its height
must decrease to h. The volume of this disk-shaped
cell, V, should therefore be:

V ¼ pR2H ¼ pr2h ðA1Þ

and the conditions r>R and h<H must be satisfied.
Assuming now full attachment of the cell to the sub-
strate, as well as linear elasticity of the substrate
material, the radii of the cell at its undeformed and
deformed conditions are related by:

r ¼ kR ðA2Þ

Now substituting Eq. (A2) into Eq. (A1) we obtain:

h ¼ H=k2 ðA3Þ

The surface area of the disk-shaped cell at its
undeformed configuration, Au (where Au also includes
the inferior surface of the cell model that faces the
substrate) is given by:

Au ¼ 2pR2 þ 2pRH ¼ 2pRðRþHÞ ðA4Þ

Similarly, the surface area of the disk-shaped cell at
its deformed configuration, Ad, is given by:

Ad ¼ 2pr2 þ 2prh ¼ 2prðrþ hÞ ðA5Þ

Now we use Eqs. (A2) and (A3) to rewrite Eq. (A5)
in terms of the undeformed dimensions of the cell
model:

Ad ¼ 2pk2R2 þ 2pkr
H

k2
¼ 2pR k2RþH

k

� �
ðA6Þ

The surface area dilatation of this simplified-geom-
etry cell can now be calculated as the ratio of cell
surface areas in the deformed over the unde-
formed configurations (Ad/Au), by diving Eq. (A6) by
Eq. (A4):

Ad

Au
¼

2pk2R2 þ 2pkr H
k2
¼ 2pR k2Rþ H

k

� �

2pR2 þ 2pRH ¼ 2pRðRþHÞ ¼
k2Rþ H

k

RþH

ðA7Þ

Hence, this first-approximation cell model predicts
that for large substrate deformations, the area dilata-
tion should rise proportionally to the square of the
substrate stretch ratio.
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