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Mechanical cell stretching may be an attractive strategy for the tissue engineering of mechanically functional
tissues. It has been demonstrated that cell growth and differentiation can be guided by cell stretch with
minimal help from soluble factors and engineered tissues that are mechanically stretched in bioreactors may
have superior organization, functionality, and strength compared with unstretched counterparts. This review
explores recent studies on cell stretching in both two-dimensional (2D) and three-dimensional (3D) setups
focusing on the applications of stretch stimulation as a tool for controlling cell orientation, growth, gene
expression, lineage commitment, and differentiation and for achieving successful tissue engineering of me-
chanically functional tissues, including cardiac, muscle, vasculature, ligament, tendon, bone, and so on.
Custom stretching devices and lab-specific mechanical bioreactors are described with a discussion on cap-
abilities and limitations. While stretch mechanotransduction pathways have been examined using 2D stretch,
studying such pathways in physiologically relevant 3D environments may be required to understand how
cells direct tissue development under stretch. Cell stretch study using 3D milieus may also help to develop
tissue-specific stretch regimens optimized with biochemical feedback, which once developed will provide

optimal tissue engineering protocols.

Introduction

ECHANICAL STRETCHING has been utilized to enhance

the organization, functionality, and strength of en-
gineered tissues.'™ At the cellular level, mechanical stretch
has demonstrated vital control over cell morphology, pro-
liferation, lineage commitment, and differentiation.*® Cel-
lular responses to stretch may vary by cell type and loading
mode. Also, stretch stimulation of cells may depend on the
properties of extracellular matrix (ECM) and the presence of
soluble factors. Mechanotransduction, the conversion of
mechanical signal into intracellular biochemical activity, oc-
curs due to external tensile forces (outside in) and forces
generated in cytoskeletons (inside out), which act as regu-
latory and exploratory cues, respectively.’ Signaling path-
ways of stretch-induced mechanotransduction have been
examined using two-dimensional (2D) cultures, but few
studies in three-dimensional (3D) constructs have explored
mechanisms relevant for optimizing stretch-conditioned tis-
sues. This review seeks to highlight and compare data of cell
stretching for tissue engineering in both 2D and 3D envi-
ronments, discuss the stretching devices employed, and
briefly overview proposed mechanotransduction pathways.

Mechanical Cue and Homeostasis

Mechanical signals play a crucial role in homeostasis and
tissue development. A disruption in the ability to properly
respond to mechanical cues results in diseases, including
arthritis, osteoporosis, developmental disorders, and can-
cer.'>"3 Functional tissue engineering seeks to take advan-
tage of the cell response to mechanical cues. Mechanical
strain and stress in vivo are the key regulatory mechanical
cues that guide cell morphogenesis and affect the healthy
maintenance of tissues.'* The range of beneficial strain and
stress varies with cell type, stage of cell development, and
loading mode. For example, bone cells in vivo are exposed to
compressive, tensile, and torsional stresses due to bone
loading and to shear stress from interstitial flow."> The
magnitude of strain that developing woven bone tolerates
from each stress mode varies from the strain magnitude
necessary to increase lamellar bone mass. The maintenance
of bone mass and microstructure in response to physiologi-
cally “healthy” strain and stress is achieved by proper os-
teocytic guidance of osteoblast and osteoclast activity.'®
Outside the healthy strain and stress, bone resorption by
osteoclasts overwhelms bone formation by osteoblasts,
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FIG. 1. Schematic of 2D and 3D stretching devices.
Stretching of a 2D cell layer is achieved via pneumatic de-
formation of the membrane (A), clamp arm mechanism (B),
and bending (C). Stretching of 3D cell-scaffold constructs is
accomplished via pneumatic deformation (D) and clamping
mechanism (E). 2D, two-dimensional; 3D, three-dimensional.
Color images available online at www.liebertonline.com/teb

studies since the tissue size is limited to a few cm? and nu-
trient diffusion is hampered by the bounding membrane.
Another 2D cell layer stretching employs a cantilevered
beam subjected to bending (Fig. 1C),*?" although this has
not been commonly used for tissue engineering. For the re-
generation of 3D functional tissues, a clamping method has
been widely used (Fig. 1E).

Novel stretch devices have been developed to increase the
throughput and control over 2D stretching environments.
Kamotani et al.®' developed a high-throughput stretching
device, in which piezoelectric pins of a refreshable Braille
display were programmed to actuate at specified frequencies
to stretch microwell arrays of deformable membranes. Others
have attempted to increase throughput and to make 2D
stretch more relevant to tissue engineering by construc-
ting bioreactors with small, pneumatically deformed mem-
branes inside a perfusion system.”” Significant departures
from pneumatic and motor-driven systems have used shape
memory alloys or electromagnets to stretch the substrate.”>*
These new devices may offer benefits, such as reduction of
external vibration for the case of shape memory and contact-
free stretch capable within standard labware for the case of
electromagnet. However, a potential disadvantage is that they
could introduce more forms of unwanted interference, for
example, transient temperature change from shape memory
deformation or unwanted electromagnetic interference.

Devices that utilize clamping mechanism are more suited to
condition a wider range of 3D functional tissues, since the tis-
sue is not constricted by a membrane and the membrane does
not interfere with the uniform diffusion of nutrients. Elim-
inating the membrane also obviates potential complications,
for example, unwanted elastic recovery of the membrane and
nonuniform strain that affects the edges of pneumatically de-
formed membrane. Motor-driven clamp mechanisms allow
precise control over strain and strain rate, and the force is
readily measured with common transducers. Possibly the
largest advantage of the clamping system is the ability to
stretch scaffolds with multiple loading modes. Altman et al.*
developed a stretch device housed in a reactor vessel with in-
dependent control over the applied stretch and torsion by
stacking the linear actuator on the torsion platform. Stretching
in 3D bioreactor system also posed a partial solution to the
vascularization issue by creating a perfusion flow through the
middle of the tissue as well as a sheath flow around the tissue.*®

Many studies have used commercially available stretching
devices, such as Flexcell (Flexcell International), ElectroForce
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(Bose), Strex (B-Bridge International), TGT Bioreactors (Tis-
sue Growth Technologies), and so on. One of the advantages
of these devices is these systems provide relatively well-
characterized strain profiles.”” Adaptability to various
stretching modes is also usually provided; for example,
Flexcell device achieves uniaxial or equibiaxial stretch via
using different loading posts and can perform 3D stretching
by forming 3D gel in a pressure-driven temporary trough.
However, these devices are generally low throughput, lim-
iting the number of conditions to be tested simultaneously.
Moreover, the tissue size to be stretched is often small and
some systems offer nonlinear strain profiles causing uneven
cell stimulation.

The strain that cells actually receive may vary with 2D and
3D stretches—cell location in the substrates, material prop-
erties and microstructure of the membrane and matrix, and
the state of cell attachment. Matrix strain has been measured
directly, or determined by using microscopy and finite ele-
ment (FE) techniques.’**! Cells receive varying degrees of
compressive strain in a direction perpendicular to the stretch
axis dependent on the Poisson ratio of the membrane or
scaffold.**** Work in 3D FE has shown that the strain that
cells actually receive can be much larger than that applied to
the matrix due to variations in matrix microarchitecture.**
On the other hand, cell strain may be less than the given
substrate elongation since cells are randomly distributed at
arbitrary orientations with respect to the stretch direction. If
cells are patterned to form predetermined 3D network
structure or along the contact-printed 2D protein line pat-
tern, one may precisely assess the effect of exact strain
magnitude on cell response.*** If not, cell strain is usually
smaller relative to membrane strain. A study analyzing
strain homogeneity for the Flexcell device reported that al-
though the cells in the middle portion of the membrane re-
ceived relatively uniform strains, strain transferred to the
cells was about half of that applied to the membrane.*’
Stretching in 3D increases the difficulty in strain profile cal-
culation, which requires rigorous characterizations using
both imaging and FE approaches. A more focused review of
3D bioreactors is available in the literature.**

Stretching for Tissue Engineering

Cell stretching aims to engineer more functional and
stronger tissues in regenerative medicine. A certain level of
control over cell growth and differentiation and tissue in-
tegrity and strength may be accomplished through stretch
stimulation alone.®' Stretch parameters, such as stretching
mode (uniaxial, biaxial, and equiaxial), magnitude of strain,
strain rate, frequency, stretch waveform (sinusoidal, ramp,
and static), and insertion of rest periods, have been found to
induce significant cell regulatory effects.”>>® These parame-
ters have been studied vigorously in 2D, but relatively less
systematic studies on these parameters as applied for the
tissue engineering of 3D tissues have been done. This section
reviews findings on 2D stretching that may be leveraged to
engineer better tissues, and then highlights current 3D
stretch studies.

2D stretching

Stretching of 2D cell layer has demonstrated that the or-
ganization of cells is affected by the nature of the loading
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applied, for example, frequency and strain rate. Cellular or-
ganization, an essential parameter for load bearing in tissue,
affects the functionality of engineered tissues.” A model
developed by De et al.*’ and verified and expanded upon by
Hsu et al.®" attempted to explain the reorientation response of
cells with bipolar morphologies to varying frequency of
loading. The model predicted that cells reorganize focal ad-
hesions and stress fibers to orient parallel to a static or quasi-
static load with frequency < 1Hz, but orient perpendicular
to dynamic loads at frequencies of 1Hz or more. It was
proposed that cells seek to maintain stress/strain homeo-
stasis and the orientation response is governed by the time
scale required to remodel focal adhesions and stress fibers
compared with the stretch frequency. These provided valu-
able insight into frequency-dependent orientation responses
observed experimentally.*>*>** Although strain homeostasis
varies with cell type and is also influenced by cellular
adaptive response to substrate stiffness, the saturation in
frequency response seemed to occur around 1 Hz for various
cells.®>%°

Stretch frequency has also been shown to affect other cell
behaviors than orientation, such as proliferation, apoptosis,
and membrane permeability.®®®” Closely related to fre-
quency, the strain rate of specific waveforms may be opti-
mized to achieve desired results. Endothelial cells in vivo are
subjected to unique mechanical stimuli consisting of flow-
induced shear stress and tensile strain due to distension and
stretching of the tissues. The 2D stretch study using human
umbilical vein endothelial cells showed an intriguing ob-
servation that the asymmetric load waveform, which mimics
the blood pressure wave by applying the velocity of exten-
sion to be greater than that of the release, induced most
optimized endothelial remodeling.”® This was assessed by
spindle-shaped cell morphology and increased cell orienta-
tion relative to symmetric load waveform data. Thus, es-
tablishing biomimicking stretch conditions with respect to
strain rate and frequency would be beneficial for mechanical
tissue regeneration.

Stretching may be used to control cell lineage commitment
without the use of soluble factors. Differentiation to con-
tractile cell lineages, such as skeletal, cardiac, and smooth
muscle cells, may be aided or hindered by cyclic stretch
depending on cell type and stretch regimen.®**” Varying
stretch modes induced differential effects on MSC lineage
commitment; for example, uniaxial stretch transiently upre-
gulated while equiaxial stretch downregulated smooth
muscle contractile markers in MSCs, including smooth
muscle o-actin and SM-220.”% The differentiation markers
along with changes in morphology and actin striation pat-
tern indicated that stretch regimen (uniaxial vs. equiaxial)
was sufficient to control MSC fate.

The differentiation response may also be controlled by
strain magnitude, but as being dependent on the stage of
development. Specifically, osteocytes in vivo experience am-
plification of the strain placed on the whole bone due to
interstitial fluid drag force; for example, mathematical
models have estimated that strain given to the bone can be
amplified 20-100 times at osteocyte membrane.”’ Given this
and considering that bone homeostasis is determined by
osteocyte guidance of the other bone cells,'® 2D stretching
studies have focused on the effect of strain magnitude on
bone cells. Osteoblastic cells showed an increase in alkaline
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phosphatase (AP) activity at lower strain (~0.8%) but the
activity was unchanged at higher strain (~3.2%), while an
opposite trend was observed for osteocalcin, type I collagen,
and core binding factor a1 (Cbfal), which were greater at
higher strain and corresponded to an increase in extracellu-
lar-signal-regulated kinase (ERK) phosphorylation.”! Re-
ported strain levels for inducing MSC differentiation toward
osteogenesis are not consistent, in which the stage of devel-
opment and other environmental factors may play key roles.
Applying equibiaxial stretch at or below 5% strain, MSCs
displayed osteogenic differentiation markers such as in-
creased AP activity and Cbfal/Runx2 expression, while
these markers were downregulated at higher strains of 10%
and 15%.”% In another study, uniaxial strain of 0.2% has
promoted the expression of osteogenic transcription markers
(Cbfal and Ets-1) in MSCs.”?

Cells may adapt to mechanical conditioning, resulting in
unwanted long-term decline in stretch effects unless rest
periods are strategically incorporated in the stretch regimen.
To avoid this decline, stretch regimens for the tissue engi-
neering of bone and ligament were optimized by incorpo-
rating rest periods.”*”® In a study using 2D and 3D
stretching of adipose-derived MSCs and MG-63 osteo-
blasts,”” both cells displayed responses to short-term stretch
(15min to 1h of stretch) by upregulating AP activity and
osteogenic markers, but these effects returned to control level
after 8h of continuous stretch. When rest periods were in-
serted, cell mechanosensitivity could be recovered; for ex-
ample, 8h of rest period completely restored bone cell
response to stretch and brief rest periods between each
loading increased osteogenic response in stretched cells.”®

Directional dependence in 2D cell stretching is recently
highlighted with micropatterned cells. Ahmed et al.*® pat-
terned myoblasts on microcontact-printed fibronectin lines
and applied cyclic stretch at 0°, 45°, and 90° to the patterned
cell direction (Fig. 2). Interestingly, the greatest myoblast
development was observed when stretch was applied at
45° of cell patterning direction, as was indicated by well-
organized actin stress fibers and sarcomeric actin striation.
Myoblasts that were stretched parallel to the cell patterning
direction showed random cell orientation and actin stress
fiber alignment oblique to the strain direction. Cells that
were stretched perpendicular to the patterning direction did
not display cell realignment to the stretch direction. More-
over, neither of parallel and perpendicular stretching in-
duced striation patterns in actin. These data strongly suggest
that the orientation of cells relative to stretching direction
may greatly affect the “quality” of stretch in regulating cell
functions.

On which surfaces that cells are attached may also affect
the “quality” of stretch stimulation. ECM environments af-
fect cell spreading, growth, and differentiation through
specific integrin binding and relevant signaling,”®®' and
cell-matrix interaction is another vital parameter in stretch
regulation of cells. Huang et al.”" examined the role of ECM
protein on MSC osteogenesis under cyclic stretching and
observed that ECM membrane coating on which cells are
cultured significantly affected stretch-induced AP activity
and mineralization, early and late osteogenesis markers, re-
spectively. They observed that fibronectin and laminin ex-
hibited the greatest benefit for stretch-induced MSC
osteogenesis. The type of ECM decides which integrin is
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FIG. 2. Cell stretching in 2D affects cell orientation and cytoskeletal development, showing directional dependency. C2C12
myoblasts were cyclically stretched at 7% and 0.5Hz in horizontal direction on membranes with micropatterned fibronectin
lines. Staining with actin is shown. (a) Unpatterned (homogeneous [HS]), unstretched control had less well-developed actin
fibers. (b) Stretching of unpatterned cells developed actin stress fibers oriented at an average angle of 72° (cyclic tensile strain
[CTS]). (c) Patterned but not stretched cells showed actin fibers oriented along the fibronectin line pattern. (d) Stretch applied
parallel to the patterned cell direction induced irregular cell orientation and formed actin stress fibers oblique to the strain
direction (average actin fiber orientation of 48°). (e) Stretch applied to 45° of patterns caused an average actin fiber orientation
of 52°. (f) Perpendicular stretch induced actin fiber orientation of 91°. Scale bar=>50 pm. Reprinted with permission from

Elsevier (Ahmed et al.).%¢

mainly involved in cell adhesion, for example, fibronectin-
integrin o5p1, collagen-02B1, vitronectin-avp3, and so on.
This may potentially regulate cell reactivity to stretch stim-
ulation. The concept of cell-substrate interaction control of
cell mechanosensitivity is novel. We published data sup-
porting this, though not for stretch.*> We demonstrated that
mechanical responsiveness of MSCs to fluid flows, as mea-
sured by mechanically induced cytosolic calcium evolution,
can be modulated by cell adhesion to substrate surfaces.
Combined, enhancing cell mechanosensitivity via modulat-
ing cell-substrate interaction may be a novel way to achieve
successful tissue engineering.

3D stretching

As evident in 2D studies, the nature of the stretch applied
(strain magnitude, frequency and strain rate, uniaxial vs.
equiaxial, rest period, etc.), correlation between cell orienta-
tion and stretch direction, and cell-substrate interaction af-
fect cellular outcomes under stretch. In contrast with 2D
studies, relatively less systematic studies on these parameters
have been performed for 3D constructs. Instead, 3D
stretching has been focusing on the engineering of functional
tissues, for example, cardiac tissue,®** smooth muscle, ¥
vasculature,>®” ligament and tendon,>®® and bone,””®°
stretching cells embedded in 3D scaffolds.

A great variety exists in the sophistication of 3D stretching
design. Also, complications arise because ECM may be dis-
integrated due to stretch, potentially altering the strain the
cells will receive. ECM constantly undergoes cell-mediated
remodeling, with or without mechanical stimulation. These
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will alter the mechanical property of the matrix and conse-
quently change the cell strain under stretch stimulation.
Further, diffusion rates of soluble factors and nutrients
through the matrix are affected following the changes in
matrix integrity. Such dynamic cell-matrix interactions,
which are characteristics of 3D culture relative to 2D layer
situation, make the characterization of 3D cell stretch com-
plicated. Specifically, signaling mechanisms for stretch-
induced restructuring or remodeling of ECM remain almost
not elucidated. For a brief review of stretch signaling iden-
tified so far, see the Stretch Signaling Pathways section.
Perhaps, the most obvious tissues to benefit from 3D
mechanical stretch are contractile tissues. Stretch of con-
tractile tissue constructs promotes a higher degree of differ-
entiation, greater functionality, and more physiologically
relevant structures. Contractile cells often align parallel to the
stretch direction but the effects of various stretch regimens
have not been fully established. Recent studies have shown
that 3D geometries and mechanical cues could guide undif-
ferentiated cells to form organized differentiated tissues.
Guan et al”’ observed that MSCs significantly increased
early cardiac markers in 3D cardiac-like environments com-
pared with 2D cultures. They observed that static stretch
aligned the cells and produced differentiation markers in a
strain-dependent manner, for example, the most differenti-
ation at 75% strain. Shimko and Claycomb® observed simi-
lar advantages of 3D stretching of embryonic stem cells; for
example, sarcomeric gene expression, such as o-skeletal ac-
tin, «-MHC, B-MHC, and o-cardiac actin, showed frequency-
dependent up- and downregulation under stretch. Tobita
et al.®® demonstrated that stretching 3D-engineered cardiac
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tissues promoted the tissues to retain native proliferative and
contractile properties in vitro. They cultured white Leghorn
chicken ventricular cells in collagen scaffolds and stretched
to engineer fetal cardiac tissues. Cardiomyocytes began
spontaneous contractions after 4 days in culture and syn-
chronous contractions began after 6 days. Cyclic 3D
stretching significantly elevated the active force of cardio-
myocytes and increased the cardiomyocyte number per
cross-sectional area.

Dynamic versus static 3D stretch effects have been re-
vealed by Nieponice et al.,* in which bone-marrow-derived
progenitors in a 3D fibrin scaffold were stretched (Fig. 3).
The dynamic stretch group was subjected for 6 days to 10%
strain at 1 Hz, a static stress group constrained between an-
chors but not dynamically stretched, and a free-floating
group was used as a nonstretched control. The statically
constrained group and, to a greater degree, the dynamic
stretch group exhibited morphological changes characteristic
of a smooth muscle lineage and stained positive for smooth
muscle differentiation markers, a-actin and hl-calponin. The
dynamic stretch group exhibited the greatest stress filament
area per cell (Fig. 3D) and had the most realignment parallel
to the stretch axis, indicating a greater force transmission. In
the previous study by the same group,91 progenitor cells
stretched in 2D showed an orientation perpendicular to the
stretching axis, suggesting possible difference in 2D versus
3D stretch.

One potential issue that must be addressed in tissue en-
gineering is the formation of vasculature within the en-
gineered tissue. In vivo tissue engineering will be limited if
there is no active nutrient and oxygen supply via vascula-
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ture. The maintenance of healthy vasculature and the de-
velopment of new vasculature through angiogenesis and
vasculogenesis are controlled by a complex interplay be-
tween mechanical and biochemical factors.”® Just as cardiac
and myoblastic cells, the connected vasculature may also be
regulated by mechanical signals. Ideally, a stretch regimen
would have a positive effect on the growth of vasculature in
tandem with other tissues. Three vessel cells (endothelial
cells, smooth muscle cells, and fibroblasts) have been tested
in 3D stretch assays.®>**?* Cell stretch resulted in regulatory
signaling cascades of vasodilators and realigned endothelial
cells perpendicular to stretch direction.”® Biochemical factors,
such as vascular endothelial growth factor (VEGF) and
transforming growth factor-f family, and integrin-mediated
adhesion regulated 3D stretch control of vascular structure
and property.”® Stretching human endothelial cells seeded
in a fibrin gel provided alignment cues necessary to form
linearly organized lumens parallel to the direction of
stretch.'®

Each vasculature layer cells respond to stretch cue un-
iquely but the mechanical and biochemical signals may be
shared among adjacent cell types. However, there have been
very few co-culture stretch studies. The importance of co-
culture stretching assay may be suggested from the study by
Lee et al.,” in which axial stretch elevated intimal hyperplasia
in arterial grafts subjected to pulsatile flow when endothelial
cell layer was denudated but this effect was not observed for
intact grafts. Van der Schaft et al.'”" observed that muscle
cells co-cultured in a 3D hydrogel with endothelial cells di-
rected the formation of vasculature through VEGF signaling
when uniaxial stretch was applied.

FIG. 3. Cell stretching in 3D affects
actin stress fiber formation depend-
ing on static or dynamic stretching
condition. Rat bone-marrow-derived
progenitor cells were cultured in fi-
brin scaffolds. (A) Free-float, un-
stretched control showed random cell
orientation. (B) Static stress group
(constrained between anchors but not
stretched) oriented actin fibers par-
allel to the direction of strain (ar-
rows). (C) Cyclic stretch (10%, 1Hz,
for 6 days) oriented actin fibers par-
allel to the strain direction (arrows).
(D) Quantified stress filament area
per cell shows an increase in the or-
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Engineered ligaments and tendons are in demand due to
the lack of regeneration of the native tissues and complica-
tions associated with current tissue graft practices. Although
there are differences in ligament and tendon, tissue engi-
neering of these tissues has used similar strategies, that is,
stretch-mediated functional tissue regeneration. One diffi-
culty in ligament and tendon tissue engineering is that the
high force that will be applied to newly implanted tissues
creates unique challenge in choosing a scaffold material.
Also, the lack of consensus on tenocyte and ligament phe-
notypic markers makes the choice of cell source difficult.
However, there have been some markers identified, for ex-
ample, scleraxis, CollA2, and tenascin-C expression for
tendon.'%?

Stretching in 3D could successfully commit undifferenti-
ated cells to express genes characteristic of ligament.*
Stretch also improved mechanical properties of engineered
ligament by producing organized collagen bundles com-
pared with unstretched control.® Similar results have been
found for rabbit patella tendons stretched in a bioreactor.
The gene expression of collagen types I and III was greatly
increased and the stiffness of the tissues was improved.'”
Garvin et al.®® cultured tenocytes in a 3D collagen matrix and
subjected to cyclic stretch. They observed that 3D stretch of
engineered tendon increased the expression of collagen XII
and prolyl hydroxylase over time resulting in a stronger
tendon. The increase in hydroxylase may be responsible for
time-dependent strengthening of the engineered tendon, as
hydroxylase stabilizes collagen. A recent study attempted to
optimize 3D strain magnitude, duty cycle, and duration of
conditioning for tendon tissue engineering,'® in which the
duration of conditioning was observed to affect the mechan-
ical properties of the tendon but load magnitude did not.

Regenerating bone via inducing MSCs toward bone phe-
notype using 3D construct stretching has long been pursued
given that bone is a dynamic mechanoresponsive tis-

ue.””#1% Mauney et al.* proposed an interesting concept
on the co-regulatory role of stretch and soluble cues. MSCs
cultured on 3D partially demineralized bone scaffolds were
stretched using a four-point bending apparatus and ob-
served that stretching after 10nM dexamethasone treatment
promoted MSC osteogenesis by significantly elevating AP
activity, osteogenic transcription, and matrix mineralization
over static controls. They proposed that the presence and
concentration of osteogenic hormonal inducers may regulate
the ability of MSCs to sense and respond to stretch stimu-
lation during osteogenesis. If cell mechanosensitivity can be
increased with help from soluble factor, this will enhance the
mechanical regeneration of functional tissue.

Stretching 2D versus 3D constructs

The results of 2D stretching may be utilized for guiding
3D stretch and elucidating mechanotransduction pathways
involved. However, it is important to note that there may be
striking differences in cell behavior in 2D and 3D. Simply
moving from 2D to 3D milieus, even under static culture,
may have vital effects on integrin-mediated focal adhesion,
cytoskeletal structure and tension, gene expression, and
differentiation.'?"'% This results from complex 3D cell—cell
interaction and communication; altered transport phenom-
ena for media, nutrient, and growth factors; and difference in
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cell-matrix binding in 3D versus 2D.""° These differences
may be even magnified under external mechanical stimula-
tions. Though very little is known as regards the difference in
cell behavior for 2D versus 3D stretch, it is speculated that
3D stretch may induce potentially more biomimetic effects
than does 2D stretch. As evidence, 3D stretch induced the
reorganization of tissues with mature sarcomeres and pro-
duced a more physiologically relevant myofilament compo-
sition relative to 2D stretch.'"!

Stretching of 2D versus 3D constructs also involves the
issue on how easy one can assess cell behavior.''> Many
measurement methods developed for 2D culture can be ap-
plied to 3D, but at times the 2D measurements are more
appropriate. For example, in the vasculature formation as-
say, endothelial cells migrate through vascular guidance
tunnels that resemble 2D culture conditions, while the other
cell types are embedded in the ECM where 3D measure-
ments are beneficial.''® Traditional imaging techniques used
in 2D can also be used in 3D for sufficiently thin or trans-
lucent scaffolds. The development of fluorescent dyes for 2D
applications typically requires the fixation of the cells, but
ideal measurements of engineered tissues should be nonde-
structive. Optical contrast tomography (OCT) has been em-
ployed to image cell morphology and migration in tissues
noninvasively. However, the resolution of OCT is relatively
poor compared with destructive methods.''* Attempts using
microtomography have successfully quantified scaffold pore
size and interconnectivity and mineralization resulting from
osteoblast activity.'"® Cell migration trajectories may be de-
termined from imaged tissues and by using methods exist for
estimating cell traction forces from imaged displacement
fields.''*"” Other work has quantified cell viability in 3D
culture in a noninvasive way using optical coherence phase
microscopy.'®

Signaling pathways responsible for stretch mechan-
otransduction have been studied using 2D cultures due to
easiness in molecular biology assays. However, one potential
dilemma is that mechanotransduction pathways revealed
through 2D stretch assays may not necessarily be applied the
same to more complex 3D milieus. Cell stretch within 3D
constructs is recognized as more physiologically relevant
than 2D stretch, as supported by the data showing enhanced
tissue regeneration for 3D situations.8%!1! However, a num-
ber of 3D stretch-based tissue engineering studies have often
failed to complete thorough mechanistic studies. To engineer
more robust and biomimetic tissues via optimizing 3D
stretch regimens and to reveal responsible mechanisms,
studies examining signaling cascades triggered in physio-
logically relevant 3D stretching are highly required.

Stretch Signaling Pathways

The study of stretch signaling pathways in 3D is relevant
to understand how cells direct tissue organization and de-
velopment under stretch and is also necessary to develop
tissue-specific stretch regimens optimized with biochemical
feedback. Optimizing stretching conditions may be a rela-
tively simple yet effective tool for controlling the structural
integrity and functional strength of tissue-engineered con-
structs. Recent studies have proposed the optimization of
stretch conditions using stretch-stimulated molecular marker
expression. It was shown that 2D stretch regimens can be
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optimized for bone growth and 3D stretch conditions for
ligament tissue engineering by monitoring ERK1/2 phos-
phorylation.”””® ERK is a relatively well-established signal-
ing cascade through which mechanical signals may exert
stimulatory effects on several cellular processes, including
osteoblastic differentiation.""” Similar approaches using rel-
evant protein and kinase marker expression may be at-
tempted to optimize 3D stretch regimens. This may provide
a novel way to provide feedback information for assessing
the status of engineered 3D tissue “health” at the cellular
level.

Cells employ numerous mechanisms to sense external
forces and translate them into biochemical signals. Several
key mechanotransduction elements identified so far are il-
lustrated in Figure 4. Cytoskeletons are the primary me-
chanical component responsible for load bearing and
maintaining mechanical homeostasis.'**'*' Cytoskeletal ele-
ments of actin, microtubules, and intermediate filaments an-
chor intracellular organelles and provide mechanical links to
nucleus. Cytoskeletal reorganization and adaptation are the
main processes in cell reorientation, migration, and morpho-
logical change during mechanically induced differentiation
and tissue development. Cytoskeletal tension signaling, such
as RhoA and RhoA kinase (ROCK)), is involved in stress fiber
regulation, including the organization of actin filaments and
phosphorylation of myosin light chain, playing a key role as a
dynamic mechanosensor.” Development of actin stress fila-
ments in contractile cells under stretch typically indicates
higher possible force generation, which may be used as a first
indicator of mechanical tissue development.

Stretching

(Extracellular)

FIG. 4. Major stretch-induced mechanotransduction sig-
naling elements, including integrins, force-sensitive kinases
and proteins, cytoskeletal elements, stretch-activated ion
channels, membranes, ions, and so on. ERK, extracellular-
signal-regulated kinase; FAK, focal adhesion kinase; MAPK,
mitogen-activated protein kinase; Pax, paxillin; ROCK, RhoA
kinase; Tal, talin; TGF, transforming growth factor; VASP,
vasodilator-stimulated phosphoprotein; VEGF, vascular en-
dothelial growth factor; Vin, vinculin. Color images available
online at www.liebertonline.com/teb

295

ECM may function as a memory storage device, storing
mechanical information as cells “write” to it by secreting
ECM proteins and other matrix factors and “reading” the
information through mechanotransduction.'® Cells bind to
ECM proteins through transmembrane integrins that have
ECM protein binding sites (e.g., arginine-glycine-aspartic
acid, RGD) and are linked to cytoskeletal elements via focal
adhesion proteins (vinculin, paxillin, talin, a-actinin, etc.).!??
Talin is force sensitive and reveals binding sites for signaling
factors, and vinculin provides a force-dependent link to ac-
tomyosin, actin, and other focal adhesion proteins.g’10 The
number and density of focal adhesions and the relative
strength of focal adhesion signaling, for example, focal ad-
hesion kinase (FAK), may depend on static substrate char-
acteristic and also on dynamic mechanical stimulation.'**'*
Stretch-based tissue engineering strategies that target specific
integrin binding dynamics may guide tissue development.
Integrins have been shown to regulate morphogenesis, an-
giogenesis, heart remodeling, and neuritogenesis.m"127 For
example, integrin o5 and 'V were not required in endothelial
cells for initial vasculogenesis and angiogenesis but they
were significantly involved in the remodeling of the heart
and great vessels.'* It was also shown that Bl integrin
played a critical role in skeletal myoblast response to stretch
by activating the downstream effector FAK.'*®

FAK activates GTPases and other signaling cascades in-
volving mitogen-activated protein kinase and ERK,'® which
has been utilized to optimize stretch regimen as described
previously.”"”® FAK activation at specific phosphorylation
sites (e.g., pY397) may act as a sensitive marker revealing
cell-substrate interaction in line with specific integrins (av
relative to 05), as we reported previously for static culture.'*®
Under mechanical stimulation, FAK is extensively involved
in stretch signaling pathways and mediates various cell
functions, such as proliferation, migration, and cell cycle
regulation.'” ! FAK is an important target for contractile
cell and tissue studies due to its role in muscle tissue hy-
pertrophy, organization of sarcomeres via p130Cas, and the
regulation of attachment forces through integrins.'**'*® FAK
is also of significant interest to ligament and tendon engi-
neering as it has been shown to regulate the realignment and
differentiation of human MSCs toward a tenocyte lineage
with application of stretch.'**

Stretch-activated ion channels also play a role in stretch
mechanotransduction by selectively regulating the perme-
ability of the cell membrane to charged molecules in response
to strain. An alteration in ion gradients results in numerous
physiological responses affecting cell performance. En-
dothelial cell reorientation in response to stretch has recently
been found to be mediated by stress-activated ion channel,
TRPV4, which triggers PI3K.'® PI3K activates f1 integrin and
related signaling molecules, which in turn triggers RhoA/
ROCK. This causes stress fiber and focal adhesion remodeling,
finally resulting in cell reorientation. The knockdown of other
ion channels, TRPV2 and TRPC1, did not affect the cytoskel-
etal reorganization or change cytosolic calcium influx. Addi-
tional studies are required to elucidate the relationship of
stretch-activated channels and the other ion channels with
downstream mechanotransduction effectors under stretch
conditions, for both 2D and 3D. The other mechanosensors,
for example, cytosolic calcium concentration, B-catenin, G
protein-coupled receptors, prostaglandin E2, nitric oxide,
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cyclooxygenase-2, cadherin-mediated cell-cell adhesion, con-
nexon-based gap junction intercellular communication, and so
on,"*10 are also of interest as stretch signaling pathways.

Conclusions

Mechanical stretch is an important regulator in functional
tissue engineering due to its ability to elicit beneficial cell
responses and increase the organization and strength of en-
gineered tissues. Stretching has been shown to have a unique
role in regulating cell behavior and elicits differing responses
compared with other mechanical stimulation modalities. The
dimensions of the cellular environment (2D and 3D) and the
direction of stretch with respect to cellular alignment have
been found to affect cell responses, such as orientation, mi-
gration, differentiation, and stress fiber development. Non-
contractile cells have often shown a frequency-dependent
alignment response to cyclic stretch with saturation occur-
ring around 1 Hz. Differentiation of contractile and bone cells
has displayed strain-magnitude-dependent behavior and the
stretch regimens have been optimized by incorporating
strategic rest periods. Bioreactors and custom stretching de-
vices have been developed to apply multimodal stretch
stimulations to cells and engineered tissues. However, most
systems have low throughput, are limited in the size of tissue
that can be stretched, and have diffusion issues due to the
interference of a bounding membrane or lack of a perfusion
system. The strain profile of each device must be character-
ized but this step has been often overlooked. While 3D
stretching has provided fruitful data on the regeneration of
3D tissues for the tissue engineering of cardiac, muscle,
vasculature, ligament, tendon, bone, and so on, signaling
pathways involved in regulating cell responses to stretch
have been studied mostly using 2D stretches. Mechan-
otransduction pathway studies using 3D stretch will allow
enhanced physiological control over tissue development if
proper 3D stretch optimization protocols with gene and
molecular marker feedbacks could be established. This will
provide a new insight on functional tissue engineering and
also on developmental mechanobiology.
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