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Development of microtissues that possess mechanical properties
mimicking those of native stretchable tissues, such as muscle and
tendon, is in high demand for tissue engineering and regenerative
medicine. However, regardless of the significant advances in synthetic
biomaterials, it remains challenging to fabricate livingmicrotissuewith
high stretchability because application of large strains to microtissues
can damage the cells by rupturing their structures. Inspired by the
hierarchical helical structure of native fibrous tissues and its behavior
of nonaffine deformation, we develop a highly stretchable and tough
microtissue fiber made up of a hierarchical helix yarn scaffold, scaling
from nanometers to millimeters, that can overcome this limitation.
This microtissue can be stretched up to 15 times its initial length and
has a toughness of 57 GJ m−3. More importantly, cells grown on this
scaffold maintain high viability, even under severe cyclic strains
(up to 600%) that can be attributed to the nonaffine deformation
under large strains, mimicking native biopolymer scaffolds. Further-
more, as proof of principle, we demonstrate that the nanotopog-
raphy of the helical nanofiber yarn is able to induce cytoskeletal
alignment and nuclear elongation, which promote myogenic differen-
tiation ofmesenchymal stem cells by triggering nuclear translocation of
transcriptional coactivator with PDZ-binding motif (TAZ). The highly
stretchable microtissues we develop here will facilitate a variety of
tissue engineering applications and the development of engineered
living systems.

nanofiber yarn | bioinspired scaffold | muscle regeneration | myogenesis |
stretchable tissue

Many native tissues such as skin, muscle, and tendon exhibit
exceptional mechanical performance, including high stretch-

ability and toughness, to withstand substantial internal and external
mechanical loads (1, 2). Fabrication of tissue constructs with
comparable mechanical properties to native tissues is desired for
applications in translational medicine and tissue engineering (3).
Toward this end, a variety of synthetic biomaterials have been
developed to achieve high stretchability and toughness. For exam-
ple, double-network elastomers with both ionic and covalent bonds
can be stretched beyond 20 times their initial length (4). Nano-
composite hydrogels can also be highly stretchable and have a
fracture energy of ∼10.1 MJ m−2 (5, 6). The merits of highly
stretchable elastomers have aided a myriad of modern technologies,
including biomedical devices (7), flexible electronics (8), and soft
robotics (9). However, the scope of their application to tissue en-
gineering and regenerative medicine remains limited (3, 10, 11).
The challenge is often that the seeded cells are exposed to sub-
stantial mechanical loads synchronized with the material, which
causes undesirable effects in the cells as a result of them undergoing
large deformations, even though the supporting scaffold is capable
of withstanding them (11). Indeed, previous studies have shown
that the embedded cells in such tough double-network hydrogels
undergo elongation when stretched (11), and the corresponding
severe stresses experienced by the embedded cells can induce sig-
nificant consequences such as nuclear envelope rupture (12), DNA

damage (13), and apoptosis (14). Therefore, considering only the
stretchability of the material itself in designing a microtissue is
not sufficient. A highly stretchable microtissue or scaffold with
the ability to shelter cells from severe mechanical loads is needed,
as it would aid the practical applications in tissue engineering and
regenerative medicine.
Native tissues like tendons and muscles, which are composed

of stromal cells (15, 16) and protein scaffolds (17, 18), can
maintain cell functions even under a severe strain (1, 2, 19). The
stretchability of these tissues can be attributed to their crimped
fibrous structure that has a hierarchical helix of single protein
fibers (at the nanoscale) to tissue bundles (at the mesoscale) (1,
20–26). The aligned fibers follow a sinusoidal waveform along
the tissue length, which has been termed fiber crimping (24, 27–
29). Such fiber crimping is believed to play an important role in
protecting the embedded stromal cells when the native tissues
experience in vivo loads and undergo large deformations (25, 30–
34); this effect has been attributed to its unique nonaffine de-
formation, wherein the global macroscopic strain is not identical
to the local microscopic strain (35–43). As a result, the cell strain
in these native systems differs from tissue strain by a substantial
margin, enabling cell survival under severely large deformations.
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Inspired by these natural crimped fibrous tissues, we engineer
a unique microtissue composed of cells and nanofibers that are
arranged in the form of a hierarchical helix. The helix scaffold is
fabricated by serially twisting aligned nanofibers into a yarn and
then overtwisting them into a helical yarn. This helix scaffold
exhibits exceptional stretchability and toughness; it can be stretched
up to 15 times its initial length. More importantly, this hierarchical
material serving as a fibrous scaffold undergoes nonaffine defor-
mation, where seeded cells stretch substantially less than the overall
scaffold, mimicking native crimped fibrous tissues (25, 32, 36, 43–
45). As a direct result, cells cultured on this helical scaffold survive
cyclic strains up to 600%. We demonstrate the mechanism of the
nonaffine deformation involved by deploying both experimentation
and mathematical modeling. From an application perspective, we
also demonstrate that mesenchymal stem cells (MSCs) cultured on
the cellulose-based helix scaffold remain alive for over 7 d with cyclic
stretch up to 600% strain. Furthermore, this helix scaffold pro-
motes myogenesis of MSCs by altering cellular physical properties
and activating transcriptional coactivator with PDZ-binding motif
(TAZ) signaling. We believe this stretchable living microtissue can
have broad implications in tissue engineering, regenerative medicine,
soft robotics, and engineered living systems.

Results
Fabrication of Helical Nanofiber Yarn Microtissue Scaffold. Native
stretchable tissues such as muscles, tendons, and vessels usually
constitute nanoscale protein fibers and microscale cell fibers. To
obtain a synthetic scaffold imitating these stretchable natural fibrous
tissues, we first fabricate nanoscale fibers as building blocks, which
are subsequently assembled to achieve higher-order hierarchical
structures. The original nanofibers are electrospun from either syn-
thetic material [including poly(lactic-co-glycolic acid), polyurethane,
and PVDF-hexafluoropropylene (HFP)] or natural material such
as cellulose, as shown in SI Appendix, Fig. S1. These nanofibers
are aligned and twisted to form primary yarns with a diameter of
∼300 μm and a twist angel of ∼40°, as shown by scanning electron
microscopy (Quanta 250 FEG) imaging (SI Appendix, Fig. S1).
The primary yarns are further overtwisted to form the final hi-
erarchical helical yarns as shown in Fig. 1 A and B. The resulting
hierarchical helix is structurally stable; no obvious partial twisting
or untwisting is observed in the relaxed state (Fig. 1B).
MSCs are then seeded onto the helix yarn to form the microtissue

scaffold. These cells fully attach and spread on the helix scaffold in
less than 6 h. In 2 d, the seeded cells approach confluence and adapt
to the topography of aligned and twisted nanofibers. Thus, we
obtain a helix-shaped microtissue constructed from nanofibers as

a supporting scaffold along with microscale cells that synergis-
tically align themselves to form a hierarchical helix microtissue.
To test the biocompatibility of these fibers, MSCs are seeded

and cultured for 5 d onto the helix scaffold. A high cell viability
(>92%) is revealed by the LIVE/DEAD assay on the helix
scaffold made from all the aforementioned materials. Cell types
other than MSCs, including stromal cells [mouse embryonic fi-
broblasts (MEFs)] and human breast cancer cells (MDA-MB-231),
also show a great cell viability (>93%) in a 5-d culture experiment
(Fig. 1 F andG). Interestingly, we find that the proliferation ratio of
MEFs on the hierarchical cellulose fiber (∼63%) is even higher
compared with that on a 2D substrate made from the same material
(∼28%), as indicated by the immunostaining of Ki67 (SI Appendix,
Fig. S2). Thus, we demonstrate a living microtissue that recapitu-
lates the structure of native stretchable tissues.

Mechanical Characterization of Helix Scaffold. As we fabricate the
microtissue fibers mimicking structural features of native stretch-
able tissues, we anticipate that these fibers also would exhibit a
superior mechanical performance. To characterize, an individual
yarn (10 mm between two clamps) is glued onto two polystyrene
clamps and stretched using a tensile machine with a 100-N load cell
(Shimadzu AGS-X Tester) at room temperature. Both loading and
unloading rates are kept constant at 2 mm min−1. We find that the
helix scaffold made from PVDF-HFP nanofibers can be stretched
up to 15 times its original length without breakage (Fig. 1 C–E).
Furthermore, this highly stretchable helix scaffold exhibits a
strong nonlinear elasticity in the form of strain stiffening, which
is widely observed in biopolymer networks and is thought to be of
importance for tissue mechanical functions (36, 46). The defor-
mation process includes original separation of the adjacent coils
and gradual unwinding of the coils until the fiber is free of it. Initially,
the helix scaffold requires much smaller stress to stretch, indicating
that it is very flexible compared with its primary forms: primary yarn
and nanofiber bundle (Fig. 1 D and E). As the strain increases, the
helix scaffold stiffens. The stress and strain values at breakage for
the hierarchical helix scaffold (Fig. 1E) are 88.7 MPa and 1,420%
respectively, and are 88.6 MPa and 174% for the primary yarn
(Fig. 1E). As we integrate the stress–strain curve upon fracture to
obtain the material toughness (57 GJ m−3), we find a 6 times larger
toughness over the primary yarn. This is because of elevated frac-
ture strain rather than fracture strength (Fig. 1E). Therefore, the
mechanical performance of the helix scaffold significantly exceeds
its primary forms by imitating the functional structures of native
tissues. To further characterize the mechanical behavior of the
scaffold, we perform cyclic loading of various strain amplitudes

Fig. 1. Fabrication and characterization of helix
microtissue fiber. (A) Schematic illustration of the struc-
ture of hierarchical helix nanofiber yarn. (B and C)
Scanning electron micrographs of an unstrained (B) and
a strained (C) hierarchical helix nanofiber yarn. (D)
Stress–strain curve of helix nanofiber yarn shows that the
helix scaffold can be stretched up to 15 times its initial
length under a stress more than 80 MPa. (E) Quantifi-
cations of fracture strain, fracture strength, and fracture
toughness show that the helix scaffold’s toughness is 6
times larger than the primary yarn by elevating fracture
strain rather than facture strength. ***P < 0.001. n.s.,
not significant. (F and G) Image (F) and quantification
(G) of LIVE/DEAD staining of seeded MEFs show that
three different types of cells maintain high cell viability
on the helix scaffold during 5 d of culturing.
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at a constant loading rate of 10 mm min−1 (SI Appendix, Fig.
S2A). We observe clear hysteresis when the material is subjected
to cyclic strain, suggesting that the material may have viscoelas-
ticity. To characterize its viscoelasticity, we perform a stress re-
laxation test and find a characteristic relaxation time of 9.7 ± 1.8 s
(SI Appendix, Fig. S2B). Furthermore, we calculate the damping
ratio from the cyclic loading by dividing the dissipated energy in a
complete loading–unloading cycle by the extension work applied;
we find that the damping capacity increases as the strain increases
(SI Appendix, Fig. S2C). Moreover, we observe no obvious plastic
deformation up to a strain of 200%; all of the fibers recover to
their original length after the applied strains are released. When the
strain is larger than 200%, the degree of plasticity [defined as the
ratio of the residual strain after recovery to the maximum strain
applied (47)] gradually increases with an increase in the amplitude
of the strain (SI Appendix, Fig. S2 A and D); this is similar to the
plastic behavior found in native biopolymers (47, 48). Thus, these
mechanical characteristics of our living microtissue fiber are com-
parable with those of native stretchable tissues.

Helix Scaffold Protects Cells from Damage Under Large Strains. Even
though the helix scaffold we present here has achieved both
native structural features and exceptional mechanical perfor-
mance, whether the seeded cells maintain health and function
while the whole microtissue fiber is subjected to large strains
remained unknown. Mammalian cells can deform and actively
spread from a spherical shape to a spindle shape several times
longer (11, 15, 49). However, when cells are forced to deform
under large strains, especially at a relatively high strain rate, they
often cannot survive. Indeed, several reports have shown that
severe deformations can induce cell and nuclear membrane
breakage (12), DNA damage (13), and apoptosis (14). In native
tissues, the protection of cells under severely large deformation
is enabled by the nonaffine deformation of fibrous tissue scaf-
fold, where the cell strain in these native systems significantly
differs from the bulk tissue strain (19, 25, 30, 32, 36).

To test whether cells cultured on our helix scaffold survive under
large strains, we seed MEFs onto the hierarchical helix scaffold for 2
d until they are fully attached. These scaffolds are then stretched
under cyclic load up to 50 times (up to 600%, strain rate of 1/2 min−1)
(Fig. 2 A–D). We find that cells maintain high cell viability (85%) after
being stretched even over 600% cyclic strain (Fig. 2C) on the helix
scaffold as demonstrated by LIVE/DEAD assay. As a comparison, the
cell viability dramatically decreases as the strain increases when cells
are cultured on the primary yarn: Application of 50% strain leads to
more than 70% cell death (Fig. 2C). Moreover, cells on the helix
scaffold maintain a spreading morphology and remain attached
(>83%) under 600% cyclic strain, while most cells (65%) on the
primary yarn round up and detach under 50% cyclic strain (Fig. 2D).
Furthermore, to confirm the cell viability under different strain rates,
we stretch the helix scaffold and the primary yarn at different strain
rates ranging from 1/32 to 16 min−1 at 200% and 50% strain, re-
spectively. Strain rates lower than 1/4 min−1 do not affect cells on
either the helix scaffold or the primary yarn (Fig. 2E). Strain rates
larger than 1/2 min−1 dramatically reduce the cell viability on the
primary yarn (less than 40%), while strain rates only larger than 4
min−1 slightly decrease the cell viability on the helix scaffold (Fig. 2E).
Even at a strain rate of 16 min−1, we still observe more than 80% cells
survival on the helix scaffold (Fig. 2E). In addition to cyclic stretching,
cells on the helix scaffold can sustain large cyclic bending. The helix
scaffold (10 mm in length and 500 μm in diameter) is actuated be-
tween the straight and bent states at a consistent bending rate to a
specified beam bending angle. We find no obvious damage on either
the helix scaffold or the primary yarn when the bending angle is lower
than 120° (Fig. 2 F and G). Even at a bending angle of 270°, the cell
viability on the helix scaffold is above 90%, whereas the cell viability
on the primary yarn is less than 75% (Fig. 2G) and a small portion of
cells (∼16%) detaches from the primary yarn (Fig. 2H). Overall, these
results demonstrate the unique and exceptional cell-deformation
buffering effect of the helix scaffold under both bending and stretch-
ing, which enables the seeded cells to function as usual despite the
fiber being subjected to severe mechanical loads, and thus can po-
tentially promote the practical applications in regenerative medicines.

Fig. 2. Hierarchical helix scaffold shelters cells from large cyclic straining and bending. (A) Schematic illustration of cycling strain of a hierarchical helix
scaffold. (B) LIVE/DEAD staining of seeded cells under cycling strains. The results show that cells maintain a consistently high viability despite different strain
ratios. (C) Seeded cells maintain high viability on the helix scaffold under different strains up to 600%. As a comparison, the cell viability dramatically de-
creases as the strain increases when cells are cultured on the primary yarn. (D) Cells on the helix scaffold maintain a spreading morphology and remain
attached (>83%) under 600% cycling strain, while most cells (65%) on the primary yarn round up and detach under 50% cyclic strain. (E) Cells on the helix
scaffold maintain high viability at different strain rates ranging from 1/32 to 16 min−1, while cells on the primary yarn round up and detach under 50% cyclic
strain. (F) Schematic illustration of cycling bending of a hierarchical helix scaffold. (G) Cells on the helix scaffold maintain high viability under different bend
ratios up to 270°. In comparison, cell viability decreases as the bend ratio is larger than 150° when cells are cultured on the primary yarn. (H) Cells on the helix scaffold
maintain a spreading morphology and remain attached (>95%) under different bend ratios up to 270°, while cells on the primary fiber round up and detach.
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Mathematical Modeling and Simulation. We further explore the
underlying reason for the deformation buffering effect of the
helix scaffold on seeded cells. Toward this end, simulation of loading
of a hierarchical helix scaffold is performed using the finite element
software Abaqus. According to the experimentally examined
samples, the simulated geometry is generated as an ideal helix
with 4.5 strands (Fig. 3A). The precise geometry of the hierarchical
helix strand is described by a set of parametric equations, as shown
in SI Appendix, Materials and Methods. The scaffold is modeled as
an incompressible linear elastic material with a Young’s modulus
value of E = 1 and a Poisson’s ratio of 0.5. The loading and unloading
of the helix scaffold are simulated by gradually increasing the
magnitude of the displacement at both ends of the fiber along
the axial direction. The maximum stretch applied is 200% of its
initial length. The rotation along the axis, which is perpendicular
to the fiber axis and goes through the center of the cross-section,
is allowed. We extract the maximal strain on the surface of the
scaffold and also compute the fiber angular displacement from the
overall displacement field. Since displacement boundary conditions
are applied and only dimensionless quantities such as strain and
turning angle are studied, the process can be viewed as a geometrical
problem and the effects of Young’s modulus can be neglected.
Our simulation results show that the stress and strain of the

material are maximal on the wire surface closest to the outer brim
of the helix scaffold (Fig. 3A). As we compare the maximum ac-
tual strain as a function of the applied engineering strain of the
fiber, we find that the local strain of the wire is 1,000 times smaller
than the total engineering strain (Fig. 3 B and C). In comparison,
the local strain of the hierarchical helix scaffold is 100-fold lower
than those of the primary yarn under the same total engineering
strain (Fig. 3C). Indeed, as we estimate the local strains experienced
by the seeded cells using their relative length change, we find them
nearly zero and consistent with the simulated local material strains
(Fig. 3C). The rotation of cell orientation measured in experiments
is also consistent with the local rotation of the individual nanofiber
wire simulated, showing the structural realignment of the helix

scaffold during strain (Fig. 3D). Due to the existence of the coils, the
externally applied strain is distinctively different from the actual
perceived strain by cells (the former is much larger than the latter),
so the cells are almost unaffected in the high tensile state. These
simulated results are consistent with previous finite element
studies of helical springs (50, 51). Thus, we demonstrate that the
cell deformation buffering effect can be attributed to the nonaffine
deformation through structural realignment under large strains,
which eliminate the local strain applied to individual cells.

Promotion of Myogenesis on Helix Scaffold. To demonstrate, as
proof of principle, that this fibrous microtissue can be used for
applications of functional tissue regeneration, we construct a
microtissue composed of the helix cellulose scaffold and seeded
MSCs. After the MSCs approach confluence, chemical supple-
ments are added to induce myogenesis of the MSCs (see SI Ap-
pendix,Materials and Methods). After a 7-d culture, we find that the
hierarchical nanofibrous structure largely promotes myogenesis of
MSCs compared with the 2D substrate made from the same ma-
terial (92.0% ± 6.1% vs. 64.4% ± 6.2%), as indicated by myoblast
marker myosin heavy chain (Fig. 4 A–C). Furthermore, we find
that this is primarily due to the nanotopography rather than the
microscale curvature of the helix scaffold, as shown by comparing
the myogenesis ratios of MSCs on nanofiber yarn and microfiber
yarn with the same overall coil geometry (SI Appendix, Fig. S5).
To explore the underlying mechanism, we find that the helix

scaffold modifies the physical properties of cells by aligning and
elongating the seeded cells. Whereas cells randomly orient on
the 2D membrane made up of nanofibers, they synergistically
position in a preferred direction on the helix scaffold (SI Ap-
pendix, Fig. S3). The cells also become more elongated on helix
scaffolds, as shown by a higher aspect ratio (Fig. 4 D and E), and
have a smaller cell volume (Fig. 4 D and F). We characterize the
cell nucleus and find that it also has a higher aspect ratio and a
smaller volume when cultured on helix scaffolds (Fig. 4 G–I).
This behavior of nuclear elongation and organization in a fibrous
system is consistent with previous studies (52–54). Moreover, the
idea of nuclear deformation regulating gene expression and leading
to varied cell functions is also in line with previous observations
(55–61). Therefore, the observed biophysical characteristics of both
the cytoplasm and nucleus may together promote myogenesis of
MSCs on our helix nanofiber yarn, as also suggested by previous
reports under various types of material cues (62).
In addition to the biophysical properties of the seeded cells, pre-

vious reports have shown that TAZ in myoblasts promotes myogenic
gene expression in aMyoD-dependent manner and hastens myofiber
formation (63). Meanwhile, TAZ has also been identified as a
mechanotransducer that responds to various types of mechanical
loadings and extracellular material cues (64). Thus, we further test
whether the helix scaffold promotes myogenesis of MSCs via TAZ.
Indeed, we find that TAZ translocates into the nucleus from the
cytoplasm on the helix scaffold, whereas it remains in the cytoplasm
on the 2D nanofiber membrane (Fig. 4 J–L). This TAZ nuclear
translocation might be due to cell volume reduction as recently
reported (65). Furthermore, overexpression of TAZ leads to higher
but comparable myogenesis ratios on both the helix scaffold and the
2D substrate of the same material (Fig. 4 M–O). To summarize, the
physical topography of the helix scaffold alters the biophysical
properties of seeded cells (aspect ratio and volume), which
leads to TAZ nuclear translocation and thus promotes myo-
genic differentiation of MSCs seeded on the helix scaffold.
Both the helix scaffold and the primary yarn exhibit similar

first-order nanoscale topographic features; therefore, as expected,
comparable myogenesis ratios are observed on these two types
of fibers. However, as we further apply cyclic stretch, we find that
82.3% of MSCs on the helix scaffold go through myogenesis while
only 12.7% of seeded MSCs remain healthy, and even less (∼6%)
go through myogenesis on the primary yarn (Fig. 4 P and Q).

Fig. 3. Theoretical modeling of straining the hierarchical helix scaffold. (A)
Simulated results show the local strain of the hierarchical helix scaffold
under an applied 50% engineering strain, showing that the local material
strain is much smaller than the applied engineering strain. (B) The field of
local material strains on the helix scaffold and primary yarn under the same
engineering strains, showing a much larger local material strain on the
primary yarn compared with the helix scaffold. (C) The simulated correla-
tions between local strain and engineering strain show that the local strains
on the helix scaffold are much smaller than those on the primary yarn under
the same engineering strain. Experimental measurements of cell elongation
also fit well with the simulated local material strain of the helix scaffold. (D)
Local orientations of seeded cells on the helix scaffolds are consistent with
simulated local orientations of nanofibers under the same engineering strain.
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These results show that the hierarchical helix microtissue pro-
vides a useful scaffold for muscle regeneration, whose effect can
be further harnessed by mechanical loadings.

Discussion
We fabricate a highly stretchable and tough nanofiber helix micro-
tissue that is capable of protecting seeded cells from being damaged
under large strains and strain rates. This design is inspired by the
structure of muscles and tendons that contributes to its me-
chanical robustness. The helix microtissue has greatly higher
cell viability and proliferation ratio compared with that of a
2D substrate made from the same material. We demonstrate
that the helix scaffold has significantly enhanced mechanical
performance in comparison with primary yarn, as it can be
stretched up to 15 times its original length without rupture. The
hierarchical helix scaffold not only mimics the structural and
mechanical properties of native tissues but also can protect seeded
cells when subjected to both stretching and bending. We use
mathematical modeling along with experimental evidence to show
that the supporting material, serving as a fiberlike scaffold that
enables nonaffine deformation, allows the cells to be stretched
substantially less than the overall microtissue. Furthermore, to

demonstrate the application of this reconstituted microtissue in
regenerative medicine and tissue engineering, we show that it uses
its physical structures to regulate the differentiation of the seeded
MSCs. The helix scaffold alters the physical properties of cells by
stretching both the cytoplasm and the nucleus. We further identify
that a transcriptional coactivator (TAZ) serves as the key regu-
lator to transduce the physical information of the hierarchical
scaffold to cells by translocating into the nucleus, thus enhancing
myogenesis of the seeded MSCs. To summarize, this study pro-
vides a microtissue that meets the requirement for regeneration of
tough tissues such as muscle, tendon, and bone and offers a
pathway for biophysical regulation of stem cell fate using hierar-
chical structured materials. This work also has the potential to
open new technological avenues that can leverage on advances in
soft materials, mechanical engineering design, and cell biology to
develop new engineered living systems for applications in human
health monitoring, wearable and stretchable actuators, bioartificial
organs, and so forth.

Materials and Methods
Full materials and methods are described in SI Appendix, Materials and
Methods. Briefly, we electrospin nanofibers to form a fibrous membrane and

Fig. 4. The helix scaffold promotes myogenic differentiation of MSCs via altering physical properties of cells and translocating TAZ. (A–C) Images (A) and
quantification of myosin heavy chain (MHC) staining ratio (B) and intensity (C) show that the helix scaffold promotes myogenic differentiation of MSCs. (D–F)
Fluorescent images (D) and quantifications show that the helix scaffold elongates the cells to a larger aspect ratio (E) and reduces the cell volume (F)
compared with those cultured on a 2D substrate. (G–I) Fluorescent images (G) and quantifications show that the helix scaffold elongates the nucleus to a
larger aspect ratio (H) and reduces the nuclear volume (I) compared with those culture on a 2D substrate. (J–L) Fluorescent images (J) and quantifications show
that the helix scaffold promotes TAZ nuclear translocation compared with 2D substrate (K and L). (M–O) Overexpression of TAZ in MSCs leads to a comparable
myogenesis ratio in cells cultured on the helix scaffold and a 2D substrate. (P and Q) Helix scaffold guarantees a high viability and an elevated myogenic
differentiation ratio of MSCs under cycling 600% strains. As a comparison, only a small portion of MSCs on the primary yarn maintains health and goes
through myogenic process. *P < 0.05, **P < 0.01. n.s., not significant; overE, overexpression; Pri-, primary.
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further twist it into a hierarchical helix yarn. Cells are cultured on the helix yarn
to form the microtissue. Mechanical loadings on hierarchical helix yarn and
microtissue are performed using a mechanical testing machine (U-Stretch;
CellScale). Cell survival, proliferation, and differentiation assays are per-
formed using confocal microscropy (Leica SP8).

ACKNOWLEDGMENTS. We acknowledge the support from the Department
of Mechanical Engineering and the Research Support Committee fund at
Massachussets Institute of Technology. F.G. and Y.Z. acknowledge National
Natural Science Foundation of China (Grants 21774005, 51803183, and 21374001),
the National Program for Support of Top-notch Young Professionals, and the
111 Project (Grant B14009).

1. Freedman BR, et al. (2018) Tendon healing affects the multiscale mechanical, struc-
tural and compositional response of tendon to quasi-static tensile loading. J R Soc
Interface 15:20170880.

2. Fung YC (2013) Biomechanics: Mechanical Properties of Living Tissues (Springer Sci-
ence & Business Media, New York).

3. Place ES, Evans ND, Stevens MM (2009) Complexity in biomaterials for tissue engi-
neering. Nat Mater 8:457–470.

4. Sun J-Y, et al. (2012) Highly stretchable and tough hydrogels. Nature 489:133–136.
5. Gao G, Du G, Sun Y, Fu J (2015) Self-healable, tough, and ultrastretchable nano-

composite hydrogels based on reversible polyacrylamide/montmorillonite adsorption.
ACS Appl Mater Interfaces 7:5029–5037.

6. Rauner N, Meuris M, Zoric M, Tiller JC (2017) Enzymatic mineralization generates
ultrastiff and tough hydrogels with tunable mechanics. Nature 543:407–410.

7. Larson C, et al. (2016) Highly stretchable electroluminescent skin for optical signaling
and tactile sensing. Science 351:1071–1074.

8. Kim C-C, Lee H-H, Oh KH, Sun J-Y (2016) Highly stretchable, transparent ionic touch
panel. Science 353:682–687.

9. Chen P, et al. (2015) Hierarchically arranged helical fibre actuators driven by solvents
and vapours. Nat Nanotechnol 10:1077–1083.

10. Mehrali M, et al. (2017) Nanoreinforced hydrogels for tissue engineering: Biomaterials
that are compatible with load-bearing and electroactive tissues. Adv Mater 29:1603612.

11. Hong S, et al. (2015) 3D printing of highly stretchable and tough hydrogels into
complex, cellularized structures. Adv Mater 27:4035–4040.

12. Denais CM, et al. (2016) Nuclear envelope rupture and repair during cancer cell mi-
gration. Science 352:353–358.

13. Irianto J, et al. (2017) DNA damage follows repair factor depletion and portends
genome variation in cancer cells after pore migration. Curr Biol 27:210–223.

14. Zhang Y-H, Zhao C-Q, Jiang L-S, Dai L-Y (2011) Cyclic stretch-induced apoptosis in rat
annulus fibrosus cells is mediated in part by endoplasmic reticulum stress through
nitric oxide production. Eur Spine J 20:1233–1243.

15. Hu J, et al. (2017) Size- and speed-dependent mechanical behavior in living mam-
malian cytoplasm. Proc Natl Acad Sci USA 114:9529–9534.

16. Guo M, et al. (2014) Probing the stochastic, motor-driven properties of the cytoplasm
using force spectrum microscopy. Cell 158:822–832.

17. Licup AJ, et al. (2015) Stress controls the mechanics of collagen networks. Proc Natl
Acad Sci USA 112:9573–9578.

18. Nam S, Hu KH, Butte MJ, Chaudhuri O (2016) Strain-enhanced stress relaxation im-
pacts nonlinear elasticity in collagen gels. Proc Natl Acad Sci USA 113:5492–5497.

19. Liu AS, et al. (2016) Matrix viscoplasticity and its shielding by active mechanics in
microtissue models: Experiments and mathematical modeling. Sci Rep 6:33919.

20. Jung GS, Buehler MJ (2017) Multiscale modeling of muscular-skeletal systems. Annu
Rev Biomed Eng 19:435–457.

21. Marino M, Vairo G (2013) Multiscale elastic models of collagen bio-structures: From
cross-linked molecules to soft tissues. Multiscale Computer Modeling in Biomechanics
and Biomedical Engineering, Studies in Mechanobiology, Tissue Engineering and
Biomaterials (Springer, Berlin), Vol 14, pp 73–102.

22. O’Leary LE, Fallas JA, Bakota EL, Kang MK, Hartgerink JD (2011) Multi-hierarchical
self-assembly of a collagen mimetic peptide from triple helix to nanofibre and hy-
drogel. Nat Chem 3:821–828.

23. Rho J-Y, Kuhn-Spearing L, Zioupos P (1998) Mechanical properties and the hierar-
chical structure of bone. Med Eng Phys 20:92–102.

24. Brand R, Backer S (1962) Mechanical principles of natural crimp of fiber. Text Res J 32:
39–49.

25. Huiskes R, Weinans H, van Rietbergen B (1992) The relationship between stress
shielding and bone resorption around total hip stems and the effects of flexible
materials. Clin Orthop Relat Res 124–134.

26. Zitnay JL, et al. (2017) Molecular level detection and localization of mechanical
damage in collagen enabled by collagen hybridizing peptides. Nat Commun 8:14913.

27. Kastelic J, Galeski A, Baer E (1978) The multicomposite structure of tendon. Connect
Tissue Res 6:11–23.

28. Hansen KA, Weiss JA, Barton JK (2002) Recruitment of tendon crimp with applied
tensile strain. J Biomech Eng 124:72–77.

29. Reese SP, Maas SA, Weiss JA (2010) Micromechanical models of helical superstructures
in ligament and tendon fibers predict large Poisson’s ratios. J Biomech 43:1394–1400.

30. Abhilash AS, Baker BM, Trappmann B, Chen CS, Shenoy VB (2014) Remodeling of
fibrous extracellular matrices by contractile cells: Predictions from discrete fiber
network simulations. Biophys J 107:1829–1840.

31. Hall MS, et al. (2016) Fibrous nonlinear elasticity enables positive mechanical feed-
back between cells and ECMs. Proc Natl Acad Sci USA 113:14043–14048.

32. Marquez JP, Genin GM, Zahalak GI, Elson EL (2005) The relationship between cell and
tissue strain in three-dimensional bio-artificial tissues. Biophys J 88:778–789.

33. Wagenseil JE, Okamoto RJ (2007) Modeling cell and matrix anisotropy in fibroblast
populated collagen vessels. Biomech Model Mechanobiol 6:151–162.

34. Zahalak GI, Wagenseil JE, Wakatsuki T, Elson EL (2000) A cell-based constitutive re-
lation for bio-artificial tissues. Biophys J 79:2369–2381.

35. Catalin P, Islam M (2017) Mechanical behavior of fibrous materials with application to
connective tissue. Rom J Mech 2:14–28.

36. Chandran PL, Barocas VH (2006) Affine versus non-affine fibril kinematics in collagen
networks: Theoretical studies of network behavior. J Biomech Eng 128:259–270.

37. Deymier AC, et al. (2019) The multiscale structural and mechanical effects of mouse
supraspinatus muscle unloading on the mature enthesis. Acta Biomater 83:302–313.

38. Genin GM, Shenoy VB, Peng GC, Buehler MJ (2017) Integrated multiscale biomaterials
experiment and modeling. ACS Biomater Sci Eng 3:2628–2632.

39. Lake SP, Hadi MF, Lai VK, Barocas VH (2012) Mechanics of a fiber network within a
non-fibrillar matrix: Model and comparison with collagen-agarose co-gels. Ann
Biomed Eng 40:2111–2121.

40. Liu YX, Thomopoulos S, Birman V, Li J-S, Genin GM (2012) Bi-material attachment
through a compliant interfacial system at the tendon-to-bone insertion site. Mech
Mater 44:83–92.

41. Liu Y, et al. (2013) Modelling the mechanics of partially mineralized collagen fibrils,
fibres and tissue. J R Soc Interface 11:20130835.

42. Marquez JP, Genin GM, Zahalak GI, Elson EL (2005) Thin bio-artificial tissues in plane
stress: The relationship between cell and tissue strain, and an improved constitutive
model. Biophys J 88:765–777.

43. Wang H, Abhilash AS, Chen CS, Wells RG, Shenoy VB (2014) Long-range force trans-
mission in fibrous matrices enabled by tension-driven alignment of fibers. Biophys J
107:2592–2603.

44. Majima T, et al. (2003) Stress shielding of patellar tendon: Effect on small-diameter
collagen fibrils in a rabbit model. J Orthop Sci 8:836–841.

45. Ahmadzadeh H, et al. (2017) Modeling the two-way feedback between contractility
and matrix realignment reveals a nonlinear mode of cancer cell invasion. Proc Natl
Acad Sci USA 114:E1617–E1626.

46. Han YL, et al. (2018) Cell contraction induces long-ranged stress stiffening in the
extracellular matrix. Proc Natl Acad Sci USA 115:4075–4080.

47. Ban E, et al. (2018) Mechanisms of plastic deformation in collagen networks induced
by cellular forces. Biophys J 114:450–461.

48. Kim J, et al. (2017) Stress-induced plasticity of dynamic collagen networks.Nat Commun 8:842.
49. Gupta SK, Li Y, Guo M (2019) Anisotropic mechanics and dynamics of a living mam-

malian cytoplasm. Soft Matter 15:190–199.
50. Gent AN (1964) Elastic stability of rubber compression springs. J Mech Eng Sci 6:318–326.
51. Mottershead JE (1980) Finite elements for dynamical analysis of helical rods. Int J

Mech Sci 22:267–283.
52. Meehan S, Nain AS (2014) Role of suspended fiber structural stiffness and curvature

on single-cell migration, nucleus shape, and focal-adhesion-cluster length. Biophys J
107:2604–2611.

53. Sheets K, et al. (2013) Cell-fiber interactions on aligned and suspended nanofiber
scaffolds. J Biomater Tissue Eng 3:355–368.

54. Sheets K, Wunsch S, Ng C, Nain AS (2013) Shape-dependent cell migration and focal
adhesion organization on suspended and aligned nanofiber scaffolds. Acta Biomater 9:
7169–7177.

55. Cao X, et al. (2016) A chemo-mechanical model for extracellular matrix and nuclear
rigidity regulated size of focal adhesion plaques. Biophys J 110:622a.

56. Cao X, et al. (2016) A chemomechanical model for nuclear morphology and stresses
during cell transendothelial migration. Biophys J 111:1541–1552.

57. Damodaran K, et al. (September 26, 2018) Compressive force induces reversible
chromatin condensation and cell geometry dependent transcriptional response. Mol
Biol Cell, 10.1091/mbc.E18-04-0256.

58. Jain N, Iyer KV, Kumar A, Shivashankar GV (2013) Cell geometric constraints induce
modular gene-expression patterns via redistribution of HDAC3 regulated by acto-
myosin contractility. Proc Natl Acad Sci USA 110:11349–11354.

59. Kumar A, et al. (2014) ATR mediates a checkpoint at the nuclear envelope in response
to mechanical stress. Cell 158:633–646.

60. Makhija E, Jokhun DS, Shivashankar GV (2016) Nuclear deformability and telomere dy-
namics are regulated by cell geometric constraints. Proc Natl Acad Sci USA 113:E32–E40.

61. Uhler C, Shivashankar GV (2017) Regulation of genome organization and gene ex-
pression by nuclear mechanotransduction. Nat Rev Mol Cell Biol 18:717–727.

62. Kwee BJ, Mooney DJ (2017) Biomaterials for skeletal muscle tissue engineering. Curr
Opin Biotechnol 47:16–22.

63. Jeong H, et al. (2010) TAZ as a novel enhancer of MyoD-mediated myogenic differ-
entiation. FASEB J 24:3310–3320.

64. Dupont S, et al. (2011) Role of YAP/TAZ in mechanotransduction.Nature 474:179–183.
65. Cai D, Sukenik S, Feliciano D, Gruebele M, Lippincott-Schwartz J (October 11, 2018)

Phase separation of YAP reprograms cells for long-term YAP target gene expression.
bioRxiv, 438416.

9250 | www.pnas.org/cgi/doi/10.1073/pnas.1821617116 Li et al.

D
ow

nl
oa

de
d 

at
 M

IT
 L

IB
R

A
R

IE
S

 o
n 

F
eb

ru
ar

y 
12

, 2
02

0 

https://www.pnas.org/cgi/doi/10.1073/pnas.1821617116

