TISSUE ENGINEERING: Part A
Volume 19, Numbers 9 and 10, 2013
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tea.2012.0321

Engineering Cellular Fibers for Musculoskeletal
Soft Tissues Using Directed Self-Assembly
Nathan R. Schiele, MS,1 Ryan A. Koppes, MS,1 Douglas B. Chrisey, PhD,2 and David T. Corr, PhD1

Engineering strategies guided by developmental biology may enhance and accelerate in vitro tissue formation for
tissue engineering and regenerative medicine applications. In this study, we looked toward embryonic tendon
development as a model system to guide our soft tissue engineering approach. To direct cellular self-assembly,
we utilized laser micromachined, differentially adherent growth channels lined with fibronectin. The micromachined growth channels directed human dermal fibroblast cells to form single cellular fibers, without the need
for a provisional three-dimensional extracellular matrix or scaffold to establish a fiber structure. Therefore, the
resulting tissue structure and mechanical characteristics were determined solely by the cells. Due to the selfassembly nature of this approach, the growing fibers exhibit some key aspects of embryonic tendon development, such as high cellularity, the rapid formation (within 24 h) of a highly organized and aligned cellular
structure, and the expression of cadherin-11 (indicating direct cell-to-cell adhesions). To provide a dynamic
mechanical environment, we have also developed and characterized a method to apply precise cyclic tensile
strain to the cellular fibers as they develop. After an initial period of cellular fiber formation (24 h postseeding),
cyclic strain was applied for 48 h, in 8-h intervals, with tensile strain increasing from 0.7% to 1.0%, and at a
frequency of 0.5 Hz. Dynamic loading dramatically increased cellular fiber mechanical properties with a nearly
twofold increase in both the linear region stiffness and maximum load at failure, thereby demonstrating a
mechanism for enhancing cellular fiber formation and mechanical properties. Tissue engineering strategies,
designed to capture key aspects of embryonic development, may provide unique insight into accelerated
maturation of engineered replacement tissue, and offer significant advances for regenerative medicine applications in tendon, ligament, and other fibrous soft tissues.

Introduction

T

endons and ligaments are dense, collagen-based, tissues that transmit mechanical forces and stabilize joints,
allowing for basic human functions and locomotion. The
hierarchical tendon and ligament structure is composed of
fascicles, made up of collagen fibers. These collagen fibers are
formed from continuous collagen fibrils, aligned to the tissue
long-axis to provide the mechanical strength.1 The high incidence of injury and poor intrinsic healing of these tissues
make them attractive candidates for tissue engineering and
regenerative medicine.2
Cell-based tissue engineering presents a unique approach
to in vitro tissue formation by exploiting the fundamental
ability of cells to self-organize and synthesize their own extracellular matrix (ECM) proteins. Current scaffold-free and
cell-based engineering methodologies have produced tendon
and ligament-like structures from two-dimensional (2D) cell

monolayers cultured in dishes. Human connective tissue
progenitor cells,3 tendon fibroblasts,4–6 and bone marrow
stromal cells,7 have been grown in monolayer culture and
allowed to contract, or roll-up, to form three-dimensional
(3D), fiber-like structures. Using an alternative scaffold-free
approach, de Wreede and Ralphs8 cultured a suspension of
tendon fibroblasts in a rotating dialysis tube for 14 days to
produce fiber-like cell aggregates. Although successful at
producing tissue, these previous scaffold-free and cell-based
techniques are unable to precisely control the cellular organization and final tissue structure. To provide additional
signals for cellular organization and alignment in culture,
Patz et al.9 utilized differentially adherent growth channels,
filled with a basement membrane matrix (Matrigel), to
direct the aligned growth of mouse C2C12 myoblast cells.
While these results showed promise for guiding myoblast
growth, the Matrigel within the growth channels fills the
volumetric space potentially limiting cell-to-cell adhesion
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early in development, establishes a non-native provisional
scaffold, and introduces unintended and uncontrolled
growth factors and ECM components.10,11
It has been recently suggested that looking toward embryonic tendon development for guidance may provide
strategies to improve functional outcomes, in both regenerative medicine and tissue engineering applications.12,13 In
stark contrast to the dense collagen ECM found in mature
tendons and ligaments, developing tissues are characterized
by a low collagen content and high cellularity, especially at
the early stages of embryonic development.14 As seen in
developing rabbit flexor tendons and postnatal mouse
Achilles tendons, developing tendons are highly cellular
with a low total collagen content (*3% collagen at 4 days
postnatal and *36% at 28 days) when compared to mature
tendons.15,16 Electron microscopy of the embryonic human
flexor tendon revealed the presence of direct cell-to-cell adhesions that remain throughout differentiation, and suggested these direct cellular connections allow for external
force transmission in the developing tendon during embryogenesis.17 Even with maturity, tendon cells maintain
cell-to-cell contact through gap junctions, and these junctions
may play a role in producing a coordinated cellular response
to mechanical loading.18 In the embryonic tendon, the tightly
packed and aligned cells that form the tendon structure are
in direct cell-to-cell contact, mediated by cadherin-11,19 a
homophilic cell-to-cell adhesion protein.20 Cadherin-11mediated cell-to-cell adhesions were found to be essential for
the formation of the organized collagen network in a developing tendon.19
Strong cell-to-cell adhesion may be required throughout
embryonic and postnatal development, as movements driven by muscle contraction require force transmission
through the highly cellular developing tendons, even before
the ECM network has reached maturity. Embryos display
spontaneous movements, as early as embryonic day 12.5 in
mouse,21 and day 3 in chick,22 resulting in a dynamic mechanical environment.
Looking toward embryonic development for guidance and
using embryonic tendon as a model system to educate our
approach, we have developed a cell-based method to engineer
single cellular fibers for musculoskeletal soft tissues. Reminiscent of the highly cellular early stages of the embryonic
tendon, we have created a highly cellular microenvironment
that directs cell alignment and exploits the intrinsic ability of
cells to self-assemble through cell-to-cell adhesions to form
single fibers. This cellular, single-fiber approach employs laser
micromachined, differentially adherent growth channels
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coated with fibronectin, a protein found in tendon during the
early stages of embryonic development.23 To represent the
dynamic mechanical embryonic environment, we have created a method to apply a well-characterized cyclic tensile
strain to the cellular fibers as they develop. Human dermal
fibroblasts, cells utilized clinically for tendon healing, and
tissue-engineered tendon,24–26 were used to evaluate the cellular fiber structure and the effect of cyclic strain on mechanical properties. This cellular fiber tissue engineering
approach could provide the foundation for soft tissue replacements (e.g., tendon and ligament) as well as an in vitro
test bench for investigating embryonic-inspired biophysical
factors (e.g., mechanical cues and soluble factors).
Materials and Methods
Growth channel fabrication
A 2-wt% concentration of agarose gel was prepared by
mixing 1.0 g of electrophoresis-grade agarose powder (Invitrogen, Carlsbad, CA) with 50 mL of Dulbecco’s modified
Eagle’s medium (DMEM). Once heated to *80C, 6.0 mL of
the liquid agarose was pipetted into 47-mm-diameter Petri
dishes. After cooling and gelation, the agarose-filled Petri
dishes were mounted on an x-y motorized, computer-controlled stage. A pulsed excimer laser (l = 193 nm; TeoSys,
Crofton, MD) with computer-aided design (CAD)/computer-aided manufacturing control was used to micromachine
3D growth channels into the agarose gel. Growth channel
dimensions were specified in a CAD software package, and
converted to laser firing and motion control code. The 3D
growth channels were micromachined to a length of 1.65 cm
(Fig. 1a), width at the surface of the agarose of *250 mm, and
a depth of *300 mm (Fig. 1c).
Growth channel assembly
Human plasma-derived fibronectin (BD Biosciences, Bedford, MA) was diluted to 1 mg/mL in sterile cell culture
grade water, and further reduced to 0.375 mg/mL in DMEM.
Fibronectin (30 mL) was flowed into the growth channel, and
then dried, creating a differentially adherent growth channel.
To provide anchor points for the developing fibers, collagen
sponge disks were incorporated into each end of the growth
channel (Fig. 1b). Two, 4-mm-diameter disks were cut from
sterile fibrous collagen sponge pads (Bovine Type I; Kensey
Nash Corp., Exton, PA) using a biopsy punch, and then inserted into corresponding 4-mm-diameter cut-outs created in
the agarose.

FIG. 1. (a) Top view of a growth channel laser micromachined into agarose gel, demonstrating consistent dimensions along
its 1.65-cm length. (b) Two 4-mm-diameter collagen sponge disks are inserted into each end of the growth channel to act as
anchor points for the developing cellular fiber. (c) A cross section of growth channel demonstrates its depth and threedimensional structure.
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Flexcell (Flexcell International Inc., Hillsborough, NC),
Tissue Train plates were modified to include vertical
loading posts (17-gauge, stainless steel) affixed to each of
the Tissue Train plate nylon tabs. The agarose surrounding
the growth channel was trimmed to uniform rectangular
(2.7-cm length and 1-cm width) specimens. The growth
channel was removed from the Petri dish and mounted on
the loading posts of the modified Tissue Train plate, and
then coupled to the plate through 1 mm diameter centered
through holes in the collagen sponge disks (Fig. 2b). Coupling the growth channel assembly to the Tissue Train
plates allows dynamic, uniaxial cyclic strain to be applied to
the developing fibers.

strains of 0.7%, 0.75%, 1.0%, 1.5%, and 2.0% (five cycles each
at 0.5 Hz, n = 7 separate growth channels). Two cameras of a
digital image correlation system were mounted on a tripod
over the growth channels (Fig. 2a) and calibrated using calibration grids (Correlated Solutions, Inc., Columbia, SC).
Video of the strained growth channels were collected at 10
frames per second, and the noncontacting strain analysis was
completed using VIC-3D 2010 digital image correlation
software (Correlated Solutions, Inc.). A virtual extensometer
was placed in-line with the growth channel to calculate the
magnitude of cyclic tensile strain experienced by the developing fibers in the growth channel. Data are reported as the
mean peak strain – standard deviation (%).

Digital image correlation for strain characterization

Cell culture

To determine the precise amount of strain experienced by
the developing fibers, the cyclic tensile strain applied directly
to the growth channels through the modified Tissue Train
plates was characterized. The growth channels were prepared and assembled as described (coated with fibronectin,
dried, filled with culture media, and stored in a standard cell
culture incubator for 24 h). The top surface of the growth
channel was blotted dry and coated with an anisotropic,
high-contrast speckle pattern, and mounted onto a modified
Tissue Train plate containing 1 mL of DMEM warmed to
37C (to replicate normal culture conditions) (Fig. 2b). Cyclic
tensile strain was applied using the Flexcell system via the
computer-controlled vacuum pump and deformable membrane in the Tissue Train plate. The strain magnitude was
specified in the Flexcell software to be 0.7% and 1.0% strain,
with each magnitude cycled two times at a frequency of
0.1 Hz using a sine waveform (n = 10 separate growth channel assemblies). The system was also calibrated for applied

Neonatal human dermal fibroblasts (ATCC, Manassas,
VA) were grown in T-75-cm2 tissue culture flasks using a
standard growth medium. Cells were lifted from flasks with
trypsin, centrifuged, and resuspended in the culture medium
(DMEM, supplemented with 10% fetal bovine serum, 0.5%
penicillin–streptomycin, and 50 mg/mL L-ascorbic acid). A
cell suspension containing 2 · 105 cells/mL was pipetted
into the fibronectin-coated, agarose growth channels, and
fresh culture medium was added 5 min after seeding. The
growth channels were then placed into a standard cell culture incubator (37C, 5% CO2, 95% relative humidity) and
the culture medium was exchanged after 24 h.
Immunocytochemistry for cadherin-11
Fibers were fixed in the growth channels with 4% paraformaldehyde for 1 h at room temperature, at 4, 24, and 72 h
of development. Following three rinses with phosphate-

FIG. 2. Noncontacting
calibration of strain in the
growth channel assemblies
mounted in modified Flexcell
Tissue Train plates. (a) A twocamera digital image
correlation system is mounted
above the Flexcell plate to
capture video, while the
growth channel assemblies are
cyclically strained. (b) An
unstrained growth channel
assembly, mounted onto the
modified Tissue Train plate,
coated with a high-contrast
speckle pattern and area of
interest selected for digital
image correlation and strain
calculations, and (c) a growth
channel assembly cyclically
strained by the Flexcell
system.
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buffered saline (PBS), fibers were permeabilized with 0.5%
Triton X-100 for 30 min, and then blocked in 2% bovine
serum albumin (BSA) in PBST (PBS with 0.8% Tween 20) for
1 h. The primary rabbit antibody for cadherin-11 (Invitrogen) was diluted (1:100) in 2% BSA in PBST and incubated
for 1 h at room temperature. Following three washes with
PBST, the fibers were incubated with the FITC-conjugated
goat anti-rabbit secondary antibody (1:1000) for 1 h at room
temperature. Hoechst (Invitrogen) was used to stain cell
nuclei. Following three washes with PBST, the fibers were
removed from the channels, mounted on slides with the
fluoro-gel mounting medium (Electron Microscopy Services, Hatfield, PA) and sealed with coverslips. Staining
was conducted in triplicate, and control fibers with the
primary antibody omitted showed minimal background
fluorescence.
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disks was verified using an optical microscope. Cellular fibers were then subjected to a 48-h regimen of intermittent
cyclic tensile strain using the modified and characterized
Flexcell system. The loading protocol consisted of six, 8-h
blocks, alternating 8 h of cyclic strain at 0.5 Hz with 8 h of
static tension (0% applied strain): 8 h of 0.7% applied cyclic
strain, 8 h of static, 8 h of 0.75% cyclic strain, 8 h static, 8 h of
1.0% cyclic strain, 8 h of static, for a total time in culture of
72 h (Fig. 4). The applied strain magnitudes were within
normal physiological strain experienced by the mature
tendon.31 Static tension controls (0% applied strain) were
conducted using identical growth channel assemblies,
mounted in the modified Tissue Train plates and seeded
with cells, but not subjected to dynamic strain by the
Flexcell system.
Mechanical evaluation of single cellular fibers

Fast Fourier transform image analysis
for cellular organization
The time course of cellular organization within the developing fibers (at 4, 24, and 72 h of development) was investigated using the fluorescently stained cell nuclei. A fast
Fourier transform (FFT) analysis was utilized, similar to that
previously used to quantify the alignment of various structures, such as collagen fibers, cell nuclei, and f-actin.27–29 A
custom MATLAB (The MathWorks, Inc., Natick, MA) program was developed to perform 2D FFT analysis on the
images (n = 3 for each time point) of Hoechst-stained cell
nuclei within the fibers, and to produce plots of power
spectrum intensity and corresponding histograms of the intensity distribution (Fig. 3). Grayscale images were first
converted to binary and windowed with a Gaussian profile
to reduce edge effects.28,30 To quantify the cellular organization in the developing fibers, an alignment index was assigned based on the fraction of intensities within 20 of the
peak angle, as seen from the intensity distribution histogram.27,29 A higher alignment index indicates a larger
number of cells aligned to the same direction, and thus, less
angular dispersion and greater alignment.
Dynamic mechanical stimulation
of single cellular fibers
Following 24 h of static growth (0% applied strain), initial
cellular fiber formation and integration into both collagen

Following 72 h in culture, which included 24 h of static
growth and three 8-h intervals of cyclic tensile strain, cellular
fibers were removed from the growth channels and placed in
a PBS bath. Cellular fibers were sectioned into test specimens
with a *150-mm gauge length. While submerged in PBS,
each fiber section was secured at both ends using laser-cut
aluminum T-clips (MicroConnex, Snoqualmie, WA) to grip
the fiber (Fig. 5). The T-clipped fiber sections were then
mounted for mechanical evaluation in a PBS-filled bath of a
custom microscope-based single fiber mechanics rig.32 Load
was measured using a force gauge, AE-800 Series sensor element (SensorOne Technologies Corp., Sausalito, CA), and
displacement with a digital micrometer. Each fiber specimen
was uniaxially elongated in tension to failure using the rig’s
micrometer/micromanipulator. Data are reported as mean –
standard deviation.
Statistical analysis
Differences in growth channel strain magnitudes (determined from digital image correlation), comparisons of
alignment index (determined from FFT image analysis)
between each time point, and differences in maximum
force, displacement at maximum force, and linear-region
stiffness between static tension control fibers and cyclically
strained fibers were assessed using two-tailed, unpaired
Student’s t-tests with a level of p < 0.05 to establish statistical
significance.

FIG. 3. (a) Original image of cell nuclei (Hoechst) in a fiber following 72 h of development. (b) The power spectrum
obtained from the fast Fourier transform analysis of the cell nuclei, and (c) the resulting intensity frequency distribution
plotted from the power spectrum.
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Cadherin-11 expression
Cadherin-11 was detected in the cellular fibers at all time
intervals using immunocytochemistry. The punctate distribution of cadherin-11 expressed throughout the fiber within
24 h of development (Fig. 7) indicates direct cell-to-cell adhesions in the developing cellular fibers.
FIG. 4. Schematic of the dynamic stimulation protocol.
Developing fibers were allowed 24 h of static growth (0%
applied strain) before the application of three intermittent, 8h intervals of increasing cyclic strain (0.7%, 0.75%, and 1.0%
applied at 0.5 Hz). Static tension controls were grown identically, but no cyclic strain was applied.

Results
The fibronectin-coated, laser micromachined, agarose
growth channels provided a differentially adherent substrate that directed fibroblast cells to organize and self-assemble into single cellular fibers. The cellular fibers formed
rapidly, within 24 h, and became well integrated into the
collagen sponge disk anchor points at both ends of the
channels (Fig. 6). The fibers develop considerable selfgenerated static tension within 24 h, as evidenced by a rapid
retraction of the free fiber ends toward the anchor points
following complete transection of the fiber midsubstance
(not shown).

Cellular organization in developing cellular fibers
The fibers appeared to be highly cellular at all time points
(Fig. 8). Organization of the cells within the developing fibers
was evaluated using FFT analysis of cell nuclei, and quantified using an alignment index. At 4 h, the cells had the
lowest alignment index, indicating a greater angular dispersion and less organization. The cells became more organized, with significant increases in alignment index
following 24 h ( p = 0.014) and 72 h ( p = 0.011) of development, compared to 4 h (Fig. 8). No significant change in cell
nuclei alignment was observed from 24 to 72 h ( p = 0.20),
indicating that the organization achieved at 24 h was maintained at 72 h.
Strain characterization
The modified Flexcell Tissue Train plates can apply cyclic
tensile strain to the developing cellular fibers in the agarose
growth channel assemblies (Fig. 9). When operating at a
frequency of 0.1 Hz and a strain magnitude of 0.7%, as
specified in the Flexcell software, the growth channels are
subjected to 0.79% – 0.1% strain, determined from digital
image correlation. When a 1.0% strain at 0.1 Hz was specified, the growth channels strained 1.22% – 0.13% (Table 1).
At 0.1 Hz, the specified 0.7% strain produced strains in the
growth channels significantly different ( p = 0.002) than 1.0%
strain. The frequency of peak strain in the growth channels
matches the specified waveform frequency (0.1 Hz), with
peak strains occurring once every 10 – 0.1 s (n = 20). The
system was also calibrated for a frequency of 0.5 Hz (Fig. 9).
The growth channels strained 0.77% – 0.12%, 0.83% – 0.12%,
1.21% – 0.17%, 1.49% – 0.21%, and 1.6% – 0.21% for each
Flexcell specified strain of 0.7%, 0.75%, 1.0%, 1.5%, and 2.0%,
respectively (Table 1). Peak strains occurred once every
2 – 0.1 s (n = 20), matching the desired 0.5 Hz frequency.
The waveform frequency does not alter the ability of the
system to apply a predictable strain to the developing fibers.
When 0.7% strain at 0.1 Hz was specified, there was no difference ( p = 0.35) in the strain experienced by the growth
channel when strained at 0.7% and 0.5 Hz. Likewise, there
was no difference ( p = 0.72) in the growth channel strain
between 1.0% strain at 0.1 Hz and 1.0% strain at 0.5 Hz.
These results support our ability to apply dynamic strains of
precise magnitudes at desired frequencies, to the fibers
during development.
Mechanical evaluation

FIG. 5. A cellular fiber test section gripped with T-clips
for mechanical evaluation on a custom microscope-based,
single-fiber mechanics rig.

Following 72 h of development, cellular fibers subjected to
either static growth (0% applied strain) (n = 6) or the cyclic
strain protocol (n = 5), were removed from the growth
channels intact using tweezers, T-clipped, and mounted onto
the single-fiber mechanics rig for mechanical evaluation. This
indicates a basal level of mechanical stability was achieved
within 72 h. Fiber dimensions, measured using a stereoscope
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FIG. 6. Representative phase-contrast images of fiber development throughout the first 72 h. (a) At 4 h following seeding the
growth channel with fibroblasts, the channel appears highly cellular and individual cells are readily identified. The fibronectin-coated growth channel and surrounding agarose provides a differentially adherent substrate where cells adhere within
the growth channel, but not to the surrounding agarose. (b) By 24 h of development, the cells grow together and form a single
cellular fiber, and (c) the fiber becomes well integrated to the collagen sponge anchor points at each end of the growth
channel. The resulting cellular fiber is continuous between the anchor points along the 1.65 cm length of the growth channel.
(d) At 72 h of development, fiber continuity and stability is maintained.

and camera system on the mechanics rig, showed no difference in the cross-sectional area between static or cyclically
strained fibers ( p = 0.29). The maximum force (ultimate force)
of the cyclically strained cellular fibers (0.07 – 0.02 mN) was
significantly larger compared with the static control fibers
(0.04 – 0.01 mN) ( p = 0.017; Table 2). Similarly, the cyclically
strained cellular fibers had a significantly larger displacement at the maximum force (0.84 – 0.17 mm) compared to the
static control fibers (0.52 – 0.17 mm) ( p = 0.012; Table 2).
The linear-region stiffness was determined from the slope
of a line fit to the force–displacement curve that achieved a
R2 > 0.90. Cyclically strained cellular fibers had a greater
linear-region stiffness (0.18 – 0.07 mN/mm) than static control fibers (0.1 – 0.03 mN/mm) (Table 2). This nearly twofold
increase in the linear-region stiffness approached statistical
significance ( p = 0.06).

Discussion
Embryonic tendon development provides a functional
example of cellular self-assembly, organization, and tissue
formation. While all aspects of embryonic development
cannot be mimicked in vitro, incorporating some key aspects
characteristic of early tenogenesis, such as high cellularity, a
reduced exogenous protein microenvironment, an organized
structure of cells in direct cell-to-cell contact, and a dynamic
mechanical environment, may prove beneficial to realizing
functional cell-based soft tissue engineering.
In an effort to capture a few key aspects of early embryonic development, we have demonstrated a cell-based approach utilizing differentially adherent growth channels to
direct cells to self-assemble into single fibers. The resulting
cellular fibers had an organized 3D structure of cells in direct

FIG. 7. Representative immunofluorescence image of a cellular fiber at 24 h of development identifying the (a) cell nuclei
and (b) the expression of cadherin-11. The bright punctate stain distribution of cadherin-11 is clearly visible throughout the
highly cellular fiber structure in (c) the merged image of cell nuclei (blue) and cadherin-11 (green). Color images available
online at www.liebertpub.com/tea
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FIG. 8. Representative
images of cell nuclei within
developing fibers at (a) 4, (b)
24, and (c) 72 h. The fibers
appear highly cellular at all
time points, and increasing in
organization and alignment
with time. Cell nuclei seen
above and below the plane of
focus indicate a threedimensional fibrous
structure. (d) The alignment
index shows that cells
organize rapidly in the
developing fibers; the
significant increase in cellular
organization seen at 24 h is
maintained at 72 h ( p = 0.20).

cell-to-cell contact. To mimic the dynamic embryonic mechanical environment, we applied a well-characterized cyclic
strain to the fibers, while they developed.
Micromachined growth channels provide a controlled
microenvironment that rapidly (within 24 h) guided cellular
organization to form single fibers and encouraged cell-to-cell
adhesion, as indicated by the expression of the cell-to-cell
adhesion protein, cadherin-11. This is reminiscent of embryonic tendon; in which cadherin-11 is highly expressed
and directly adheres adjacent cells.19 The presence of cadherin-11 in our engineered fibers suggests that cell-to-cell
adhesion may play a critical role in cellular self-assembly and
fiber formation. Future work will investigate the role that
cadherin-11 and direct cell-to-cell adhesions play in tissue
formation, and how it may be affected with long-term fiber
maturation, growth factor supplementation, and mechanical
stimulation.
Within 24 h of development, the cells became highly
aligned and organized. Cellular organization was main-

tained following 72 h of growth, with no additional change
in alignment from 24 h. Therefore, the organization of the
cellular structure appears to be set within the first 24 h. This
finding highlights our ability to provide early guidance cues
for rapid cellular organization and alignment.
Despite the importance of cellular organization on tissue
structure and function, there is a paucity of information on
cellular organization in other ligament and tendon tissue
engineering techniques. In a recent study, fibroblasts seeded
in small intestine submucosa became more aligned following 5 days of cyclic stretch, compared to static controls.33
Ma et al. showed that bone marrow stem cells, when cultured in a monolayer took up to 7 days to contract and form
a tubular ligament-like structure.34 While their study did
not quantify cell alignment, typically confluent monolayers
of adherent fibroblastic cells grown on 2D surfaces display
swirl patterns of local alignment, and lack global alignment
in a dominant direction. A recent approach to tendon engineering showed that, following 14 days in a scaffold-free,

FIG. 9. Strain–time traces of dynamically strained growth channels determined from digital image correlation illustrating
our ability to apply different amplitudes of cyclic strain at different frequencies. (a) Two unique strain magnitudes (two cycles
each) applied at a frequency of 0.1 Hz, and (b) five unique strain magnitudes (five cycles each) at 0.5 Hz, show the modified
Flexcell Tissue Train plates can apply specific amplitudes of dynamic strain with precise frequency resolution to the developing cellular fibers in the growth channels.
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Table 1. Quantified Peak Strain Experienced
in the Growth Channel, Determined from
Digital Image Correlation (Mean – St Dev)

Frequency
(Hz)
0.1
0.5

Specified
peak strain (%)

Peak strain in
growth channel (%)

0.7
1.0
0.7
0.75
1.0
1.5
2.0

0.79 – 0.1
1.22 – 0.13
0.77 – 0.12
0.83 – 0.12
1.21 – 0.17
1.49 – 0.21
1.6 – 0.21

roller-tube culture, tendon fibroblasts appeared to be longitudinally aligned, but again organization was not quantified.8 In addition to organization, cellular alignment may
play a role in stem cell fate decisions, as human fetal tendon
stem/progenitor cells exhibited enhanced scleraxis (a tendon-specific transcription factor) gene expression and collagen synthesis when cultured on aligned poly (l-lactic)
acid nanofiber scaffolds, compared to unaligned scaffolds.35
Rapid (*24 h) alignment of self-assembled cellular fibers
may help guide cell fate decisions in addition to providing a
foundation for accelerated tissue formation and maturation
through the subsequent synthesis of an organized and
aligned structural collagen matrix.
Application of cyclic tensile strain to the cellular fibers
presented a unique challenge. To our knowledge, no other
cellular assembly-based tendon or ligament tissue engineering technique has applied cyclic tensile strain to developing
tissues in vitro, perhaps due to the complexities of a gripping
and mechanically loading tissue that initially consists entirely of cells. The modifications to the Tissue Train plates
(loading pins) and the incorporation of the collagen sponge
anchor points into the ends of the growth channels allowed
dynamic mechanical stimuli to be applied to the cellular fibers during development. By applying a well-characterized
cyclic uniaxial tensile strain directly to the growth channels,
dynamic mechanical stimulation can be applied early in fiber
development (at 24 h), without the potential for damage or
disruption that would occur if the fibers needed to be removed and grown in a separate bioreactor. Cellular fibers
subjected to cyclic strains during development had a significantly increased maximum force and corresponding displacement, as well as nearly doubled linear-region stiffness,
compared to static tension controls. Although no initial 3D
scaffold was incorporated within the cellular fibers, the inTable 2. Mechanical Properties of Cellular
Fibers (Mean – St Dev)

Condition

Maximum
force (mN)

Displacement
at maximum
force (mm)

Linear
stiffness
(mN/mm)

Static
Cyclic

0.04 – 0.01
0.07 – 0.02a

0.52 – 0.17
0.84 – 0.17b

0.1 – 0.03
0.18 – 0.07c

a

Significantly different from static, p = 0.017.
Significantly different from static, p = 0.012.
Nearly significantly different from static, p = 0.06.

b
c

crease in linear-region stiffness and maximum load at failure
with application of cyclic strain is consistent with the enhanced mechanical properties demonstrated in other tissue
engineering techniques using mechanically stimulated, cellseeded scaffolds.36–39 This similar response to cyclic tensile
strain suggests that (1) cells that form the fibers—independent of an initial 3D biomaterial scaffold—are capable of
modifying the structure’s mechanical properties, and (2) that
cyclic strain may be a mechanism for tuning fiber properties
to create mechanically matched soft tissue replacements.
These engineered cellular fibers, on the scale of primary
single-tendon fibers,40 may lay the foundation for the future
creation of patient-specific, autologous cell-based soft tissue
replacements. Within this tissue engineering approach, individual cellular fibers may be mechanically tuned, then
bundled together to create entire tissue replacements, with
fiber-level continuity and architectural fidelity.
In addition to laying the foundation for musculoskeletal
soft tissue engineering, this approach may also offer an
in vitro model system for studying early embryonic tissue
development. The lack of an initial 3D biomaterial scaffold,
and the resulting 3D cellular fiber structure, presents a unique opportunity to study how embryonic developmentinspired factors affect cellular matrix synthesis and tissue
formation. Utilizing this in vitro platform, we will investigate
the biophysical stimuli (mechanical loading and soluble
factors) involved in embryonic development. Cell types with
either multipotent capacity or tendon-specific formation
potential will be explored, such as mesenchymal stem
cells,41–43 tendon stem/progenitor cells,44,45 and embryonic
chick tendon progenitor cells.46 Future tissue engineering
studies will compare tissue formation between terminally
differentiated (e.g., human dermal fibroblasts) and these
multipotent progenitor cells. The influence of dynamic
mechanical strain parameters (e.g., magnitude of strain,
frequency of cyclic loading, and duration) and embryonicinspired growth factors (e.g., growth factors specific to
tenogenesis include the transforming growth factor-b3,23 fibroblast growth factor [FGF4],47 and FGF848) on the resulting
matrix synthesis and fiber biomechanics will be explored.
This cellular, single-fiber tissue engineering approach has
captured some key aspects of early embryonic tendon development and may provide unique insights into the functions and mechanisms of embryonic factors, which can then
be translated to guide soft tissue engineering and regenerative medicine strategies.
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