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INTRODUCTION

THERE ARE APPROXIMATELY 33 million musculoskele-
tal injuries each year in the United States. The asso-

ciated soft tissues, which include tendons, comprise al-
most 50% of these injuries.1 In some cases, the tendon
is damaged beyond repair and partial or whole replace-
ment is necessary. The ideal replacement would be au-
tologous tendon, but transplantation is limited by the
availability of viable autograft tissue and as a result clin-
ical practice has turned to the use of synthetic materials.2

Current synthetic replacements include Dacron grafts,
carbon fibers, and Silastic sheets, but these are unable to
adequately restore function for the long term because of
the inherent mechanical incompatibility with the in vitro
environment of these materials as well as their tendency
to degrade.3 A need exists for replacements that incor-
porate as many of the native properties of tendon as pos-
sible in order to restore function.

Tendons are densely packed connective tissues that
transmit the forces between muscle and bone. They are
stiff in tension yet flexible enough to conform to their
anatomical environment. The material properties of ten-
don tissue can be attributed to the parallel fibrils of col-
lagen that make up approximately 75% of the dry weight
of adult tendons.4 In the resting state the fibrils display
a periodic wavy pattern, defined as the crimp. As a ten-
don is stretched the crimped collagen fibrils begin to
straighten out, and as a result the tendon becomes stiffer
with increasing mechanical strain. Tendons have a low
cell density, about 20% of the tissue volume,4 but the fi-
broblasts are integral in the development and mainte-
nance of the tissue. The distinct spatial orientation of ten-
don fibroblasts is associated with the organization of
collagen fibers into the hierarchical tendon structure.5

Because of its relatively avascular nature, tendon is a
prime candidate for engineered tissue replacement. Pre-
vious attempts have been made to create biologically
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based tendons in vitro, but these have met with limited
success because of the difficulty in creating a construct
that is both mechanically and biologically compatible
with the in vivo environment.1,2,6–8 Mechanical difficul-
ties can arise from the reliance on artificial scaffolds
when attempting to engineer tendon. Type I collagen is
one of the most widely used scaffold materials since it
was observed by Bell et al. that fibroblasts will contract
a collagen gel to form a tissue-like structure.9 Collagen
would appear to be the ideal foundation for an artificial
tendon, but at present the mechanical properties of in
vitro fibroblast–collagen constructs are inferior to those
of native tissues.10–14 An explanation for this discrepancy
is that gelled collagen is generally disorganized and forms
fibrils of physiological thickness only under stringent
conditions.15 Furthermore, native tendons possess an ex-
tracellular matrix (ECM) composed of many proteins,
glycosaminoglycans, and proteoglycans that control the
assembly of the collagen fibril, the load-bearing unit, and
contribute to the formation of the tissue hierarchy.16 Fi-
broblasts rely on cell–matrix signaling pathways during
development to properly assemble the fibrils and main-
tain form and function after maturation.17 Koob and Her-
nandez created a mechanically relevant construct by
cross-linking extruded collagen fibers with nordihydro-
quaiaretic acid (NDGA), a plant derived antioxidant, for
which only ultimate strengths were reported and not the
entire elastic response.8 Goldstein et al. used the same
idea of creating a fiber composite to create artificial pros-
theses but relied on cross-linking methods that are 
cytotoxic and/or materials that are nonbiodegradable.2

To induce the formation of a tendon-like structure with
adequate mechanical properties based solely on biologi-
cal products, the successful engineered tendon will need
to include all the necessary ECM components. The ECM
will give the construct mechanical properties similar to
those of the replaced tendon so that mobilization can re-
sume as soon as possible, accelerating the process of heal-
ing.18,19 We believe that if tendon fibroblasts can be in-
duced to secrete and assemble their own ECM, that is,
secrete their own scaffold, the resulting mechanical and
morphological properties will resemble those of native
tendons. This approach was used to develop a method
that provides appropriate environmental cues in vitro for
tendon fibroblasts to generate their own ECM and as-
semble into a three-dimensional construct. These self-as-
sembling tendon constructs morphologically and me-
chanically resemble immature tendons.

MATERIALS AND METHODS

The general method for the culture of self-organizing
tissues was developed using primary skeletal muscle
myogenic precursor cells.20 The following method is
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based in large part on the method for skeletal muscle, but
has been modified in specific details to promote the self-
organization of tendon tissue in vitro.

Acquisition of tissue

Primary rat tendon fibroblasts were obtained from the
Achilles tendons of Fischer 344 retired breeder rats
(Charles River Laboratories, Wilmington, MA). Neona-
tal rat Achilles tendons were harvested from 2-day-old
Fischer 344 pups for transmission electron microscopy.

Achilles tendon cells were dissociated by placement 
in a 0.25% trypsin–EDTA solution (GIBCO-BRL,
Rockville, MD) containing 100 units/mL type I collage-
nase (Worthington Biochemical, Lakewood, NJ). The so-
lution was placed in a reciprocal shaking bath at 37°C
(Precision Scientific, Winchester, VA) for 6 h to facili-
tate breakdown of the ECM. After the tissue was disso-
ciated, the cells were pelleted by centrifugation (Accu-
Spin FR; Beckman Coulter, Fullerton, CA) at 100 � g
for 5 min and the supernatant was removed by aspira-
tion. The cells were resuspended with growth medium
(400 mL of Ham F-12 [GIBCO-BRL], 100 mL of fetal
bovine serum [FBS; GIBCO-BRL] and antibiotic–an-
timycotic [100 units/mL; GIBCO-BRL]) and then ex-
panded in 83-cm2 tissue culture flasks (Falcon; BD Bio-
sciences Discovery Labware, Franklin Lakes, NJ). Cells
were passaged at �60% confluence and stored in liquid
nitrogen until needed.

Preparation of culture dishes

An amenable substrate was created by coating 35-mm
culture dishes (Falcon) with 1.5 mL of SYLGARD (type
184 silicone elastomer; Dow Chemical, Midland, MI) as
described previously.20 After curing for 2 weeks, the
dishes were rinsed with Dulbecco’s phosphate-buffered
saline (DPBS; GIBCO-BRL) and natural mouse laminin
(3.0 �g/cm2; GIBCO-BRL) was applied as a 9.6-mg/mL
solution of laminin in DPBS. The DPBS was allowed to
evaporate overnight in a biological safety cabinet, leav-
ing a layer of laminin-coated SYLGARD. Dishes were
rinsed with DPBS and the anchors, 6-mm segments of
size 0 silk suture (metric size, 3.5; Ethican, Somerville,
NJ), dipped in natural mouse laminin (50 �g/mL in
DPBS), were pinned 12 mm apart with 0.10-mm-diame-
ter stainless steel minutien pins (Australian Entomologi-
cal Supplies, Bangalow, NSW, Australia). Sutures were
allowed to dry, and the plates were filled with 1 mL of
growth medium, enough to cover the top of the sutures.
The plates were sterilized via ultraviolet irradiation
(wavelength, 253.7 nm; bulb, G30T8) in a biological
safety cabinet for 90 min and then placed in an incuba-
tor (5% CO2, 37°C) for 5–8 days.

After incubation, the growth medium was aspirated
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and 2 � 105 cells suspended in 2 mL growth medium
were seeded onto each plate and supplemented with L-
ascorbic acid 2-phosphate (100 �g/mL; Sigma-Aldrich,
St. Louis, MO), a stable derivative of ascorbic acid.21

Fresh ascorbic acid was added each time the growth
medium was changed, every 2–3 days. When the cells
became confluent, after approximately 5 days, differen-
tiation medium (465 mL of DMEM [GIBCO-BRL], 35
mL of FBS, antibiotic–antimycotic [100 units/mL]) was
substituted for growth medium to induce construct for-
mation. The differentiation medium was changed every
2–3 days until the constructs were used for testing.

Histology

Neonatal tendons and constructs were fixed, in situ, in
a 3% formaldehyde–glutaraldehyde in 0.1 M sodium ca-
codylate buffer solution, pH 7.4 (Electron Microscopy
Sciences, Fort Washington, PA), at 4°C and embedded
in Epon (Eponate 12 resin; Ted Pella, Redding, CA). For
light microscopy, semithick sections, 1 �m, were cut with
an ultramicrotome (Sorvall, Newtown, CT) and mounted
on glass microscope slides and stained with 1% (w/v)
toluidine blue solution. Ultrathin slices, 50 nm, were cut
for electron microscopy and were mounted on uncoated
copper grids and stained with aqueous uranyl acetate and
lead citrate. The ultrastructure of the constructs was in-
vestigated with a transmission electron microscope
(Philips Medical Systems, Bothell, WA) at 60 kV.

Mechanical testing of constructs

Tendon constructs were removed from their culture dish
immediately before testing. The construct diameter was
measured at several positions along the length, using an
inverted microscope (Axiovert 25 at �50 magnification;
Carl Zeiss, Thornwood, NY). An average diameter was
calculated, using all measured values. Tensile testing was
performed with an 810 Material Testing System (MTS
Systems, Eden Prairie, MN) outfitted with a custom opti-
cal 200-mN load cell22 and grips machined from Delrin
(acetal). The grips clamped the specimens via an adjustable
set screw. The tests were performed so that the grips
clamped onto the construct and the suture was not sub-
jected to a strain field. The suture material could not in-
fluence the stress–strain response because the suture was
present only at the ends of the constructs and not within
the gauge length. Data acquisition and control were per-
formed with LabVIEW software (National Instruments,
Austin, TX) on a Dell Precision 300 computer. The load
cell was zeroed before the attachment of each sample. Sam-
ples were moistened by regularly applying drops of DPBS
with a Pasteur pipet, as drying out of specimens has been
shown to significantly alter the mechanical properties of
tendons and other soft tissues.23 The gauge length was
taken to be the length of the construct between the grips,
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which was measured with digital calipers after inserting
and clamping the sample into both grips and applying a
prestress of approximately 4 kPa. The force associated with
this prestress, 1 mN, was 0.4% of the full range of the load
cell, and roughly twice its resolution limit. Instead of test-
ing at a constant displacement rate, which is the common
practice, the samples were tested at a constant true strain
rate of 0.05 s�1. Tendons and other soft tissues are vis-
coelastic, and are therefore rate dependent. To capture the
true material properties the following displacement wave-
form was employed:

� � l0[exp(�̇t) � 1]

Where � is displacement, l0 is the initial gauge length, �̇
is the true strain rate, and t is time. This method ensures
that the strain rate is dependent on the current length, not
the initial length.

RESULTS

The process by which the cell layer self-assembles into
constructs is highly repeatable. More than 50 constructs
have been engineered using the protocol described above.
The formation of constructs has a success rate of about
60%. The remaining constructs failed to form because of
improper delamination or tore soon after rolling up into
a cylinder. These constructs were supported between the
anchors above the SYLGARD substrate under self-me-
diated tension. When probed with tweezers they were 
noticeably taut, and when released from one anchor the
constructs contracted slightly. Figure 1 demonstrates de-
lamination of the intact cell layer and gradual self-as-
sembly into a cylindrical construct. After the switch from
growth to differentiation medium, constructs formed in
about 2 weeks. No external influence was necessary for
the cell layer to detach from the sides of the culture dish
and SYLGARD. Variations in procedure inhibited the
formation of constructs. For example, if the switch was
made from growth medium to differentiation medium in
four or fewer days after plating, the construct would form,
but would break soon after development. The addition of
ascorbic acid was also necessary to maintain the cell
layer. Its absence resulted in delamination at many places
within the plate instead of only at the periphery, and with-
out an intact layer a construct could not form.

The tendon constructs display an ultrastructural mor-
phology similar to that of neonatal rat Achilles tendon
(Fig. 2). Visual inspection of the micrographs indicated
that both construct and immature tendon have a relatively
high cell-to-volume ratio and some disorganized ECM
surrounding the collagen fibrils. The fibril diameter is
�60 nm and displays the periodic striations characteris-
tic of type I collagen.
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The stress–strain response of the tendon constructs
closely resembled that of immature tendon (Fig. 3). The
initial response is compliant and resembles the well-
known toe region of soft tissue response.24 At a nominal
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strain of 0.05, the tangent modulus or the slope of the
tangent to the stress–strain curve at 0.05 strain markedly
increases, and the stress–strain response is approximately
linear in the strain range of 0.11 to 0.19, at which point
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FIG. 1. Progressive delamination of a two-dimensional cell layer and formation of a tendon construct. Optimized culture vari-
ables: 5 � 105 cells per plate, coated with laminin (2.0 �g/cm2), and fed with high-serum medium for 4 days before changing
to low-serum medium. Photos were taken (A) 9 days, (B) 12 days, (C) 15 days, and (D) 3 months after plating.

FIG. 2. Morphological comparison of a tendon construct with a 2-day-old neonatal rat tendon. (A and C) Tendon construct
grown in high-serum medium for 5 days before changing to low-serum medium and seeded with 5 � 105 cells per plate coated
with laminin at 2.0 �g/cm2. The layer started delaminating after 17 days and was fixed 18 days after the construct formed a com-
pact cylinder. (B and D) Neonatal rat Achilles tendon fixed in situ. Note that both the tendon construct and neonatal tendon (A
and B) are highly cellular (*). At higher magnification, it is evident that the fibril diameter is similar in both tissues [�50 nm;
arrowheads in (C) and (D)].
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the construct failed by breaking in one of the grips. The
tangent modulus measured at a strain of 0.2, within the
linear region of the response, is 17 MPa. The constructs
are mechanically similar to embryonic chicken extensor
tendons, which have a tangent modulus of 27 MPa.25

DISCUSSION

Primary tendon fibroblasts secrete and organize their
own ECM and under the right conditions will self-as-
semble into cylindrical constructs without the aid of ex-
ogenous scaffolding. The resulting constructs are both
structurally and functionally similar to embryonic ten-
dons.

The constructs display the nonlinear response charac-
teristic of soft tissues, but the mechanical properties of
the constructs are significantly lower than those of ma-
ture tendons. Adult rat tail tendon has a ultimate tensile
strength of approximately 42 MPa and a tangent modu-
lus of 632 MPa, both an order of magnitude greater than
the values reported for the tendon constructs.26 The large
discrepancy may be attributed to the decrease in cellu-
larity, and to the increase in both the collagen fibril 
diameter and organization over the course of develop-
ment.27 Because the constructs are morphologically sim-
ilar to neonatal tendon, the mechanical properties should
resemble immature rather than mature tendon. The dearth
of mechanical data on immature tendons allows for the
use only of chick extensor tendons as a comparative
model, and direct comparison of the chick and construct
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data show that they display a similar stress–strain re-
sponse (Fig. 3). One difference between the tissues is the
strain at failure, 0.12 for chick tendon and 0.19 for the
constructs, but this may be attributed to the testing pro-
cedure rather than the intrinsic material properties of the
tissues. It is unknown whether McBride et al.25 preloaded
their specimens, which would decrease the length of the
toe region and consequentially the strain at failure. An-
other cause of this discrepancy may result from the dry-
ing out of the specimens. Although both procedures en-
tailed periodic wetting of the tissues, the degree of
hydration may have been different in each of the tissues.
As tendons dry out, the stiffness increases and the toe re-
gion becomes shorter.28

The integrity of the constructs was dependent on the
time of medium exchange and the ascorbic acid concen-
tration. If the medium was switched to differentiation
medium before 5 days, viable constructs would not form.
This is likely the result of a decrease in the production
of ECM and/or the proliferation of the fibroblasts when
placed in the low-serum differentiation medium, as the
concentration of serum has been shown to affect both
quantities.29 The resulting constructs were not strong
enough to maintain the tension generated between the su-
tures and prematurely broke.

In the absence of ascorbic acid, a confluent layer of fi-
broblasts could not be maintained. This is attributed to a
decreased ability to form a stable ECM, most importantly
type I collagen, which is dependent on the inclusion of
ascorbic acid.21 Ishikawa et al. generated balls of fibro-
blasts from dermal fibroblasts grown in vitro, using a pro-
cess similar to that described above, and demonstrated
that fibroblasts alone were sufficient for the formation of
ECM including bundles of type I collagen fibrils.30 As
in the previous study, the inclusion of ascorbic acid was
necessary for cell layer integrity and for proper substrate
detachment.30 Whether or not the cell layers would have
detached in a medium containing ascorbic acid but no
serum was not investigated in either of these studies.

The constructs and immature tendons display a simi-
lar morphology (Fig. 2).31 Both exhibit a high degree of
cellularity and excess ECM components, in contrast to
the highly ordered mature tendon.5 These constructs have
the potential to further elucidate the factors that influence
tendon development. The role of specific growth factors,
genes, or mechanical forces in tendon development can
be studied in isolation, eliminating the confounding vari-
ables present in vivo.  For example, it is generally ac-
cepted that mechanical interventions influence tendon de-
velopment, but there have been few studies that explicitly
address this issue.32–34 The greatest difficulty in deter-
mining the role of force on tendon development has been
the isolation of the effect that force has on the tissue, in-
dependent of the influence of concurrent alterations to
adjacent tissues and the overall hormonal environment.
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These constructs may provide the necessary isolated en-
vironment needed to decipher the role these factors play.

The ultimate tensile strength of the constructs may be
greater than reported here because the majority of the
constructs failed at either the upper or the lower grip.
This is attributed to the grip pressure due to manual tight-
ening, which could result in localized lateral compres-
sion of the construct at that interface and the introduc-
tion of a stress concentrator.

The findings herein suggest that under the right con-
ditions, adult tendon fibroblasts rebuild tendon morphol-
ogy by recapitulating the embryonic state. This return to
a primitive state has also been shown in studies of ten-
don repair and may provide a mechanism to increase ten-
don plasticity.35 The work of Postacchini and De Mar-
tino on the repair of tendon after partial tenotomy
demonstrated that during repair, tendon morphology pro-
gresses from developmental to mature in �16 weeks.35

The first collagen fibrils produced have small diameters,
20–80 nm. The fibrils continue to mature and after 16
weeks the fibrils possess a diameter of 200–300 nm. The
regenerative pattern of tendon in vivo admits the hy-
pothesis that tendon constructs have the capacity to ma-
ture in vitro when incubated in the proper environment,
specifically with the application of mechanical strain.

The exact role of mechanics in the assembly and or-
ganization of tendons is currently under examination by
culturing the constructs in bioreactors that will apply
cyclic and static physiological loads over the course of
construct development. It is hypothesized that the me-
chanical stimuli will induce the constructs to remodel and
develop a more mature phenotype, much in the same way
that embryonic movement influences the structure of de-
veloping tissues.32 These mechanical studies can also be
used to clarify the roles ECM, tendon cells, and the hi-
erarchical structure in which they are arranged play in
transducing the forces from muscle to bone.

These constructs also have the potential to be used in
studies of ligament function and replacement. Tendons
and ligaments are generally grouped together in the lit-
erature because these tissues possess similar structural
and mechanical characteristics, but there are also subtle
differences that have not been thoroughly investigated.
There is generally a greater and more variable amount of
elastin in ligaments and the development and biochemi-
cal content of tendons and ligaments have been shown to
differ.36,37 These differences may be the result of phe-
notypically distinct fibroblasts, loading environment, or
extrinsic signals. The formation of analogous constructs,
using ligament fibroblasts, may help to identify the phe-
notypic and mechanical differences between these tis-
sues. Here, the constructs have been defined as tendon-
like because the fibroblasts used are derived from
tendons.

In summary, the current work demonstrates that func-
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tional immature tendons can be formed by the self-as-
sembly of fibroblasts in vitro. These constructs are 
morphologically and mechanically similar to embryonic
tendon and are potentially useful for studying the devel-
opmental biology of tendon as well as for clinical use in
tendon repair.
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