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Implantation increases tensile strength and collagen content of self-assembled
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Calve S, Lytle IF, Grosh K, Brown DL, Arruda EM. Implanta-
tion increases tensile strength and collagen content of self-assembled
tendon constructs. J Appl Physiol 108: 875–881, 2010. First published
January 28, 2010; doi:10.1152/japplphysiol.00921.2009.—Tissue-en-
gineered tendons, derived from an autologous cell source, have the
potential to provide an ideal replacement graft that is biologically
compatible and has the ability to adapt to the specific mechanical
requirements of the in vivo environment. Scaffold-free tendon con-
structs have been successfully engineered in vitro. However, when
compared against native tendons the constructs demonstrate both a
lower tensile strength and collagen content. We hypothesized that the
in vitro environment lacks certain environmental stimuli and that
implantation in vivo would facilitate the maturation of engineered
tissues. Using primary Achilles tendon fibroblasts from adult rats,
self-organizing constructs were created in vitro. Tendon constructs
were implanted subcutaneously into the groins of adult rats for 4 wk,
while controls remained in vitro. Implanted constructs increased in
stiffness by three orders of magnitude when compared with the in
vitro controls (7,500 vs. 22.3 kPa). This increase in tangent modulus
correlated with a significant increase in collagen content, as measured
by hydroxyproline concentration, from 3.9% for the in vitro controls
to 22.7% in the in vivo conditioned group. In addition, collagen fiber
diameter increased from 22.0 to 75.4 nm as a result of in vivo
implantation. The tensile strength and collagen content of in vivo
conditioned constructs were similar to the values determined for
neonatal rat tibialis anterior tendons.

tissue engineered; collagen; tibialis anterior tendon

FOR PATIENTS who sustain tendon injuries that cannot self-repair,
direct surgical repair, autologous tendon grafts, and tendon
transfers are the preferred treatments. However, no suitable
exogenous replacements exist for tendon grafting. Ideally, a
replacement construct would incorporate the properties of
native tissue most crucial for the transference of force between
muscle and bone, namely extensibility, compliance, tensile
strength, and biological compatibility.

Tendons are predominantly composed of parallel fibrils of
type I collagen embedded within a glycosaminoglycan- and
proteoglycan-rich extracellular matrix (ECM). Previous at-
tempts to create biologically based tendons in vitro met limited
success due to the difficulty in creating a construct that is both
mechanically and biologically compatible with the in vivo
environment (7, 11, 14, 21, 41). Mechanical incompatibility
from the reliance on artificial scaffolds not only limits func-
tional restoration but can also influence biological adaptation
as cells are sensitive to their mechanical environment and can
alter their phenotype accordingly (12).

Type I collagen appears to be the ideal foundation for an
artificial tendon, but presently, the mechanical properties of in
vitro fibroblast-collagen constructs are inferior to those of
native tissues (8, 19, 35, 38, 41, 44). Attempts were made to
stiffen collagen-based constructs by inducing artificial cross-
links, but the results are inconclusive due to inadequate char-
acterization of the mechanical properties (14, 21). In addition,
some of the cross-linking methods utilize cytotoxic compo-
nents. Other approaches include seeding cells onto degradable
scaffolds that can leave behind a tissue that is comprised solely
of the cell-secreted ECM (11, 32, 44); however, some of the
degradation by-products are biologically incompatible. Impor-
tantly, the mechanical properties of the majority of the replace-
ment structures reported in the literature were not normalized
or properly tested, hindering comparisons between different
models and the tissues they seek to replace.

Tendon fibroblasts rely on complex cell-matrix signaling
pathways during development to properly assemble the ECM
and to maintain form and function after maturation (5, 10, 36).
The interplay between collagen fibrils and proteoglycans has
been shown to be important in mouse models where the
expression of specific proteoglycans is inhibited. The absence
of lumican and fibromodulin, proteoglycans associated with
the periphery of the fibrils, leads to erroneous collagen fibril
distributions and increased laxity, compromising the function
of the tendon (2). Therefore, replacements that start with only
one component of the ECM may lead to inappropriate cues for
the resident fibroblasts.

By inducing tendon fibroblasts to secrete and generate their
own ECM, we have developed scaffold-free tendon constructs
in vitro (9). These tendon constructs exhibit ultrastructural
characteristics similar to embryonic tendons: aligned, small-
diameter collagen fibrils, high cellularity, and an excess of
noncollagenous ECM (9, 29). Both the collagen content and
stiffness of the constructs have been shown to increase over
time when cultured in vitro, but they fail to develop mechanical
properties similar to native tendons. In addition, tendon con-
structs display widely variable mechanical and morphological
properties between cohorts.

The appropriate biochemical and mechanical cues that ten-
dons need for development in vivo are difficult to mimic in
vitro. To address this limitation, the present study investigated
the effect of static loading and the in vivo hormonal/chemical
milieu on the material, chemical, and ultrastructural properties
of tendon constructs by implanting them into adult rats. A
longitudinal study of the stress-strain response of the rat tibialis
anterior (TA) tendon was undertaken to provide a basis for
comparison. We found that implantation resulted in constructs
with mechanical and morphological properties similar to those
seen in neonatal rat TA tendons.
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METHODS

Animal protocol. Institutional approval for animal use was granted
by the University Committee for the Use and Care of Animals
(UCUCA) in accordance with the Guide for the Care and Use of
Laboratory Animals (National Institutes of Health publication 86-23,
1986). Animals were housed individually in a restricted-access, patho-
gen-free facility. Rats had access to food and water ad libitum and
were exposed to a 12:12-h light-dark cycle.

The development of the stress-strain response of the TA tendon
was investigated using Fischer 344 (F344) male and female rat pups.
Tendons were harvested from pups of the following ages: 2 days, 2
wk, 3 wk, 4 wk, and 8 mo. Pups up to 2 wk of age were killed by
decapitation. Older animals were sedated with 65 mg/kg pentobarbital
sodium and, if needed, supplemental doses were administered to
maintain an adequate depth of anesthesia. Extraneous fat and tissue
were carefully dissected away. The muscle-tendon-bone unit was kept
intact to maintain the integrity of the tendon for mechanical testing.

Tests were performed either on the day of acquisition or stored in
sterile Dulbecco’s PBS (14040 GIBCO/Invitrogen) at 4°C and tested
the next day. The time of storage was consistent within each experi-
ment. Tissues were never frozen or stored longer than 24 h before
testing. While some studies have concluded that postmortem storage
by freezing does not have any effect on the mechanical response of
tendons and ligaments (47), others have shown that the ultrastructure
and mechanical properties are compromised by freezing (16, 34, 42).
When chicken flexor digitorum profundus tendons were stored at
�40°C for more than 40 days, there was a statistically significant
increase in the tangent modulus of the tendons (34). For similar
reasons, the tissues were not preconditioned since this has also been
shown to alter the water distribution along with the microstructure,
and thus the mechanical response (18).

Tissue culture. Tendon constructs were created by slightly modi-
fying a previously described model (9). Briefly, primary rat Achilles
tendon fibroblasts were isolated from adult F344 rats and expanded in
culture. Tissue culture dishes (35-mm diameter, 351008, BD Falcon,
Franklin Lakes, NJ) were coated with 1.5 ml Sylgard (type 184
silicone elastomer, Dow Chemical, Midland, MI). This created a 1- to
2-mm-thick nonporous, elastomeric layer allowing for the control of
substrate adhesion of the cells. Two 0.20-mm-diameter stainless steel
minutien pins (26002–10, Fine Science Tools, Foster City, CA) were
pinned 15 mm apart into the Sylgard layer to control the final
geometry of the construct. The Sylgard was coated with 2.0–3.0
�g/cm2 natural mouse laminin (23017, GIBCO/Invitrogen, Frederick,
MD) to promote cell adhesion.

The plates were filled with 1 ml growth medium, [400 ml Ham’s
F-12 (11765, GIBCO/Invitrogen), 100 ml FBS (10437, GIBCO/
Invitrogen), and 100 U/ml antibiotic-antimycotic (15240, GIBCO/
Invitrogen)], then sterilized via ultraviolet irradiation (253.7 nm, bulb
G30T8) in a biological safety cabinet for 90 min and placed into an
incubator (5% CO2, 37°C). After the plates incubated for �1 wk,
fibroblasts between their first and fifth passage were trypsinized and
2 � 105 cells were suspended in 2 ml growth medium and seeded onto
each plate along with 130 �g/ml L-ascorbic acid 2-phosphate (A8960,
Sigma-Aldrich, St. Louis, MO). Fresh ascorbic acid was added each
time the growth medium was changed, every 4 days.

After 10–14 days, differentiation medium [DMEM (11995,
GIBCO/Invitrogen), 7% FBS, 130 �g/ml L-ascorbic acid 2-phosphate,
2 ng/ml recombinant human TGF-�1 (100–21, PeproTech, Rocky
Hill, NJ)l and 2 �g/ml insulin from bovine pancreas (I6634, Sigma-
Aldrich)] was substituted for growth medium to induce ECM synthe-
sis and construct formation. Differentiation medium was changed
every 3–4 days, and fresh ascorbic acid, TGF-�1, and insulin were
added each time. Approximately 1 mo after plating, each sheet of cells
self-delaminated and rolled into a cylindrical construct, anchored by
the two minutien pins, forming a 15-mm-long cylindrical construct
with a diameter of �0.5 mm. Constructs were cultured in vitro for an

additional 4 wk before random assignment into one of three study
groups. One group was tested at the time of implantation to serve as
the baseline control (n � 3). A second group remained in vitro to
serve as the extended time control (n � 3). The third group was
implanted into the groins of adult male rats for 4 wk (n � 8). All
tendon constructs utilized for this study were generated from the same
cell population of primary rat Achilles fibroblasts, and the mechanical
properties and collagen content were determined as described below.

In vivo implantation of tendon constructs. Four weeks after forma-
tion, eight constructs were implanted into skeletally mature, male
F344 rats (230–270 g). The rats were anesthetized with an intramus-
cular injection of 3.5 ml ketamine and 0.5 ml xylazine. The hair was
clipped, and the animal was sterilely prepped and draped. A longitu-
dinal incision was made in the groin area, and dissection was carried
down to expose the inguinal ligament proximally and the medial thigh
fascia distally. To prevent the constructs from fully integrating into
the fascia and subcutaneous tissues, and to facilitate isolation for
subsequent harvest and mechanical testing, they were secured within
10-mm-long segments of medical-grade silicone tubing (4.8-mm inner
diameter). Each construct was tied proximally and distally to the wall
of the silicone chamber with 6-0 prolene sutures and placed below the
inguinal fat pad adjacent to the femoral vessels. The wounds were
closed in two layers, and the rats were allowed to recover. Animals
were placed back into their cages and housed in a specific pathogen-
free facility for 4 wk. After 4 wk, the rats were anesthetized and the
constructs were removed. Five constructs were used for mechanical
testing, and two were fixed for transmission electron microscopy.

Histology. In preparation for electron microscopy, the constructs
were fixed in 3% formaldehyde/glutaraldehyde in a 0.1 M sodium
cacodylate buffer solution (15950, Electron Microscopy Sciences,
Fort Washington, PA) at 4°C for 5–12 h, then embedded in EPON
(Eponate 12 resin, Ted Pella, Redding, CA). Ultrathin sections of
50-nm thickness were cut for electron microscopy. The sections were
mounted on uncoated copper grids and stained with aqueous uranyl
acetate and lead citrate. The ultrastructural details of the tissues were
investigated using a transmission electron microscope (CM-10, Philips
Medical Systems, Bothell, WA) at 60 kV.

Mechanical evaluation. The stress-strain response of the constructs
was performed at room temperature and evaluated using a custom
tensile tester that has been previously described (23). The largest
specimens (adult TA tendons) were secured by placing the intact bone
and muscle directly into the grips. The bone and muscle at the ends of
medium-sized specimens (2- to 30-day-old TA tendons) were gripped
with 28-mm serrated Bulldog-type straight serrefines (18050–28, Fine
Science Tools, San Francisco, CA), and these were placed into the
larger grips. The tendon constructs were gripped on each end with a
microartery clamp (TKF-2–40g, Bear/AROSurgical, Newport Beach,
CA), which does minimal damage to the tissue but is strong enough
to hold onto the construct for the entirety of the test (closing pressure
of 40 g for vessels 0.2–0.9 mm in diameter). The artery clamps were
then placed into the larger grips. The majority of specimens failed
within the midsubstance during testing, indicating that the gripping
method used for each tissue type was appropriate.

Blue microspheres (25-�m diameter, 403–025 IMT, Irvine, CA)
were adsorbed onto the surface of the self-assembling tendon con-
structs to allow for the optical determination of strain whereas TA
tendons were marked at nine intervals along the length with tissue
marking dye (MD1001, Cancer Diagnostics, Birmingham, MI). The
cross-sectional area of TA tendons was determined by placing them
into a saline bath and securing each end with a custom grip attached
to a hexagonal shaped stage. The diameter was measured at three 60°
orientations; an ellipse was then fit to the three diameters. The area of
the ellipse was used as the cross-sectional area and averaged from
multiple sites along the length. A custom LabVIEW program (Na-
tional Instruments, Austin, TX) controlled the stepper motors and the
simultaneous acquisition of image and force data. Tendons and other
soft tissues are viscoelastic, and their mechanical properties are rate
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dependent (13). To capture the true material properties of the speci-
mens, the following displacement waveform was utilized to test at a
constant true strain rate of 0.01 s�1: l � (lo/9.25)[exp(tx) � 1], where
l is current length (in number of steps), 9.25 �m is the distance moved
for each step of the stepper motor to control the displacement of the
crossheads, lo is initial length (�m), t is time (s), x is strain rate (s�1).
The signal is in terms of number of steps, and the derivative gives the
step frequency the motor needs to operate at that current length.
LabVIEW calculates the derivative of this one-dimensional function
at equidistant points along an interval defined by the user. At each
interval, the step frequency is updated. Since there is a finite time
required to recalculate and send the signal to the stepper motor, the
number of intervals cannot be set too high, otherwise the rate at which
the motor steps will lag behind the overall frequency. This method
ensures that the strain rate is dependent on the current length not the
initial length.

The raw load data were converted to nominal stress by dividing by
the cross-sectional area of the specimen. Nominal strain of the
self-assembled tendon constructs was calculated by optically deter-
mining the change in separation of pairs of microspheres across the
specimen and dividing this number by the initial separation of the
microsphere pair (Fig. 1). A custom LabVIEW program was designed
to track user-defined blobs, here the 25-�m microspheres, through the
stack of images acquired during each test, and export the center of
mass of each blob, indexed by image number, to a text file. This text
file is opened as a spreadsheet in Excel, and the nominal strain was
calculated by measuring the distance, in pixels, between the center of
mass of two blobs [(change in separation of blob A and blob B)/(initial
separation of blob A and blob B)]. A minimum of five microsphere
pairs were measured and then averaged. Plotting the stress-strain
response of each microsphere pair revealed that the constructs were
homogeneous across the specimen length. This is in contrast with the

TA tendons, which show a more heterogeneous strain response (3).
However, the heterogeneity of the TA tendons only gradually arises
during development, and for the purpose of this study, strain was
averaged across the entire tendon. The maximum tangent stiffness was
defined as the maximum slope of the nonlinear stress-strain response
curve.

Collagen content. The collagen concentration of the TA tendons
and tendon constructs was determined spectrophotometrically (46).
Collagen was quantified by measuring the amount of hydroxyproline,
a derivative of proline that is almost exclusive to the fibril forming
collagens and elastin. Specimens were analyzed immediately after

Fig. 1. Optical determination of strain (ε). The distance between microspheres
adsorbed on the surface of tendon constructs at different time points was used
to determine the nominal strain. The center of mass of user-defined micro-
spheres was determined using a custom LabVIEW program, and strain was
calculated using Excel.

Fig. 2. Self-assembling tendon constructs were implanted into the groins of
skeletally mature F344 rats. A: constructs were tied to the inside of silicone
chambers (length � 10 mm, inner diameter � 4.8 mm) that were attached to
the inguinal ligament (top asterisk) and fascia surrounding the hindlimb
musculature (lower asterisk). B: after 4 wk of implantation, the silicone tubing
was surrounded by granulation tissue (outlined). C: the interior of the cylinder
was filled with clear seroma fluid. D: surrounding tissues integrated into the
ends of the constructs, forming a robust interface. The specimens were gripped
for mechanical testing by securing the tissues attached to the ends of the
constructs with serrated bulldog serrefines (asterisk), and the stress-strain
response was determined by using a custom tensile tester (22).

Fig. 3. Tangent modulus of the control constructs increased 5-fold after
incubating in vitro for 4 wk (P � 0.01). The stress-strain response of constructs
within the same cohort is highly consistent at each time point (n � 3).
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acquisition or frozen at �80°C to be tested at a later date. Tendons
and constructs were dried at 110°C for 1 h and weighed immediately.
The tissue was then hydrolyzed for 5–15 h in 6 N hydrochloric acid
(435570, Sigma-Aldrich) at 130°C. After cooling to room tempera-
ture, the pH was neutralized by the addition of NaOH (S318, Fisher
Scientific, Hampton, NH). Specimens were analyzed, in triplicate,
against varying concentrations of a standard, 0.1 mg/ml L-hy-
droxyproline (56250, Sigma-Aldrich) in 0.001 N HCl brought to 100
�l in a 96-well microplate (290–8115-01F, Evergreen Scientific, Los
Angeles, CA). Hydroxyproline was oxidized by the addition of 50 �l
of a 0.05 M chloramine-T solution (31224, Sigma-Aldrich), and the
plates were incubated for 20 min at room temperature. Chloramine-T
was inactivated by the addition of 50 �l 3.15 M perchloric acid (244252,
Sigma-Aldrich) for 5 min before an equal volume of Ehrlich’s reagent
was added. The microplates were incubated at 60°C for 20 min,
cooled, and the absorbance was measured at 560 nm with a microplate
reader. Collagen content was calculated assuming that hydroxyproline
accounts for 13.8% of the total mass of collagen (33).

Data analysis. Student’s t-test was employed to compare differ-
ences among groups. A P value � 0.05 was considered significant.
The tangent moduli of the implanted constructs were not normally
distributed; therefore it was necessary to log-transform the data before
implementing Student’s t-test.

RESULTS

Explantation and visual inspection. Self-assembling tendon
constructs were implanted into the groin of skeletally mature
male F344 rats, adjacent to the femoral vessel (Fig. 2A). After
4 wk, the rats were anesthetized and the constructs were
removed (Fig. 2, B and C). All eight constructs remained intact
although one was excluded from the study due to a localized
infection. Each silicone chamber was surrounded by a fibrous
capsule and contained only a construct and clear serous fluid
(Fig. 2C). The ends of the construct were fully integrated into
the soft tissues surrounding the cylinder. Some of the surround-
ing fibrous tissue was kept intact to provide a region to grip the
specimen for mechanical testing so that the construct midsec-
tion was several construct diameters from the grips and subject
to uniaxial loading (Fig. 2D). The interface between the fibrous
tissue and tendon construct was very strong as all of the
specimens failed within the midsubstance during mechanical
testing.

Tangent stiffness. The tangent modulus, or stiffness, of
tendon constructs cultured under self-generated tension in vitro
for 4 wk increased fivefold from 4.4 to 22.3 kPa (P � 0.01,
Fig. 3). Constructs implanted into the groin of F344 rats for 4
wk were three orders of magnitude stiffer than the controls (4.4
vs. 7,500 kPa, P � 0.0005) (Figs. 4 and 5A). The low
variability of the tangent modulus between tissue-engineered
tendon constructs within the same cohort cultured in vitro (Fig.
3) was not maintained following implantation (Fig. 4). A
longitudinal study of rat TA tendon mechanics revealed that
the maximum tangent modulus of the stress vs. strain response
increased eightfold from 2 days after birth (25,000 � 5,900
kPa) to adulthood (195,400 � 36,200 kPa) (Table 1).

Collagen content. The overall collagen content, determined
by hydroxyproline concentration, substantially increased in the
implanted constructs compared with the extended time control
group cultured in vitro (22.7 � 14.4% vs. 3.9 � 1.2%,
respectively) (Fig. 5B). Transmission electron microscopy re-
vealed that the collagen fiber diameter increased from 22.0 �
2.9 to 75.4 � 16.5 nm following the 4-wk implantation (P �
0.0001, Fig. 6, A and B). The implanted constructs were
comprised of more tightly packed collagen fibers and less
nonfibrillar ECM than the in vitro controls. There was evidence
of elastogenesis in implanted constructs that was not seen in
cultures maintained only in vitro (Fig. 6C). Implanted con-
structs were vascularized by capillaries, some of which ex-

Fig. 4. Implantation of the tendon constructs into adult rats significantly
increased their tangent modulus. However, the stress-strain response of the
constructs did not maintain the consistency seen in specimens that remained in
vitro and may be a result of the variability in the activity of the rats and the
location in which the silicone chamber settled (n � 4).

Fig. 5. Increase in tangent modulus with
implantation correlates with an increase in
construct collagen content. A: the tangent
modulus of tendon constructs increased by 3
orders of magnitude (note logarithmic scale).
B: the collagen content of the implanted
constructs increased more than 5-fold com-
pared with the in vitro controls. Both the
tangent modulus and collagen content of the
implanted constructs were comparable to
values measured for 2-day-old rat tibialis
anterior (TA) tendons (n � 3).
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tended the entire length of the specimen. The largest-diameter
vessel found with electron microscopy was only a few red
blood cells thick; therefore, the contribution of the vascular
structures to the mechanical properties of the construct was
most likely insignificant (Fig. 6D). The tensile stiffness and
collagen content of implanted constructs were comparable to
2-day-old rat TA tendons (7,500 kPa, 22.7% collagen vs.
25,000 kPa, 33.2% collagen, respectively) (Fig. 5).

DISCUSSION

Due to the lack of durable and biologically compatible
tendon and ligament substitutes, the development of a tissue-
engineered replacement has great importance in the field of
medicine. The current surgical therapies of tendon grafts and
transfers are not without substantial surgical morbidity to the
patient (31). A tissue-engineered tendon, derived from an
autologous cell source, should greatly diminish transplant fail-
ure. In addition, preimplantation will allow the construct to
adapt to its physical environment. By implanting in vitro derived
tendon constructs into an in vivo environment, we have signifi-

cantly improved both their tensile stiffness and collagen content to
values comparable to native rat tendons (Figs. 5 and 7).

The in vitro developed tissue-engineered tendon constructs
in this study show remarkable homogeneity, which is not
maintained after 4 wk of in vivo conditioning (Figs. 3 and 4).
One source of variation may have arisen when the constructs
were sutured to the chambers. We tried to keep the construct
resting length uniform; however, the amount of pretension on
the specimens may have varied. In addition, the complex in
vivo environment and animal-to-animal variability may have
influenced construct stiffness. The initial inflammatory re-
sponse can be more pronounced in some animals, resulting in
specimen degradation (20). We also observed that the cham-
bers did not always stay in their original location, which may
have influenced the fibrotic response and the transfer of nutri-
ents. Nevertheless, all implanted constructs had a significantly
increased tensile stiffness and an increased collagen concen-
tration. Implantation resulted in increased collagen concentra-
tion and fibril diameter, both of which likely contributed to the
increase in construct stiffness. The constructs possess mechan-
ical properties similar to those of neonatal tendons, whereas
previous studies using implanted artificial scaffolds have re-
ported tangent moduli closer to those found in adult tendons in
vivo (11, 14, 21). However, it is difficult to compare these
studies with ours, as the initial artificial material dominates the
mechanics of constructs with scaffolds.

The TA tendon was used as a basis of comparison for these
biomechanical studies because of its accessibility, length, and
fairly homogeneous diameter. The increase in tendon stiffness
during skeletal growth reported in this study is consistent with
other reports in the literature (Fig. 6 and Table 1) (17, 30, 39,
43, 45). Interestingly, there was little change in modulus

Table 1. Physical and mechanical properties of the developing rat tibialis anterior tendon

2 days 2 wk 3 wk 4 wk 8 mo

Tangent modulus, MPa 25.0 � 5.9 29.1 � 6.8 48.8 � 33.6 137 � 32.4 195.4 � 36.2
Taut length, mm 3.7 � 0.2 6.9 � 0.3 6.6 � 0.4 11.7 � 0.2 12.3 � 1.4
Diameter, mm 0.37 � 0.02 0.52 � 0.01 0.47 � 0.02 0.63 � 0.01 0.53 � 0.1

Values are means � SD; n � 4.

Fig. 6. Morphology of tendon constructs changed as a result of in vivo implan-
tation. A: morphological examination of type I collagen fibrils of in vitro control
constructs showed that they were diminutive and unorganized in their orientation.
B: in contrast, collagen fibrils within tendons that were conditioned for 4 wk in
vivo demonstrated a high degree of organization, a compact orientation, and a
3-fold increase in diameter (P � 0.0001). C: implanted constructs also were
interspersed with dark, aligned fibrils that are indicative of elastogenesis (asterisk).
D: small-diameter blood vessels vascularized the implanted constructs (rbc � red
blood cell). A, B, and C: bar � 200 nm. D: bar � 2 �m.

Fig. 7. Tendon constructs implanted in vivo displayed a stress-strain response
similar to 2-day-old rat TA tendons.
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between 2 days and 2 wk (25.0 � 5.9 to 29.1 � 6.8 MPa), even
though the TA length has doubled and the animal has increased
in mass (Table 1). A substantial difference in TA stiffness was
found between 2 and 3 wk after birth (29.1 � 6.8 to 48.8 �
33.6 MPa); however, tendon length and diameter did not
appreciably change during this time period. The changes in
stiffness reported above correlate with the development of
motility in the neonatal rat. During the first 2 wk, the pup is
barely mobile. Around 7–14 days, the pup begins to crawl and
only begins to utilize its hindlimbs for walking at around 12
days (1). Movement characteristic of adult walking is seen at
around 14–16 days. A milestone relevant to TA physiology is
that the use of the hindlimbs is not complete until 15–16 days,
when the hindlimb has fully rotated under the body and
complete dorsiflexion is possible (1). This increase in neonatal
motility may influence the deposition and organization of the
ECM, leading to the doubling of the tangent modulus between
the second and third week. Future studies will seek to correlate
tendon fibril diameter and overall collagen content with the
improvements in mechanical properties. One previous study
showed that type I collagen fibrils of tendons in 5-day-old rats
range in diameter from 33 to 51 nm, and then increase to
120–200 nm in diameter with skeletal maturation (37). A
similar increase in stiffness after the initiation of mobility was
seen during the development of the chick extensor tendon (27).

While the constructs were only subjected to static loading
during implantation, the increase in collagen content, fibril
diameter, and stiffness when compared with the control may be
attributed to the nutrient- and growth factor-rich in vivo envi-
ronment that is difficult to replicate under in vitro conditions.
It has been previously shown, both in vivo and in vitro, that
TGF-� and EGF enhance ECM synthesis, including type I
collagen (26, 28) Whether or not the resident fibroblasts in the
tendon constructs were responsible for the increase in collagen
deposition after implantation is uncertain. It is possible that the
implanted constructs provided an amenable scaffolding for
host fibroblasts to populate. Previous studies have shown that
the repopulation of acellularized arteries was much more ex-
tensive when implanted in vivo than when seeded with cells in
vitro (6, 40). Future studies can investigate this question by
creating constructs with fibroblasts isolated from transgenic
rats that express GFP in all of their cells (24).

On explantation and release from the silicone tubing the
constructs contracted, indicating they were under self-gener-
ated tension. However, evidence in vivo (above) and in vitro
has shown that cyclic loading is necessary for the appropriate
maturation of tissues during development (4, 15, 22). In a
previous study, we showed that cyclic mechanical loading can
increase the tangent moduli of engineered bone-ligament-bone
constructs implanted in vivo (25). Therefore, the next step will
be to implant the tendon constructs into the groin with one end
secured to the inguinal ligament and the other attached to the
fascia of the medial thigh musculature. We hypothesize that
this will subject the constructs to physiologically relevant
loading, in both strain magnitude and frequency, as the rat
moves around its environment. The current variability in the
material properties of self-assembling tendon constructs solely
cultured in vitro may be reduced by utilizing the biochemical
and mechanical factors native tendons experience during de-
velopment.
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