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During limb movement and locomotion, animals store elastic
energy in the tendons of the feet, legs, and other limbs. In the turkey,
much of the force generated by the gastrocnemius muscle during
locomotion is stored as elastic energy through deformation of the
tendon. During growth and development, the leg tendons in some
avians, including turkeys, mineralize and result in an increase in
tensile strength and modulus. The purpose of our study was to
evaluate the effects of mineralization on elastic energy storage and
transmission in turkey tendons.

Elastic and viscous stress-strain curves and elastic energy stor-
age behavior were used to compare the behavior of mineral-
ized turkey gastrocnemius tendons and mineralized self-assembled
type I collagen fibers. Based on analysis of these two systems, we
concluded that a simple mineralized fibrillar collagenous substrate
can mimic the behavior of a more complex fibrillar collagenous
substrate such as mineralized turkey tendon; however, the exact
mechanism of mineralization may be different between the two
substrates. Changes in mechanical properties of turkey tendon
were consistent with a model in which mineralization appears to
increase the effective collagen fibril length by efficiently transfer-
ring stress between neighboring collagen fibrils. Mineralization in
self-assembled collagen fibers increased elastic energy storage less
efficiently as compared with turkey tendon suggesting that the non-
collagenous components of mineralizing tissue may act to promote
collagen fibril to collagen fibril interactions.
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INTRODUCTION
Gravity plays a central role in the development and evolu-

tion of the musculoskeleton of land vertebrates. In the presence
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of a gravitational field, the muscle forces required to overcome
gravity increase in proportion to the animal size [1]. The muscu-
loskeletal system has evolved the ability to adapt to changes in
load-bearing capacity requirements of the host through catabolic
and anabolic processes [1]. Tendon mineralization is one of
these adaptation responses to increased load-bearing require-
ments seen in avians [2].

Tendon is a dense regular connective tissue that is involved
in locomotion and limb movement in vertebrates [3]. During lo-
comotion, the forces generated by muscle contraction are trans-
ferred directly to tendon where they are stored as elastic strain
energy [4, 5]. During the gait cycle, impact with the ground
causes tendons to stretch, storing kinetic energy as strain en-
ergy; elastic recoil in the tendons converts the stored energy
back into kinetic energy [4, 5]. During movement of the turkey
gastrocnemius (gastroc) muscle, the gastroc tendon produces
work during elastic deformation and recovery [6]. In horses,
tendon also transfers excess energy back to muscle where it is
dissipated as heat after movement is complete [7]. Energy stor-
age in tendon has been modeled to occur by collagen molecular
and fibrillar stretching [8].

Compositionally tendon contains collagen fibers, noncollage-
nous proteins, proteoglycans (PGs), water, and cells [2, 3]. Type
I collagen is the most abundant protein in tendon and self-
assembles into cross-striated collagen fibrils with a character-
istic 67 nm repeat, termed the D period [9]. The type I collagen
molecule is a triple helix made up of three left-handed helices
intertwined into a right-handed superhelix [10]. Each collagen
α chain contains about 1000 amino acid residues and the triple
helix is about 300 nm long [11]. In vivo, collagen molecules form
quarter-staggered arrays with each collagen molecule staggered
by about 22% of its length with respect to its nearest neigh-
bors. The distance D varies from tissue to tissue depending on
the molecular tilt angle (see [11] for a review) and is made up
of two distinct regions: the overlap and gap (also termed hole)
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Figure 1. Representation of collagen molecules in a quarter staggered array characteristic of the arrangement found in collagen fibrils. (Top) The banding pattern
of the repeat sequences in the overlap and gap regions. The overlap region contains cross-sections of 5 collagen molecules while the gap region contains only 4
molecules (see circle on bottom of diagram). (Bottom) The overlap and gap regions are identified in a group of self-assembled collagen molecules. The collagen
molecules are shifted by a distance D with respect to their nearest neighbors after they are self-assembled into fibrils in tissues; the overlap region is 0.4 D and the
gap region is 0.6 D where D is 65–67 nm.

regions. The gap (47 nm in length) and overlap (20 nm in length)
regions are identified when collagen is negatively stained with
heavy metals and viewed with an electron microscope (Figure 1).
The gap and overlap regions contain 12 bands that appear in
electron microscopic images of collagen fibrils after positive
staining with heavy metals [9]. These bands are the locations
of the charged amino acid residues in collagen fibrils and have
been reported to be more flexible than interband regions [8].

It has been postulated, based on electron microscopy, phys-
ical measurements on collagenous solutions and tissues, and
modeling of the amino acid sequences found in collagen, that
the triple helix contains flexible regions [8, 12–16]. An anal-
ysis of the amino/imino acid sequence indicates that regions
of the molecule lacking proline and hydroxyproline are more
flexible than regions containing the sequence glycine-proline-
hydroxyproline [8, 16]. The ability of these flexible domains,
which lack the imino acids proline and hydroxyproline, to store
elastic energy during tensile deformation has been hypothe-
sized to be the molecular basis of energy storage in collagen
[8].

Elastic energy storage in collagen fibers found in tendon is in-
fluenced by mineralization [2, 17]. Although increases in elastic
modulus of collagen have been reported as a result of mineral-
ization [18], in a recent review that analyzes the forces affecting
turkey gastroc tendon, Landis and Silver [2] suggest that elas-
tic energy storage is affected more by changes in tendon strain
(amount of strain before failure) than tendon elastic modulus.
Therefore, it is likely that tendon mineralization is an adaptation
process that limits tendon deformation while increasing elastic
modulus, leading to a greater load-bearing capacity [2].

The purpose of our study was to compare the results of vis-
coelastic mechanical tests made on mineralized self-assembled
type I collagen fibers to the results of previously reported vis-
coelastic tests made on mineralizing gastroc tendons [8] in an
effort to better understand the mechanism of mineralization and
the effects of mineralization on elastic energy storage.

MATERIALS AND METHODS

Preparation of Type I Collagen
The type I collagen used in this study was obtained from

rat-tail tendons using acid extraction in 0.01 M HCl at 4◦C
overnight. The resulting collagen solution was centrifuged, salt
precipitated, redissolved in 0.01 M HCl, filtered through 0.65
and 0.45 µm filters, dialyzed against phosphate buffer, and redis-
solved in 0.01 M HCl as previously described by Pins et al. [19].
The final concentration of collagen in solution was 10 mg/ml.

Collagen fibers were formed by coextruding the collagen so-
lution and fiber formation buffer (FFB) through polyethylene
tubing (18 gauge) into a container of FFB at 37◦C. After 24 hr,
the FFB was replaced with fiber incubation buffer (FIB) and
allowed to incubate for another 24 hr at 37◦C. This buffer was
replaced with distilled deionized water for 1 hr at 37◦C; the
fibers were then removed and allowed to dry while hung across
the edges of a drying rack for 24 hr at 20◦C.

Mineralization of Self-Assembled Collagen Fibers
Fibers were mounted for mineralization onto a plastic frame

and inserted into a dual chamber bath (one side of the bath
contained a CaCl2 solution and the other a K2PO4 solution) as
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described previously [20]. Dialysis tubing was filled with 0.05 M
Trizma solution at a pH of 7.4 and the fiber/frame system was
placed inside the tubing. The filled tubing was mounted in a win-
dow that was exposed to the two baths on each side. The tubing
was held in place by a nylon frame and an outer plastic window
secured with four Teflon screws. The 4 L of a 0.1 M potassium
phosphate solution were poured into one side of the bath and 4 L
of 0.1 M calcium chloride solution were poured into the other
side. Both solutions were buffered to pH 7.4 with Trizma solu-
tion at a concentration of 0.05 M and maintained at 20◦C. A stir
plate was placed under each chamber and both sides of the bath
were mixed simultaneously. The fibers were allowed to miner-
alize in the bath for 4 or 7 days at 20◦C; past studies have shown
that hydroxyapatite nucleates onto collagenous matrices under
these conditions, at a pH of 7.4 and temperature of 20◦C [20].

Following mineralization, the plastic frames were carefully
removed from the dialysis tubing and placed in phosphate
buffered solution (PBS) at pH 7.4 and 20◦C. The fibers were
then cut from the plastic frame, removed from the PBS, and
allowed to dry by draping them between two wooden stands.

Mechanical Testing
The mineralized and unmineralized collagen fibers were

tested on an MTS Tytron 250 tensionometer. Both mineralized
and unmineralized fibers were attached to vellum paper frames,
with a gauge length of 20 mm, using an epoxy adhesive prior
to mechanical testing as described previously [19]. The dry di-
ameter of each fiber was measured using a light microscope
equipped with a calibrated eyepiece. The diameters were mea-
sured at three places along the fiber length; the average of these
values was recorded as the final diameter. The fiber mounted
on the vellum frame was soaked for 30 min in a PBS solution
at 20◦C. After 30 min, the wet fiber diameter was measured
using the same method described above. The ratio of the wet
diameter to the dry diameter was used to provide the swelling
ratio of the material. Swelling ratio has been used as an indi-

Figure 2. (Plot a) Hypothetical incremental stress-strain curve. Diagram illustrating incremental stress-strain curve that is obtained by stretching a sample to a
fixed strain increment and then allowing the stress to relax until it equilibrates. At equilibrium another strain increment is added and the cycle is repeated until the
sample fails. (Plot b) A plot of the lines representing the total, viscous, and elastic stresses. The line for the total stress is obtained by connecting the maximum
stresses at each strain increment (the peaks on plot a). The line representing the elastic stress is obtained by connecting the stresses at equilbrium (the minimum
stresses at each strain increment on plot a). The line representing the viscous stress is obtained by connecting the stresses obtained by subtracting the elastic stress
from the total stress at each strain increment on plot a.

rect measurement of the extent of crosslinking in collagen fibers
[29].

Prior to mechanical testing, the vellum paper frame contain-
ing a fiber was placed into a set of small grips to be connected to
the MTS machine; the grips were lined with sandpaper to pre-
vent the frame from slipping. One of the small grips was then
fitted directly into the MTS machine while the other was held
in place by the pneumatic grips of the machine; the screws in
the jaws of the small grips were tightened with a screwdriver
to close the jaws and hold the specimen in place. The samples
were immersed in a bath of PBS at 20◦C throughout the test
to keep the collagen fibers hydrated. Before testing, slits were
cut along the sides of the frame to allow the fibers to be pulled
without interference from the supporting frame. The fibers were
strained to a final strain at a rate of 10%/min, allowed to relax to
equilibrium, which was defined as a relaxation rate less than 4 ×
10−4 g/min. Then another strain increment was applied equal to
the first strain increment; this process was repeated until failure.

Each tensile test yielded an incremental stress-strain curve
(Figure 2a) consisting of a stress before relaxation (total stress),
the stress at equilibrium (the elastic component of the stress)
(Figure 2b), and the viscous stress (the difference between the
total stress and the elastic stress) [8]. Data from incremental
stress-strain tests were analyzed and all of the slopes, ultimate
tensile stresses, and strains at failure for each group of fibers
were compared statistically using a type I, 5%, ANOVA test
and Student’s t-test with data from other groups; probability of
p ≤ .05 in both methods of analysis was considered a signif-
icant difference between the mean values. The elastic energy
stored was calculated using the area under the elastic stress-
strain curve. These values also were compared statistically as
described above.

Viscoelastic Measurements on Mineralized Turkey Tendons
Viscoelastic data for turkey tendons mineralized to different

extents were obtained from an earlier study by Silver et al. [12].
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In that study the gastrocnemius tendons were removed from
turkeys sacrificed at 12, 13, 14, 15, and 17 weeks of development.
Tendons were strained until failure and the viscous and elastic
components of the stress were calculated by multiplying the
stress at each strain increment by the fraction of total stress that
was stored at equilibrium (elastic fraction) obtained from Silver
et al. [21]. Elastic energy stored during mechanical testing was
calculated using the area under the elastic stress-strain curves
for strains up to 0.20. Elastic energy stored was approximated by
fitting a straight line to the elastic stress-strain curve and finding
the area underneath the curve (0.5 base times height) up to a
strain of 0.20 as described earlier.

RESULTS

Self-Assembled Collagen Fibers
ANOVA analysis found all ultimate tensile stress (UTS) val-

ues for all fibers tested to be significantly different from one
another. Using a t-test we found that the UTS for the 7-day
mineralized fibers (0.79 ± 0.110 MPa) were significantly larger
than the values for the unmineralized (control) fibers (0.36 ±
0.067 MPa) (p ≤ 0.05) and 4-day mineralized fibers (0.41 ±
0.042 MPa) (p ≤ 0.05) (Table 1). All errors reported represent
standard deviations.

Using ANOVA and t-tests we found the average total slopes
for all mineralized fibers were significantly larger than the to-
tal slope for the control fibers (p ≤ .05). The elastic slopes for
fibers increased with time of mineralization when compared with
the slope of the control fibers (0.31 ± 0.085 MPa) (p ≤ .05),
examples can be seen in Figures 3a and 3b. The slopes of
the elastic stress-strain curves for reconstituted collagen fibers
increased significantly with time of mineralization at 4 days
(0.65 ± 0.110 MPa) (p ≤ .05) and 7 days (2.40 ± 1.283 MPa)
(p ≤ .05). This trend for elastic slope also was true for the

TABLE 1
Swelling ratio, ultimate tensile stress, ultimate strain, slopes of total, elastic, and viscous stress-strain curves, and maximum

viscous and elastic stresses of reconstituted collagen fibers.

Sample (n)
mineral Total Elastic Viscous Maximum Maximum
content-weight Swelling Ultimate slope slope slope elastic viscous
fraction ratio UTS (MPa) strain (MPa) (MPa) (MPa) stress (MPa) stress (MPa)

Unmineralized 2.543 ± 0.276 0.36 ± 0.067 0.42 ± 0.162 0.71 ± 0.134 0.31 ± 0.085 0.40 ± 0.0943 0.16 ± 0.042 0.19 ± 0.047
(12) 0.00

Mineralized 2.027 ± 0.287 0.41 ± 0.042 0.15 ± 0.036 1.78 ± 0.264 0.65 ± 0.110 1.22 ± 0.387 0.15 ± 0.001 0.28 ± 0.020
for 4 days
(9) 0.296

Mineralized 1.874 ± 0.347 0.79 ± 0.110 0.14 ± 0.065 3.95 ± 0.551 2.40 ± 1.283 1.97 ± 1.257 0.39 ± 0.021 0.54 ± 0.213
for 7 days
(11) 0.704

Elastic and viscous slopes are calculated from the straight portions of the elastic and viscous stress-strain curves for self-assembled collagen
fibers, respectively. Stresses were found using incremental stress-strain tests on self-assembled collagen fibers. All the slopes increase with
increased mineralization. Errors represent standard deviations.

TABLE 2
Slopes of elastic and viscous stress-strain curves for turkey

tendon.

Mineral content Elastic Viscous
Sample age (weight fraction) slope (MPa) slope (MPa)

12 weeks 0.000 62.1 3.52
13 weeks 0.215 116.5 23.9
14 weeks 0.000 51.6 4.71
14 weeks 0.295 133 33.4

All data calculated based on Silver et al. [21].

average viscous slopes of the collagen fibers that were tested
(p ≤ .05) (Table 1). All the errors reported represent standard
deviations.

The viscous slopes for mineralized fibers were 1.22 ±
0.387 MPa after 4 days of mineralization and 1.97 ± 1.257 MPa
after 7 days. These slopes were larger than the average vis-
cous slope for the control fibers (0.40 ± 0.094 MPa) (p ≤ .05)
(Table 1). All mean values were compared using a type I, 5%,
ANOVA analysis and a Student’s t-test; the errors reported rep-
resent standard deviations.

The maximum elastic stress for the control group was (0.16 ±
0.042 MPa); this value did not increase after 4 days of mineral-
ization but did increase significantly after 7 days of mineraliza-
tion (0.39 ± 0.021 MPa) (p ≤ .05). If the level of significance
is increased to 0.1, the maximum elastic stress increases for
all mineralized groups when compared with the control group.
Comparisons of all mean maximum stress values (total, elastic,
and viscous) were made using a type I, 5%, ANOVA analysis
and a Student’s t-test. The reported errors represent standard
deviations.

The maximum viscous stress for the control group was
0.19 ± 0.047 MPa. This value did not increase after 4 days
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Figure 3. Total and elastic stress-strain curves for unmineralized self-assembled type I collagen fibers and 4-day mineralized self-assembled collagen fibers.
Stress and strain points were taken from incremental stress-strain tests conducted on collagen fibers at 22◦C and a strain rate of 10%/min. In plot a) (representing
unmineralized collagen fibers) the equation for the line representing the total stress is “stress = 0.7142 (strain) – 0.0093,” while the equation for the line representing
the elastic stress is “stress = 0.3143(strain) – 0.0037.” In plot b) (representing 4-day mineralized collagen fibers) the equation for the line representing the total
stress is “stress = 1.784(strain) + 0.0253,” while the equation for the line representing the elastic stress is “stress = 0.6457(strain) + 0.0228. Error bars represent
standard deviations.

of mineralization but did increase significantly after 7 days of
mineralization (0.54 ± 0.213 MPa) (p ≤ .05). If the level of
significance is increased to 0.1, the maximum viscous stress in-
creases above the control for all mineralized fibers. All reported
errors represent standard deviations.

Figure 4. Plot of elastic energy stored in self-assembled type I collagen fibers at a strain of 0.2 vs. days of mineralization. The elastic energy stored was calculated
by using the area under each elastic stress-strain curve; the stress at each strain was multiplied by 0.5 times the distance strained in order to calculate energy per
unit area (J/m2). Mineral contents of the fibers are included next to the energy stored. Error bars represent standard deviations.

The elastic stress at each strain increment was converted into
elastic energy stored using the method described in the Materi-
als and Methods section. The results of these calculations can be
seen in Figures 4 and 5. An increase in elastic energy stored was
seen for mineralized fibers compared with the unmineralized
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Figure 5. Plots of elastic energy stored vs. strain for unmineralized self-assembled type I collagen fibers and self-assembled collagen fibers mineralized for
4 days and 7 days tested at 22◦C and at a strain rate of 10%/min. Mineral contents of the fibers are given in the legend. Although there is an increase in elastic
energy stored per unit strain with mineralization, the unmineralized fibers store more total energy.

fibers at approximately the same strain (0.2) (p ≤ .05) as shown
in Figure 4. The elastic slope of the collagen fibers increases
linearly with mineral content (p ≤ .05) (Figure 6). All compar-
isons were made using an ANOVA analysis and Student’s t-test;
the errors reported represent standard deviations.

Swelling ratio was calculated for all fibers as a way to indi-
rectly measure the extent of crosslinking in each set of fibers.
Swelling ratio decreased with prestrain and with increasing min-
eralization (p ≤ .05) (Table 1).

Turkey Tendon
Elastic and viscous stress-strain curves for mineralized turkey

tendons are plotted in Figures 7 and 8, respectively; their slopes
(stress per unit strain) are listed in Table 2. In general, the elastic
stress-strain curves for tendons with low mineral content (0.029
or less) have a lower modulus while those with higher mineral
content (above 0.2) have a higher modulus, see Figure 7.

At low mineral content, the elastic stress-strain curve for
turkey tendons has a very long, low modulus region while as
the mineral content increases, the low modulus region is re-
placed with an almost linear relationship between elastic stress
and strain. The slope of the elastic stress-strain curve was ob-
tained in the linear region and is tabulated in Table 2. The slope
increases from approximately 62 MPa at low mineral contents
to 133 MPa at a mineral content of approximately 0.3 (Figure 9).

Viscous stress-strain curves for turkey tendons at low mineral
contents (0.029 or less) increase very slowly with strain and ap-
pear to reach a plateau value (see Figure 8). At high mineral con-
tents (above 0.2), the slopes of the viscous stress-strain curves
increase rapidly; the slope appears to plateau at high strains. The
slopes of the viscous stress-strain curves are given in Table 2 and
increase from about 4 MPa at low mineral contents to 33 MPa
at mineral contents above 0.2.

DISCUSSION

Mechanical Properties and Deposition of Mineral
Previous observations using electron microscopy have shown

that mineralization involves two components of tendon: type I
collagen fibers and small vesicles [21, 24]. The small vesicles
are found in extracellular spaces between the collagen fibrils
parallel to the aligned collagen fibrils. Later, mineral is found
associated with collagen fibrils at their surface (see [2] for a
recent summary). The pattern of mineral deposition associated
with vesicles is one of randomly disposed crystals in radial-
shaped clusters [23], ∼10–200 nm in diameter [4, 25]. This
pattern is distinct from that observed with collagen, in which
crystals are deposited in a specific and highly organized manner
in the hole and overlap zone of the fibrils leading to a 64–70 nm
periodicity [26–28].

Both the self-assembled collagen fibers and turkey tendons
evaluated in this study display proportionally similar increases
in UTS, maximum elastic and viscous stress, and the slopes
of the elastic and viscous stress-strain curves. Taking into ac-
count that the elastic energy stored is proportional to the slope
of the elastic stress-strain curve, we conclude that the elastic
energy stored per unit strain also increases with increased time
of mineralization and amount of mineralization. The increase
in the slope of the elastic stress-strain curve in turkey tendon is
larger than the increase in the slope of the viscous stress-strain
curve with increased mineral content (Figure 9). In contrast the
rate of change of the slope of the viscous stress-strain curve is
greater than or about the same as the rate of change of the elastic
stress-strain curve for self-assembled type I collagen fibers. The
rates of these changes in mechanical properties give potential
information concerning the influence of mineral deposition on
the mechanical properties of self-assembled collagen fibers and
turkey tendons.
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Figure 6. Plots of elastic and viscous slopes (a) vs. days of mineralization for self-assembled type I collagen fibers and (b) versus mineral content in weight
fraction for turkey tendons. Slopes were obtained from the straight portions of the elastic and viscous stress-strain curves obtained in tension using an incremental
stress-strain testing procedure.

Results of incremental stress-strain tests on dense, regular,
connective tissues, such as turkey tendons and rat-tail tendons,
and models of dense, regular, connective tissue (self-assembled
collagen fibers) indicate that elastic deformation represents
stretching and slippage of the collagen triple helices in fibrils,
whereas the viscous stress represents slippage of the collagen
fibrils [8, 29]. The slopes of elastic and viscous stress-strain
curves may provide information about the growth of mineral
plates in collagen fibers. An increase in the elastic slope with
increased mineral content implies that mineral is deposited in
such a manner as to increase the effective collagen fibril length,
which allows for more energy to be stored during stretching
and slippage of the triple helices in individual fibrils. What
this means is that mineral first deposited acts like a crosslink
that allows for more efficient transfer of elastic energy between

collagen fibrils. This suggests that the mineral acts to laterally
link collagen molecules in neighboring fibrils. Based on this in-
terpretation and after reviewing Figure 9, it would appear that
the rapid increase in elastic slope associated with turkey ten-
don mineralization is consistent with mineral first acting me-
chanically as a linkage between neighboring fibrils where it
would connect fibril segments in parallel mechanically. Min-
eralization of self-assembled collagen is reported to occur on
the surface of the collagen fibrils [20]. Based on the results
reported here, the mineral deposited on self-assembled colla-
gen fibrils does not appear to link neighboring fibrils as effec-
tively as mineral deposited in turkey tendon; therefore, elastic
energy storage during tensile deformation of self-assembled col-
lagen fibrils is not as efficient as that observed in developing
tendon.
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Figure 7. Elastic stress-strain curves of mineralizing turkey tendons with different mineral weight fractions. Elastic stress-strain curves were obtained from the
total stress-strain curves after multiplication by the elastic fraction. The elastic stress-strain curves are given as a function of the tendon mineral weight fraction
(shown in parentheses) and the animal age.

Figure 8. Viscous stress-strain curves of mineralizing turkey tendons with different mineral weight fractions. Viscous stress-strain curves were obtained as the
difference between the total and elastic stress-strain curves. Viscous stress-strain curves are presented as a function of the tendon mineral weight fraction (shown
in parentheses) and the animal age.
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Figure 9. Plot of elastic and viscous slopes vs. mineral weight fraction from tensile tests performed on mineralized turkey tendons. Slopes were obtained from
the straight portions of the elastic and viscous stress-strain curves. The slopes for tendon with a mineral content of 0.245 were removed in order to achieve a better
correlation. The level of crosslinking in this tendon was very high, causing larger viscous and elastic slopes than seen in tendons with the larger mineral content
(14 week old tendon with a mineral weight fraction of 0.245).

Roles of Noncollagenous Proteins in Tendon
Mechanical Behavior

Although mineralization of turkey tendon is a complicated
process and involves a variety of noncollagenous proteins [2],
the similarities in the mechanical behavior of mineralized turkey
tendons and self-assembled collagen fibers seen in the results
of our study suggest that the mechanical properties of dense,
regular, collagenous substrates are dictated primarily by the as-
sociation of hydroxyapatite and collagen triple helices and asso-
ciations between collagen fibrils. Noncollagenous proteins that
are involved in the initiation and control of mineralization may
be responsible for the increased effective mineralization link-
ing collagen fibrils observed in turkey tendon compared with
self-assembled type I collagen fibers.

Scott [30] has proposed that anionic glycosaminoglycans
(keratan, chondroitin, and dermatan sulfates) are stiff chains
that result from repulsion of the negatively charged constitu-
tents of these molecules. These glycosaminoglycans reportedly
are bound to collagen primarily in the d-band and less frequently
in the e-band of the hole zone on the surface of collagen fib-
rils [30] suggesting that they may block mineralization between
molecules on the surface of collagen fibrils. The dermatan sulfate
found in bone is not orthogonal to the collagen hole zone as it is in
tendon [30] suggesting that binding the stiff glycosaminoglycan
chains present in tendon may block mineral deposition between
molecules (within the hole zones of fibrils). In the absence of
these components in the self-assembled type I collagen model,
mineralization was not inhibited; however, the efficiency of min-
eral deposition leading to mechanical linkage between fibrils and
subsequent energy storage appeared less pronounced. This sug-
gests that non-PG noncollagenous components found in bone
(see Ref [2] for examples) and other mineralizing tissues may
promote mineral binding and more efficient mechanical linkage
between neighboring collagen fibrils.

A molecular modeling study by Redaelli et al. also has deter-
mined that proteoglycans present in collagenous tissues serve to
transfer forces between adjacent fibrils [31]. By calculating the
stiffness of glycosaminoglycans and combining it with a mul-
tifibril model, the data obtained were consistent with data for
developing tendon.

Discrepancies in Stress-Bearing Capabilities of Turkey
Tendons and Self-Assembled Collagen Fibers

The presence of crosslinks and proteoglycans in collagenous
tissues has been shown to augment their load-bearing capabil-
ities [29, 32, 33]. Specifically, links have been made between
the presence of crosslinks and proteoglycans in tendon and an
increase in the mechanical properties of the tissue [29]. Silver
et al. [29] have postulated that an increased number of crosslinks
bind more collagen molecules together creating longer fibrils
with thicker diameters. This conclusion agrees with the work
of Danielson et al. [34] that showed films composed of re-
constituted collagen fibrils gain strength as reducible crosslinks
are converted into nonreducible crosslinks, and with Parry who
demonstrated that the UTS of collagenous tissues is directly
related to fibril diameter [35]. A past study comparing the prop-
erties of turkey tendons and collagen fibers showed that the
mechanical properties of collagen fibers approach those of 17-
week-old turkey tendons after 6 months of crosslinking [21].
This trend also is seen in the collagen fibers used in this study;
there was an increase in UTS and elastic slope with a decrease
in swelling ratio (Table 1). Crosslink density is inversely related
to the volume fraction of polymer or the swelling ratio. Since
the mineralized fibers do not swell much, they probably have a
higher crosslink density.

Silver et al. [29] also noted that the binding of decorin to
collagen most likely enhances the viscous transfer of energy
between fibrils during loading. This would promote collagen



140 J. W. FREEMAN AND F. H. SILVER

fibrillar alignment and enhance tissue deformation prior to fail-
ure. The increased number of crosslinks in turkey tendons com-
bined with the presence of proteoglycans (there are no proteo-
glycans in the collagen fibers in this study) causes turkey tendon
to have mechanical properties that are superior to those of col-
lagen fibers. Both of these mechanisms act together to create
increased stress distribution between molecules increasing ulti-
mate tensile stress. As crosslinks develop they increase the fibril
diameter and length and as fibrils become longer more proteo-
glycans can link them to adjacent fibrils. Both mechanisms then
act together to increase the mechanical strength of collagenous
tissues.

A comparison of Tables 1 and 2 shows that turkey tendons are
able to bear larger stresses than self-assembled collagen fibers.
This difference is most likely due to the absence of proteoglycans
and far lower amount of crosslinks in the collagen fibers when
compared with the turkey tendons. The turkey tendons may have
more crosslinks and/or mineral crystals that act as crosslinks than
the self-assembled collagen fibers giving turkey tendons larger
UTS and the ability to bear larger stresses per unit strain than
the collagen fibers. Results of previous studies suggest that in
vitro mineralization is inhibited by certain crosslinks [36, 37];
this suggests that sites involved in crosslinking (lysine-derived
crosslinks) appear to be involved in nucleation of mineral within
the fibril. The mechanical stability of mineralized turkey tendons
suggests that the crosslinking pattern of turkey tendons may
differ from other tissues enabling turkey tendons to support the
nucleation of mineral.

Molecular Basis of Changes in the Stress-Strain Curve
The deposition of calcium and phosphate ions in a collage-

nous matrix influences the behavior of the tendon stress-strain
curve at the molecular level. The classical stress-strain behavior
of turkey tendons displays a characteristic S-shaped curve; there
is a toe region of low slope (stress per unit strain) followed by
a high slope region and a plateau region [21]. The toe region
in the turkey tendons is due, in part, to the straightening out of
the crimp pattern characteristic of tendon collagen fibers and
reversible molecular sliding and stretching [8]. At the molecu-
lar level, the shape of the curve also may reflect the stretching
of flexible regions in the triple helices of the type I collagen
molecules. The collagen molecule has been previously modeled
as being composed of alternating rigid and flexible domains
[16]. The rigid domains are found at the amino and carboxylic
ends of the molecule where regions containing the sequence gly-
pro-hyp are found. They also alternate with flexible sequences
throughout the collagen triple helix.

Most of the flexible domains are associated with the positively
staining bands of the collagen fibril while most rigid domains are
found between these bands [8]. The gap region of the collagen
fibril, which contains the d and e bands, appears to be continu-
ously flexible [8]. This suggests that the application of external
forces during locomotion of adult birds results in deformation
of these and other flexible domains within type I collagen fibrils.
Theoretically, this exposes charged sites and allowing calcium

phosphate to bind in the gap region. Turkey tendons and col-
lagen fibers also show an increase in UTS, slope, and elastic
energy stored with increased degree of mineralization. When
mineralized, calcium phosphate presumably binds to the flex-
ible domains forming bridges between collagen fibrils making
them more difficult to stretch and therefore causing an increase
in elastic energy stored per unit strain.

The results of our study show that changes in elastic and vis-
cous stress-strain curves offer additional information concerning
how a mineral phase attaches and grows in a collagenous ma-
trix. Our results suggest that using self-assembled collagen fibers
mineralization occurs less efficiently between fibrils thereby in-
creasing the ability of collagen fibrils to store elastic energy less
efficiently than in turkey tendon. In turkey tendon the mineral
phase appears to efficiently link neighboring collagen fibrils in-
creasing the elastic properties of the tendon, which is required
for locomotion of adult birds. This pattern of mineralization
causes a larger increase in the slope of the elastic stress-strain
curve, which physiologically results in increased loads and elas-
tic energy that can be stored reversibly by the tendon.

The binding of calcium and phosphate ions to the collagen
triple helices also stiffens their flexible regions increasing the
amount of energy stored with each unit strain. Through this
mechanism, mineralization causes a more efficient transfer of
elastic energy from the muscle to the bone; however, at high
degress of mineralization this results in decreased strains, which
has a detrimental effect on elastic energy storage. The presence
of PGs may temporarily inhibit mineralization between fibrils,
especially in tissues where mineralization is undersirable. Non-
PG noncollagenous proteins found in tendon and bone may pro-
mote efficient mineral deposition at the interface between neigh-
boring collagen fibrils.

Our observations suggest that initially during development,
mineralization of turkey leg tendon promotes the storage of elas-
tic energy in collagen fibrils during locomotion by increasing the
tensile elastic modulus without decreasing the strain to failure
below about 15%; mineralization helps the growing bird loco-
mote more efficiently. However, as the bird gets larger, mineral
is then further deposited between and within the collagen fibrils
to the extent that it decreases the strain under a fixed load and
ultimately lowers elastic energy storage, as seen in our study
(Figure 5). Mineralization may be a protective mechanism by
which the ultimate strength of tendon is increased during devel-
opment while protecting against tendon rupture [21].
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