
Connective Tissue Research, 46:107–115, 2005
Copyright c© Taylor & Francis Inc.
ISSN: 0300-8207 print / 1521-0456 online
DOI: 10.1080/03008200590954140

The Effects of Prestrain and Collagen Fibril Alignment
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Collagen fibers are under tension in most extracellular matrices
both prior to and during normal loading. This tension not only
provides mechanical advantages, but also appears to establish a
loading basis for the stimulation of mechanochemical transduction
processes. The presence of tensile loads applied to collagen fibers
also results in physical alignment of the collagen fibrils along the
tensile axis. This alignment may influence biological processes such
as mineralization.

In this study we report a comparison between elastic and vis-
cous stress-strain curves and mineral contents of self-assembled
collagen fibers that were strained to 30% of their original lengths
and then mineralized, and self-assembled collagen fibers that were
not strained before being mineralized. We concluded that the ap-
plication of strain changes the organization of the collagenous ma-
trix and alters the calcium phosphate nucleation and/or growth
in the matrix. In addition, when the mechanical behavior of col-
lagen fibers is compared with mechanical data from mineralized
turkey tendon, the results indicate that collagen fibril-to-fibril in-
teractions present in turkey tendon appear to be more organized
compared with self-assembled aligned collagen fibers. We con-
cluded that organized collagen-collagen interactions appear to be
an important characteristic required for elastic energy storage in
tendon.

Keywords Alignment, Collagen, Mechanical Properties, Mineral,
Strain

INTRODUCTION
Mineralization is an important biological process that in-

creases the strength and the ability of tissues to store elastic
energy during locomotion. This occurs through the binding of
calcium phosphate, usually in the form of hydroxyapatite, to a
collagenous matrix as seen in bones and turkey tendons [1, 2].
Mineralization increases the ultimate tensile stress (UTS) of col-
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lagen fibers while decreasing their strain at failure [1, 2]. In vivo,
mineralization involves a number of different biological pro-
cesses that initiate, regulate, and inhibit calcium phosphate de-
position. These processes are initiated by assorted chemical and
mechanical cues [1].

It has long been known that the alignment of collagen fibrils
by the application of strain plays a role in the development of
mineralizing tissues. Studies have shown that a small amount
of inherent strain exists in bones [3, 4]. When deprived of the
appropriate amount of mechanical strain during development,
bones lose mineral content, mass, and strength [5]; strain due to
mechanical loading also is an important factor in healing bone
fractures [6].

The application of strain to the extracellular matrix (ECM)
may be necessary to initiate the production of collagen and for-
mation of calcium phosphate onto collagen fibers through the
stimulation of stretch receptors [2]. Mechanically loaded, fi-
broblasts have been reported to express increased levels of pro-
collagen mRNA. When cells in connective tissues are loaded,
they show increased levels of gene expression, collagen synthe-
sis, and excretion through a process termed mechanochemical
transduction [2]. The stretching of collagen fibers in the sur-
rounding ECM also triggers stretch activated ion channels in
fibroblast cell membranes [2].

The application of strain also may serve as a way to orga-
nize the ECM, preparing it for optimal calcium phosphate nu-
cleation and growth. Pins et al. [7] showed that strain placed
on collagen fibers in vitro causes lateral contraction and leads
to interactions between neighboring fibrils. Studies by Meyer
et al. [8] have demonstrated that a certain amount of strain in
bone aligns the collagen fibers within the bone, which directly
affects mineralization.

The organization of collagenous matrices also involves as-
sorted noncollagenous proteins such as decorin. Decorin binds to
neighboring collagen molecules, aligning them with one another
and preserving a minimum amount of space between molecules
[9]. Thus, decorin present on the surface of collagen fibrils is
likely to play an important role in fibril alignment and slippage
that occurs during mechanical deformation [1, 2, 9] and may
play a role in mineralization.
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Another factor that may be important in mineralization is the
presence of crosslinks between collagen molecules in collagen
fibrils. In tendon, which does not normally mineralize, all the
aldehyde derivatives of lysine and hydroxylysine near the ends
of the molecule (residue 6 near the amino terminal end and
residue 87 near the COOH terminal end) are found contained
in covalent crosslinks [10]. In bone not all the hydroxylysine
residues are reported to be covalently crosslinked suggesting
that specific crosslinks may inhibit mineralization of tendon.
Free hydroxylysine may be required to support nucleation of
mineral on collagen possibly by contributing the hydroxyl group
to the hydroxylapatite nucleus [11]. Thus, the chemistry and
physical structure of collagen appear to be important factors in
mineralization of fibrils.

In this study we compared published stress-strain data from
mineralized self-assembled type I collagen fibers [12] and turkey
tendons [1] to experimental stress-strain data from mineralized
self-assembled type I collagen fibers that were aligned by strain-
ing 30% before mineralization. The 30% strain was used because
it results in collagen fibril alignment similar to that seen in ECMs
in vivo [7]. Results reported below show that the application of
strain before in vitro mineralization not only alters the stress-
strain behavior of reconstituted collagen fibers, but it limits the
amount of mineral bound to the collagen fibers during mineral-
ization. The results suggest that nucleation of hydroxyapaptite
on collagen in vitro is affected by fibril stretching.

MATERIALS AND METHODS

Preparation of Self-Assembled Type I Collagen Fibers
The mechanical data for unmineralized type I collagen fibers

and collagen fibers mineralized in the absence of strain used in
this study were obtained from a previous study that measured the
mechanical properties of mineralized self-assembled collagen
fibers [12]; the type I collagen used in this study was obtained
from rat-tail tendons, characterized and extruded into fibers as
previously described [7].

After the fibers were formed and dried they were stretched
by 30% of their original length to align the subfibrillar compo-
nents using the following method developed by Pins et al. [7].
A diagram of the device is shown in Figure 1. First, the dry
fibers were attached to an aluminum stretching rack by gluing
them to the polycarbonate strips on the rack using epoxy; the
epoxy was given 24 hr to set. The stretching rack was then placed
in a phosphate buffer saline (PBS) bath for 1 day at 20◦C and
a pH of 7.4; PBS was produced by combining 0.15 M NaCl,
9.16 mM Na2HPO4 · 7H2O, and 1.15 mM NaH2PO4 · H2O in
solution. After a day, the fibers were stretched by 30% of their
original lengths in the bath by rotating the threaded screw using
the knob. As the screw rotated, the distance between the polycar-
bonate strips increased, stretching the fibers glued to the strips.
After being stretched, the fibers were allowed to soak in the PBS
bath for another 24 hr. The stretched fibers were removed from
the bath and allowed to dry for 24 hr.

Self-assembled fibers were mineralized in a dual chamber
bath as described in Christiansen and Silver [13]; the fibers were
glued onto a plastic frame and inserted into a dual chamber bath
(one side contained a CaCl2 solution and the other contained
a K2PO4 solution, both solutions were buffered to pH 7.4 with
Trizma solution at a concentration of 0.05 M), as described in
Christiansen and Silver [13]. 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 window that was exposed to the two baths on each side. A
stir plate was placed under each chamber and both sides of the
bath were simultaneously mixed. The fibers were allowed to
mineralize in the bath for 4 or 7 days at 20◦C.

Following mineralization, the plastic frames were carefully
removed from the dialysis tubing and placed in 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 of Mineralized Self-Assembled
Collagen Fibers

The mineralized collagen fibers were tested on an MTS
Tytron 250 mechanical testing machine. The fibers were at-
tached to vellum paper frames, with a gauge length of 20 mm,
using an epoxy adhesive prior to mechanical testing as previ-
ously described [7]. The dry diameter of each fiber was measured
using a light microscope equipped with a calibrated eyepiece.
The diameters were measured 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 PBS at pH 7.4 and 20◦C. After 30 min, the wet
fiber diameter was measured using the same method described
above.

The vellum paper frame containing a fiber was placed into a
set of small grips to be connected to the MTS machine; the grips
were lined with sandpaper to prevent 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 PBS
bath at pH 7.4 and 20◦C throughout the test to keep the collagen
fibers hydrated. Before testing was initiated, 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 pulled
to a final strain at a rate of 10% min as described previously
[7], allowed to relax until the rate of relaxation reached 0.0004
grams per minute (about 40 × 10−6 MPa/min), and then another
strain increment was applied equal to the first strain increment;
this process was repeated until failure.

Analysis of the Mechanical Data
Each tensile test yielded an incremental stress-strain curve

(Figure 2a) consisting of a stress before relaxation (total stress),
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FIG. 2. (a) Hypothetical incremental stress-strain curve. Diagram illustrates 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 cycle is repeated until the sample
fails. (b) A plot of the lines representing the total, viscous, and elastic stresses.

the stress at equilibrium (the elastic component of the stress)
(Figure 2b), and the viscous stress (the difference betwen the
total stress and the elastic stress) [12, 14, 15].

The lines representing the viscous components of the stresses
were converted into fibril lengths based on estimations of shape
factors and axial ratios [12, 14, 15] as follows. The equations
for the lines representing the viscous stress-strain curves were
divided by the strain rate (0.1/min) to yield an equation for ex-
tensional viscosity versus strain in MPa-s. This equation was
then divided by 3.0; 3.0 represents the relationship between
shear modulus and tensile modulus for isotropic materials with a
Poisson’s ratio of 0.5. This yields an equation for shear viscosity
versus strain, which is then converted into a shape factor, V, by
dividing the equation by the volume fraction of polymer and the
solvent viscosity for water (8.23 × 10−4 MPa-s). The volume
fraction of polymer was approximated by calculating the ratio
of the square of the dry diameters to the square of the wet di-
ameters. The change in length during hydration was considered
to be negligible. The shape factor, V , was used to estimate the
axial ratio, Z using the following equation where k is 0.1395 for
collagen [12, 14].

Z = (V/k)0.552

This equation assumes that the shape of the collagen molecule
is a rod or a prolate ellipsoid. This axial ratio, Z , was multiplied
by the volume fraction of polymer and the wet diameter to yield
the fibril length.

Data from incremental stress-strain tests were analyzed and
all the slopes, ultimate tensile stresses, strains at failure, and
effective fibril lengths for each group of fibers were compared
using a Student’s t-test and standard deviations where a proba-
bility of p ≤ 0.05 indicates a significant difference between the
mean values.

Ashing
The ash weights were taken for fibers that were strained by

30% before being mineralized for 7 days. The dry weights of
the fibers were obtained by placing the mineralized fibers in
a chamber filled with desiccant (silica) for 24 hr. After 24 hr

the fibers were removed and weighed. The fibers were then
placed in a Thermolyne furnace for ashing at 700◦C for 24 hr
in order to remove all the collagen, leaving only mineral. The
mineral contents were expressed as the ratio of the weights
after and before ashing. The results were compared with the
mineral content of unstrained fibers that were mineralized for
7 days. Mineral contents from both groups were compared using
a Student’s t-test and standard deviations where a probability of
p ≤ 0.05 indicates a significant difference between the mean
values.

RESULTS

Mineral Content
Ash weights were taken for unstrained fibers mineralized for

7 days and 30% prestrained fibers mineralized for 7 days. The
mineral content of fibers strained by 30% before mineralization
(0.173 ± 0.040) was significantly lower than the mineral content
of fibers mineralized without strain (0.276 ± 0.052) (p ≤ 0.05).

Ultimate Tensile Stresses and Ultimate Strains
The mechanical data from the fibers in this study were com-

pared with data from mechanical tests performed on fibers from a
previous study [12] (these fibers were not subjected to prestrain).
The mean ultimate tensile stress (UTS) value for the 7-day min-
eralized fibers without prestrain was significantly larger than the
mean value for the unmineralized fibers without prestrain (con-
trol fibers), (p ≤ 0.05). The mean UTS value for the unmineral-
ized and 4-day mineralized 30% prestrained fibers were signifi-
cantly larger than the mean UTS of the control fibers (p ≤ 0.05).
The mean UTS of the 7-day mineralized fibers with 30% pre-
strain was not significantly different from the mean UTS of the
control fibers (p ≤ 0.05). These results are listed in Tables 1
and 2.

The mean ultimate strain values for both the 4-day min-
eralized, and 7-day mineralized fibers without prestrain were
significantly lower than the mean value for the control fibers
(p ≤ 0.05) (Tables 1 and 2). When compared with the control
fibers, the mean ultimate strains also were significantly reduced
with 30% prestrain, 30% prestrain and 4 days of mineralization,



EFFECTS OF PRESTRAIN AND COLLAGEN FIBRIL ALIGNMENT 111

TABLE 1
Ultimate tensile stresses, ultimate strains, slopes (moduli) of total and elastic stress-strain curves, and maximum elastic stresses

for all unstrained collagen fibers

Sample (n)
Ultimate tensile

stress (MPa) Ultimate strain
Total slope

(MPa)
Elastic slope

(MPa)
Maximum elastic

stress (MPa)

0% prestrain, unmineralized [12] 0.355 ± 0.067� 0.421 ± 0.162 0.714 ± 0.134 0.314 ± 0.085 0.161 ± 0.042�

0% prestrain, mineralized 4 days
[9]

0.412 ± 0.042� 0.150 ± 0.036∗� 1.784 ± 0.264∗ 0.646 ± 0.110∗ 0.145 ± 0.001�

0% prestrain, mineralized 7 days
[11]

0.792 ± 0.110∗ 0.144 ± 0.065∗� 3.95 ± 0.551∗ 2.40 ± 1.283∗� 0.390 ± 0.021∗

Elastic slopes were calculated from the straight portions of the elastic stress-strain curves.
All of the slopes increase with time of mineralization. Values with ∗ are statistically different from values of unstrained and unmineralized

(control) fibers (p ≤ 0.05). Values with � are statistically different from values of 30% prestrained, unmineralized fibers (P ≤ 0.05) This data
were reproduced from Freeman and Silver [12].

and 30% prestrain and 7 days of mineralization (p ≤ 0.05),
see (Tables 1 and 2). The mean ultimate strains for both sets
of mineralized, prestrained fibers for 7 days were significantly
smaller than the mean value for the 30% prestrained unmineral-
ized fibers (p ≤ 0.05) (Tables 1 and 2).

Total Slopes, Maximum Elastic Stresses, Maximum
Viscous Stresses

The mean total slopes for all treatments were significantly
larger than the control (p ≤ 0.05). The mean elastic slope val-
ues for fibers increased with the addition of prestrain, mineral-
ization, and combinations of the two when compared with the
control fibers (p ≤ 0.05). The elastic slopes for both groups of
mineralized prestrained fibers for 4-day mineralized fibers and
for 7-day mineralized fibers were significantly larger than the
average elastic slope of the control fibers and 30% prestrained
unmineralized fibers (p ≤ 0.05). These two trends for elastic
slope also were true for the average viscous slopes of the tested
collagen fibers (p ≤ 0.05). All these values are listed in Tables 1
and 2.

TABLE 2
Ultimate tensile stresses, ultimate strains, slopes (moduli) of total and elastic stress-strain curves, and maximum elastic stresses
for all 30% prestrained samples tested. Elastic slopes were calculated from the straight portions of the elastic stress-strain curves

Sample (n)
Ultimate tensile

stress (MPa) Ultimate strain
Total slope

(MPa)
Elastic slope

(MPa)
Maximum elastic

stress (MPa)

30% prestrain, unmineralized [12] 0.450 ± 0.124∗ 0.335 ± 0.111 1.514 ± 0.347 0.839 ± 0.414∗ 0.168 ± 0.074∗

30% prestrain, mineralized 4 days
[9]

0.508 ± 0.09∗ 0.10 ± 0.022∗� 4.44 ± 0.767∗ 1.673 ± 0.711∗� 0.192 ± 0.101

30% prestrain, mineralized 7 days
[11]

0.448 ± 0.104 0.075 ± 0.037∗� 5.47 ± 1.306∗ 2.04 ± 1.0∗� 0.120 ± 0.035

All the slopes increase with time of mineralization. Values with ∗ are statistically different from values of unstrained and unmineralized
(control) fibers (p ≤ 0.05). Values with � are statistically different from values for fibers that were prestrained to 30% and unmineralized
(p ≤ 0.05). Total and elastic slopes of mineralized fibers are not statistically different ( p ≤ 0.05).

The mean maximum elastic stress for the control group did
not change significantly with 4 days of mineralization for 0%
prestrained samples but is significantly lower than the mean
value for the 7-day mineralized group (p ≤ 0.05). The maxi-
mum elastic stresses for the 30% prestrained fibers mineralized
for 4 and 7 days are not significantly different from the control
group, but the value for the prestrained unmineralized group
is significantly larger than the maximum elastic stress for the
control fibers (p ≤ 0.05). The mean maximum elastic stress of
every group increases significantly from the control group when
p ≤ 0.1 is used, except for the 30% prestrained, 7-day mineral-
ized group, which has a significant decrease in maximum elastic
stress (p ≤ 0.1). No significant difference was found between
the mean maximum elastic stresses calculated for all 30% pre-
strained fibers (p ≤ 0.05). All these values are listed in Tables 1
and 2.

The mean maximum viscous stress for the control group did
not increase with 4 days of mineralization but did increase sig-
nificantly in both the 7-day mineralized group and the 30%
prestrained unmineralized group (p ≤ 0.05) (Tables 3 and 4).
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TABLE 3
Slopes (moduli) of viscous stress-strain curves, maximum viscous stresses, and calculated effective fibril lengths for all

unstrained samples tested

Sample
Viscous slope

(MPa)
Maximum viscous

stress (MPa)
Effective fibril
length (µm)

0% prestrain, unmineralized 0.40 ± 0.0943� 0.193 ± 0.047� 5.66 ± 0.755�

0% prestrain, mineralized 4 days 1.222 ± 0.387∗ 0.284 ± 0.020� 15.4 ± 2.702∗�
0% prestrain, mineralized 7 days 1.965 ± 1.26∗� 0.538 ± 0.213∗ 19.72 ± 6.789∗�

Viscous slopes were calculated from the straight portions of the viscous stress-strain curves. The viscous slope increases with time
of mineralization the lines representing the viscous components of the stresses were converted into effective fibril lengths based on
estimations of shape factors and axial ratios.

As is true with maximum elastic stress, the maximum viscous
stress increases significantly from the control when p ≤ 0.1 is
used, except for the 30% prestrained, 7-day mineralized group
which has a significant decrease (p ≤ 0.1) (Tables 3 and 4).
The mean viscous stress of the 30% prestrained fibers did not
increase significantly with the addition of mineralization to pre-
strain (p ≤ 0.05) (Tables 3 and 4).

Effective Fibril Length
The mean calculated effective fibril lengths increased sig-

nificantly with mineralization and the addition of strain prior to
mineralization (p ≤ 0.05) (Tables 3 and 4). There was no signif-
icant difference between the effective fibril length of unstrained
samples mineralized for 7 days and 30% strained samples that
were mineralized for 4 days (Tables 3 and 4) (p ≤ 0.05).

DISCUSSION
Results from this study show that the alignment of colla-

gen fibrils by stretching prior to mineralization affects the min-
eral content of self-assembled collagen fibers. Landis [16] has
noted that the quarter-staggered arrangement of the collagen
molecules in the fibril is essential for the nucleation of calcium
phosphate; when arranged in the quarter-staggered packing ar-
ray, the hole zones in neighboring collagen molecules create
channels that may lower the local concentration of ions, allow-
ing the nucleation of calcium phosphate. Any alteration to this

TABLE 4
Slopes (moduli) of viscous stress-strain curves, maximum viscous stresses, and calculated effective fibril lengths

for all 30% prestrained samples tested

Sample Viscous slope
Maximum viscous

stress (MPa)
Effective fibril
length (µm)

30% prestrain, unmineralized 1.092 ± 0.5490∗ 0.341 ± 0.165∗ 9.41 ± 2.63∗

30% prestrain, mineralized 4 days 2.94 ± 0.72∗� 0.330 ± 0.086 21.2 ± 23.0∗�
30% prestrain, mineralized 7 days 3.78 ± 2.49∗� 0.324 ± 0.199 49.7 ± 18.40∗�

Viscous slopes were calculated from the straight portions of the viscous stress-strain curves; the viscous slope increases with
time of mineralization. The lines representing the viscous components of the stresses were converted into effective fibril lengths
based on estimations of shape factors and axial ratios.

structure could alter calcium phosphate nucleation and there-
fore affect the mechanical properties of the mineralizing tissue.
Mechanical stretching, which has been shown to alter the align-
ment of collagen fibrils [7], appears to influence the formation
of hydroxyapatite on self-assembled collagen fibers.

Our results suggest that in the absence of noncollagenous
proteins, changes in the arrangement of collagen molecules in
self-assembled collagen fibers leads to a change in mineral con-
tent. The stretching process may decrease the space between
neighboring collagen fibrils laterally, arranging the collagen fib-
rils into a tighter, more compact network as seen by Pins et al.
[7] and also may damage fibrils or alter the surface properties.
The decrease in lateral distance between neighboring molecules
allows for the formation of additional bonds between neighbor-
ing molecules; these bonds increase the effective fibril length,
and this is seen when the effective fibril length of control fibers
is compared with that of 30% strained unmineralized fibers
(Tables 3 and 4). The formation of these bonds and the decrease
in lateral space may result in a loss of area available for mineral-
ization leading to a decrease in the mineral content. In addition,
during stretching the collagen fibrils slip with respect to their
nearest neighbors and this may cause misalignment of neighbor-
ing fibrils. The misalignment may interfere with mineralization,
by causing misalignment of the D period in collagen fibrils.

An earlier study performed by Meyer et al. [8] notes
that certain strains applied in vivo inhibited mineralization
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FIG. 3. Plot of elastic (dotted line) and viscous slopes (moduli) versus days of mineralization from incremental stress-strain tests performed on mineralized
self-assembled type I collagen fibers. Moduli were obtained from the straight portions of the elastic and viscous stress-strain curves. This figure is reproduced from
Freeman and Silver [12].

FIG. 4. Plot of elastic and viscous slopes (moduli) versus days of mineralization from incremental stress-strain test performed on self-assembled type I collagen
fibers that were prestrained 30% prior to mineralization. Moduli were obtained from the straight portions of the elastic and viscous stress-strain curves.

FIG. 5. Plot of elastic and viscous slopes (moduli) versus mineral weight fraction from tensile tests performed on mineralized turkey tendons. Moduli were
obtained from the straight portions of the elastic and viscous stress-strain curves. These data are reproduced from Freeman and Silver [12].
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in newly formed bone. Bone formed in areas subjected to
200,000 µstrains contained less calcium phosphate than newly
formed bone in areas subjected to lower strains (2000 and
20,000 µstrains) They concluded that the larger strains damaged
the collagenous matrix causing a lack of organization leading to
decreased mineralization [8]. In both this study and the study
performed in our laboratory, the application of strain and the
resulting slippage that occurs as a result of the deformation alter
the organization of the collagen fibers in the matrix and leads
to a decrease in the amount of calcium phosphate bound to the
matrix.

When self-assembled collagen fibers are strained prior to
mineralization, the viscous slope and modulus change more
rapidly than the elastic slope, which is opposite to the results re-
ported for unstrained self-assembled collagen fibers and turkey
tendons (compare Figures 3 and 4) [2, 12, 14]; this suggests
that straining the fiber 30% prior to mineralization causes less
mineral to be deposited on the fibers. The mineral does not link
fibrils together, and therefore elastic energy is not transferred
efficiently between fibrils. We observed that the ultimate tensile
strength of fibers actually decreased between 4 and 7 days of
mineralization suggesting that some mineral may have dissoci-
ated from prestrained fibers. This trend is opposite to what is
observed in mineralizing turkey tendons; in the turkey tendon
model the elastic slope (modulus) increases faster than the vis-
cous slope during mineralization (Figure 5). This suggests that
unlike what is observed with mineralized self-assembled colla-
gen fibers that are stretched 30%, during in vivo mineralization
of turkey tendons. The alignment of the D periods leads to min-
eral links between fibrils, efficiently transferring stress from one
fibril to the next. Fibril sliding during mechanical straining ap-
pears to disrupt alignment of collagen fibrils in self-assembled
collagen fibers interfering with mineral deposition presumably
on the fibril surface. This also interferes with elastic energy stor-
age in stretched self-assembled collagen fibrils.

These results suggest that noncollagenous proteins found on
the surface of collagen fibrils in turkey tendon may aid in the
organization of the ECM, which is necessary for proper mineral
deposition. Specifically, if elements found in the ECM on the
surface of collagen fibrils promote the alignment of the D periods
especially after the application of an external force, then this
would promote efficient mineral deposition and elastic energy
storage during deformation. In self-assembled collagen fibrils,
elastic energy storage appears modified after stretching. These
observations suggest that the noncollagenous components found
on the surface of collagen fibrils in vivo may assist in maintaining
the alignment of the D period after a deformation is applied. This
would support the nucleation and growth of mineral necessary
to support the storage of elastic energy in tendon as described
previously [2].

Scott [9] has modeled the interaction between decorin, a pro-
teoglycan found in tendon, and collagen molecules in a fibril.
His work indicates that decorin binds to collagen molecules
at specific sites in the hole region and may help align col-

lagen molecules. The interaction between decorin and colla-
gen molecules may explain how collagen fibrillar alignment
is achieved in mineralizing tendon undergoing mechanical de-
formation. Crosslinks also may be involved in collagen fibril
alignment.

It is interesting to note that not all hydroxylysine residues
in bone are involved in covalent cross-links that support the
tissue. Some of these residues at the ends of the molecule in
bone are not involved in crosslinks; however, in tendon all hy-
droxylysine residues are found in aldehyde-derived crosslinks
[10]. The shift in the crosslinking pattern, along with decorin-
collagen interactions, appear to be potential ways of promoting
collagen D period alignment and subsequent ordered mineral
deposition in a tendon that is constantly undergoing mechanical
deformation.
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