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Abstract

In order to facilitate locomotion and limb movement many animals store energy elastically in their tendons. In the turkey, much

of the force generated by the gastrocnemius muscle is stored as elastic energy during tendon deformation and not within the muscle.

As limbs move, the tendons are strained causing the collagen fibers in the extracellular matrices to be strained. During growth, avian

tendons mineralize in the portions distal to the muscle and show increased tensile strength, modulus, and energy stored per unit

strain as a result. In this study the energy stored in unmineralized and mineralized collagen fibers was measured and compared to the

amount of energy stored in molecular models. Elastic energy storage values calculated using the molecular model were slightly

higher than those obtained from collagen fibers, but display the same increases in slope as the fiber data. We hypothesize that these

increases in slope are due to a change from the stretching of flexible regions of the collagen molecule to the stretching of less flexible

regions. The elastic modulus obtained from the unmineralized molecular model correlates well with elastic moduli of unmineralized

collagen from other studies. This study demonstrates the potential importance of molecular modeling in the design of new

biomaterials.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Elastic energy storage is an extremely important
mechanical characteristic of collagenous tissues; articu-
lar cartilage and tendons are examples of tissues that
store and transmit energy elastically during mechanical
deformation (Alexander, 1983, 1984; Silver et al., 2002).
Articular cartilage transmits and dissipates loads and
reduces frictional forces in joints due to translational
and rotational motion (Silver et al., 2002). In animals
during normal gait, the body is decelerated as the foot
lands on the ground, causing kinetic energy to be stored
as strain energy in the muscles and tendons that are
PBS, Phosphate buffered saline
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stretched by the impact with the ground. Elastic recoil in
the tendons converts most of the stored energy into
kinetic energy as the foot leaves the ground (Alexander,
1983, 1984). This energy is transmitted through cartilage
deformation and recovery to and from the muscles
(Silver et al., 2003, 2004).

It has been found that the energy storage ability of
collagenous tissues can be altered through processes
such as crosslinking and mineralization (Christiansen
and Silver, 1993; Silver et al., 2000). In nature,
musculoskeletal tissues, such as the turkey tendon,
mineralize during aging (Landis and Silver, 2002). It
has been proposed that mineralization is an efficient
means for preserving elastic energy storage while
providing increased load bearing ability required for
locomotion of adult birds (Silver et al., 2000).

Collagen is a major structural protein in vertebrates
(Orgel et al., 2001) that stores and transmits energy in
the musculoskeleton; it is present in most of the
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Fig. 2. A plot of band flexibility as a function of position along the

positive staining pattern for the type I collagen fibril. Collagen fibril

flexibility was estimated from the area under the conformational map

for different dipeptides in a subfibril containing five quarter staggered

collagen molecules. The plot of flexibility (number of conformations, a

unitless variable) vs. band number shown indicates that regions e2, e1,

d, and c3 are continuously flexibility. Other bands are also flexible but

are separated by relatively rigid interband regions (figure from Silver

et al., 2001b).
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connective and supportive tissues in vertebrates and
makes up almost 30% of all protein in the human body
(Nimni et al., 1987; Koutsoukos and Nancollas, 1987)
and 90% of the organic material in bone (Knott and
Bailey, 1998). Presently 20 types of collagen have been
identified (Orgel et al., 2001); bones, skin, tendons, and
ligaments contain mainly type I collagen (Knott and
Bailey, 1998; Orgel et al., 1987); therefore, the type I
collagen molecule plays an important role in energy
storage in connective tissue.

The type I collagen molecule is a triple helix
composed of three left-handed polyproline II helices
intertwined in a right-handed manner (Kramer et al.,
2000). Two of the chains have the same amino acid
sequence; the third chain has a slightly different
combination of amino acids. The triple helix is
approximately 300 nm long and 1.5 nm wide with about
1000 amino acids per chain. Type I collagen self-
assembles into fibrils in vivo with a quarter-staggered
packing array of molecules that are staggered by about
22% of their length with respect to their nearest
neighbor (Fig. 1). The staggered distance, termed D;
varies from tissue to tissue depending on the molecular
tilt angle (Silver et al., 2001a) and is 65 nm in skin and
67 nm in tendon (Mosler et al., 1985; Silver et al.,
2001a). Two distinct regions, overlap (20 nm in length)
and gap (47 nm in length), can be identified in negatively
stained collagenous tissues in the electron microscope.
The D period contains collagen fibrils in 12 bands that
appear after positive staining with solutions of heavy
metal ions (the bands are labeled a1, a2, a3, a4, b1, b2,
c1, c2, c3, d, e1, and e2) (Fig. 1) and have been
implicated as the sites of energy storage at the fibrillar
level (Silver et al., 2001b).

Recent observations based on viscoelastic measure-
ments, microscopic observations, and the amino acid
sequence of the molecule indicate that the type I
c3 and c2 bands

bb2 band 

overlap region 
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Fig. 1. Representation of collagen molecules in a quarter staggered array. (T

regions. The overlap region contains cross-sections of 5 collagen molecules w

diagram). (Bottom) The overlap and gap regions are identified in a group of s

a distance D with respect to their nearest neighbors after they are self-assembl

0:6D where D is 65–67 nm.
collagen molecule contains flexible regions (Hofmann
et al., 1984; Nestler et al., 1983; Paterlini et al., 1995;
Silver and Birk, 1984). An analysis of the amino acid
sequence performed by Silver et al. (2001b) indicates
that regions of the molecule lacking proline and
hydroxyproline are more flexible than regions contain-
ing the sequence Glycine–Proline–Hydroxyproline
(Gly–Pro-Hyp). The study calculated the flexibility of
the type I collagen fibril using the area under the
conformation plots of different pairs of amino acids in a
microfibril; the results are seen in Fig. 2. According to
this study, the most flexible bands are the a1, b2 and c3
1 band
a bands

e bands 

d bands 

c3 band 

op) The banding pattern of the repeat sequences in the overlap and gap

hile the gap region contains only 4molecules (see circle on bottom of

elf-assembled collagen molecules. The collagen molecules are shifted by

ed into fibrils in tissues; the overlap region is 0:4D and the gap region is



ARTICLE IN PRESS
J.W. Freeman, F.H. Silver / Journal of Theoretical Biology 229 (2004) 371–381 373
bands, which in theory would store elastic energy during
tensile deformation.

The purpose of this work is to develop a model that
relates molecular strain at the microfibrillar level to the
ability of collagen fibrils to store elastic energy. Using
this model we will examine how mineralization affects
elastic energy storage in self-assembled type I collagen
fibers. We report methods for estimating the elastic
spring constants for the positive staining bands of type I
collagen fibrils for calculating the amount of elastic
energy stored per unit strain. Experimental data
reported suggests that the elastic energy storage is
consistent with a model in which energy is stored during
stretching of the positive staining bands found on the
type I collagen molecules packed in a quarter-staggered
microfibrillar array.
2. Materials and methods

2.1. Building molecular sections

Molecular models of the type I collagen molecule and
a type I collagen microfibril were constructed in order to
predict the amount of elastic energy stored during
stretching (steps taken in modeling building are sum-
marized in Table 1). Calculations were performed for
both unmineralized and mineralized type I collagen
microfibrils to discover any effects that mineralization
has on energy storage during stretching. All molecular
modeling was performed on a Silicon Graphics Octane2
workstation using SYBYL (v6.7, v6.8) software devel-
oped by TRIPOS Associates Inc. (1995); this software
has functions to build and refine protein structures
(SYBYLs, 1995).

The first step in modeling was to build a triple helical
template of the type I collagen molecule. This template
Table 1

Steps used in building molecular model

Step 1 Select structure for the template

Step 2 Replace every third proline with hydroxylproline

Step 3 Minimize the structure using the Powell method

Step 4 Substitute the amino acids in the template with amino

acids from a section of the collagen fibril

Step 5 Make sure that there are two repeats of Gly–Pro–Hyp at

the beginning and end of each chain

Step 6 Add essential hydrogens and minimize each structure

Step 7 Set final length of all sections of the collagen molecule to

1%, 2%, and 3% and minimize

Step 8 Arrange sections into quasi-hexagonal packing pattern

creating sections of the microfibril

Step 9 Minimize microfibril sections

Step 10 Place calcium and phosphate ions around the microfibril

sections

Step 11 Minimize the microfibril sections with ions
consisted of nine repeats of the amino acid sequence
Gly–Pro–Hyp in each chain. The triple helix was built
using the dimensions of a previously calculated poly
(Gly–Pro–Pro) model (Nemethy et al., 1992). This
model uses energy minimizations performed on a triple
helix composed of Gly–Pro–Pro repeats and incorpo-
rates parameters based on experimental data and agrees
with crystallographic data (Nemethy et al., 1992). Next,
the type I collagen sequence, which was obtained
from the NIH website (www.ncbi.nlm.gov/BLASA/
fasts.html), was split up into sections based on the
positive staining banding pattern and the amino acid
sequence of each section was substituted into the
template, the sections include both the positive staining
bands and interband regions. In order to maintain the
triple helical structure, two sequences of Gly–Pro–Hyp
per chain were attached to the beginning and end of
each section; previous studies have shown that this
triplet maintains the triple helix formation (Paterlini
et al., 1995; Bella et al., 1996).

Each section of the molecule was then minimized in
batch using the Powell method (a conjugate gradient
minimization method for large molecules) (SYBYLs,
1995). In order to mimic molecular strains in the
collagen molecule caused by macroscopic strains of
10%, 20%, and 30%, the final length of each molecule
section, was set to an additional 0%, 1%, 2%, and 3%
of the original length after minimization. These values
for molecular strain are based on a study by Mosler that
estimates a molecular strain of 1% for every macro-
scopic strain of 10% in tendon (Mosler et al., 1985). The
steric energies of the resulting triple helical structures
were calculated after minimization to their lowest energy
states.

All of the molecular sections were then arranged into
the quasi-hexagonal packing pattern (Holmes et al.,
2001) containing 4 (molecular segments in the hole
region) or 5 (segments in overlap region) molecular
segments in the quarter staggered array of collagen
molecules (Fig. 1) creating sections of the microfibril
that were strained 1%, 2%, and 3%; these sections were
minimized again. The orientation of each molecule
section was based on the crosslink location, axial rise per
residue (3.3 residues per turn in a chain, approximately
30 residues per turn in the triple helix) (Branden and
Tooze, 1999; King et al., 1996), and molecular packing
pattern (Orgel et al., 2001) of the collagen molecule.
Molecule sections were separated from their neighbors
by a center-to-center distance of 15 (A, a number based
on measurements made on collagen fibers in tendon
(Brodsky et al., 1982). All of the resulting steric energies
for every section of the collagen molecule and micro-
fibril were computed by SYBYL. Calcium and phos-
phate ions were placed around the quasi-hexagonal
molecular pattern to mimic the early stages of miner-
alization. These ‘‘mineralized’’ models were minimized

http://www.ncbi.nlm.gov/BLASA/fasts.html
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to their lowest energy states in the same manner as the
earlier microfibrils. After the minimizations were fin-
ished, all steric energies were recorded.

2.2. Calculation of steric energies

Each structure used the Tripos forcefield for energy
minimizations; the forcefield uses a gradient method to
minimize the steric energy of the system (SYBYLs,
1995). The total energy of the system is calculated using
the following equation:

Etot ¼Ebs þ Eab þ Etors þ Eoop þ E14vdw

þ Evdw þ E14es þ Ees þ Efd ; ð1Þ

Etot is the total energy (also called steric energy), Ebs is
the energy due to bond stretching, and Eab is the energy
caused by angle bending. Etors is the torsion energy, Eoop

is the out of plane bending energy, energy required to
move planar atoms out of the plane, E14vdw is the energy
due to all van der Waals interactions from atoms
connected by three bonds, and Evdw is the van der Waals
energy of all non-bonded van der Waals interactions.
E14es is the 1–4 electrostatic energy, energy from all non-
bonded electrostatic interactions of atoms connected by
three bonds, and Ees is the electrostatic energy, energy
from all non-bonded electrostatic interactions. Efd is the
fixed distance energy, the energy required to create the
1%, 2%, or 3% strain in the molecule.

2.3. Molecular model for elastic energy storage

As previously stated, molecular models were built in
order to predict the amount of elastic energy stored
during stretching in unmineralized and mineralized type
I collagen fibers. The spring energy stored per unit strain
in a type I collagen fiber was calculated in the following
manner. The steric energy, in kcal/mol, for each section
of the collagen microfibril was calculated using SYBYL.
The difference between the values for the strained
sections (0.01, 0.02, and 0.03 strain) and the unstrained
sections was calculated and divided by the difference in
length (in angstroms) and multiplied by Avagadro’s
number (6.023� 1023mol�1) to obtain an elastic spring
constant in kcal/ (A for 1%, 2%, and 3% strained fibril
sections.

The spring constants were arranged in increasing
order and the total displacement of the section pieces
were summed until the sum of the strains of each section
were equal to the desired total microfibrillar strain (e.g.
0.01, 0.02, and 0.03); only the contributions of strains
with positive spring constants were considered in spring
constant calculations. The spring constants associated
with the strains for each section were added together in
series using the following equation:

Rmic ¼
1

Pn
i¼1ð1=ndRiÞ

; ð2Þ

Rmic is the spring constant for the entire microfibril at a
particular strain (1%, 2%, and 3%), n is the number of
times the band appears in the microfibril, and Ri is the
spring constant for each section of the microfibril that
contributes to the total strain. This was repeated for
microfibrillar strains of 2% and 3% to give the spring
constant for a type I collagen microfibril at 0.01, 0.02,
and 0.03 strain.

In order to calculate the elastic energy stored in a
collagen fiber, the spring constants for the microfibrils
were converted from kcal/ (A to J/m, multiplied by the
length of the modeled microfibril (572.72� 10�9m) and
the amount of strain (0.01, 0.02, or 0.03) in order to
yield the amount of energy stored in a microfibril due to
strains of 1%, 2%, and 3%. These resulting energies
were multiplied by the ratio of the gauge length of the
collagen fibers used in the mechanical tests, 0.02m, and
the length of the modeled microfibril, 572.72� 10�9m.
This number was multiplied by the ratio of the average
wet cross-sectional area of the tested unmineralized
collagen fibers, 2.83� 10�8m2, and cross sectional area
of the modeled microfibril, 1.02� 10�17m2. This tech-
nique was also used to calculate the energy stored in
mineralized collagen fibers; the wet cross-sectional area
for fibers mineralized for 7 days, 1.76� 10�8m2, was
used. In order to normalize the energy stored by the
different models, the calculated energy was divided by
the average wet cross-sectional area of the tested fibers.

2.4. Preparation of self-assembled collagen fibers

Mechanical data used in this study was obtained from
a previous study that measured the mechanical proper-
ties of self-assembled collagen fibers (Freeman and
Silver, 2004); the type I collagen used in this study was
obtained from rat-tail tendons and extruded into fibers
as previously described (Pins et al., 1997b). Self-
assembled fibers were mineralized in a dual chamber
bath as described in Christiansen and Silver (1993);
fibers for mineralization were mounted onto a plastic
frame and inserted into a dual chamber bath (one side
contains a CaCl2 solution and the other contains a
K2PO4 solution, both solutions were buffered to pH 7.4
with Trizma solution at a concentration of 0.05M as
described in Christiansen and Silver, 1993). Dialysis
tubing was filled with 0.05M Trizma solution at a pH of
7.4 and the fiber/frame system was placed inside of 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.
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Fig. 3. Data from incremental stress–strain test on unmineralized

collagen fibers. The incremental stress–strain curve 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. This

test gives the total, viscous, and elastic stress–strain curves for tendon.

The line for the total stress–strain curve is obtained by connecting the

maximum stresses at each strain. The line representing the elastic

stress–strain curve is obtained by connecting the stresses at equilibrium

(the minimum stresses at each strain increment on the plot). The line

representing the viscous stress–strain curve is obtained by connecting

the stresses calculated by subtracting the elastic stress from the total

stress at each strain increment (the middle line on the plot).
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Fig. 4. Plot displays the elastic energy calculated from spring

constants of unmineralized and mineralized collagen bands. Elastic

energy stored in the unmineralized model was calculated by multi-

plying the spring constants of the modeled microfibril for a particular

strain by the length of a microfibril (572.72� 109m) and the amount of

strain (0.01, 0.02, or 0.03) in order to yield the amount of energy stored

in a microfibril due to strains of 1%, 2%, and 3%. These resulting

energies were multiplied by the ratio of the gage length of the collagen

fiber tests, 0.02m, and the length of the modeled microfibril,

572.72� 109m. This number was multiplied by the ratio of the

cross-sectional areas of the tested unmineralized collagen fibers

(2.83� 10�8m2) and collagen fibers mineralized for 7 days

(1.76� 10�8m2), and of a modeled microfibril, 1.02� 10�17m2. The

calculated energy was normalized by dividing by the cross-sectional

areas of the tested unmineralized collagen fibers.
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Following mineralization, the plastic frames were
carefully removed from the dialysis tubing and placed in
phosphate buffered saline (PBS) at pH 7.4 and 20�C; the
PBS solution contained 0.15M NaCl, 9.16mM Na2H-
PO4 � 7H2O, and 1.15mM NaH2PO4 �H2O. The fibers
were then cut from the plastic frame, removed from the
PBS, and allowed to dry by draping them between two
wooden stands.

2.5. Mechanical testing of unmineralized and mineralized

self-assembled collagen fibers

The mineralized and unmineralized collagen fibers were
tested on an MTS Tytron 250 using the technique
described in Pins et al. (1997a). Both mineralized and
unmineralized fibers were attached to vellum paper frames,
with a gauge length of 20mm, using an epoxy adhesive
prior to mechanical testing as previously described (Pins
et al., 1997a). 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 and the average of these values was
recorded as the final diameter. The fiber mounted on the
vellum frame was soaked for 30min in a PBS solution at
20�C. After 30min, the wet fiber diameter was measured
using the same method described above.

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, and
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 consisting of a stress before relaxation (total
stress), the stress at equilibrium (the elastic component
of the stress) (Fig. 3), and the viscous stress (the
difference between the total stress and the elastic stress)
(Silver et al., 2001b). Data from incremental stress–
strain tests was analysed and the elastic energy stored
was calculated by using the area under each elastic
stress–strain curve; the stress at each strain was multi-
plied by 0.5 times the distance strained in order to
calculate energy per unit area (J/m2). These values were
compared with one another using a Student’s t-test (a
probability of pp0:05 indicated a significant difference
between the mean values) and standard deviations.
3. Results

3.1. Molecular model for elastic energy storage

The calculated amount of energy stored obtained
using the two computer models (with and without ions)
can be seen in Fig. 4. The unmineralized model stored
531.53 J/m2 of energy (strain=0.01), 722.19 J/m2

(strain=0.02), and 1038.07 (strain=0.30). The model
representing mineralized collagen fibers stored
1601.40 J/m2 (at 0.01 strain), 1758.46 J/m2 at 0.20 strain,
and 2623.39 J/m2 at 0.30 strain.
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Fig. 6. Diagram of the collagen triple helix showing areas that

contribute the most to microfibril flexibility before and after calcium

and phosphate ions are added (top and bottom, respectively) based on

calculations made by the molecular model. Collagen microfibril

flexibility is based on the elastic spring constant of each section of

the type I collagen microfibril. The sections of the triple helix that had

stretched the most during a 2% strain of the collagen microfibril were

considered the most flexible. Areas with an arrow were among the

most flexible after ions were added to the model.
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3.2. Elastic energy storage in self-assembled collagen

fibers

The elastic stress at each strain increment was
converted into elastic energy stored using the method
described in the Materials and Methods section. The
results of these calculations can be seen in Fig. 5. The
maximum amount of elastic energy stored in the control
fibers is 805.537212.078 J/m2 at 0.50 strain, the max-
imum amount of energy stored in 4 day mineralized
fibers, 255.49743.822 J/m2 at 0.20 strain (pp0:05), and
701.51737.866 J/m2 at 0.18 strain (pp0:05) for fibers
mineralized for 7 days. An increase in elastic energy
stored is seen when the mineralized values are compared
to the unmineralized value at approximately the same
strain (0.20), 108.17754.197 J/m2 for the control group,
255.49743.822 J/m2 when mineralized for 4 days, and
701.51737.866 J/m2 when mineralized for 7 days
(pp0:05).

3.3. Microfibril flexibility

The calculated spring constants for the collagen
microfibril were arranged in increasing order and used
as a measure of flexibility. The regions that stretched the
most when the entire collagen microfibril was stretched
were considered to be the most flexible (both with and
without ions). The most flexible regions without the
addition of ions are the a2 band, a3 band, a4 band, area
between the b1 and b2 bands, area between the c1 and
c2 bands, and the d band. After calcium and phosphate
ions were added to the model the most flexible areas
were the a3 band, a4 band, area between the b1 and b2
bands, c1 band, c2 band, d band, and area between d
and e1 band. The areas that remain the most flexible
before and after the addition of ions to the model are the
a3 band, a4 band, area between the b1 and b2 bands,
0
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Fig. 5. Elastic energy vs. strain for unmineralized, 4 day mineralized,

and 7 day mineralized collagen fibers. Values of elastic energy were

obtained by calculating the area under the elastic stress–strain curves

for fibers tested incrementally at 22�C with a strain rate of 10%/min.

All groups of data have low slope and high slope regions. The slope of

the high slope region increases with days of mineralization. The length

of the low slope region decreases with days of mineralization.
and d band, see Fig. 6. Along with being among the
most flexible areas in the microfibril model (before and
after ions are added to the model), the a4 band, area
between the b1 and b2 bands, c1 band, and d band were
also areas that either had the most ions bound to
them or had the most sites available for ion binding, see
Table 2.
4. Discussion

The purpose of this study was to associate changes in
steric energy due to alterations in molecular structure
caused by molecular strain with changes in elastic energy
storage caused by macroscopic strain placed collagen
fibers. This technique involves the calculation of elastic
energy in the collagen microfibril from calculated
flexibilities, or spring constants, of sections of the
microfibril; it is assumed that the elastic energy stored
in a collagenous tissue is due to molecular strain in the
collagen molecule.

4.1. Evaluation of flexible regions of the type I collagen

microfibril

According to the molecular model the most flexible
regions in the absence of ions are the a2 band, a3 band,
a4 band, area between the b1 and b2 bands, area
between the c1 and c2 bands, and d band (Fig. 6). When
calcium and phosphate ions were added to the model the
most flexible areas were the a3 band, a4 band, area
between the b1 and b2 bands, c1 band, c2 band, d band,
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Table 2

Areas with the most bound ions per 5 amino acids

a1 Band a2 Band a4 Band Between b1 and b2 bands c1 Band Between c1 and c2 bands d Band� e1 Band Between e2 and a1 bands

X X X X

Sections listed have the most ions bound per 5 AA’s. An � means that the section was not among most ‘‘mineralized’’ but had intermolecular bonds

that could have supported ion binding. An X means this section is also a flexible region.

Fig. 7. Diagram of the collagen triple helix showing areas considered

the most flexible in Hofmann et al. (1984) (top) and the molecular

model of the collagen microfibril (bottom). The flexible areas

calculated by Hofmann et al. are based on measurements made on

single collagen molecules. The flexible areas calculated in the molecular

model are used to calculate the flexibility of a collagen microfibril

containing quarter-staggered collagen molecules. The flexibility of the

microfibril model is based on the elastic spring constant of each section

of the type I collagen fibril. The sections of the triple helix that had

stretched the most during a 2% strain of the collagen microfibril were

considered the most flexible.
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and area between d and e1 band (Fig. 6). The areas that
remain the most flexible before and after the addition of
ions to the model are the a3 band, a4 band, area
between the b1 and b2 bands, and d band, see Fig. 6.

A study by Hofmann (Hofmann et al., 1984) identifies
the areas from the 1st a2 band to the 1st e2 band, the
2nd a4 band to the 2nd a2 band, the 3rd b2 band to the
3rd a4 band, the area between 4th c1 and c2 bands to the
4th c2 band, and the 4th c3 band to the 5th c2 band as
flexible. All of these areas agree with the molecular
model except for the area from the 1st a2 band to the 1st
e2 band, see Fig. 7. This discrepancy occurred because,
when placed into a microfibril, this area would be
surrounded by less flexible regions making the entire
area less flexible, agreeing with the molecular model.

The flexible regions located in this study have amino
acid sequences that lack proline or hydroxyproline in the
Gly–X–Y triplet; the lack of proline or hydroxyproline
allows the molecule to adopt different conformations
beyond the rigid and straight triple helical conforma-
tion; this leads to the formation of voids in the
microfibril. It has been noted in other studies (Paterlini
et al., 1995; Bella et al., 1996) that the lack of proline
and hydroxyproline residues causes variations in type I
collagen molecular structure. The lack of proline and
hydroxyproline in these regions adds to the inherent
flexibilities of these sections and allows the charged
groups to move away from each other or bond with
oppositely charged groups or atoms in the helical
backbone. The flexibility of each region was found to
depend on the van der Waals and electrostatic interac-
tions between atoms in each section as well as the
inherent ability of each structure to stretch and rotate.

4.2. Comparisons between elastic energy storage in model

and self-assembled fibers

The plots of elastic energy stored versus strain for the
molecular model developed in this study have the same
general shape as the graphs for elastic energy storage in
self-assembled type I collagen fibers (positive slope with
an inflection point). The trend in elastic energy stored
for 0.011, 0.02, and 0.03 strains in an unmineralized
computer model follows the same trend as the elastic
energy stored in the unmineralized fibers for strains up
to 0.30 (see Figs. 8–10). In both the tested fibers and the
computer model there is an area with a low slope
followed by a region with a higher slope (Figs. 8–10). In
the molecular model the low slope region represents
elongation of areas with very low spring constants; the
high slope region is due to the elongation of regions of
the collagen microfibril with slightly larger spring
constants. It is important to note that not all regions
of the collagen molecule are stretched in this model,
regions with large spring constants do not stretch at all.
This same process could also occur in the self-assembled
collagen fibers, a smaller amount of energy is stored in
the early stages of strain (more flexible regions have
lower elastic energy spring constants) until the less
flexible regions begin to stretch (less flexible regions have
higher elastic energy spring constants). The energies due
to bond stretching, angle bending and torsion all
increase with increased molecular strain. In both the
molecular model and the reconstituted collagen fiber
data, the area of low-energy storage is smaller in relation
to the area of high-energy storage when the collagen is
mineralized. In the model this is due to calcium and
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Fig. 9. Elastic energy storage vs. strain curves for 4 day mineralized

collagen fibers tested incrementally at 22�C with a strain rate of 10%/

min and the mineralized computer model. This plot assumes that every

macroscopic strain of 10% in the collagen fiber results in a molecular

strain of 1% based on data from Mosler et al. (1985). Data from the

model and the tested fibers have the same general trend, a low slope

region followed by a high slope region, the increase in slope is much

higher in the model. There is an increase in elastic energy stored in

both the model and the fibers.
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Fig. 8. Elastic energy storage vs. strain curves for unmineralized

collagen fibers tested incrementally at 22�C with a strain rate of 10%/

min and the unmineralized computer model. This plot assumes that

every macroscopic strain of 10% in the collagen fiber results in a

molecular strain of 1% based on data from Mosler et al. (1985). Data

from the model and the tested fibers have the same general trend, a low

slope region followed by a high slope region. There is also an increase

in elastic energy stored in both the model and the fibers.
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Fig. 10. Elastic energy storage vs. strain curves for 7 day mineralized

collagen fibers tested incrementally at 22�C with a strain rate of 10%/

min and the unmineralized computer model. This plot assumes that

every macroscopic strain of 10% in the collagen fiber results in a

molecular strain of 1% based on data from Mosler et al. (1985). Data

from the model and the tested fibers have the same general trend, a low

slope region followed by a high slope region. Both the model and

experimental data have a sharp change in slope. There is an increase in

elastic energy stored in both the model and the fibers.
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phosphate ions limiting the movement of some of the
flexible regions through the formation of bonds between
amino acid side chains, causing them to require more
energy to stretch therefore increasing their rigidity. This
causes fewer areas of the collagen molecule to be
recruited for the strains seen in this model. This same
phenomenon may be part of the cause of similar
behavior in the collagen fibers tested in this study. The
data from the molecular model shows that the presence
of calcium and phosphate ions alters the elastic behavior
of type I collagen causing an increase in elastic energy
stored per unit strain. This is consistent with the theory
that the binding of Ca2+ and PO4

2� to collagen raises the
elastic spring constant of the collagen molecule by
preventing the stretching of the flexible regions (Silver
et al., 2001b); the model shows that the phosphate ions
form bonds with atoms in the charged areas of the
collagen fibril.

If the elastic energy calculated by the molecular model
is converted into stress, the elastic modulus of the
collagen fiber model can be calculated and compared to
moduli from other studies. If the values for elastic
energy storage are divided by the length of the collagen
fiber model at each strain increment then the energy per
unit area becomes a stress (N/m2). By calculating the
slope between data points the moduli for the low and
high slope regions can be calculated (see Table 3). The
moduli for the high slope region (1.62MPa) and the
average modulus (1.30MPa) for the model are compar-
able to the elastic modulus seen by Pins et al. (1997b)
in uncrosslinked collagen fibers (1.81970.344MPa)
(Table 3). Moduli from other studies are much higher
because the collagen used in these studies contains
crosslinks, which raise the elastic modulus (Dunn et al.,
1993; Gentleman et al., 2003; Pins et al., 1997b) (Table
3); the model presented in this study does not contain
crosslinks.

4.3. Assumptions and limitations

A number of assumptions and simplifications were
used in both the building of the molecular model and its
comparison to the collagen fibers. The molecular model
presented in this study is not meant to provide a model
for mineral nucleation or mineralization. It has been
constructed as a means for displaying the possible
effects of molecular stiffness on the behavior of tissues
and how the presence of the ions present during
nucleation can affect molecular stiffness. The model
was simplified in order to minimize computational time.
One of the simplifications in the molecular model is the
lack of water molecules around the collagen molecules
or microfibrils. The addition of the charged water
molecules to the model would lower the electrostatic
energy in each section of the molecule, but it was
assumed that the water molecules would lower each
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Table 3

Moduli from computer model and type I collagen in other studies

Author(s) Source Modulus (MPa)

Freeman and Silver (2004) Computer model (high slope) 1.620

Freeman and Silver (2004) Computer model (average slope) 1.301

Pins et al. (1997a) Uncrosslinked collagen fibers 1.81970.344

Pins et al. (1997b) Crosslinked collagen fibers 383.07111.7

Dunn et al. (1993) Crosslinked collagen fibers 75–110

Gentleman et al. (2003) Crosslinked collagen fibers 270–485
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section by a similar amount and would therefore be
nullified when comparing the changes in energy at
different strains.

The model produced in this study also lacks the non-
collagenous proteins present in mineralizing tissues.
Although non-collagenous proteins do play an impor-
tant role in the mineralization of collagenous tissues
in vivo the collagen fibers used in this study lack
these proteins making their omission from the model
acceptable.

The lack of water molecules in the molecular model
may also be a cause of the larger amount of energy
stored per unit strain when the model is compared to the
collagen fibers. The cross-sectional area used in the
molecular model is the average wet area of the collagen
fibers tested in this study. The fibers are hydrated while
they are tested, so their matrix is composed of type I
collagen and water. The model has the same cross-
sectional area as the fibers; because it has no water the
model has more collagen microfibrils per unit area than
the fibers. Therefore when calculating the energy stored
per unit strain the model accounts for more microfibrils
than are present in the collagen fibers giving a larger
amount of elastic energy stored in the model.

The molecular model assumes that there are no
interactions between neighboring fibrils. Although the
model does not include water it can be argued that the
presence of water between microfibrils in actual collagen
fibers makes these interactions makes interfibrillar
interactions negligible. It can also be argued that a
larger part of each collagen molecule lies inside of the
microfibril. When compared to the interactions with
molecules inside of the microfibril it can be assumed that
the interactions between molecules outside of the
microfibril are negligible.

The molecular model assumes that the molecular
strain is 10% of the macroscopic strain based on a study
performed by Mosler et al. (1985). When other studies
measuring the strain of collagen molecules in tendons
are compared to the results of tensile tests performed on
tendons the macroscopic to molecular strain ratio is
similar to 10:1. In a study measuring strain on bovine
Achilles tendon collagen during creep Sasaki et al. state
that during strain in tendon the increase in the length
of the collagen D-period is due to molecular strain,
increase in the gap region, and slippage of lateral
adjoining molecules based on the Hodge–Petruska
model (Sasaki et al., 1999). At average tendon stresses
under 8MPa they concluded that a majority of the
change in D-period is due to molecular strain. Their
measurements show a 1% increase in the D-period,
which translates into a molecular strain of 1%. If 8mPa
is divided by Young’s modulus calculated for bovine
Achilles tendon calculated in a study by Kuo et al. at
strains of 9.5% (800 kPa) (Kuo et al., 2001) the resulting
strain is 10. These calculations using data from two
different studies give us the 10:1 macroscopic to
molecular strain ratio reported by Mosler et al. (1985).

This ratio is most likely altered upon mineralization
of the collagen fibers. Calcium phosphate present may
bind areas of neighboring fibrils together; this would
possibly alter the macroscopic strain:molecular strain
ratio. This change was not addressed in the model and
may influence the inflection point on the energy per unit
strain graph for the molecular model.

The molecular model does not account for mineral
plates. The model is only concerned about the effects of
the presence of ions on molecular stiffness. The
comparison of the elastic energies of the model and
experimental data are not meant to show an exact
correlation between the two sets of energies. The groups
of data are compared to demonstrate that a portion of
the increase in elastic energy storage seen when collagen
fibers are mineralized can be attributed to structural
changes in the collagen molecule at the molecular level
(due to ions). Other factors such as the presence mineral
plates are certainly a cause of the increase in stiffness,
but not necessarily the only cause.

It was assumed in the molecular model that the
calcium and phosphate ions never infiltrated the
microfibrils; they only congregated around the micro-
fibrils. This simplification was based on a model for the
mineralization of turkey gastrocnemius tendons pre-
sented by Landis (1995). In this model calcium
phosphate forms in the gap region on the surface of a
collagen microfibril and then spreads along the surface
of the microfibril.

The model assumes that when mineralized the
microfibril is completely covered with ions or completely
mineralized. It is likely that complete mineralization did
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not occur in the collagen fibers; a correction of the
model for the regions that are not mineralized may
provide better agreement between experimental and
model data (although the model is not meant to be an
exact model for mineralization). Correcting this dis-
crepancy could cause of the second slope of the elastic
energy storage curve for the mineralized model to be
similar to the second slope of the curve representing the
4 day mineralized self-assembled collagen fibers.

4.4. Effect of increased elastic energy storage on cells in

extracellular matrix

The increased efficiency of elastic energy transfer due
to mineralization does not only affect the mechanical
properties of a tissue but may affect interactions
between cells in the tissue and the surrounding extra-
cellular matrix. Mechanically loaded fibroblasts have
been reported to express increased levels of procollagen
mRNA (Silver et al., 2003a). When the cells in
connective tissue are loaded they show increased levels
of gene expression collagen synthesis and excretion
(Landis and Silver, 2002). The stretching of collagen
fibers in the surrounding matrix triggers stretch acti-
vated ion channels in cell membranes of cells (Landis
and Silver, 2002). The mineralization of collagen fibers
in the matrix regulates the amount of strain energy
experienced by the cells and also limits separation of
neighboring cells by limiting strain in the collagen fibers
keeping the cells close enough to communicate via gap
junctions (Landis and Silver, 2002).

4.5. The future of molecular modeling in the study of

biomaterials

The use of steric energies calculated through mole-
cular modeling to compute trends in the energy storage
behavior of collagenous substrates is a unique concept.
Once refined, this technique could be used to mimic
other mechanical properties of collagenous substrates
such as stress–strain behavior or properties of different
structural proteins. This tool also has the potential to
predict changes in mechanical behavior due to changes
in protein structure such as side chain additions, amino
acid substitutions, and crosslinks. The ability to predict
mechanical behavior without synthesizing or reconsti-
tuting the protein could make molecular modeling a
valuable tool in the mechanical analysis of structural
proteins and the production and analysis of new
biomaterials.
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