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Designed to Fail: A Novel Mode of Collagen Fibril Disruption and Its
Relevance to Tissue Toughness
Samuel P. Veres†* and J. Michael Lee†‡
†School of Biomedical Engineering and ‡Department of Applied Oral Sciences, Dalhousie University, Halifax, Nova Scotia, Canada
ABSTRACT Collagen fibrils are nanostructured biological cables essential to the structural integrity of many of our
tissues. Consequently, understanding the structural basis of their robust mechanical properties is of great interest. Here we
present what to our knowledge is a novel mode of collagen fibril disruption that provides new insights into both the structure
and mechanics of native collagen fibrils. Using enzyme probes for denatured collagen and scanning electron microscopy,
we show that mechanically overloading collagen fibrils from bovine tail tendons causes them to undergo a sequential, two-
stage, selective molecular failure process. Denatured collagen molecules—meaning molecules with a reduced degree of time-
averaged helicity compared to those packed in undamaged fibrils—were first created within kinks that developed at discrete,
repeating locations along the length of fibrils. There, collagen denaturation within the kinks was concentrated within certain sub-
fibrils. Additional denatured molecules were then created along the surface of some disrupted fibrils. The heterogeneity of the
disruption within fibrils suggests that either mechanical load is not carried equally by a fibril’s subcomponents or that the subcom-
ponents do not possess homogenous mechanical properties. Meanwhile, the creation of denatured collagen molecules, which
necessarily involves the energy intensive breaking of intramolecular hydrogen bonds, provides a physical basis for the toughness
of collagen fibrils.
INTRODUCTION
Collagen fibrils are hierarchically structured biological
cables (Fig. 1) that serve as the principal tensile elements
of our tendons, ligaments, cartilage, skin, bones, arteries,
heart valves, intestines, intervertebral disks, and more. Their
component collagen molecules are slender triple-helical
proteins stabilized by extensive interchain hydrogen
bonding (1–3). To form fibrils, collagen molecules first
pack in a quasicrystalline or liquid-crystal lattice (4,5),
and are then covalently bound to each other by cross-links
(6,7). The intermediate structures produced called subfi-
brils, which are akin to the individual strands of a wire,
are then bundled in a straight or helical arrangement to
form a fibril (8–12). The fibrils are precision-constructed
with respect to both the crystalline packing of molecules
and lateral registration of subfibrils (8,11). This produces
67.0-nm-long (13,14) striations in both the fibrils and subfi-
brils: a distance known as the D-period (15,16).

Collagen fibrils are not unique to humans; rather, they
have been supporting life for >600,000,000 years, and are
now an integral component of nearly all members of the
animal kingdom (17,18). Conservation of the collagen
fibrils’ architecture during the course of evolution is readily
appreciated by the consistency of the axial packing of
collagen molecules across different animal species. For
example, the mean D-periods measured for native human,
calf, lamb, and rat tendon fibrils are 67.0, 67.0, 66.9, and
67.0 nm, respectively (19,20). For skin fibrils, where the
apparent D-period is reduced due to a more helical arrange-
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ment of the subfibrils (10,19), a similar consistency is also
seen across species (19,21,22).

The ubiquitous and long-standing nature of collagen
fibrils is a testament to their mechanical performance.
Collagen fibrils provide tissues with extensibility at low
stiffness by virtue of their crimp (23,24), allowing our
joints the range of motion we enjoy and our intestines the
ability to expand markedly when required. Cross-linking
between molecules gives fibrils high tensile strength at
higher extensions (25–27), protecting our muscles by pre-
venting joint hyperextension, and our arteries from aneu-
rysm. Finally, fibrils are capable of absorbing large
amounts of strain energy—~10 times more than steel wire
(28,29)—preventing brittle fracture of overloaded tissues
and allowing, instead, subrupture events such as sprains
and strains.

Owing to their great importance, the mechanisms under-
lying the mechanics of collagen fibrils have received much
attention. During the initial phase of stretching within
the ‘‘toe’’ region of the stress-strain curve, collagen fibrils
straighten, removing the tissue’s crimp, and align with the
applied load (23,24,30). As stretching progresses into the
‘‘heel’’ region of the stress-strain curve, the kinks
along individual collagen molecules are straightened
(31–33). Finally, during the linear region of the stress-strain
curve, where the applied deformation and resulting load are
directly proportional, the cross-linked telopeptide regions of
collagen molecules are stretched as the molecules shift
longitudinally relative to their neighbors (20,31).

Unlike the molecular level events within collagen fibrils
that take place before plastic deformation (preyield), those
that occur from the yield point to tissue failure (postyield)
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FIGURE 2 Three types of sampleswere prepared frombovine tail tendons:

1), control samples, taken before mechanical damage and subsequently

exposed only to buffer solution; 2), undigested samples, each containing

part of themechanically induced rupture and subsequently exposed to buffer;

and 3), digested samples, each also containing part of the mechanically

induced rupture, but exposed instead to trypsin or a-chymotrypsin in buffer

to remove any denatured collagen. Inspection of the samples was carried

out using SEM. (Dashed lines) Planes along which each tendon was cut.

FIGURE 1 Structural hierarchy of the collagen fibril. (Counterclockwise

from bottom left) Beginning with their N-termini in position 1, collagen

molecules transition through four subsequent lattice positions as they

pass through the gap region (length 0.54D) of successive D-periods (14)

(as indicated by the arrows on the cross-sectional surface of the enlarged

subfibril). Cross-links are formed between adjacent molecules in positions 1

(shaded circles) and 5 (solid circles). Subfibrils, which appear striated due

to the axial and lateral consistency of this molecular packing, wind together

at an angle of %10� to their long axis to form a tendon fibril (10), while

remaining in-register laterally and thus conferring their striated appearance

to their parent fibril (11). Note that the striations have been removed from

all subfibrils except for the enlarged one for clarity. The symbol Ø indicates

diameter.
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have received relatively little study and remain poorly
understood. Some authors have reported that fibrils disso-
ciate into fine substructures when extended beyond their
yield point (34–36); however, this response may only be
relevant to poorly cross-linked tissues (37). Other authors
have reported finding an increase in denatured collagen
molecules within overloaded or ruptured tendons (38,39);
however, the mechanism by which such denaturation occurs
remains unclear and the location of its occurrence with
respect to fibril structure remains undefined. As a result
of these knowledge gaps, we know very little about the
roots of one of collagen’s fundamental material properties:
toughness.

In this study, we have used enzyme probes combined with
scanning electron microscopy (SEM) to explore how
mechanical overload alters both the structure of collagen
fibrils and the conformation of their constituent molecules.
We show that when overloaded, collagen fibrils undergo
a mode of distributed partial failure involving molecular
denaturation at discrete, repeating locations along a fibril’s
length. This process, which necessarily involves the
energy-intensive rupture of hydrogen bonds, provides
what to our knowledge is the first physically derived
description of how collagen fibrils absorb strain energy
and continue to bear load after yielding. In addition to
its mechanical significance, this novel (to our knowledge)
mode of fibril failure may play a critical role in our bodies’
ability to locate, remove, and replace damaged tissue.
MATERIALS AND METHODS

Tendons were dissected from the dorsal, proximal region of the tails of

steers age 24–36 months, fresh from slaughter for food at a local abattoir.

Dissected tendons were immediately placed between layers of gauze moist-

ened with phosphate-buffered saline (PBS), double-bagged, and then stored

at �86�C.
Ten tendons, dissected from three tails, were used for this study. The 10

tendons were removed from the freezer and allowed to thaw at room

temperature in their sealed bags. Each tendon was then vertically suspended

by one of its ends and digitally photographed four times. Between each of

the four photographs, tendons were rotated 90� about their longitudinal

axis. The photographs of each tendon were later used to calculate its

mean, elliptical cross-sectional area.

Before the mechanical damage procedure detailed below, a 10-mm

length was removed from one end of five randomly selected tendons. These

lengths were then divided in half longitudinally. One longitudinal half from

each of the five tendons was retained as a control sample.

After the control samples had been prepared, the ends of each tendon

sample to be damaged were clamped in the grips of a servo-hydraulic mate-

rials testing system. The distance between the grips was increased until the

load cell, positioned in series with one of the grips, first measured an

increase in load. The distance between the grips was then measured; this

was recorded as the initial gauge length of the tendon sample. Gauge

lengths ranged from 31 to 49 mm. Each tendon was then stretched at a strain

rate of 0.25%/s to an elongation equivalent to a final strain of 45%. During

this procedure, tendons were misted with PBS to prevent dehydration. All

tendons stretched in this manner experienced a frank rupture: in some cases

extending through the entire thickness of the tendon, and in other cases only

extending part way.

Using a scalpel, a 10-mm length was removed from each of the ruptured

tendons. Each such length began at one of the ruptured edges and extended

longitudinally into macroscopically undamaged tissue (Fig. 2). These
Biophysical Journal 102(12) 2876–2884



2878 Veres and Lee
lengths were then divided in half longitudinally, yielding paired samples.

Each sample was placed in an individual specimen tube filled with PBS

and left overnight at 4�C.
To assess whether the damaged tendons contained denatured collagen,

one of the longitudinal halves from each pair was incubated the following

day with either 1000 U acetylated trypsin (n ¼ 5) or 9U a-chymotrypsin

TLCK (n ¼ 5) per mg dry collagen (enzymes from Sigma-Aldrich,

St. Louis, MO) following the methods of Willett et al. (39). These two

serine proteases, each with distinct cleavage specificities (40), are able to

digest only nonhelical (denatured) collagen (41–43). These samples formed

the digested sample group (n ¼ 10). The mass of dry collagen in each

sample was calculated from the sample’s wet mass based on previously

published biochemical data for bovine tail tendons (39). The incubation

was conducted under constant agitation for 8 h at 30�C in 0.1 M Tris-HCl

buffer with 20 mM CaCl2. The concentration of enzyme in the digestion

solutions was 2580 U/mL for trypsin, and 23.2 U/mL for chymotrypsin.

The second longitudinal half from each pair was incubated under the

same conditions, but with buffer only. These samples formed the undigested

sample group (n ¼ 10). The control samples, taken before mechanical

damage, were also incubated with buffer only (n ¼ 5).
FIGURE 3 Mechanical overload caused molecular denaturation at discrete, re

control tendon samples were straight (A), fibrils with regularly repeating kinks w

kinked regions in the undigested damaged fibrils appeared to be solid masses (a

voids (arrow inD), indicating that denatured collagen was created in these region

rupture procedure, both the control tendon samples (A) and the overloaded, un

Similarly, with the exception of the presence of enzymes during digestion proc

overloaded, digested tendon samples (D) were subjected to the same treatments

in panel C (30,100�) and panel D (40,100�). The tendon sample shown in pan
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After the incubation was complete, the samples in each of the three exper-

imental groups (control; damaged and undigested; damaged and digested)

were immediately transferred to new tubes containing 2.5% SEM grade

glutaraldehyde (Sigma-Aldrich) in PBS. In preparation for SEM, samples

were rinsed in distilled water, dehydrated in graded ethanol, and then crit-

ical-point-dried. Samples were mounted on SEM stubs using carbon paste,

and then coated with gold-palladium. The longitudinal cut surface of each

sample was then inspected using a model No. S-4700 SEM (Hitachi, Chula

Vista, CA) operating at 3 kV, 15 mA, using magnifications up to 70,000�.

Measurements on the resulting digital images were made using the software

ImageJ (Ver. 1.44; National Institutes of Health, Bethesda, MD).
RESULTS

SEM examination of our specimens revealed that the tendon
samples that were mechanically ruptured but undigested
contained regions of regularly kinked fibrils, a feature not
found in the control tendons (Fig. 3, A versus B). The paired
peating sites along the length of collagen fibrils. Whereas the fibrils in the

ere found in the tendons that were mechanically ruptured (B). Whereas the

rrow in C), the kinked regions in enzymatically digested samples contained

s and had subsequently been digested. With the exception of the mechanical

digested tendon samples (B and C) were subjected to the same treatments.

edure, both the overloaded, undigested tendon samples (B and C) and the

. Bars 500 nm in panel A (20,000�) and panel B (20,000�); bars 300 nm

el D was incubated with a-chymotrypsin.



FIGURE 5 Repeat distance between successive kinks (L) on damaged

collagen fibrils reached a limiting minimum value of ~300 nm. Three-

hundred-sixty-eight measurements of L were made along 62 fibrils using

SEM images of the ruptured, undigested samples. (Inset) Micrograph, bar

400 nm, illustrates two successive measurements on a single fibril.
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samples, which were mechanically ruptured and then
digested to remove any denatured collagen, also contained
regions of regularly kinked fibrils; however, these fibrils
were missing material within the kinks. That is, whereas
the kinks appeared as solid masses in the undigested
samples, in the digested samples they were composed of
subfibrils separated by voids indicating the existence and
subsequent removal of denatured collagen (arrow in
Fig. 3, C versus D). No morphological differences between
the tendon samples digested with trypsin and those digested
a-chymotrypsin were found. Occasionally groups of
damaged fibrils were found wound in a tight ball, suggesting
elastic recoil after breaking (Fig. 4).

To provide a quantitative description of the damaged
fibrils, the distance between successive kinks on individual
fibrils (here termed the ‘‘repeat distance’’) was measured
using images of the undigested samples (Fig. 5). While
the resulting histogram revealed a wide distribution of
repeat distances, the distances reached a limiting minimum
value of ~300 nm. Further, although a wide range of repeat
distances was found in the population of all measured fibrils,
the repeat distances were considerably less variable within
a given fibril. For instance, the coefficient of variation for
all repeat distances measured (n ¼ 368) was 0.41; however,
the mean value of the coefficients of variation for repeat
distances within individual fibrils (n ¼ 62) was 0.12.

Although it was obvious that our damaged and digested
collagen fibrils were missing material within their kinked
regions, closer inspection showed that in some cases mate-
rial from the fibril’s surface between successive kinks had
also been digested. Although the D-period striations,
a sign of undisrupted molecular packing, were visible
between the kinks along many damaged—but undi-
gested—fibrils (arrow 1 in Fig. 6 A), others had a fuzzy
surface texture, obscuring or completely hiding the fibrils’
D-banding (arrow 2 and arrow 3 in Fig. 6 A). By contrast,
FIGURE 4 Elastic recoil of damaged collagen fibrils. On occasion,

tightly wound balls of damaged collagen fibrils were found in the mechan-

ically ruptured tendons, as shown here in an undigested sample (arrow),

indicative of elastic recoil upon rupture of the fibrils. Bar, 1 mm.
the surface of the digested, damaged fibrils always
displayedD-period striations. The fact that the fuzzy surface
texture was never seen on the digested fibrils demonstrates
its composition: a layer of denatured collagen produced
via mechanical damage. Furthermore, in some cases, sub-
fibrils displaying D-banding and running at angles ranging
from 0.0 to 20.1� (mean 10.7 5 6.3�; 12 measured fibrils)
relative to their fibrils’ long axis were visible on the fibril’s
surface between kinks following digestion. These subfibrils
were apparently left in relief when the surrounding dena-
tured collagen was digested (arrows in Fig. 6 B).

In addition to the two main features of progressive fibril
disruption mentioned thus far, kink-based denaturation
and surface denaturation, some fibrils also displayed marked
distortion (fibril marked by arrows in Fig. 7, A and B). The
surface subfibrils of these fibrils appeared to be oriented
obliquely to the subfibrils beneath them, i.e., to those
making up the fibril’s interior between kinks (arrow 1 in
Fig. 7, A and B). The differing orientations of their subcom-
ponents gave these fibrils the appearance of having two
distinct structural elements: a core and surrounding sheath.
Remarkably, the heterogeneity of damage to these fibrils
was so great that, despite having many denatured subfibrils
(arrow 2 in Fig. 7, A versus B), D-banding could be seen
along some of the subfibrils that remained after digestion
(arrow 3 in Fig. 7 B).

Zones of damaged (kinked) fibrils were found
throughout the mechanically ruptured tendon samples.
The continuity of these zones was more limited laterally
than longitudinally: that is, whereas damaged fibrils often
neighbored normal fibrils, a zone of damaged fibrils could
be followed longitudinally for distances on the order of
millimeters. Individual damaged fibrils could be followed
for several hundred microns, a distance limited only by
our inability to track them after their departure from the
sample’s surface. Although the zones of damage often
Biophysical Journal 102(12) 2876–2884



FIGURE 7 Mechanical overload did not affect all subfibrils of a fibril

equally. In addition to possessing kinks and surface denaturation, some

fibrils were also highly distorted, having surface subfibrils that were

oriented obliquely to those beneath them (arrow 1 in A and B). Comparison

between a damaged, undigested fibril (arrow 2 in panel A) and a similarly

damaged but digested fibril (arrow 2 in B) shows that even in severely

disrupted fibrils a significant number of subfibrils remained undigested,

indicating that their molecules had retained their native triple-helical

conformation. Further, in some cases D-banding could be seen along these

subfibrils (arrow 3 in panel B), indicating that the molecules had retained

their quasicrystalline packing arrangement. Bars 300 nm. The tendon

sample shown in panel B was incubated with trypsin.

FIGURE 6 Disruption to some fibrils also involved a secondary mecha-

nism causing denaturation of their surface molecules. (A) On the surface

of fibrils between successive kinks in the ruptured, undigested tendon

samples, the D-period bands were either visible (arrow 1), partly obscured

(arrow 2), or completely obscured and replaced by a fuzzy surface texture

(arrow 3). (B) In contrast, the D-period was always visible along surface of

fibrils in the digested samples, indicating that the fuzzy surface texture in

the undigested samples was created by a layer of denatured collagen that

had subsequently been digested in these enzymatically treated samples.

Additionally, subfibrils could be seen along some of these fibrils (arrows

in B), having been left in relief when adjacent, denatured subfibrils were

digested. Bars, 200 nm. The tendon sample shown in B was incubated

with trypsin.
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incorporated a large number of neighboring fibrils and
extended over relatively long lengths, it should be pointed
out that, qualitatively, the total surface area of these zones
was small compared to the total surface area of the
samples, consistent with earlier findings from our labora-
tory (39).
DISCUSSION

The mechanically induced morphologic change to collagen
fibrils documented in this study, characterized by repeating
sites of kink-based molecular denaturation occurring along
a fibril’s length, represents what we consider an entirely
novel mode of disruption that has neither been previously
observed nor predicted. These findings provide what to
our knowledge are new insights into both the native struc-
ture of collagen fibrils, as well as the structural mechanisms
Biophysical Journal 102(12) 2876–2884
underlying a tendon’s mechanics after yielding, particularly
in regard to their toughness.

It is important to clarify what we mean by ‘‘molecular
denaturation’’ in this article. When used in the context
of collagen, molecular denaturation is used to describe the
uncoiling of the collagen molecule’s triple-helix. This
uncoiling may be permanent as in the heat-activated transi-
tion of collagen to gelatin, or temporary as in the uncoiling
and recoiling of local regions of the helix that occurs in
solubilized collagen (often referred to as ‘‘micro-unfold-
ing’’). When present in a solution as monomers, micro-
unfolding events allow collagen molecules to be readily
cleaved by trypsin and a-chymotrypsin (43,44). In stark
contrast to this situation, collagen molecules that are
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natively packed in a fibril undergo few micro-unfolding
events, making them highly resistant to cleavage via trypsin
and a-chymotrypsin. For example, Willett et al. (39) (on
whose work we based the enzyme concentrations used for
digestion in this study) found that only ~1.5% of a tendon’s
collagen was solubilized after exposure to trypsin for 48 h at
37�C (an 8 h digestion at 30�C was used in this study). The
value for a-chymotrypsin under these same conditions was
even smaller, ~0.5%. In this study, molecules from the me-
chanically damaged regions of fibrils were easily removed
by trypsin and a-chymotrypsin. This indicates that, over
the course of the enzymatic digestion, the removed mole-
cules had spent significantly more time in an uncoiled state
than did adjacent molecules from undamaged regions of the
fibrils. Thus, the results presented here do not indicate that
collagen molecules were permanently uncoiled, but this
possibility is not excluded. Consequently, our use of the
term ‘‘denaturation’’ in this study means a time-averaged
decrease in helicity relative to the molecule’s native state.

Few authors have previously studied the morphologic
response of fiber-forming collagen structures to mechanical
overload at the fibril level. Of those that have, most report
the dissociation of fibrils into their subfibrillar components
(34–36), similar to that occurring as the result of chemical-
or enzyme-induced fibril dissociation (11,12). An exception
to these studies are the early observations of Nemetschek
et al. (37), who reported a change in the mode of fibril
disruption from dissociation to kinking with increasing
tendon age. Although the results of Nemetschek et al. (37)
do not indicate the presence of regularly repeating kinks
or of denatured molecules along the length of fibrils, it is
likely that the kink-based mode of fibril disruption shown
here also results from our use of a more-mature tissue
model.

Using atomistic modeling, the unwinding of a collagen
molecule’s triple-helix due to an imposed strain has been
predicted to occur (45). The results of the work presented
here do not necessarily validate that research group’s model.
First, it is not clear that their proposed mechanism—
hydrogen-bond rupture due to helix straightening—is phys-
ically possible within a functional, cross-linked tissue.
Indeed, the model in question was conducted using an
8-nm-long segment of a single 300-nm-long collagen mole-
cule. Second, if the mechanism proposed by those authors is
indeed possible, there is no evidence that that mechanism,
helix straightening, is responsible for the collagen denatur-
ation documented here.

Mechanically induced collagen denaturation has also
been previously explored using physical experimentation,
although to a very limited extent. In 1975, Steven et al.
(38) reported observing denatured collagen at the ruptured
ends of tendons. Their observations were conducted at
a much larger scale, that of the tendon fiber or fascicle,
and are not directly comparable to ours. Using chemical
assays, Willett et al. (39) subsequently confirmed that over-
loading tendons can alter the native helicity of collagen
molecules, and suggested that the underlying mechanism
involved the molecule’s thermally labile domain and a poly-
mer-in-a-box concept. Again, there is no evidence from our
study that the collagen denaturation we document here was
achieved via the mechanism advocated by Willett et al. (39).

Although we can neither confirm a previously proposed
denaturation mechanism, nor inform of an alternative mech-
anism, our results illustrate an important and basic point: we
do not yet fully understand the native structure of collagen
fibrils. For mechanical overload to produce repeating kinks
along the length of a fibril, it would seem that the fibril must
contain repeating regions of structural irregularity. Here, it
is important to emphasize that we are speaking of repetition
with a much larger period than that occurring within a fibril’s
67-nm D-banding (46,47). To the authors’ knowledge, no
such irregularity has previously been reported. Similarly,
because enzymatic digestion produced discrete voids within
these kinks, the overload damage must be restricted to
a subset of subfibrils within each fibril. This fact is best
appreciated by viewing Fig. 7, which shows severely
damaged fibrils. Again, to the authors’ knowledge no
previous study has indicated that the subfibrils making up
a fibril either undergo uneven load-sharing or possess
heterogeneous strengths. Both of these realizations make
the (currently) accepted model of uniformly structured
collagen fibrils less convincing.

During the elastic stretching of tendons, strain energy
may be dissipated as heat via viscous mechanisms (48)
including the movement of water molecules (49,50), and
the shearing of collagen molecules both between (51,52)
and within fibrils (20,31). The shearing of proteoglycans,
particularly decorin that links neighboring fibrils (53,54),
probably also dissipates some energy, but this appears to
be negligible compared to the other mechanisms involved
(55,56). In contrast to these preyield events, the physical
mechanisms contributing to a soft tissue’s toughness post-
yield appear to have received little research attention, and
remain undefined. This is quite unlike the situation for
bone, where numerous toughness studies have been
conducted (57–61). To the authors’ knowledge, only one
research group has studied the molecular level processes
that occur during the failure of unmineralized collagen
fibrils; however, the results, garnered by modeling fibrils
devoid of cross-links, do not apply to functional tissue (62).

Here, based on our ultrastructural observations of over-
loaded tendons, we offer what to our knowledge are the first
insights into the physical mechanisms underlying the post-
yield toughness of unmineralized collagen fibrils. Taken
together, our finding that mechanical overload produces
repeating kinks in collagen fibrils, combined with the obser-
vation that trypsin and chymotrypsin selectively digest
material within these kinks, provides direct evidence of
a toughness mechanism at play in collagen fibrils: selective
molecular failure. Treatment of the damaged collagen fibrils
Biophysical Journal 102(12) 2876–2884
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using trypsin or chymotrypsin could only produce voids by
removing collagen molecules that had undergone a loss of
helicity to some extent. This reduction in helicity may result
from forced-induced uncoiling and/or the splitting of sub-
fibrils, thereby providing the lateral space necessary for
microunfolding to occur. In either case, the damaged
collagen fibrils had absorbed strain energy during the over-
load procedure resulting in molecular denaturation at
discrete, repeating locations along their length. Further,
these kink-based sites of molecular denaturation could be
followed along a fibril’s length for considerable distances,
highlighting, qualitatively, the amount of deformational
energy the individual fibrils had absorbed. It is important
to note that the kink structures presented here were seen
after elastic recoil had occurred: when the sample ruptured
and/or when the sample was unloaded. Therefore, the
number of observed kinks on a given fibril is a record of
the denaturation events that occurred during the sample’s
loading history.

In addition to denatured collagen molecules within the
kinked regions of fibrils, we have also found denatured
molecules along the surface of fibrils. Our finding that dena-
tured collagen is only created along the surface of some of
the kinked fibrils, and never along the surface of unkinked
fibrils, strongly suggests that the surface denaturation
process occurs secondary to kink formation. Additionally,
our observation that the D-banding along some fibrils was
visible beneath a surface layer of denatured collagen, and
that subfibrils appeared in relief after digestion, suggests
that the denaturation process between kinks progresses
from a fibril’s surface inward. These results suggest that
collagen fibrils possess not just one, but two, distinct and
likely sequential mechanisms to absorb strain energy by
generating denatured collagen via selective molecular
failure: the first associated with the formation of kinks,
and the second associated with the fibril’s surface
molecules.

We have deliberately referred to the mechanism for
collagen toughness described above as occurring via absorp-
tion rather than dissipation of strain energy. Indeed, the
physical mechanisms underlying a material’s toughness
are traditionally said to dissipate strain energy (63). For
example, when stretching a ductile alloy it would be
common to say that strain energy is dissipated via the
creation of dislocations or new surfaces. Here, the term
‘‘dissipation’’ is used because the strain energy expended
is not elastically recoverable despite being stored within
the now-restructured alloy; it is not meant to indicate that
energy has been transferred from the alloy to the
surrounding environment. Conversely, in biomechanics we
often use the term dissipation when describing the conver-
sion of strain energy into heat due to a tissue’s viscous
components. To avoid any confusion with this phenomenon,
we have chosen to use the term ‘‘energy absorption’’ here:
collagen molecules may absorb strain energy via the
Biophysical Journal 102(12) 2876–2884
breakage of hydrogen bonds, which results in a loss of
helical structure and increases the internal energy of
individual a-chains.

It is worthwhile outlining the potential biologic signifi-
cance of our findings. The healing or remodeling process
in a damaged collagenous structure requires: 1), identifica-
tion of the damaged structure, 2), removal of the damaged
components at least, and 3), replacement of that structure.
The periodic regions of kink-based molecular denaturation
observed in our study extend along individual fibrils for
hundreds of microns. Rather than failing in a localized
all-or-nothing manner by ductile or brittle fracture, this
longitudinally distributed smart mode of fibril failure may
aid in, or even be critical to, healing processes postfailure.
It is possible that cell-collagen binding sites required for
the detection of damaged collagen are hidden within the
collagen molecule’s native triple-helix, becoming available
for binding only after molecular denaturation has occurred.
Native collagen fibrils under low tensile loads are under-
stood to be highly resistant to proteolytic cleavage by colla-
genase (64–66). In contrast, collagen that had been
denatured as part of the damage process might be more
efficiently removed from the extracellular matrix. Lastly,
it is intriguing to consider that, within each damaged fibril,
the portion of remaining, undamaged subfibrils may serve as
a scaffold upon which to conduct the rebuilding process for
the replacement structure.

The mechanical properties of collagen fibrils in vivo are
not static: cross-linking of collagen molecules is known to
vary according to both the functional mechanical demands
of a tissue (67), and the animal/patient’s age (68). Although
the results of this study, conducted using young adult bovine
tail tendons, should be translatable to any mammalian
tendon owing to the evolutionary preservation of the
collagen fibril’s architecture, it remains to be determined
how our results may vary with the type of cross-links
present, collagen type, and developmental or healing status.
Although such experiments are necessary from a basic
science standpoint, they will also be pertinent to the under-
standing and/or implications of various pathologies. For
instance, increased cross-linking of collagen fibrils by the
advanced glycation end product pentosidine has recently
been linked to a decrease in the toughness of cortical bone
(58). An accumulation of pentosidine causing a reduction
in toughness, as may occur in elderly persons or those
with diabetes (69), may have its origins in alterations to
the native failure mode of collagen molecules, possibly
impacting the biologic repair processes mentioned above.

Finally, this study may be relevant to tissue engineers. If
collagen denaturation in response to mechanical overload
proves to be a biologically significant event, developing
a functional tissue will not only involve matching the native
tissue’s strength, but also its molecular level failure charac-
teristics. This same consideration would also apply to the
exogenous cross-linking of native tissues. In this respect,
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the results presented here, when combined with similar
future studies, may provide a valuable benchmark.
CONCLUSIONS

Mechanically overloading bovine tail tendons produced
collagen fibrils with regularly repeating regions of dena-
tured collagen molecules. This form of damage, involving
molecular failure at select repeating locations along a fibril’s
length, has not been described previously in the collagen
literature and, to the authors’ knowledge, is quite unlike
any other known material failure mechanism. Although
further experimentation is required to determine the univer-
sality of this fibril damage mechanism with respect to both
species and age, it is fascinating to consider that this unique
mode of failure may have evolved to serve both mechanical
and biologic functions. Creating the observed pattern of
disruption, which necessitates unwinding the triple-helix
of collagen molecules at repeating locations along a fibril’s
length, would require a net energy input, providing a phys-
ical basis for the mechanical toughness of fibrils. Mean-
while, rather than simply failing locally at the location of
maximum stress, a longitudinally distributed mode of
failure, presumably caused by some currently undocu-
mented structural heterogeneity, might provide a great
increase in the number of potential sites for damage detec-
tion by cells. After removal of the denatured collagen,
which is produced heterogeneously across a fibril’s width,
the undamaged subfibrils may provide a scaffold on which
to conduct the rebuilding process.
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