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Although the viscoelastic properties of natu-
rally occurring biopolymers have been studied
for some time, their structural and molecular
origins are only now being elucidated. In
PNAS, a report by Münster et al. (1) describes
experimental studies of the origins of the non-
linear mechanical response of fibrin and col-
lagen with large deformations. These results
have biological and clinical significance be-
cause they provide some ideas about the ori-
gin of the mechanical properties of the
extracellular matrix and blood clots, which
may be shared by other fibrous biopolymers.
Three-dimensional extracellular matrices

are scaffolds that influence the shape, de-
velopment, and behavior of tissues, as well as
provide an organized lattice within which cells
can migrate and interact. The vertebrate
extracellular matrix consists of glycosamino-
glycans and fibrous proteins, including colla-
gen, with embedded cells. These fibrous
networks bear most of the mechanical loads
that act on tissues, making them flexible and
protecting cells, yet allowing their movement.
Fibrin is a special type of extracellular poly-
meric protein network formed in clotted blood
to provide a structural support for hemostatic
clots and obstructive thrombi that experience
mechanical loads imposed by blood flow and
wound stretching. These biopolymer networks
are subject to both small and very large de-
formations, and their mechanical behavior is
essential for biological functions.
Both fibrin and collagen are branched

networks of fibers, the structural and me-
chanical properties of which can vary greatly,
with the lengths, thicknesses, and densities of
the fibers and branch points modulated by
the conditions of formation. These networks
are viscoelastic polymers, which means that
they have both elastic and inelastic (viscous
or plastic) properties. An elastic material de-
forms quickly with applied stress, maintains
constant deformation under load, and im-
mediately regains its initial shape when the
stress is removed. In contrast, an inelastic
material shows delays in responding to ap-
plied stress and undergoes creep during sus-
tained application of constant stress. This
dual nature of biopolymers is central to their
behavior, functions, and pathologies. For ex-
ample, stiff fibrin clots have been associated

with coronary heart disease and other throm-
botic pathologies (2, 3), whereas less-stiff clots
have been associated with bleeding (4). Sim-
ilarly, inelastic deformations of fibrin may
enhance the ability of clots to stem bleeding
because of decreased permeability and allow
the restoration of obstructed flow in vessels,
as well as reducing embolization. Collagen is
the most abundant protein in mammals and
its stiffness is essential to the functioning of
many tissues, including tendons, ligaments,
skin, and blood vessels, and its inelastic prop-
erties allow remodeling of these structures.
Fibrin is highly extensible polymer, which

means that under stress blood clots will tend
to stretch rather than break. Even fibrin clots
that have been covalently cross-linked by the
transglutaminase factor XIIIa can be stretched
three- to fourfold before they rupture (5).
Fibrin also experiences a large decrease in
volume with extension (negative compress-
ibility or densification), and the resulting in-
crease in density helps to stem bleeding, and
thrombi will be reduced in size, preventing
obstruction of vessels. In contrast, collagen is
much less extensible and does not experience
large changes in volume with stretching. It
now appears that partial unfolding of some
fibrin domains is necessary to account for the
viscoelastic properties of fibrin clots (5, 6).
The γ-nodule unfolds first, with the α-helical
coiled-coil acting as a highly elastic molecular
spring to store the mechanical energy and
undergoing a conformational change to
β-sheet (7, 8). Forced molecular unfolding
of collagen has also been shown to be a po-
tential mechanism for stress accommoda-
tion during deformation (9, 10).
At small deformations of these biopoly-

mers, stress is directly proportional to strain
and the slope of the curve, or the elastic mod-
ulus (stiffness), is constant. At large strains,
the modulus of the polymer increases greatly
(11, 12), a phenomenon called “strain hard-
ening,” which may be important biologically
because fibrin or collagen polymers will be
compliant at normal strain levels and then
become stiffer at larger deformations that
could otherwise threaten the integrity of these
materials. Structural changes underlying the
elastic properties of fibrin and collagen poly-
mers occur at different, yet interconnected,

spatial levels: namely the molecular level, in-
dividual fibers, fiber network, and macro-
scopic (5, 13, 14).
To get insight into the structural changes

underlying deformations of fibrous networks,
especially the plastic or irreversible changes,
Münster et al. (1) combine rheological mea-
surements with fluorescent confocal micros-
copy to visualize deformations of individual
fibers. The originality of the rheological mea-
surements is based on applying repeated shear
with stepwise increasing strains, which al-
lowed study of the dependence of mechanical
response on loading history. Alternating re-
peated deformations are physiologically rele-
vant because they reproduce, e.g., recurring
muscular motions as well as pulsatory blood
flow and vessel wall oscillations. The stress-
strain curves of fibrin and collagen networks
displayed remarkable changes in response to
repeated large-strain loading. These changes
looked much like weakening because with
every new step of deformation, the same strain
was reached at a smaller stress. However, when
the repeated stress-strain cycles were cor-
rected for a shift of the onset of strain-hard-
ening, the superimposed curves had the same
slopes, indicating the same stiffness of the
networks, so the loadings do not weaken the
networks. What actually changed after re-
peated increasing deformations was only the
absolute strain at which the strain-hardening
began. This delay is attributed to the interplay
between persistent lengthening and buckling
of individual fibers as a result of each stretch-
ing event, so that every new deformation starts
only after the buckled filaments are stretched
again to higher strain (Fig. 1).
The structural changes following repeated

deformations of fibrin were observed at two
spatial scales, in bulk under shear and in a
single fiber that was stretched in the lateral
direction, as in previous studies (15). Thus,
the changes that occur in the fibers with large
strains were directly visualized. If a fiber was
in or close to the direction of strain, it was
stretched and elongated. If a fiber was ori-
ented perpendicular to the direction of strain,
it buckled, consistent with a spontaneous
decrease of stress over time without any ob-
served changes in the network structure. The
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authors concluded that stress relaxation oc-
curred within the fibers, not as a result of
network rearrangement. Collagen networks
show similar viscoelastic behavior but cannot
be visualized as easily.
A clue to the mechanism of adaptation of

individual fibrin and collagen fibers to load-
ing conditions was found when the fibrin or
collagen molecules making up the polymers
were covalently cross-linked, using either
factor XIIIa for fibrin or a chemical cross-
linking agent for collagen. In both proteins,
the cross-linking completely abrogated the
changes in stress-strain response to subsequent
deformations. Because the covalent cross-
linking precluded slippage of protofibrils
within a fibrin fiber, as well as tropocollagen
filaments within a collagen fibril, this slippage
was proposed to be the main molecular
mechanism for the plasticity observed in bulk
and single-fiber experiments (Fig. 1).
Although the slippage of protofibrils past

each other makes sense in the interpretation
of the results, there is another possibility
[referred to in Münster et al.’s report (1)] that
applies to fibrin but probably not collagen.
There could be rupture of knob-hole bonds
that are responsible for the polymerization
(16–18), because these bonds are reversible,
giving rise to relaxation with no change in
elastic modulus. Another possibility is that
the flexible αC regions could contribute to
the observed plasticity of fibrin (19). Because
these mechanisms are not likely for collagen
networks, they may only be partial explana-
tions for fibrin or they might be responsible
for some of the differences between the be-
havior of collagen and fibrin networks.

These studies show that fibrin and
collagen networks adapt to cyclical strain,
thus protecting the structural integrity of
the network by preventing overstretch.
Furthermore, these studies suggest an-
other function of cross-linking, in addition
to stiffening clots and increase in resis-
tance to fibrinolysis, which is to prevent
such shifts under loading. These conclu-
sions have significance for both protective
hemostasis and pathological thrombosis.
The mechanics of collagen is important
for the migration of cells through the
extracellular matrix, as in wound healing,

inflammation, tissue development, and
cancer metastasis. As a result, uncross-
linked fibers may not be able to support
enough tension for cell migration. On the
other hand, cross-linked fibers may not
relax their internal tension enough, affect-
ing the ability of cancer cells to invade the
surrounding extracellular matrix.
Such an automatic regulated adaptation of

biopolymers to loading conditions may be
a useful principle for the engineering of new
biomaterials. The structural integrity of such
unique materials could thus be protected
against overstretch.
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Fig. 1. The mechanism for the delayed nonlinear response to recurring increasing shear strains of a viscoelastic protein polymer with a high degree of plasticity, exemplified by
fibrin. Schematic representation of repeated shear deformation with increasing strain of 3D networks built of uncross-linked and cross-linked fibers. The lower left corner of the
cube represents a branch point made up of three fibers, one of which is oriented in the direction of strain. The diagrams below each cube represent the internal structure of a fibrin
fiber, showing two protofibrils. An uncross-linked fiber (red) lengthens irreversibly upon shear and buckles upon relaxation. The elongation is caused by the slippage of protofibrils
past each other within the fiber. On repeated shear, the buckled fiber is straightened to the same point without stretching and additional delayed lengthening occurs only at higher
strain. The cross-linked fiber (blue) lengthens reversibly upon shear and restores the initial length upon relaxation. The slippage of protofibrils within the fiber is precluded by
covalent crosslinking and the fiber stretches because of molecular elongation and/or unfolding.
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