Acta Biomaterialia 7 (2011) 2374–2383

Contents lists available at ScienceDirect

Acta Biomaterialia
journal homepage: www.elsevier.com/locate/actabiomat

Protein unfolding accounts for the unusual mechanical behavior of ﬁbrin networks
Prashant K. Purohit a, Rustem I. Litvinov c, Andre E.X. Brown b, Dennis E. Discher b,d, John W. Weisel c,⇑
a

Department of Mechanical Engineering and Applied Mechanics, University of Pennsylvania, Philadelphia, PA 19104, USA
Graduate Group in Physics, University of Pennsylvania, Philadelphia, PA 19104, USA
c
Department of Cell and Developmental Biology, University of Pennsylvania School of Medicine, Philadelphia, PA 19104, USA
d
Department of Chemical and Biomolecular Engineering, University of Pennsylvania, Philadelphia, PA 19104, USA
b

a r t i c l e

i n f o

Article history:
Received 29 October 2010
Received in revised form 9 February 2011
Accepted 16 February 2011
Available online 20 February 2011
Keywords:
Blood clots
Poisson’s ratio
Constitutive model
Viscoelasticity
Nanomechanics

a b s t r a c t
We describe the mechanical behavior of isotropic ﬁbrin networks at the macroscopic scale in terms of the
nanoscale force response of ﬁbrin molecules that are its basic building blocks. We show that the remarkable extensibility and compressibility of ﬁbrin networks have their origins in the unfolding of ﬁbrin molecules. The force–stretch behavior of a single ﬁbrin ﬁber is described using a two-state model in which
the ﬁber has a linear force–stretch relation in the folded phase and behaves like a worm-like-chain in
the unfolded phase. The nanoscale force–stretch response is connected to the macro-scale stress–stretch
response by means of the eight-chain model. This model is able to capture the macroscopic response of a
ﬁbrin network in uniaxial tension and appears remarkably simple given the molecular complexity. We
use the eight-chain model to explain why ﬁbrin networks have negative compressibility and Poisson’s
ratio greater than 1 due to unfolding of ﬁbrin molecules.
Ó 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Blood clots are built of porous networks of branching ﬁbrin
ﬁbers made from the large precursor protein ﬁbrinogen. In vivo,
the mechanical properties of protective (hemostatic) ﬁbrin clots
are critical for prevention of bleeding and for wound healing, and
the properties of obstructive clots, called thrombi, determine the
course of pathological conditions, such as coronary heart disease,
and the response to treatments. For the maintenance of health,
the structure and mechanical properties of ﬁbrin must be
optimized in such a way that they are able to prevent bleeding
and yet be porous enough in order to be digestible by enzymes.
Thrombi that are not dissolved in a timely manner can block blood
ﬂow and cause strokes and heart attacks [1]. Indeed, the mechanical properties of clots, which determine their response to stress
induced by blood ﬂow, are directly related to the risk of
thrombosis. In spite of this vital importance, the origins of clot
viscoelasticity and relation to clot structure remain poorly
understood.
In this paper we use a recently developed constitutive model [2]
to show that force-induced (or mechanical) protein unfolding
results in high extensibility, unusually high Poisson’s ratios and
negative compressibilities in puriﬁed ﬁbrin networks. We also
predict the dependence of the mechanical behavior of the network
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on structural properties of ﬁbrin at the nanoscale, such as the
length of the folded polypeptide chains that make up a ﬁbrin
monomer. Our constitutive model is an enriched version of the
eight-chain model of Arruda and Boyce [3,4] modiﬁed to account
for large volume changes due to unfolding of proteins. The model
of Arruda and Boyce connects the microscopic mechanics of the
ﬁbers making up a network to the macroscopic behavior of the
network by constructing a cube, each of whose eight vertices is
connected to the body center via a ﬁber (see Fig. 1a). The strain
energy density of the cube can be explicitly written in terms of
the energy stored in the eight deformed ﬁbers, allowing us to connect the macroscopic network parameters to the microscopic
behavior of the ﬁbers. Even though this model is not based on
the actual microscopic structure of the network, it has been shown
to accurately describe random networks, such as those of actin
ﬁlaments [5], mussel byssus threads [6] and many rubbers [3,7].
Experiments on these materials have also been interpreted by
more physically realistic full network models, such as those of
Storm et al. [8] and others. We will not discuss the full network
model here and instead refer the reader to our recent paper [2]
where we have given a detailed account of the application of this
model to ﬁbrin networks.
Excellent accounts of the long history of the network models
described above can be found in [9–11]. Here we give a short summary to place our work in context and to point out how we will
build upon the research already done over the last few decades.
Studies of constitutive models for polymers began in the 1940s,
when it was recognized that the elasticity of rubber has its origins
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constitutive response characterized by negative compressibility
and Poisson’s ratios greater than 1.

(a)
unstretched fiber
(thick)

(b)

stretched fiber (thin)

2. Eight-chain model
In the eight-chain model of Arruda and Boyce [3,4], each chain
or ﬁber extends from the center of the cube to one of its vertices
(see Fig. 1a). The reference (undeformed) length of each
ﬁber is L
pﬃﬃ
and the side of the undeformed cube is a, so that L ¼ 23 a. Due to
applied stresses, this cube becomes a cuboid in the principal coordinates of the deformed conﬁguration (see Fig. 1b) along which the
principal stretches are k1 ; k2 and k3 . Hence, the length of each ﬁber
after deformation is kc L, where:

3k2c ¼ k21 þ k22 þ k23 :
Fig. 1. Models for isotropic networks. (a) In the eight-chain model eight chains (or
ﬁbers) connect the vertices of cube to the body center. The strain energy density of
the cube is computed by summing the energy stored in the deformation of each of
the ﬁbers. This model is an improvement over the three-chain model and has been
successfully applied to many isotropic networks. (b) An eight-chain cube in a
deformed state in which there is stretching in the longitudinal direction and
contraction along the other two orthogonal directions. Note that the ﬁber diameters
in the deformed conﬁguration are smaller than those in the undeformed
conﬁguration.

in the changing conﬁgurational entropy of stretched chains. In
particular, it was found that the response of an isotropic network
of n randomly oriented chains per unit volume is identical to that
of n=3 single chains in three orthogonal directions [12]. Four-chain
models, similar to their three- and eight-chain cousins, were proposed by Wang and Guth [13], Flory and Rehner [14] and Treloar
[15]. The three- and four-chain models were in widespread use until the early 1990s, when Arruda and Boyce found that these models were unable to capture the deformation dependence of strainhardening in some polymers. Arruda and Boyce [3] then proposed
the eight-chain model which gave much better agreement with
experiments and has since been used to interpret experiments on
biopolymer networks. The full network model of Storm et al. has
also been used to interpret experiments on biopolymer networks.
This model depends on a knowledge of the spatial distribution of
chain orientations as in [9] and numerous earlier works including
those of Treloar [16] and Treloar and Riding [17]. A detailed study
comparing these models has determined that approximations
based on the three- and eight-chain models agree very well with
the predictions of the full network model over the entire range of
strains [9]. In fact, some approximations of the full network model
of Wu and van der Geissen lead to a constitutive equation of the
same form as the equivalent eight-chain model, even though they
assume no speciﬁc cell morphology [10]. Furthermore, the constitutive equations of the eight-chain model are also obtained as a result of minimizing the macroscopic free energy of a non-afﬁne
network model of unconstrained chains as shown by Miehe et al.
[11]. For these reasons, we derive most of our results using a modiﬁed version of the eight-chain model that can account for large
volume changes. In particular, we obtain a macroscopic stored energy function WðI1 ; I3 Þ that depends on the ﬁrst and third invariants of the right Cauchy–Green strain tensor. This assumes that
ﬁbrin networks are isotropic in their stress-free state. We obtained
experimental evidence for isotropy through scanning electron
microscopy studies of ﬁbrin networks (see Section 3.1). We show
experimentally that the probability of ﬁnding a ﬁber oriented in
any given direction is uniform for physically unperturbed in vitro
networks. Stored energy functions of this general form have been
derived earlier [7,18], but those models result in constitutive
behaviors where the compressibility is always positive. The stored
energy function derived in this paper represents an unusual

ð1Þ

Let the strain energy stored in each ﬁber due to the deformation be
Gðkc ÞL, where Gðkc Þ is the strain energy per unit reference length of
the ﬁber. The strain energy per unit reference volume of the cube is
then given by:

W ¼ W 1 þ W 2 ¼ mLGðkc Þ þ gðk1 k2 k3 Þ;

ð2Þ

where m is the number of ﬁbers per unit reference volume and
gðk1 k2 k3 Þ is the stored energy density due to volume changes.
Now, let F ¼ @y
be the deformation gradient tensor, where y is the
@x
deformed position of a particle whose reference position is x. Then
the right Cauchy–Green strain tensor is deﬁned as C ¼ FT F. The Cau1
chy stress r is given by: r ¼ detðFÞ
F @W
FT . Hence, the components of
@C
the Cauchy stress are:

k21 mLFðkc Þ 1
þ f ðk1 k2 k3 Þ;
2
k1 k2 k3 6kc
2
k2 mLFðkc Þ 1
¼
þ f ðk1 k2 k3 Þ;
2
k1 k2 k3 6kc
2
k3 mLFðkc Þ 1
¼
þ f ðk1 k2 k3 Þ;
2
k1 k2 k3 6kc
¼ r13 ¼ r23 ¼ 0;

r11 ¼
r22
r33
r12

ð3Þ

dG
where Fðkc Þ ¼ dk
is the force–stretch relation of a single ﬁber,
c
f ðpÞ ¼ g 0 ðpÞ and the shear stresses are zero because we are working
in principal coordinates. The ﬁrst Piola–Kirchhoff stress P ¼
detðFÞrFT . For a uniaxial tension test on a cylindrical specimen
where the force fap is applied along the e1 direction, we set r22 ¼
r33 ¼ 0 and k2 ¼ k3 ¼ k in the expressions above. This immediately
shows that:

1
1 mLFðkc Þ
;
f ðk1 k2 Þ ¼ 
2
k1 6kc

ð4Þ

and:

r11 ¼

1

k2 k1
k1

!

mLFðkc Þ
6kc

ð5Þ

:

If the radius of the cylinder in the reference conﬁguration is R0 , then
its deformed radius is k R0 and the applied force is given by:

fap ¼ pk2 R20 r11 ¼

k1 

k2
k1

!

pR20 mLFðkc Þ
6kc

;

ð6Þ

qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
where kc ¼ ðk21 þ 2k2 Þ=3. In an experiment, k1 and k can both be
measured as a function of the applied force fap . The initial radius
R0 of the specimen, the initial number of ﬁbers per unit volume m,
and the average length of the ﬁber L between branch points is
known. Hence, we can determine the force–stretch (or stress–
stretch) relation of a network specimen if Fðkc Þ, the force–stretch
relation of a ﬁber, is given. For a ﬁber, we will use a force–stretch
relation based on a two-state model that is suitable when the

2376

P.K. Purohit et al. / Acta Biomaterialia 7 (2011) 2374–2383

constituent proteins of the ﬁber unfold at large forces. Such models
have been used in conjunction with the eight-chain model to understand the response of mussel byssus threads [6] and other biological
materials with folded domains [4]. In contrast to the work presented in this paper, these studies were computational and did
not have a large volume change associated with network extension.
Given the large volume changes observed with ﬁbrin networks,
we can also calculate the compressibility and Poisson’s ratio function for the network. The compressibility is deﬁned as:

K¼

1 dV
;
V dP

ð7Þ

where V is the current volume of the network and P is the pressure.
For uniaxial tension experiments, P ¼  13 trðrÞ ¼  r311 , where r11 is
the Cauchy stress calculated above. Recognizing that

V
V0

¼

k1 k2 ,

we

see that K ¼  k 1k2  (slope of the relative volume vs. pressure
1 

curve). Lastly, the Poisson’s ratio function is deﬁned as in [19]:

l¼

k  1
:
1  k1

ð9Þ

where nf and nu are the fractions of folded and unfolded proteins, E
is the Young’s modulus of single ﬁbrin ﬁber in the folded phase, A is
the cross-sectional area of a ﬁber in the folded phase, LLu is the ratio
f
of fully unfolded to fully folded contour lengths of a ﬁbrin monomer, np is the persistence length of the fully unfolded polypeptide
chain making up a ﬁbrin monomer, N is the number of protoﬁbrils
in the cross-section of a ﬁbrin ﬁber, kB is the Boltzmann constant
and T is the absolute temperature. We have assumed here that a
worm-like chain model describes the force–stretch behavior of a
protoﬁbril in the unfolded phase as was recently demonstrated by
Houser et al. [20] in atomic force microscopy experiments on single
ﬁbrin ﬁbers. The worm-like chain model ﬁts the mechanical data
quite well even though the unfolded chains are probably bundled
together. We have also assumed that a single unfolded protoﬁbril
carries a force NF . Concrete evidence for this comes from atomic force
microscopy forced unfolding studies of 1, 2, 3 and more protein
chains in parallel – as arranged in ﬁbrin ﬁbers – that obey these
types of relations, with unfolding forces that are simply proportional to the number of chains [21]. The fractions nf and nu of folded
and unfolded protein are given by:

nu ¼ 1  nf ;

ð10Þ

where DP is the difference in free energy between wells corresponding to the fully unfolded and the fully folded states and Dz
is the distance between these wells along a direction aligned with
the force. These two parameters are difﬁcult to measure and would
depend on the structure of ﬁbrin at the nanoscale, which varies
depending on the animal species of ﬁbrin. The quantity LLu is also
f
such a parameter. We will discuss these parameters at greater
length in Section 4. The large volume changes in stretched ﬁbrin
networks were shown to follow the following equation [2]:

k1 k2 ¼ nf þ C 3 nu ;

ð11Þ

where C 3 is the ratio of network (ﬁber + solvent) volumes in the
fully folded and fully unfolded conﬁgurations. We can combine this

ð12Þ

Note that nf and nu can be written in terms of kc through F. C 3 can be
inferred from the experimental data and hence the above is an
equation for k1 , which can be solved by Cardan’s method. k can
then be determined from (11). Cardan’s solution to a3 þ qa þ r ¼ 0
are the three numbers

a¼

r
 þ
2

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!1=3
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!1=3
r 2 q3
r
r 2 q3
þ  
:
þ
þ
2
4 27
4 27

ð13Þ

For determining k1 , we substitute q ¼ 3k2c and r ¼ 2ðnf þ C 3 nu Þ.
It is useful to have expressions for the stored energy density per
unit reference volume of the network. It is easy to write down the
respective expressions in the fully folded and fully unfolded states
pﬃﬃﬃﬃ
of the network. Noting that 3k2c ¼ I1 and k1 k2 ¼ I3 , we have:

W 1 ðI1 ; I3 Þ ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ!


kB TN
F
Lu
þ nu ðFÞ
kc ¼ nf ðFÞ 1 þ
1  pﬃﬃﬃﬃﬃﬃﬃﬃ ;
EA
Lf
2 np F

1

;
DPF Dz
1 þ exp  kB T N

k31  3k1 k2c þ 2ðnf þ C 3 nu Þ ¼ 0:

ð8Þ

We now turn to the force–stretch relations for ﬁbrin ﬁbers that
can unfold under large forces. Under the assumption of equilibrium
(see the section on ’’Experimental foundations of the model’’,
where we give evidence for this assumption) at each step of the
tensile loading process, we write:

nf ¼

equation with 3k2c ¼ k21 þ 2k2 to obtain the following cubic equation
for k1 :

8
qﬃﬃﬃ
>
< mLEA
ð I31  1Þ2 ;
2
>
:

mLkB TNLp
u ﬃﬃﬃ

L
4Lf np ð1L f
u

I1
Þ
3

;

I3 ¼ 1; if nf ¼ 1
I3 ¼ C 23 ;

if nf ¼ 0

ð14Þ

We recall here that I1 is a measure of the deformation of a line element (or ﬁber) in the network, while I3 is a measure of the deformation of a volume element in the network. Theories of rubber
elasticity typically give a logarithmic dependence of W on I3 that
results in large positive bulk moduli [7,18]. However, here I3 is
intimately connected with the fraction of proteins unfolded. In addition, stress-induced protein unfolding is a structural change that we
interpret as a phase transition that ultimately gives rise to negative
compressibility. This is very different from the constitutive behaviors described earlier. In fact, it is easy to see that Eq. (11) can be rearranged to obtain the fraction of folded (or unfolded) proteins as:

nf ¼ 1  nu ¼

pﬃﬃﬃﬃ
I3  C 3
:
1  C3

ð15Þ

Now we use the rule of mixtures and say that for 0 < nf < 1,
W 1 ðI1 ; I3 Þ ¼ nf W f þ nu W u , where W f ¼ W 1 ðI1 ; I3 Þjnf ¼1 and W u ¼
W 1 ðI1 ; I3 Þjnf ¼0 as written above. However, this does not account for
the energetic term W 2 (or g) in Eq. (2) corresponding to large
volumetric deformations. This term is difﬁcult to determine analytically and therefore we only give an outline of the calculation here.
To begin we note that Eq. (10) can be rearranged to give:

Fðkc Þ ¼



1  nf
N
;
DP þ kB T log
Dz
nf

ð16Þ

which when combined with Eq. (15) shows that Fðkc Þ can be written
entirely in terms of I3 . Thus kc can be written entirely in terms I3
through Eq. (9) and k1 can be written entirely in terms of I3 through
pﬃﬃﬃﬃ
Eq. (13). Hence, f ðk1 k2 Þ ¼ g 0 ð I3 Þ can now be obtained in terms of I3
using Eq. (4). This gives us a ﬁrst-order ordinary differential equation that can be integrated to yield W 2 .
3. Experimental foundations of the model
3.1. Detecting ﬁbrin network isotropy
Isotropy of ﬁbrin networks is one of the two major assumptions
underlying the proposed constitutive model of ﬁbrin mechanics. To
test the hypothesis of uniformity of the ﬁbrin network in all directions, we analyzed scanning electron microscopy (SEM) images of
unstretched ﬁbrin clots, which allowed us to visualize and quantify
the arrangement of ﬁbrin ﬁbers. Fibrin samples were prepared
1
from puriﬁed human ﬁbrinogen ð1 mg ml Þ by mixing with
1
human factor XIII ð20 lg ml Þ, and human thrombin
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ð0:5 U ml Þ in the presence of calcium ions ð10 mM CaCl2 Þ. The
clots were allowed to form at room temperature for 2 h. SEM
experiments were carried out on the mechanically unperturbed
clots after preparation of samples with the procedure that we
found best preserves structure, which includes ﬁxation, dehydration, critical point drying and sputter-coating with gold–palladium
as described previously [22]. Specimens were examined in a Phillips/FEI XL20 scanning electron microscope. Images were representative of 10 locations randomly visualized on a clot. To measure
ﬁber orientation using Adobe Photoshop CS2, a line was drawn
tracing each ﬁber, the angle from an arbitrary axis (0–360°) was
measured, and the frequency of ﬁbers at each 30° interval was
plotted on polar coordinates (see Fig. 2). The radar histogram presented in Fig. 2B clearly shows that in the unstretched clot the frequency of ﬁbers oriented at any one angle was about the same as
that of any other angle, which is characteristic of structural uniformity and, hence, isotropy.
3.2. Detecting protein unfolding in stretched clots
Force-induced molecular unfolding of ﬁbrin is another major
assumption of the proposed model that needs to be veriﬁed. A
number of methodological approaches are capable of detecting a
shift from a to b structures during ﬁbrin stretching and unfolding.
Indeed, early wide-angle X-ray scattering (WAXS) measurements
of ﬁbrin clots give evidence of a transition from a to b structures
[23]. While WAXS remains the ‘‘gold standard’’ for this kind of
study and is planned to be employed in the future, other techniques, such as stain polarimetry, circular dichroism or Fourier
Transform infrared spectroscopy (FTIR), are widely used to study
formation of b-sheets in proteins.
We used Congo red staining to detect the formation of b structures in stretched ﬁbrin networks. Congo red is an aromatic dye
that is sensitive to the b-strands of the stacked b-sheets that come
from different protein structures and align perpendicular to the
axis of the ﬁbril [24]. Congophilic b-sheet structures cause multicolor birefringence when viewed in a polarized microscope. Congo
red staining was successfully used to reveal a-to-b transition induced by force in keratin-like intermediate ﬁlaments [25].
Unstretched and stretched 2 mm cylindrical ﬁbrin clots were
made from puriﬁed human ﬁbrinogen as described in Section 3.3
and stained with Congo red using the alkaline method [26]. Brieﬂy,
clots were ﬁrst incubated in the alkaline alcohol to reduce nonspeciﬁc staining and then in freshly ﬁltered Congo red solution.
After washing in distilled water, the stained clots were mounted
on a glass slide and analyzed in a polarizing microscope (Olympus
BH-2) equipped with a photo-registration system. The unstretched

A

Fig. 3. Polarized microscopy of unstretched (upper image) and 3-fold stretched
(lower image) ﬁbrin clots stained with Congo red. The change in color reveals
protein unfolding followed by formation of b-structures.

clots displayed a uniform red color all over the clot (Fig. 3, top image). The clots that were stretched 3-fold had qualitatively different color regions in polarized light. The peripheral parts of a clot
adjacent to the clamps, where stretching is the highest and the ﬁbers diverge from the axis of stretching, displayed a complex color
pattern with a prevalence of pink and purple (Fig. 3, bottom image). This phenomenon is called metachromasia and reﬂects the
interaction of Congo red with newly formed structures that appear
in stretched ﬁbrin, presumably the b-sheets.
3.3. Tensile testing
The model described in this paper was compared with experimental measurements of the static mechanical properties of whole
ﬁbrin clots using tensile testing (see Fig. 4).
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Fig. 2. Isotropy of network formed by ﬁbrin ﬁbers. (A) Representative scanning electron micrograph of the unstretched ﬁbrin network. Magniﬁcation bar = 10 lm. (B)
Quantitative analysis of ﬁber orientation using SEM images presented as a radar histogram. The angles (0–360°) formed by ﬁbrin ﬁbers with an arbitrary axis were measured
ðn ¼ 1085Þ. The frequency (%) of ﬁbers at each 30° interval displayed a roughly symmetrical distribution.
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Fig. 4. Cylindrical ﬁbrin clot 2 or 4 mm in diameter and a few centimeters long is held in grips and extended in uniaxial tension. The initial network is randomly oriented,
highly porous and is ﬁlled with water in the voids. Each ﬁbrin ﬁber is about 200 nm in diameter and consists of multiple, laterally aggregated protoﬁbrils, consisting of ﬁbrin
monomers that are arranged in a regular double-stranded lattice with a spacing of about 22.5 nm. The diagram shows the structural changes that occur upon stretching the
ﬁbrin clot at different scales, including macroscopic volume shrinkage, network rearrangement, and protein unfolding [2].

1

Fibrin samples were prepared from 10 mg ml puriﬁed human
ﬁbrinogen in 50 mM Tris–HCl buffer, pH 7.4 containing 150 mM
1
NaCl, 10 mM CaCl2 by mixing with 10 lg ml of a precursor of
1
blood plasma transglutaminase, factor XIII, and 0:5 U ml (ﬁnal
concentration) human thrombin. Cylindrical clots were prepared
in a 4  60 mm or a 2  50 mm plastic tube whose barrel was
lubricated with a thin layer of a non-ionic detergent to facilitate removal of the clots from the tubes. The clots were allowed to form
for 3–5 h at room temperature and then kept overnight at 4 °C to
ensure the enzymatic cross-linking. Then, these clots were removed from the tube and used for experiments. Covalent factor
XIIIa-mediated cross-linking of the clots was conﬁrmed by c–cchain band and a-chain polymers revealed in SDS–PAGE of reduced samples (not shown). Extensive covalent cross-linking is
key to giving mechanically stable and resilient ﬁbrin gels. Tensile
testing was performed with the clots gently clamped between rubber pads in the grips of a strain-controlled Instron tensile tester
equipped with a 2.5 N load cell. Samples were stretched at
1
10 mm min while monitoring the load. To determine the strain
in the center of the sample independent of any effects of clamping,
graphite powder was used to make ﬁducial marks on the clots,
then imaged using a digital camera. NIH ImageJ software was used
to track the size and location of the ﬁducial marks in the center of
the sample over the course of the stretching experiments, and
these marks were used to calculate the longitudinal stretch k1
and the transverse stretch k . The data were used to create the
experimental plots presented in various ﬁgures and to extract
parameters used in the calculations.
We also ensured that the rate of straining was slow enough that
the force–stretch curves obtained from the tensile test agreed with
the static (or relaxed) force–stretch response of the network with
no rate dependence. To do so, we applied strains on the network
in small increments and allowed the force to relax to its equilibrium value for each strain increment, as shown in Fig. 5b. The
relaxed value of the force agreed with those obtained from the
1
slow ð10 mm min Þ straining experiments for all strains as can

be seen in Fig. 5a. The static force–stretch response of the network
was also found to be reversible with some hysteresis. In order to
establish reversibility, we unloaded the specimen in the slow
straining experiments and stretched it again. The resulting force–
stretch curve for the second stretch was close to the original as
seen in Fig. 5b. The hysteresis could have originated from inelastic
deformation in the ﬁbers/network during stretching. These experiments suggest that we are measuring the elastic part of the constitutive behavior of ﬁbrin clots in our slow straining experiments
even though the overall material behavior is more complex.

4. Results and discussion
In order to get insights into the structural basis for ﬁbrin
mechanics, we compared quantitative experimental data from
forced elongation of ﬁbrin clots with theoretically predicted
stress–stretch values obtained from our eight-chain model. The input parameters in our calculations were extracted from a number
of independent sources, such as SEM of ﬁbrin networks [2], forced
unfolding of individual ﬁbrinogen molecules using atomic force
microscopy [27], nanomechanical manipulations of individual ﬁbrin ﬁbers by optically trapped latex particles [28] as well as biochemical experiments with different concentrations of ﬁbrinogen
and various thrombin activities to change ﬁbrin diameter and density [29]. We take ﬁber diameter to be 185 nm, L ¼ 20 lm, which is
the average distance between branch points, E ¼ 14:5 MPa,
Lu
 2:1, and np ¼ 0:8 nm. The ﬁber density m is assumed to be
L
f

5  101

lm3 and the initial radius, R0 , of the specimens is about
pR2 mL

1 mm, so that 60  105 (see Eq. (6)). Experimental deformation
of ﬁbrin clots was accompanied by dramatic volume shrinkage.
Thus, the volume of the fully unfolded network is about 10% of
the volume in the reference conﬁguration, so that C 3  0:1. We
estimated N  1200 based on the diameter and packing of the protoﬁbrils in ﬁbrin ﬁbers. The parameters DP and Dz were selected to
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ﬁt the force–stretch data and volume change data obtained from
experiments. For the particular species of ﬁbrin used in our experiments, DP ¼ 16:5kB T and Dz ¼ 19:2 nm provided good ﬁts to the
data as can be seen from Fig. 6. Fig. 6a and the inset to Fig. 6b show
that network stiffness is very small for strains smaller than 0.1, is
higher for strains up to 0.5, and increases rapidly thereafter. The
reasons for this trend in the network stiffness are explained in
the next paragraph. Fig. 6b shows that the cross-sectional area of
the clot shrinks rapidly until a strain of about 1.7 (in parallel with
the decrease in the fraction of folded protein, see Fig. 8a) and decreases slowly thereafter (since the clot is almost incompressible
after most of the proteins have unfolded, see Fig. 8b).
The stiffness of the network for strains lower than about 0.1 is
very small even though the Young’s modulus of the ﬁbers is of
the order of 15 MPa. The reason for this pliability is that the early
stages of tensile deformation are mostly accommodated by alignment of the ﬁbers along the loading direction as shown previously
in the order parameter plots in Ref. [2]. As the strain is increased
further, the network stiffness remains low even for strains up to
0.5 because of a combination of ﬁber alignment and unfolding of
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Fig. 5. Force–relaxation curves for successive strain increments on a ﬁbrin clot. (a)
Relaxation trajectories for the force are shown for each strain increment. The blue
curves are experimental data. The red curves are ﬁts with double exponentials. The
relaxed values of the force obtained from the double exponential ﬁts agree with
1
those for the corresponding strain in the constant strain rate ð10 mm min Þ
experiments. The force–stretch response of the network is reversible with some
hysteresis. (b) The blue curve represents specimen A which is stretched at
1
1
10 mm min , then relaxed, and stretched again at 10 mm min . Notice that the
two force–stretch curves are close to each other, suggesting that the stretching
process is reversible. The red curve is obtained by successively straining specimen B
in increments, followed by relaxation after each increment. The relaxed value of the
1
force is close to that obtained by stretching specimen A at 10 mm min .
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Fig. 6. Results of the eight-chain model. (a) The stress–stretch data is reasonably ﬁt
with the eight-chain model assuming that a single ﬁbrin ﬁber behaves linearly
(folded state) for low strains and as a WLC (unfolded state) for large strains. We plot
the ﬁrst Piola–Kirchhoff stress which is the force per unit initial cross-sectional area
of the clot. The parameters used in our model are based on a knowledge of the
Young’s modulus in the folded state [28] and the persistence length of ﬁbrin
molecules [27] in the unfolded state. (b) The quantity k2 is the ratio of current to
initial cross-sectional area. The symbols (in both plots) are based on experimental
data reported in Brown et al. [2]. The curve is generated assuming k1 k2 ¼ nf þ 0:1nu ,
where nf and nu are the fraction of folded and unfolded ﬁbrin molecules. Fibrin
seems to behave like an ultra-compressible material due to protein unfolding. The
inset shows the Cauchy stress (force per unit current cross-sectional area). The
Cauchy stress is much larger than the Piola stress due to dramatic shrinkage of the
clot volume and cross-sectional area. The compressibility as a function of stretch is
shown in Fig. 8.

proteins. The unfolded protein chains respond according to the
worm-like-chain model which displays low stiffness for small values of the stretch and force, and this contributes to low network
stiffness for strains below 0.5. As the strain is increased even further, more of the proteins unfold and the ﬁbers are mostly aligned
with the loading direction. For strains larger than 1.0 the tensile
deformation is accommodated by chain stretching. The stiffness
of the network increases because the stiffness in the worm-likechain model of entropic elasticity increases with force. These
mechanisms for network pliability at low strains and stiffening at
high strains are consistent with the single-ﬁber and network studies of Hudson et al. [30].
The parameters DP and Dz obtained above and used in the
remainder of the paper deserve some explanation. Dz is large be-
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where ½q means that we round-off to the integer smaller than q (recall that the monomers unfold as a whole leading to precipitous
drops in the force), x is the end-to-end distance of the oligomer, F
is the force applied on it by the atomic force microscope, Lf and
Lu are the contour lengths in the folded and unfolded states, respectively, nf and nu are the persistence lengths in the folded and unfolded states, respectively, Nf and N u are the number of folded
and unfolded monomers in the oligomer chain, and N is the total
number of monomers in the chain. We chose the following parameters:
N ¼ 2; Lf ¼ 17 nm; Lu ¼ 50 nm; nf ¼ 1:6 nm; nu ¼ 0:8 nm;
kB T ¼ 4:1 pNnm at room temperature, DP ¼ 22:5kB T and
Dz ¼ 12:2 nm. All these numbers are within the range of parameters
used elsewhere in this paper. The ratio of contour lengths in the
unfolded state to that in the folded state is about 2:94, which is
not far from the values estimated by Houser et al. [20] from their
experiments on single ﬁbrin ﬁbers. To simulate the atomic force
microscopy experiment, we initialize x ¼ 14 nm and N u ¼ 0, and
increment x in 2 nm steps and solve for F and N f at each step. Note
that the velocity of pulling or the rate of unfolding and refolding do
not enter this calculation since the expressions above are written
assuming that equilibrium is established after each increment (a
quasi-static process). The result of this relatively simple simulation
is summarized in Fig. 7. This ﬁgure shows that we have qualitatively
reproduced the saw-tooth pattern observed in the atomic force
microscopy experiments of Ref. [27] with the distance between
peaks of about 24 nm. However, the peak forces are smaller than
those in Ref. [27], probably because of loading rate-effects – in
the atomic force microscopy experiments the proteins were
stretched at rates of 1 lm s1 , whereas we have performed an equilibrium calculation that assumes no rate-dependence. Our peak
forces are comparable to the peak force-per-monomer estimates
obtained from atomic force microscopy experiments on single ﬁbrin
ﬁbers by Houser et al. [20] who argue that the unstructured part of
the aC region is primarily responsible for the high extensibility and
strain stiffening of the ﬁbrin ﬁbers. Note that the smooth stress–
strain curves for single ﬁbers obtained from experiments by Houser
et al. [20] are a result of having many protoﬁbrils in parallel, each
with a saw-tooth force–stretch curve, as shown in [4]. In summary,
the calculation above suggests that the values of the parameters,
especially DP and Dz, that we use are not inconsistent with atomic
force microscopy experiments.
Since DP and Dz are ﬁtting parameters, we try to understand
their effect on the constitutive behavior of the network by plotting
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cause it is the distance between two wells, which is several nanometers long, representing the folded and unfolded states of an entire repeating unit in a protoﬁbril. DP is large for the same reason.
These parameters are very difﬁcult to estimate a priori since it is
not clear (i) which part (or parts) of the ﬁbrin molecule unravels
in response to large forces [31], and (ii) what are the interactions
between the unfodled chains (e.g. Fig. 3 suggests that stacks of bsheets may have formed in the stretched state of the network).
For this reason we leave them as parameters to be extracted from
ﬁtting the macroscopic stress–stretch data, but check if similar
numbers for these and other parameters can reproduce features
in the atomic force microscopy force–extension experiments on
ﬁbrinogen oligomers [27] and ﬁbers [20]. We use discrete versions
of Eqs. (9) and (10) adapted to an oligomer of ﬁbrin molecules connected in series and write [32]:

Force (pN)
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Fig. 7. Simulating an atomic force microscopy experiment on ﬁbrin oligomers using
a discrete version of our model and parameters of the same order as those extracted
from ﬁtting macroscopic stress–stretch data. The saw-teeth in the force–extension
curves and the distance between peaks are qualitatively similar to the experiments
of Brown et al. [27]. The peak forces are smaller because the experiments were
conducted at pulling rates of 1 lm s1 while our calculations assume equilibrium
with no rate-dependence. The inset shows the number of unfolded monomers N u as
a function of the end-to-end distance x.

how various quantities change with increasing DP or decreasing
Dz while all other parameters are kept ﬁxed. The summary is
shown in Fig. 8. We note from Fig. 8a that unfolding occurs at higher stretches (or higher forces) as DP is increased. This is in agreement with our intuition. In Fig. 8b we plot the compressibility of
the network as a function of the stretch. Note that the network is
incompressible in the fully folded or fully unfolded state, but has
negative compressibility [33,34], when the unfolding process is
only partially complete. Compressibility being negative here implies that when unfolding is in progress, ﬁbrin networks are stretch
densifying. The volume of the network decreases when positive
tension is applied, as opposed to a regular elastic solid where the
volume increases when positive tension is applied. Negative compressibilities during unfolding might seem surprising but are not
inconsistent with thermodynamics, which requires that compressibilities of materials with homogeneous properties be non-negative, because partially unfolded samples are inhomogeneous. A
possible reason for the negative compressibility in this case is that
the exposed hydrophobic residues in the unfolded ﬁbrin molecules
attract each other when they are brought closer in the transverse
direction due to stretching in the longitudinal direction. This is
opposite of the behavior expected of a regular solid where two
neighboring atoms repel each other when they are brought closer
in the same manner. Interestingly, we ﬁnd that the Poisson’s ratio
during unfolding is much larger than 1 (see Fig. 8c), again very different from a regular solid whose Poisson’s ratio is always smaller
than 0:5 for small strains. For large deformation of incompressible
polymers, the Poisson’s ratio function still remains smaller than
0:5. Such large Poisson’s ratios are rather unexpected, given that
the Poisson’s ratio of isotropic linear solids is bounded, 1 6
m 6 0:5. Most materials have Poisson’s ratios between 0.0 and
0.5; auxetic materials, such as re-entrant foams, have negative
Poisson’s ratios [35], but initially isotropic materials with Poisson’s
ratio greater than 0.5 have not, to the best of our knowledge, been
reported previously. Yet, this is exactly what we observed in our
experiments on ﬁbrin clots which are mixed materials consisting
of protein and water; the observed effects are thus related to a
stress-induced phase separation. Indeed, the large reduction of
volume upon stretching coincided with the high Poisson’s ratio
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regime and resulted in a negative compressibility. Hence, we can
think of a ﬁbrin gel as an ultracompressible material. Fig. 8 also
reveals that the phase transition (as seen from the sharp peak in
negative compressibility during unfolding) is less sharp as DP is
increased or Dz is decreased.
A parameter that varies depending on the animal species of ﬁbrin(ogen) is the ratio of the unfolded to folded contour lengths
Lu =Lf . Both Lu and Lf depend on the number of amino acid residues
in ﬁbrin(ogen), which varies depending on the animal species. The
c chain of ﬁbrin(ogen) shows the least variability among vertebrate species, the Bb chains are more variable, and the Aa chains
vary considerably. Rat Aa chains are small, horse Aa chains are
longer, while lamprey Aa chains are the longest known [36]. Indeed, the most likely basis for some of the interspecies variations
of ﬁbrin mechanical properties is the species-dependent difference
in the length of the aC region, the unstructured C-terminal portion
of the ﬁbrin(ogen) Aa-chain. This region is remarkably important
due to its speciﬁc intra- and intermolecular interactions, including
covalent enzymatic cross-linking, which may determine the spacing between protoﬁbrils in a ﬁbrin ﬁber and the extensibility of a
ﬁbrin ﬁber [20,37]. The aC region also inﬂuences the ratio of contour lengths of monomeric ﬁbrin in the unfolded and folded states,
and could affect the free energy difference between the folded and
unfolded conformations of a ﬁbrin molecule, which in turn affects
the thermodynamic stability. For example, it is known that lamprey ﬁbrinogen, which has the largest number of residues in the
aC region, denatures at 31 °C, salmon ﬁbrinogen denatures at
45 °C, while mammalian ﬁbrinogen denatures at 56 °C [38]. It
has also been shown recently that the extensibility of a single ﬁbrin ﬁber correlates with the length of tandem repeats in the aC
region – chicken ﬁbrin with no tandem repeats is the least extensible, while human ﬁbrin with 128 residues in the tandem repeat
region is more extensible than mouse ﬁbrin which has 60 residues
in the tandem repeat region [37].
We have determined how the parameter Lu =Lf affects the
mechanical behavior while all other parameters are kept ﬁxed. In
Fig. 9 we show how the length of the Aa-chain of ﬁbrinogen varies
in various species. If we assume that the length of the coiled-coil
remains ﬁxed at about 17 nm and that each residue in the aC region contributes about 0:36 nm to the unfolded contour length,
then Lu would be 296:6 nm for lamprey, 163:4 nm for human,
147:2 nm for bovine and 127:8 nm for chicken ﬁbrinogen. We have
used Lu =Lf ¼ 2:1 for human ﬁbrinogen to ﬁt the macroscopic
stress–stretch data, so the corresponding values of Lu =Lf for the
other species would be 3:8 for lamprey, 1:9 for bovine and 1:65
for chicken. In general, we expect that the parameters DP and Dz
should also increase as the length of the aC regions increases.
The reason is as follows. The unstructured region is likely in a
high-entropy ‘‘blob’’ state when no forces are applied on it. In order
to stretch it to a low-entropy elongated state (say 0.3 times the
contour length, where worm-like chain behavior kicks in), we need
to supply some energy. This energy is what we interpret as DP and
we expect it to increase as the length of the unstructured region increases. The distance Dz between the wells corresponding to the
’’blob’’ state and the elongated state will also increase as the length
of the unstructured region increases. The exact functional dependence of DP and Dz would be determined by a multitude of interactions, such as electrostatics, excluded volume, conﬁnement
within the ﬁbers, etc., and is impossible to predict. Hence, we cannot make quantitative predictions for stress–stretch behavior,
compressibility, etc. However, we can generate qualitative trends
as a function of Lu =Lf , and this is what we have done in Fig. 9.
The results suggest that if the same stress–stretch experiment as
in [2] was performed on ﬁbrin from different species then (i) the
stiffness at each value of the stretch will increase as length of the
aC region decreases; (ii) the maximum value of the stretch before
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Fig. 8. The effects of changing DP. The DP values for each curve appear in the ﬁgure
next to the arrows. (a) Unfolding occurs at higher stretches (or higher tension) as DP is
increased. This is in agreement with intuition. The solid lines represent the fraction of
folded ﬁbrin molecules nf and the dashed lines are the corresponding unfolded
fractions nu ¼ 1  nf . (b) Compressibility as a function of the stretch and DP. The red
curve is a ﬁt to the experimental data of Brown et al. [2]. Compressibility is zero in the
fully folded and unfolded states but peaks and negative values characteristic of phase
transitions are observed as the ﬁbrin molecules unfold. The phase transition from the
folded to the unfolded state becomes less sharp as DP is increased. Similar trends are
observed if Dz is decreased while keeping DP ﬁxed. (c) Poisson’s ratios greater than 1
are seen during unfolding of ﬁbrin molecules. This is unusual but consistent with
negative compressibility and shows that the ﬁbrin gel is an ultra-compressible material.
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Fig. 9. The effects of changing Lu =Lf . (a) Interspecies variability of the C-terminal part of ﬁbrinogen’s Aa chain named the aC region. Black portion shows the a-helical
segment of the Aa chain, white portion indicates the aC region. The ratio Lu =Lf could change depending on the animal species from which the ﬁbrin is derived. In the ﬁgures,
the values of Lu =Lf for each curve appear next to the arrows. (b) Larger stretches are seen at the same force with increasing Lu =Lf . (c) Hence, unfolding of ﬁbrin molecules
occurs at higher stretches as well. (d) The variation in ﬁbrin network compressibility as a function of stretch with increasing Lu =Lf mirrors its variation with increasing DP.

rupture will increase as the length of the aC region increases (as
shown in [37] for a single ﬁber); (iii) the radius of the cylindrical
specimen will decrease faster as the length of the aC region decreases; and (d) the peak in negative compressibility will be sharper as the length of the aC region decreases.
We note that Fig. 9 also hints at a method to control the compressibility (and Poisson’s ratio) of a ﬁbrin network by changing
the length of the fully unfolded ﬁbrin polypeptide chains. It is noteworthy that the aC region appears to be the most approachable
target for modulation of ﬁbrin properties, which may lead to creating new ﬁbrin-containing materials with unique structural and
mechanical properties, such as high Poisson’s ratio, high porosity
and biodegradability.
5. Conclusions
In this paper we have shown that forced unfolding of ﬁbrin
molecules at the nanometer scale leads to the unusual macroscopic
response of ﬁbrin networks. In particular, we ﬁnd negative
compressibilities and very large Poisson’s ratios during unfolding.
We have used a modiﬁed version of the eight-chain model (which
accounts for large volume changes) to interpret our experiments.
We have also derived a stored energy function for ﬁbrin networks
that depends on the ﬁrst and third invariants of the right Cauchy–

Green strain tensor. The form of our stored energy function is
different from other such functions in the literature used for
polymer networks since ﬁbrin ﬁbers in clots undergo large
stress-induced structural changes that we interpret as phase transitions. In contrast to other versions of the eight-chain model
where protein unfolding is taken into account, our model can be
implemented analytically. This has allowed us to perform a parameter study, which shows how the compressibility (and Poisson’s ratio) of the network might be controlled by changing the length of
the fully unfolded ﬁbrin polypeptide chains. Knowledge of the
mechanical properties of this unique biomaterial is important for
understanding the structural and molecular basis of its functions
and pathologies. Modulation of ﬁbrin’s properties may provide
the means for interventions to prevent thrombosis and even for
the development of unique new biomaterials.
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Appendix A
Figures with essential colour discrimination. Certain ﬁgures in
this article, particularly Figs. 1, 3, 5–9, are difﬁcult to interpret in
black and white. The full colour images can be found in the on-line
version, at doi:10.1016/j.actbio.2011.02.026.
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