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Abstract

Fibrin fibers form the structural backbone of blood clots; fibrinolysis is the process in which
plasmin digests fibrin fibers, effectively regulating the size and duration of a clot. To under-
stand blood clot dissolution, the influence of clot structure and fiber properties must be sep-
arated from the effects of enzyme kinetics and perfusion rates into clots. Using an inverted
optical microscope and fluorescently-labeled fibers suspended between micropatterned
ridges, we have directly measured the lysis of individual fibrin fibers. We found that during
lysis 64 + 6% of fibers were transected at one point, but 29 + 3% of fibers increase in length
rather than dissolving or being transected. Thrombin and plasmin dose-response experi-
ments showed that the elongation behavior was independent of plasmin concentration, but
was instead dependent on the concentration of thrombin used during fiber polymerization,
which correlated inversely with fiber diameter. Thinner fibers were more likely to lyse, while
fibers greater than 200 + 30 nm in diameter were more likely to elongate. Because lysis
rates were greatly reduced in elongated fibers, we hypothesize that plasmin activity de-
pends on fiber strain. Using polymer physics- and continuum mechanics-based mathemati-
cal models, we show that fibers polymerize in a strained state and that thicker fibers lose
their prestrain more rapidly than thinner fibers during lysis, which may explain why thick
fibers elongate and thin fibers lyse. These results highlight how subtle differences in the
diameter and prestrain of fibers could lead to dramatically different lytic susceptibilities.

Introduction

The hemostatic system must strike a balance between hemorrhage and vessel occlusion. Blood
clots must be strong enough to limit extravascular blood flow following injury, yet dissolve
appropriately during wound healing [1]. Inappropriate clot formation within blood vessels
(thrombosis) leads to ischemia and tissue loss. Blood clots contain an interconnected web of fi-
brin and blood cells, including platelets, that mediate clot retraction. When the hemostatic role
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of the clot is fulfilled, it is removed via the fibrinolytic system [2]. The primary enzyme mediat-
ing fibrinolysis is the serine protease plasmin, which cleaves the fibrin molecule at specific sites
[3]. Plasmin is the activated form of plasminogen and is produced either in the blood stream
by urokinase-type plasminogen activator (uPA), or on the fibrin surface, where bound plasmin
and tissue-type plasminogen activator (tPA) are protected from their respective inhibitors,
o,-antiplasmin and plasminogen-activator-inhibitor 1 [3,4].

The fibrinogen molecule is comprised of three pairs of distinct peptide chains: two
Aoa-chains, two BB-chains, and two y-chains, which are interlinked by disulfide bridges (Fig. 1)
[1,5-7]. Following thrombin-mediated cleavage of fibrinopeptides A and B from the N-termini
of the Aa- and BB-chains, respectively, fibrin monomers polymerize into half-staggered, dou-
ble-stranded protofibrils that bundle into fibers via interactions of the o.C regions [8]. Cryptic
plasminogen and plasmin binding sites in fibrinogen and fibrin monomers [9] are exposed by
fibrin monomer polymerization [3]. In particular, the a.C regions contain lysine-dependent
tPA- and plasminogen-binding sites (K4 = 16-33 nM) within residues Ac:392-610 [10,11].
During fibrinolysis, plasmin initially cleaves the a.C regions, and then cleaves the three
polypeptide chains connecting the central (E) and end (D) regions (Fig. 1), which contain
low-affinity (K4 = 1 pM), lysine-independent plasmin and tPA binding sites [10,12-14]. These
cleavages produce COOH-terminal lysine residues in fibrin, which provide additional binding
sites for plasmin, and accelerate the dissolution process [10,15].

Understanding clot lysis requires knowledge of enzyme activation kinetics, perfusion rates
of enzymes into thrombi, and the effects of structural and physical properties of individual
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Figure 1. Structure of the Fibrinogen Molecule. A structure of the fibrinogen molecule (crystal structure 3GHG) with aC domains built in using homology
modeling and Discrete Molecular Dynamics Simulations [24]. Fibrinogen spans 45 nm and consists of two outer D regions, each connected by a coiled-coil
segment to the central E region. Thrombin cleaves fibrinopeptides A and B from the Aa-chains and Bf-chains, respectively, producing insoluble fibrin
monomers that form fibrin networks. B A cartoon representation of the molecule, with the aC region highlighted in green. C A cartoon model of a fibrin fiber
emphasizing the interaction of the aC polymer network within the fiber.

doi:10.1371/journal.pone.0116350.9001
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fibrin fibers on the rates of dissolution. The kinetic properties of fibrinolysis depend on the
architecture and physical properties of both blood clots (e.g., density, stiffness) and individual
fibrin fibers (e.g., diameter, stress) [16-21]. Throughout fibrinolysis, fibrin fibers undergo
significant morphological and biochemical changes as thrombi are digested by plasmin
[18,21,22]. However, the mechanism of fiber fibrinolysis—whether fibers are transected at one
point, or whether the radius of the fiber decreases uniformly—remains unresolved [16,23]. To
date, studies of fibrinolysis have occurred at the whole clot level, where it is difficult to resolve
the effects of perfusion rates and enzyme kinetics from the effects of individual fiber physical
properties and architecture.

Here, we report the progression of fibrinolysis on single fibrin fibers using fluorescent opti-
cal microscopy and scanning electron microscopy (SEM). We found that fibers were transected
at one point, but the ability of plasmin to cleave fibers depended upon the inherent fiber strain
and initial diameter. In particular, we found that when fibers were exposed to plasmin, thin fi-
bers were readily cleaved (lysed), but thicker fibers actually grew in length during fibrinolysis.
These results suggest that the lytic susceptibility of a fiber is directly related to the intrinsic
strain on the fiber resulting from the polymerization process (its “prestrain”). Based upon the
current understanding of fiber architecture and polymerization, we developed continuum
mechanics and polymer physics models to determine the relationship between fiber strain and
fibrinolysis. We found that as the outer shell of the fiber is lysed, the equilibrium length of the
fiber increased, resulting in elongation and loss of fiber prestrain. Thicker fibers elongated at a
lower percentage of fibrinolysis than thinner fibers. Our findings suggest fiber prestrain is a
prerequisite for lysis: thin fibers are lysed rapidly until prestrain is lost due to fiber transection,
whereas thick fibers elongate, reducing prestrain and consequently lytic rates. These data em-
phasize the importance of the physical properties of individual fibers in determining the fate of
blood clots.

Materials and Methods
Fibrin Polymerization and Lysis

Structured Surfaces (SSs) were prepared as described previously [24] using a PDMS stamp
(Polydimethylsiloxane: Sylgard 184; Dow Corning Corp., Midland, MI, 48686) and urethane
glue cured with ultraviolet light (Norland Optical Adhesive 81 (Norland Products, Inc.,
Cranbury, NC) to make non-extensible, transparent ridges 10 pm high and 20 pm apart

on glass coverslips. Fibrinogen (Peak 1 human fibrinogen, Enzyme Research Labs (ERL,
Indianapolis, IN, stock solution of 2.37 mg/mL in 20 mM Tris-HCl/ 0.15 M NaCl/ pH 7.4)
was thawed from —80°C frozen aliquots at 0.6 mg/mL, diluted in 20 mM HEPES, 150 mM
NaCl (HEPES-buffered saline, HBS) to 0.04 mg/mL (~60-fold dilution), and 10 pL placed

on a structured surface. Human alpha-thrombin (ERL, stock solution of 3.33 mg/mL at

3000 U/mg = 10000 U/mL in buffer containing 50 mM Sodium Citrate/0.2 M NaCl/0.1%
PEG-8000/pH 6.5) was diluted ~5000-fold in 4 mM calcium chloride in HBS to 2X the final
needed for each experiment (normally 2.2 U/mL). Equal volumes of thrombin and fibrinogen
were then mixed on the SS to give final concentrations of 0.02 mg/mL fibrinogen and 1.1 U/mL
thrombin unless otherwise indicated. After mixing, samples were placed into humidified cham-
bers (wet paper in closed petri dish) and placed in a 37°C incubator for thirty minutes to allow
polymerization. After polymerization, the reaction buffer was gently pipetted off the sample
and HBS without fibrinogen or thrombin was added. For thickness measurements using SEM,
a final concentration of 0.1 mg/mL fibrinogen was used to increase the number of fibers.
Human plasmin (ERL, stock solution of 2.1 mg/mL at 6 U/mg = 12.6 U/mL in 100 mM Hepes
and 100 mM sodium acetate buffer) was thawed quickly and diluted with 4 mM CaCl, HBS

PLOS ONE | DOI:10.1371/journal.pone.0116350 February 25, 2015 3/15



@‘PLOS | ONE

Physical Determinants of Fibrinolysis

buffer to 2X the concentration needed for that sample. Plasmin was then added to the samples
at an equal volume to that present, and gentle pipetting was used to thoroughly mix the plas-
min with the HBS on the sample. All experiments were performed over a 30-min or 24-hr
period, as indicated.

Fluorescent Microscopy

For samples imaged with fluorescent microscopy, after polymerization but prior to the addition
of plasmin, the polymerized fibers were fluorescently labeled by gently exchanging the buffer
on the SS with a 1/10,000 dilution of 20 nm thick volume labeled carboxylic acid labeled beads
(Molecular Probes, Life Technologies, Inc) in HBS for two minutes, and then the bead suspen-
sion was gently removed and replaced with 4 mM calcium HBS. For light microscopy. samples
were placed face-up on a Nikon Diaphot 200 microscope with a 100X 1.3 N.A oil objective
with epi-fluorescence illumination (Nikon Instruments, Melville, NY)), and appropriate filters,
and images recorded with a Cooke PCO 1600 camera and CamWare capture software (Cooke
Corporation, Romulus, MI).

SEM Imaging

The fibrin samples used for SEM imaging were suspended over channels of PDMS and pre-
pared in the same manner, at the same concentrations, and with the batches of protein as the
samples used in fluorescence microscopy. Samples were fixed by exchanging the sample buffer
with 0.1% glutaraldehyde in HBS and incubated for five minutes. Samples were washed gently
with HBS, and then the buffer was exchanged with a graded series of ethanol, critical point-
dried sputter coated with 6 nm of gold-palladium, and imaged with a Hitachi S4700 SEM. Sin-
gle fibrin fibers with no visible branching were selected for measurement, and the thinnest di-
ameter along the length of each of these fibers was recorded. Fibers greater than 1000 nm in
diameter were not counted. These were very rare, and appeared to be bundles of smaller fibers.

Results
Changes in Fiber Shape during Fibrinolysis

To study individual fiber behavior during fibrinolysis and the timescales within which plasmin
can lyse individual fibers, we polymerized and suspended fibrin across micropatterned ridge-
and-valley structures, as previously described [25]. Fibrin fibers were labeled with 20 nm red
fluorescent beads and observed under an optical microscope. We then added plasmin

(0.06-6 U/mL) to the fibrin samples and recorded fiber behavior for thirty minutes. Of fibers
that lysed, fibers treated with the lowest plasmin concentration (0.06 U/mL) lysed within

13 minutes on average and all other plasmin concentrations resulted in more rapid fiber lysis
(Figs. 2A-D and 3A).

Fibrin fibers displayed two distinct conformational changes after being treated by plasmin:
complete lysis (in which fibers were cleaved transversely at a single point) or elongation (in
which fiber length increased, resulting in a decrease in apparent tautness and fiber prestrain)
(Fig. 2, S1-S3 Movies). Elongation and complete lysis (different fibers) were frequently ob-
served within the same sample, independent of plasmin concentration (Fig. 2C-D). We found
that 64 + 6% of fibers lysed transversely at a single point, resulting in two segments of the orig-
inal fiber with one side of each segment still attached to the structured surface. Interestingly,
after the initial lysis event, the fibers were not degraded further during the thirty-minute period
of observation. These findings suggest that once the fiber is initially cut, the binding sites for
further binding/cleaving become less accessible to plasmin.
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Figure 2. Images of elongated and lysed fibrin fibers. Epi-fluorescence microscopy of fibrin fibers suspended across structured surfaces (bar =20 uym).
Samples were labeled with 20 nm red fluorescent beads and polymerized with 0.11-11 U/mL of human thrombin. Images of fibers before (A, C, E, G, |, K, M)
and 5-15 minutes after (B, D, F, H, J, L, N) addition of plasmin. Samples 1-2 were treated with 20 pL of 1.0 U/mL of plasmin and display a lysed fiber (B) or a
lysed and elongated fiber in the same field of view (D). Samples 3—7 were treated with 20 pL of plasmin ranging from 0.6 U/mL — 6.0 U/mL and show
elongated fibers, exhibiting extensions up to 10%.

doi:10.1371/journal.pone.0116350.9002

Surprisingly, at least 29 & 3% of fibers remained intact and suspended across the ridges of
the structured surfaces; these fibers exhibited an increase in length from their original length
(Fig. 2A-]). As these “elongated” fibers extended, they underwent additional morphological
changes resulting in a loose, curved configuration exhibiting thermal vacillations that were
nonexistent in taut fibers not exposed to plasmin (see S1-S3 Movies). Because fibers are known
to form in a prestrained, tensed state [26,27], these structural changes imply that plasmin cleav-
age decreases the inherent tension of the fiber.

We performed control experiments to determine whether elongated fibers were in a tran-
sient, partially lysed state. First, we added 3.3 U/mL plasmin and allowed elongation to occur
for one hour. We then added an additional high dose of plasmin (6.0 U/mL) while observing
the already elongated fibers; in these experiments, we did not observe transverse cleavage or ad-
ditional extension of the fibers, suggesting that elongation is not a result of low plasmin activity,
but rater, elongated fibers are in a state where the lytic susceptibility of the fiber is greatly re-
duced. Second, we tested the hypothesis that fibrinolytic rates are reduced in elongated fibers,
but eventually the fibers will lyse. For this experiment, we observed several samples after 24
hours of exposure to 3.3 U/mL plasmin; fiber fragments of lysed fibers were still present and
elongated fibers remained in the same state without transverse cleavage or additional lengthen-
ing. These results indicate that fibrin fibers can either be cleaved at one point (i.e., lyse), or
elongate. The elongated state of the fiber is not a transitional state on the pathway to lysis, but a
fundamentally different state, without inherent strain, with a greatly reduced lytic
susceptibility.

Effects of Plasmin Concentration on Fibrinolysis Rate and Elongation

To determine the effect of plasmin concentration on fiber lysis time, individual fibrin fibers
were polymerized on structured surfaces using a fixed thrombin concentration (1.1 U/mL) and
then exposed to 0.06, 0.33, 0.6, 1.0, 3.3, 4.5, or 6.0 U/mL plasmin. Fibers were imaged for thirty
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minutes, and the lysis time (the time required for a fiber to fully lyse after exposure to plasmin)
was recorded and plotted (Fig. 3A). Fibrin samples were sorted into three groups: those that
lysed, those that elongated, and those that demonstrated no visible change in physical structure
(Fig. 3B).

For fibers that lysed, the average time measured for single fiber lysis at various plasmin con-
centrations is displayed in Fig. 3A. For plasmin concentrations above 0.06 U/mL, the ratio of fi-
bers exhibiting fibrinolysis vs. elongation shows now plasmin concentration dependence (Fig.
3B). These data suggest that elongation is not a result of low plasmin activity or concentration,
and that the determinants of whether a fiber lyses or elongates relate to the physical properties
of individual fibers rather than enzyme kinetics. Two candidate physical parameters are fiber
diameter and fiber prestrain.

Effect of Fiber Diameter on Elongation

Previous work has indicated that fibrin diameter is inversely proportional to thrombin concen-
tration [1,17,23,28-30]. To confirm these findings, fibrin samples polymerized by three
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Figure 3. Effect of Plasmin concentration on Lysis and Elongation. A The average time measured for
single fibers to lyse after exposure to plasmin. Fibers exhibiting elongation were not counted in this analysis.
B Percentage of fibers that exhibited lysis, elongation, and no change within thirty minutes after exposure to
plasmin. Note that the ratio of the number of fibers that elongated to that of fibers that lysed remained
constant across the range of plasmin concentrations. ‘n’ indicates the total number of fibers (lysed, elongated,
no change) observed per plasmin dose.

doi:10.1371/journal.pone.0116350.9003
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the dy diameters (indicated by a white dotted line) parallels the percentage of fibers that lysed in the corresponding bar graphs. The threshold diameter (dj)
was 200 nm + 30 nm.

doi:10.1371/journal.pone.0116350.9004

different thrombin concentrations (0.11, 1.1, and 11 U/mL) were imaged using scanning elec-
tron microscopy (SEM); the average fiber diameter for each concentration is displayed in

Fig. 4A. Consistent with the earlier reports, our data indicate that fiber diameter decreases with
increasing thrombin concentration [29].

Next, samples of fibrin fibers were prepared on structured surfaces for fluorescent imaging
using 0.11, 1.1, 11, and 33 U/mL thrombin. Samples were then treated with 3.3 U/mL of plas-
min (a concentration that yielded a mixed distribution of lysed and unlysed [elongated] fibers,
Fig. 3), observed by optical microscopy, and the number of fibers that elongated or lysed was
recorded (Fig. 4B). Fibers polymerized with lower thrombin concentrations were more suscep-
tible to elongation, suggesting thicker fibers are more likely to elongate. We hypothesized that
there is a threshold diameter, below which fibers lyse, and above which fibers elongate. To esti-
mate this threshold, the fiber diameter histograms (Fig. 4C-E) were segregated according to
the elongation percentages found for each thrombin concentrations in Fig. 4B. For example,
since 89% of fibers polymerized by 1.1 U/mL thrombin lysed, we estimated the threshold fiber
diameter to be 184 nm because 89% of fibers had smaller diameters than 184 nm, while 11% of
fibers were thicker than 184 nm. Averaging the threshold diameter found for each thrombin
concentration yielded a threshold diameter of 200 & 30 nm separating the lysed and elongated
fibers. These findings indicate that a fiber’s susceptibility to elongation is largely determined by
its diameter—the probability of elongation is reduced if the fiber diameter is below the
threshold.
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Mathematical Modeling of Fiber Elongation

The observation that fibrinolytic activity was reduced both after fibers are initially cleaved and
in elongated fibers that were never fully cleaved suggests the ability of plasmin to cleave fibrin
is directly related to the mechanical state of the fiber. Although our prior work and other inves-
tigations show that fibers are under tension after the polymerization process [21,22,31], the
random curvilinear conformations of the fibrin fibers (Fig. 2A-]) and the thermal fluctuations
observed after fibrin lysis (Fig. 2K, L) indicated that fibers were under little or no tension after
lysis or elongation. We therefore hypothesized that plasmin’s enzymatic activity depends on fi-
brin fiber tension. In the case of elongated fibers, the simultaneous loss of tension and increase
in length suggests the fiber undergoes a fundamental change in its equilibrium mechanical
state. The equilibrium length of the fiber prior to lysis, or its initial length (L;) is less than the
inter-ridge (structured surface) distance, Lgs, while after lysis, the final equilibrium length of
the fiber, Ly, is longer than the inter-ridge distance.

Ly >Ly> 1L,

Within this picture, the fiber in its native, pre-lysis state as it spans the micro-patterned
ridges is in a state of tension (or prestrain). Our data suggest that the ability of plasmin
to effectively bind and engage enzymatic activity requires a certain threshold fiber strain,
£" (e = (Lss-L;)/L; ). If this prestrain is lost before the fiber completely lyses or after the initial
cleavage event, then lytic activity effectively ceases. We developed two separate mathematical
models based upon the structure of the fibrin fiber to test these hypotheses. Our models
provide an explanation for how polymerization produces a prestrain in the fiber that is then
lost during the fibrinolytic process, which in turn, leads to fiber elongation (both models are
described in detail in S1 File).

Polymer Network Model

We, and others, previously observed that the fibrin fiber itself behaves as a polymer network;
the unstructured a.C domains of the fibrin molecules form a network within the fiber through
intermolecular interactions [32,33]. As a polymer network, the equilibrium length of the fibrin
fiber depends on the degree of intermolecular links between the oC regions. The Flory-Rehner
equation [26,34] relates polymer swelling to the degree of interlining of polymer chains within
the network:

-3/5

Qo p;

where Q is the swelling ratio or the ratio of the network volume (polymer and solvent) relative
to the dry polymer volume, and p. is the density of crosslinks (equivalent to the number of
polymer segments per unit volume contributing mechanically to the network [34,35]). This
equation predicts that a polymer network will decrease in volume as the number of crosslinks
between polymer strands increases. The final step of fibrin polymerization is the association of
oC domains into networks termed o-polymers. We hypothesize that these interactions are
analogous to crosslinks in a polymer gel and will lead to a shrinking of fiber volume and equi-
librium length, resulting in fiber prestrain (see S1 File and S1 Fig.). Accordingly, the Flory-
Rehner equation predicts that a fiber will swell as the number of crosslinks within the network
is reduced (which will occur during lysis). In this way, the oC polymer network model for fi-
brin fibers provides a mechanism to account for fiber prestrain and elongation during lysis.
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Continuum Mechanics Model

Fibrin fibers have a well-defined 23 nm banding pattern when viewed by electron microscopy
[36]. The banding has been ascribed to protofibrils wrapping outwardly around the center of
the fiber and in registry with the inner protofibrils; for this to be true, the outer protofibrils
must be stretched to align with the inner molecules [21,27]. Based on this picture, we propose a
simplified core-shell model with two mechanical “domains” with the same elastic modulus E:
domain A (outer shell, which is stretched) and domain B (inner core, which is compressed)
(Fig. 5A). In a taut fiber suspended across a structured surface (SS) or within a fibrin clot net-
work, the shell is stretched and the core is compressed. The free fiber length Ly is the equilibri-
um length of the conjoined domains and the requirement that a fiber be taut pre-fibrinolysis
necessitates the condition that Lp < Lgs. L, will therefore change as the outer shell is lysed as
given by:

I —sL (1 —x)R?* + xr}
BT\ S(1 — x)(R2 — r2) + 12
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Figure 5. Modeling the lysis of a Fiber Consisting of an Inner Core and Outer Shell. A Left: cross-
section of a fiber with an outer shell (A) and inner core (B). Right: a portrayal of the relative lengths of the
shell, the core, the free fiber (equilibrium fiber length), and SS-suspended fiber. B The fiber free length,
normalized to the length between the structured surfaces, for thin (blue, 40 nm radius), medium (red, 80 nm
radius), and thick (green, 120 nm radius) fibers as the shell is lysed. The black line signifies the SS length
(Lss) and the black dot is the free length of the fiber after 100% lysis of the shell (i.e., the core length). Note
that there is no radial dependence on the free length for fibers of the constant ratio model. For this plot L4 =
18 um, S = 1.2. For the constant core, the core thickness was 15 nm.

doi:10.1371/journal.pone.0116350.9005
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Where R is the fiber radius, rp is the core radius, x is the percentage of the outer shell lysed, and
we have imposed the constraint that L,g = SL,4, where S > 1 is a proportionality constant
relating L, and L, 4, and L, and L, 4 are the initial length of the core and shell respectively
(Fig. 5A). In this model, if fibrin fibers of all diameters share a common outer shell thickness,
then thicker fibers elongate at a much earlier stage of fibrinolysis than thinner fibers, in agree-
ment with our experimental data (Fig. 5B). Two other models of fibrin architecture (constant
core radius, and constant core:shell radius ratio) do not show the correct increase in length as
the fiber lyses (see S1 File and S2 Fig.). Together, our experimental and modeling data indicate
that fiber diameter determines the prestrain induced by fibrin polymerization, and the pre-
strain, in part, governs a fiber’s susceptibility to plasmin. Combining our models involving
fiber strain during lysis, with other recently published models of lysis involving stochastic
reactions and enzyme diffusion may be required for a complete picture of fibrinolysis [37,38].

Discussion

Understanding fibrinolytic mechanisms requires a detailed understanding of lysis on both the
scale of whole clots and that of individual fibers. Most previous studies have evaluated whole
clot lysis, while knowledge of lytic mechanisms on the scale of individual fibers is limited.
Studying the lysis of isolated fibers is complementary to previous confocal and electron micros-
copy studies of fiber lysis within networks [16,17,20] and may enable the identification of phe-
nomena that would be otherwise obscured by network effects. Our investigation of individual
fiber lysis produced three important findings. First, we observed that some fibers elongate,
rather than lyse, in response to fibrinolytic activity, revealing heterogeneity in the fibrinolytic
susceptibility of clots on the scale of individual fibers. Second, for fibers that elongated, lytic ac-
tivity was greatly reduced or eliminated even when exposed to high plasmin concentrations.
This suggests that elongating fibers transition from a state of high tension and prestrain to a
state of low or no tension or strain, and that the ability of plasmin to bind fibrin and lyse fibers
is strain-dependent (i.e., a certain threshold strain, £”, is necessary for lysis). Third, fiber diame-
ter determined fiber fate; thicker fibers were more likely to elongate, whereas thinner fibers
were more likely to lyse, suggesting larger fibers fall below the threshold strain when still par-
tially lysed, whereas thinner fibers maintain strain above € and facilitate lysis. Together, these
novel findings reveal that clot lysis is regulated not only by global mechanisms (e.g., diffusion
of fibrinolytic enzymes into the clot), but also by biomechanical functions on the level of indi-
vidual fibers.

Our mathematical modeling provides a theoretical framework for understanding fiber pre-
strain and elongation, and further experimental and modeling work should attempt to deter-
mine the exact value of £”. Both the polymer network model and the two-state elastic solid
model predict that the fiber will begin in a tensed, prestrained state that will relax and expand
during lysis. The continuum mechanics model illustrates how the lysis of the outer protofibrils
of a fiber can lead to elongation, and shows how thicker fibers lose prestrain much more rapid-
ly than thinner ones, but does not predict a mechanism by which the unstrained core can be
lysed. The polymer physics model provides a mechanism for elongation and the timescales of
lysis, but does not directly account for the diameter dependence of elongation. Future modeling
could combine the continuum mechanics approach with the polymeric properties of fibrin to
capture the full strain and diameter dependence of lysis. This combined model should include
plasmin kinetics and realistic molecular binding sites and accurate molecular packing geome-
tries within the fiber.

Our models for fiber elongation correspond with known data regarding the molecular bind-
ing sites of plasmin and tPA on fibrin, and their exposure during polymerization. Previous
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studies have revealed two pairs of binding sites for tPA and plasm(ogen): one pair resides in
the D region with a tPA site at y312-324 and a plasminogen site at A0148-160, and the second
pair resides on the a.C region [10]. All are cryptic in fibrinogen as well as in monomeric fibrin,
but are made accessible with polymerization [9-11,39]. The mechanism of exposure of the sites
may be related to a conformational change in the structure of D region during polymerization
[39]. Likewise, recent investigations demonstrate that polymerization, and more specifically
inter-molecular o.C-0.C interactions, are necessary to expose the tPA and plasminogen sites on
the o.C region [40]. Given that lysis begins in the aC region [10] followed by cleavage in the D
region, conditions favorable for lysis of the a.C region (exposure of the 0.C sites) may be a nec-
essary step in exposing the D region sites.

One potential molecular mechanism consistent with our data as well as prior studies on tPA
and plasminogen binding sites, is stretching of the a.C regions. Global fiber prestrain in the as-
polymerized fiber implies local molecular scale strain, which we propose is accommodated by
the stretching of the oC regions of the molecule. The origins of the prestrain may be related to
the formation of the aC-a.C network that forms through their association during polymeriza-
tion. The Flory-Rehner equation predicts an equilibrium volume reduction when crosslink
density increases (in this case o C-0.C associations) [26]. Since the fiber length is fixed however,
the inward-directed entropic forces act to stretch some of the o.C regions beyond their equilib-
rium length (see S1 File). When lysis begins and strain is reduced, as in the case of the larger di-
ameter fibers in our study, the oC regions themselves are relieved of strain or are partially
cleaved. The oC regions then coil up leading to the potential encryption of both the o.C binding
sites for tPA and plasminogen as well as those in the D domain. Therefore, the presence of
strain can account for binding site accessibility in polymeric fibrin. This description provides a
molecular mechanism for our hypothesis that polymerized fibrin must have an internal strain
greater than £” in order to be laterally transected. Fiber strain can be affected by cross-linking
of the oC domains and y-chains by FXIII [32]; some studies have suggested differential cross-
linking in clots composed of fibers with different thicknesses [21,41]. The fibrinogen prepara-
tion was not explicitly depleted of factor XIII; therefore, differential fibrin crosslinking in
thinner versus thicker fibers may contribute to the observed differences in elongation and sta-
bility. Determining how the extent of fiber cross-linking determines lysis times of individual fi-
bers or whether more cross-linking in thicker fibers could promote elongation are interesting
areas of research for future studies.

The details of how plasmin lyses fibrin fibers have previously been debated. Our observation
that fibers are cleaved transversely agrees with previous studies of fibrin network digestion
[16,17]; these data taken using confocal microscopy showed that in both intrinsic and extrinsic
fibrinolysis, fibers are transected at a single point before completely dissolving or bundling
with other fibers. These findings do not necessarily contradict the radially symmetric progres-
sion of fibrinolysis proposed by Diamond et. al. [18], in which the fiber diameter slowly de-
creases until the entire fiber is digested. Since plasmin binding and cleavage are not limited to a
single point on the fibrin surface, it is likely that the initial stages of fibrinolysis do progress ra-
dially with the entire fiber diameter decreasing [23,42]. However, our studies of the fibrinolysis
of individual fibers show that fibers are cut through at only one point, and after the initial
cleavage event, further digestion by plasmin is greatly reduced.

Our data showing that fiber elongation reduces fiber lysis, must be reconciled with the fact
that blood clots and fibrin networks do, in-fact, lyse. The strain-dependence of lysis helps to
reconcile these apparently contradictory results. Because of the interconnected fiber architec-
ture of a clot, the transection of one fiber necessarily means that the stress within the network
will re-equilibrate. Consequently, fibers within a lysing network are constantly subjected to dy-
namic stresses and strains as fibers around them lyse. The dynamic nature of lysis likely allows
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thicker fibers to maintain the £” required for lysis to occur. Additionally, fibers that are cleaved
have been observed to aggregate, forming thicker fibers, which may increase strain and en-
hance lytic rates [16]. It is also interesting to note that following fibrin formation, interactions
between fibrin and activated platelets trigger clot retraction, during which fibrin fibers are
stretched to the point of stiffening. It has been hypothesized that platelet-induced strain on fi-
bers during clot retraction facilitates lysis [43,44]. Other studies have found that excessive
strain hinders fibrinolysis via the expulsion of water and enzymes from the fibrin network due
to unfolding of individual monomers and subsequent exposure of hydrophobic domains [19].
We hypothesize that clot retraction keeps fibers in a state above £, allowing fiber lysis rather
than elongation to occur. Future work should directly measure the dependence of lysis/elonga-
tion rates on fiber strain to distinguish strain from the effects of enzyme perfusion and activa-
tion rates.

Plasma clots from patients with bleeding diathesis, such as hemophilia, contain thicker fi-
bers and are more susceptible to lysis, while clots formed from plasmas of patients with a histo-
ry of thrombosis contain thinner fibers and exhibit reduced fibrinolysis [45]. Thus, findings
from the present work as well as that of others [16] indicating that thinner fibers lyse more rap-
idly than thicker fibers is unexpected and paradoxical. Moreover, we find that some thicker fi-
bers, in the absence of external stress, are never fully laterally transected. These paradoxes may
be reconciled with the fact that lysis of whole clots reflects not only the susceptibility of individ-
ual fibers to lysis, but also mechanisms that localize fibrinolytic enzymes within the clot and
dynamic architectural rearrangements causing rapidly changing stresses and strains on indi-
vidual fibers. Fibrinolytic enzymes are likely to perfuse more slowly into dense clots composed
of thin, closely-packed fibers than coarse clots composed of thick, loosely-packed fibers. Addi-
tionally, dynamic stress redistribution amidst fibers in a lysing clot likely keeps fibers under
constant strain. Therefore, our work interrogating fibrinolysis on the scale of individual fibers
reveals that complex regulatory mechanisms govern fibrin network biophysical stability, and
consequently, the biochemical process of fibrinolysis.

Conclusion

We have identified a relationship between a fibrin fiber’s susceptibility to lysis and its bio-
mechanical state. Fibers either lyse transversely or elongate depending upon their initial diame-
ter, with thicker fibers being more likely to elongate. Fibers that are transected at one location
show a dramatic decrease in the rate of further degradation. Both of these observations indicate
that lysis kinetics depend strongly on the inherent tension/strain in the fiber. We find that fi-
bers must be stretched from their equilibrium length beyond a certain threshold strain, or lytic
enzymatic activity is greatly reduced. Studying lysis at the individual fiber level provides a
quantitative understanding of mechanisms by which fibers are digested and the enzymatic
cleavage rate, which in turn, will improve models of clot lysis. Having a complete hierarchical
model of fibrinolysis could enable the next generation of thrombolytic therapeutics.

Supporting Information

S1 File. Supporting Information. Polymer physics and continuum mechanics models of fibrin
fiber elongation.
(DOCX)

S1 Fig. Cartoon model of fibers as a.C polymer networks showing the difference between
the mechanical equilibrium of a fiber constrained at two ends vs. protofibrils uncon-
strained at two ends. A A structural diagram for the fibrin fiber, consisting of protofibrils
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(black) with un-crosslinked a.C regions (blue), suspended across the structured surfaces (1)
and in free space (2). B As the unstructured oC regions become intercross linked (red), the net-
work contracts, but the fiber constrained at both ends can only shrink in the diameter, not
length-wise. This leads to the fiber being in a pre-strained state; the fiber is stretched beyond its
equilibrium length. C The number of crosslinks is reduced during fibrinolysis in fibers with
sufficient prestrain to undergo binding with fibrinolytic agents. The reduction in the number
of crosslinks leads to an expansion of the network and the lysed o.C regions form bundles.
(TIF)

S2 Fig. Modeling lysis as a function of fiber radius. The fiber free length, normalized to the
length between the structured surfaces, for thin (blue, 40 nm radius), medium (red, 80 nm radius),
and thick (green, 120 nm radius) fibers as the shell is lysed. The black line signifies the SS length
(Lss) and the black dot is the free length of the fiber after 100% lysis of the shell (i.e. the core
length). Note that there is no radial dependence on the free length for fibers of the constant ratio
model. For this plot L,4 = 18 um, S = 1.2. For the constant core, the core thickness was 15 nm; for
the constant shell, the shell thickness was 35 nm; for the constant ratio, the radius of the core was
half the radius of the whole fiber.

(TIF)

S1 Movie. An elongating fiber treated with 6.0 U/mL of plasmin. The video was sped-up 4x;
the time-stamp represents real-time.
(AVI)

S2 Movie. An elongating fiber treated with 0.6 U/mL of plasmin. The video was sped-up 6x;
the time-stamp represents real-time.
(AVT)

S$3 Movie. An elongating fiber treated with 1.0 U/mL of plasmin. The video was sped-up 6x;
the time-stamp represents real-time.
(AVI)

Acknowledgments

I.B. acknowledges the support of The Biophysical Society 2014 Annual Meeting MAC Travel
Award. We thank Aaron Fogelson, Oleg Gorkun, and Susan T. Lord for helpful discussions.

Author Contributions

Conceived and designed the experiments: IB ETO MRF NEH. Performed the experiments: IB
ETO SDW NEH. Analyzed the data: IB ETO SDW MRF NEH. Contributed reagents/materi-
als/analysis tools: IB RS MRF. Wrote the paper: IB ETO ASW MRF NEH.

References

1. Laurens N, Koolwijk P, de Maat MP (2006) Fibrin structure and wound healing. J Thromb Haemost 4:
932-939. doi: 10.1111/1.1538-7836.2006.01861.x PMID: 16689737

2. Weisel JW, Litvinov RI (2008) The biochemical and physical process of fibrinolysis and effects of clot
structure and stability on the lysis rate. Cardiovasc Hematol Agents Med Chem 6: 161-180. doi: 10.
2174/187152508784871963 PMID: 18673231

3. Collen D (1999) The plasminogen (fibrinolytic) system. Thromb Haemost 82: 259-270. PMID:
10605712

4. Thorsen S (1992) The mechanism of plasminogen activation and the variability of the fibrin effector dur-
ing tissue-type plasminogen activator-mediated fibrinolysis. Ann N'Y Acad Sci 667: 52—63. doi: 10.
1111/j.1749-6632.1992.tb51597.x PMID: 1309072

PLOS ONE | DOI:10.1371/journal.pone.0116350 February 25, 2015 13/15


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116350.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116350.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116350.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0116350.s006
http://dx.doi.org/10.1111/j.1538-7836.2006.01861.x
http://www.ncbi.nlm.nih.gov/pubmed/16689737
http://dx.doi.org/10.2174/187152508784871963
http://dx.doi.org/10.2174/187152508784871963
http://www.ncbi.nlm.nih.gov/pubmed/18673231
http://www.ncbi.nlm.nih.gov/pubmed/10605712
http://dx.doi.org/10.1111/j.1749-6632.1992.tb51597.x
http://dx.doi.org/10.1111/j.1749-6632.1992.tb51597.x
http://www.ncbi.nlm.nih.gov/pubmed/1309072

@‘PLOS | ONE

Physical Determinants of Fibrinolysis

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Collet JP, Moen JL, Veklich YI, Gorkun OV, Lord ST, et al. (2005) The alphaC domains of fibrinogen af-
fect the structure of the fibrin clot, its physical properties, and its susceptibility to fibrinolysis. Blood 106:
3824-3830. doi: 10.1182/blood-2005-05-2150 PMID: 16091450

Mosesson MW (2005) Fibrinogen and fibrin structure and functions. J Thromb Haemost 3: 1894—1904.
doi: 10.1111/j.1538-7836.2005.01365.x PMID: 16102057

Scott EM, Ariens RA, Grant PJ (2004) Genetic and environmental determinants of fibrin structure and
function: relevance to clinical disease. Arterioscler Thromb Vasc Biol 24: 1558—1566. doi: 10.1161/01.
ATV.0000136649.83297.bf PMID: 15217804

Lugovskoi EV, Gritsenko PG, Komisarenko SV (2009) [Molecular mechanisms of the polymerization of
fibrin and the formation of its three-dimensional network]. Bioorg Khim 35: 437-456. PMID: 19928047

Yakovlev S, Makogonenko E, Kurochkina N, Nieuwenhuizen W, Ingham K, et al. (2000) Conversion of
fibrinogen to fibrin: mechanism of exposure of tPA- and plasminogen-binding sites. Biochemistry 39:
15730-15741. doi: 10.1021/bi001847a PMID: 11123898

Medved L, Nieuwenhuizen W (2003) Molecular mechanisms of initiation of fibrinolysis by fibrin. Thromb
Haemost 89: 409—419. doi: 10.1267/THRO03030409 PMID: 12624622

Tsurupa G, Medved L (2001) Identification and characterization of novel tPA- and plasminogen-binding
sites within fibrin(ogen) alpha C-domains. Biochemistry 40: 801-808. doi: 10.1021/bi001789t PMID:
11170397

Cesarman-Maus G, Hajjar KA (2005) Molecular mechanisms of fibrinolysis. Br J Haematol 129: 307—
321. doi: 10.1021/bi002442035 PMID: 1677272

Nieuwenhuizen W (2001) Fibrin-mediated plasminogen activation. Ann N 'Y Acad Sci 936: 237-246.
doi: 10.1111/j.1749-6632.2001.tb03512.x PMID: 11460481

Weisel JW, Nagaswami C, Korsholm B, Petersen LC, Suenson E (1994) Interactions of plasminogen
with polymerizing fibrin and its derivatives, monitored with a photoaffinity cross-linker and electron mi-
croscopy. J Mol Biol 235:1117-1135. doi: 10.1006/jmbi.1994.1061 PMID: 8289311

Fleury V, Angles-Cano E (1991) Characterization of the binding of plasminogen to fibrin surfaces: the
role of carboxy-terminal lysines. Biochemistry 30: 7630-7638. doi: 10.1021/bi002442a035 PMID:
1677272

Collet JP, Lesty C, Montalescot G, Weisel JW (2003) Dynamic changes of fibrin architecture during fi-
brin formation and intrinsic fibrinolysis of fibrin-rich clots. J Biol Chem 278: 21331-21335. doi: 10.1074/
jbc.M212734200 PMID: 12642590

Collet JP, Park D, Lesty C, Soria J, Soria C, et al. (2000) Influence of fibrin network conformation and fi-
brin fiber diameter on fibrinolysis speed: dynamic and structural approaches by confocal microscopy.
Arterioscler Thromb Vasc Biol 20: 1354-1361. doi: 10.1161/01.ATV.20.5.1354 PMID: 10807754

Diamond SL, Anand S (1993) Inner clot diffusion and permeation during fibrinolysis. Biophys J 65:
2622-2643. doi: 10.1016/S0006-3495(93)81314-6 PMID: 8312497

Varju I, Sotonyi P, Machovich R, Szabo L, Tenekedjiev K, et al. (2011) Hindered dissolution of fibrin
formed under mechanical stress. J Thromb Haemost 9: 979-986. doi: 10.1111/j.1538-7836.2011.
04203.x PMID: 21251205

Veklich Y, Francis CW, White J, Weisel JW (1998) Structural studies of fibrinolysis by electron micros-
copy. Blood 92:4721-4729. PMID: 9845538

Weisel JW (2007) Structure of fibrin: impact on clot stability. J Thromb Haemost 5 Suppl 1: 116-124.
doi: 10.1111/j.1538-7836.2007.02504.x PMID: 17635717

Lottenberg R, Christensen U, Jackson CM, Coleman PL (1981) Assay of coagulation proteases using
peptide chromogenic and fluorogenic substrates. Methods Enzymol 80 Pt C: 341-361. PMID:
6210826

Gabriel DA, Muga K, Boothroyd EM (1992) The effect of fibrin structure on fibrinolysis. J Biol Chem
267:24259-24263. PMID: 1447176

Liu W, Jawerth LM, Sparks EA, Falvo MR, Hantgan RR, et al. (2006) Fibrin fibers have extraordinary
extensibility and elasticity. Science 313: 634. doi: 10.1126/science.1127317 PMID: 16888133

Hudson NE, Ding F, Bucay |, O’Brien ET 3rd, Gorkun OV, et al. (2013) Submillisecond elastic recoil re-
veals molecular origins of fibrin fiber mechanics. Biophys J 104: 2671-2680. doi: 10.1016/j.bp}.2013.
04.052 PMID: 23790375

Flory PJ, Rehner J (1943) Statistical Mechanics of Cross-linked Polymer Networks |. Rubberlike Elas-
ticity. J Chem Phys 11:512-520.

Weisel JW, Nagaswami C, Makowski L (1987) Twisting of fibrin fibers limits their radial growth. Proc
Natl Acad Sci U S A 84: 8991-8995. doi: 10.1073/pnas.84.24.8991 PMID: 3480524

PLOS ONE | DOI:10.1371/journal.pone.0116350 February 25, 2015 14/15


http://dx.doi.org/10.1182/blood-2005-05-2150
http://www.ncbi.nlm.nih.gov/pubmed/16091450
http://dx.doi.org/10.1111/j.1538-7836.2005.01365.x
http://www.ncbi.nlm.nih.gov/pubmed/16102057
http://dx.doi.org/10.1161/01.ATV.0000136649.83297.bf
http://dx.doi.org/10.1161/01.ATV.0000136649.83297.bf
http://www.ncbi.nlm.nih.gov/pubmed/15217804
http://www.ncbi.nlm.nih.gov/pubmed/19928047
http://dx.doi.org/10.1021/bi001847a
http://www.ncbi.nlm.nih.gov/pubmed/11123898
http://dx.doi.org/10.1267/THRO03030409
http://www.ncbi.nlm.nih.gov/pubmed/12624622
http://dx.doi.org/10.1021/bi001789t
http://www.ncbi.nlm.nih.gov/pubmed/11170397
http://dx.doi.org/10.1021/bi00244a035
http://www.ncbi.nlm.nih.gov/pubmed/1677272
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03512.x
http://www.ncbi.nlm.nih.gov/pubmed/11460481
http://dx.doi.org/10.1006/jmbi.1994.1061
http://www.ncbi.nlm.nih.gov/pubmed/8289311
http://dx.doi.org/10.1021/bi00244a035
http://www.ncbi.nlm.nih.gov/pubmed/1677272
http://dx.doi.org/10.1074/jbc.M212734200
http://dx.doi.org/10.1074/jbc.M212734200
http://www.ncbi.nlm.nih.gov/pubmed/12642590
http://dx.doi.org/10.1161/01.ATV.20.5.1354
http://www.ncbi.nlm.nih.gov/pubmed/10807754
http://dx.doi.org/10.1016/S0006-3495(93)81314-6
http://www.ncbi.nlm.nih.gov/pubmed/8312497
http://dx.doi.org/10.1111/j.1538-7836.2011.04203.x
http://dx.doi.org/10.1111/j.1538-7836.2011.04203.x
http://www.ncbi.nlm.nih.gov/pubmed/21251205
http://www.ncbi.nlm.nih.gov/pubmed/9845538
http://dx.doi.org/10.1111/j.1538-7836.2007.02504.x
http://www.ncbi.nlm.nih.gov/pubmed/17635717
http://www.ncbi.nlm.nih.gov/pubmed/6210826
http://www.ncbi.nlm.nih.gov/pubmed/1447176
http://dx.doi.org/10.1126/science.1127317
http://www.ncbi.nlm.nih.gov/pubmed/16888133
http://dx.doi.org/10.1016/j.bpj.2013.04.052
http://dx.doi.org/10.1016/j.bpj.2013.04.052
http://www.ncbi.nlm.nih.gov/pubmed/23790375
http://dx.doi.org/10.1073/pnas.84.24.8991
http://www.ncbi.nlm.nih.gov/pubmed/3480524

@‘PLOS | ONE

Physical Determinants of Fibrinolysis

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Carr ME Jr., Hermans J (1978) Size and density of fibrin fibers from turbidity. Macromolecules 11: 46—
50. doi: 10.1021/ma60061a009 PMID: 621951

Ryan EA, Mockros LF, Weisel JW, Lorand L (1999) Structural origins of fibrin clot rheology. Biophys J
77:2813-2826. doi: 10.1016/S0006-3495(99)77113-4 PMID: 10545379

Wolberg AS, Monroe DM, Roberts HR, Hoffman M (2003) Elevated prothrombin results in clots with an
altered fiber structure: a possible mechanism of the increased thrombotic risk. Blood 101: 3008-3013.
doi: 10.1182/blood-2002-08-2527 PMID: 12506014

O’Brien ET 3rd, Falvo MR, Millard D, Eastwood B, Taylor RM 2nd, et al. (2008) Ultrathin self-assembled
fibrin sheets. Proc Natl Acad Sci U S A 105: 19438—-19443. doi: 10.1073/pnas.0804865105 PMID:
19052234

Houser JR, Hudson NE, Ping L, O’'Brien ET 3rd, Superfine R, et al. (2010) Evidence that alphaC region
is origin of low modulus, high extensibility, and strain stiffening in fibrin fibers. Biophys J 99: 3038—
3047. doi: 10.1016/j.bpj.2010.08.060 PMID: 21044602

Hudson NE, Houser JR, O’Brien ET 3rd, Taylor RM 2nd, Superfine R, et al. (2010) Stiffening of individu-
al fibrin fibers equitably distributes strain and strengthens networks. Biophys J 98: 1632—1640. doi: 10.
1016/j.bpj.2009.12.4312 PMID: 20409484

Flory PJ (1950) Statistical Mechanics of Reversible Reactions of Neighboring Pairs of Substituents in
Linear Polymers. J Am Chem Soc 72: 5052-5055.

Ding ZY, Aklonis JJ, Salovey R (1991) Model filled polymers. VI. Determination of the crosslink density
of polymeric beads by swelling. J Polym Sci Part B: Polym Phys 29: 1035-1038.

Williams RC (1983) Band patterns seen by electron microscopy in ordered arrays of bovine and human
fibrinogen and fibrin after negative staining. Proc Natl Acad Sci U S A 80: 1570-1573. doi: 10.1073/
pnas.80.6.1570 PMID: 6572920

Bannish BE, Keener JP, Woodbury M, Weisel JW, Fogelson AL (2014) Modelling fibrinolysis: 1D con-
tinuum models. Math Med Biol 31: 45-64. doi: 10.1093/imammb/dgs030 PMID: 23220467

Bannish BE, Keener JP, Fogelson AL (2014) Modelling fibrinolysis: a 3D stochastic multiscale model.
Math Med Biol 31: 17—44. doi: 10.1093/imammb/dqs029 PMID: 23220403

Medved L, Tsurupa G, Yakovlev S (2001) Conformational changes upon conversion of fibrinogen into
fibrin. The mechanisms of exposure of cryptic sites. Ann N 'Y Acad Sci 936: 185-204. doi: 10.1111/j.
1749-6632.2001.tb03505.x PMID: 11460474

Tsurupa G, Hantgan RR, Burton RA, Pechik |, Tjandra N, et al. (2009) Structure, stability, and interac-
tion of the fibrin(ogen) alphaC-domains. Biochemistry 48: 12191-12201. doi: 10.1021/bi901640e
PMID: 19928926

Duval C, Allan P, Connell SD, Ridger VC, Philippou H, et al. (2014) Roles of fibrin alpha- and gamma-
chain specific cross-linking by FXllla in fibrin structure and function. Thromb Haemost 111: 842—-850.
doi: 10.1160/TH13-10-0855 PMID: 24430058

Blinc A, Magdic J, Fric J, Musevic | (2000) Atomic Force Microscopy of Fibrin Networks and Plasma
Clots During Fibrinolysis. Fibrinolysis and Proteolysis 14:288-299.

Carroll RC, Gerrard JM, Gilliam JM (1981) Clot retraction facilitates clot lysis. Blood 57: 44—48. PMID:
7448414

Lam WA, Chaudhuri O, Crow A, Webster KD, Li TD, et al. (2011) Mechanics and contraction dynamics

of single platelets and implications for clot stiffening. Nat Mater 10: 61-66. doi: 10.1038/nmat2903
PMID: 21131961

Wolberg AS (2007) Thrombin generation and fibrin clot structure. Blood Rev 21: 131-142. doi: 10.
1016/j.blre.2006.11.001 PMID: 17208341

PLOS ONE | DOI:10.1371/journal.pone.0116350 February 25, 2015 15/15


http://dx.doi.org/10.1021/ma60061a009
http://www.ncbi.nlm.nih.gov/pubmed/621951
http://dx.doi.org/10.1016/S0006-3495(99)77113-4
http://www.ncbi.nlm.nih.gov/pubmed/10545379
http://dx.doi.org/10.1182/blood-2002-08-2527
http://www.ncbi.nlm.nih.gov/pubmed/12506014
http://dx.doi.org/10.1073/pnas.0804865105
http://www.ncbi.nlm.nih.gov/pubmed/19052234
http://dx.doi.org/10.1016/j.bpj.2010.08.060
http://www.ncbi.nlm.nih.gov/pubmed/21044602
http://dx.doi.org/10.1016/j.bpj.2009.12.4312
http://dx.doi.org/10.1016/j.bpj.2009.12.4312
http://www.ncbi.nlm.nih.gov/pubmed/20409484
http://dx.doi.org/10.1073/pnas.80.6.1570
http://dx.doi.org/10.1073/pnas.80.6.1570
http://www.ncbi.nlm.nih.gov/pubmed/6572920
http://dx.doi.org/10.1093/imammb/dqs030
http://www.ncbi.nlm.nih.gov/pubmed/23220467
http://dx.doi.org/10.1093/imammb/dqs029
http://www.ncbi.nlm.nih.gov/pubmed/23220403
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03505.x
http://dx.doi.org/10.1111/j.1749-6632.2001.tb03505.x
http://www.ncbi.nlm.nih.gov/pubmed/11460474
http://dx.doi.org/10.1021/bi901640e
http://www.ncbi.nlm.nih.gov/pubmed/19928926
http://dx.doi.org/10.1160/TH13-10-0855
http://www.ncbi.nlm.nih.gov/pubmed/24430058
http://www.ncbi.nlm.nih.gov/pubmed/7448414
http://dx.doi.org/10.1038/nmat2903
http://www.ncbi.nlm.nih.gov/pubmed/21131961
http://dx.doi.org/10.1016/j.blre.2006.11.001
http://dx.doi.org/10.1016/j.blre.2006.11.001
http://www.ncbi.nlm.nih.gov/pubmed/17208341


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


