Chapter 15 ®)
Fibrinogen and Fibrin i

Rustem I. Litvinov, Marlien Pieters, Zelda de Lange-Loots,
and John W. Weisel

Abstract Fibrinogen is a large glycoprotein, synthesized primarily in the liver. With
anormal plasma concentration of 1.5-3.5 g/L, fibrinogen is the most abundant blood
coagulation factor. The final stage of blood clot formation is the conversion of
soluble fibrinogen to insoluble fibrin, the polymeric scaffold for blood clots that
stop bleeding (a protective reaction called hemostasis) or obstruct blood vessels
(pathological thrombosis). Fibrin is a viscoelastic polymer and the structural and
mechanical properties of the fibrin scaffold determine its effectiveness in hemostasis
and the development and outcome of thrombotic complications. Fibrin polymeriza-
tion comprises a number of consecutive reactions, each affecting the ultimate 3D
porous network structure. The physical properties of fibrin clots are determined by
structural features at the individual fibrin molecule, fibrin fiber, network, and whole
clot levels and are among the most important functional characteristics, enabling
the blood clot to withstand arterial blood flow, platelet-driven clot contraction, and
other dynamic forces. This chapter describes the molecular structure of fibrinogen,
the conversion of fibrinogen to fibrin, the mechanical properties of fibrin as well as
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its structural origins and lastly provides evidence for the role of altered fibrin clot
properties in both thrombosis and bleeding.

Keywords Fibrinogen - Fibrin - Viscoelastic polymer - Hemostasis + Thrombosis

Fibrinogen Structure

Quaternary Structure of Fibrinogen

Human fibrinogen is a large 340-kDa oligomeric glycoprotein made up of two
symmetrical halves, each containing three polypeptide chains designated Ao, Bf and
v, with molecular weights of 66,500, 52,000, and 46,500 Da, respectively (Fig. 15.1).
The dimeric subunit composition of fibrinogen is presented as (Ao BB ), to show
that fibrinopeptides A (FpA) and B (FpB) are cleaved by thrombin from the N-termini
of each of the Aa and B chains, respectively, to form o and p chains in fibrin. The y
chains remain unaffected by thrombin and the formation of monomeric fibrin from
fibrinogen can be described as follows: (Aa BB y), — (a p v), + 2FpA + 2FpB.
The six subunits are held together by 29 disulfide bonds concentrated in the central
nodule of the fibrinogen molecule (Henschen and McDonagh 1986) (Fig. 15.1).
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Fig.15.1 Fibrinogen structure. The atomic resolution structure of about two-thirds of the fibrinogen
molecule has been determined by X-ray crystallography (PDB Entry: 3GHG). The folded core of
the fibrinogen molecule is shown with addition of portions missing from the crystal structure and
reconstructed computationally (in grey), namely: (i) the N-terminal ends of the Aa and Bf chains
with FpA and FpB extending from the central nodule, (ii) the C-terminal portions of the y-chains
containing y-y-crosslinking sites, (iii) the aC region composed of the flexible aC connector and
compact oC domain (shown on the left halve of the molecule), and (iv) carbohydrate moieties.
P, B, and A correspond to the C-terminal A-domain, central B-domain and N-terminal P-domain,
respectively, in the y-nodules. The hinge point is shown in the middle of the a-helical coiled-coil
connectors Modified from (Zhmurov et al. 2016)—published with permission from Elsevier
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Tertiary Structure of Fibrinogen

The overall shape of fibrinogen molecules studied using X-ray crystallography, trans-
mission electron microscopy, and atomic force microscopy has been described as a
rod-like structure of 45 nm long and 2—5 nm thick (Fig. 15.1) (Hall and Slayter 1959;
Fowler and Erickson 1979; Williams 1981; Weisel et al. 1985). Each fibrinogen
molecule is composed of two lateral D regions and one central E region, each
containing a globular part and a portion of a-helical coiled-coils that connect the
lateral globules with the central one (Fig. 15.1) (Medved and Weisel 2009). The
X-ray crystallography provided atomic resolution structure of the compact core of
fibrinogen (Spraggon et al. 1997; Yee et al. 1997; Brown et al. 2000; Madrazo et al.
2001) while about 30% of the mass of the molecule comprising the unstructured
and flexible portions was unresolved. The motifs that could not be crystallized and
remained uncharacterized structurally at the atomic level are N-terminal residues
Aal-26, BB1-57, and y1-13 and C-terminal residues Aa201-610, BB459-461, and
v395-411 (Kollman et al. 2009).

The largest parts of fibrinogen that are missing in the crystal structure are named
the aC regions that comprise residues Aa221-610 at the C-terminal parts of the Ao
chains. The Aa chain forms a fourth strand at the distal parts of triple a-helical
coiled-coils and then extends outward from the bulk of fibrinogen molecule, making
the unstructured aC region (Veklich et al. 1993). Each aC region is tethered to the
core of the fibrinogen molecule via a flexible connector (residues Aa221-391) linked
to the relatively structured but unstable C-terminal domains (residues Aa392-610)
that form transitory intramolecular complexes with the central globule (Fig. 15.1)
(Weisel and Medved 2001; Litvinov et al. 2007). These 390 residue-long aC regions
were visualized in fibrinogen using transmission electron microscopy (Veklich et al.
1993) and atomic force microscopy (Protopopova et al. 2015; Protopopova et al.
2017) as highly flexible appendages. To recover the complete molecular structure of
fibrinogen, the crystallographically unresolved parts have been recreated in silico,
i.e. computationally (Fig. 15.1) (Zhmurov et al. 2016; Zuev et al. 2017; Zhmurov
et al. 2018).

Domain Structure of Fibrinogen

The fibrinogen molecule is organized into structurally and functionally indepen-
dent units folded into relatively compact domain structures. The nomenclature for
fibrinogen and fibrin recommended by the Scientific and Standardization Committee
of the International Society on Thrombosis and Haemostasis (Medved and Weisel
2009) implies that each D or E region contains a number of domains with its own
designation, which is different from the name of the region. Based on the X-ray
crystallographic data, the central E region is segregated into four domains and each
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distal D region is divided into seven structural domains. A triple a-helical coiled-
coil-E domain containing all three chains is formed next to the central nodule in
each of two symmetrical halves of the E region. The N-terminal portions of both
y chains connected at the center of the E region form the single asymmetric yN-
domain. On the opposite side of the globular portion of the E region, the N-termini
of two Aa and two Bf chains form the funnel-shaped domain. In each of the D
regions, a triple a-helical coiled-coil-D domain is formed next to the globular part
by the intertwined portions of all three chains. The C-terminal portion of the § chain
is folded into the B-nodule (or f-module) and the C-terminal portion of the y chain
forms a compact y-nodule (or y-module). Both the B-and y-nodules each consist of
three distinct domains identified in the crystal structure and designated as N-terminal
A-domain, central B-domain and C-terminal P-domain roughly shown in Fig. 15.1
(Medved and Weisel 2009). Notably, the structurally distinct domains of a fibrinogen
molecule contain functionally important binding sites mediating multiple molecular
interactions of fibrinogen.

The Coiled-Coil Connectors

Remarkable and functionally important parts of fibrinogen are the two 17 nm long
a-helical coiled-coils that join the central nodule and end globular parts (Fig. 15.1).
The a-helical connectors are formed of the intertwined segments of three polypeptide
chains, Aa B and y, each segment containing 111 or 112 amino acid residues. The
chains form three right-handed a-helices that wind around each other to form a left-
handed supercoil (Cohen and Parry 1990). Importantly, each of the coiled-coils has a
fourth helix in the bundle containing 30 residues (Aa166 to Aa195) that begins at the
lateral end of the coiled-coil where the Aa chain goes in the reverse direction for about
Y4 of the length of the coiled-coil, at which point the rest of the C-terminal part of the
Aa chain becomes outstretched (Spraggon et al. 1997). The coiled-coils can bend
around a hinge point located in the y chain near the residue yAsn52 shown in Fig. 15.1
(Marsh et al. 2013). The hinge points of the coiled-coils are highly susceptible to
plasmin cleavage, resulting in formation of fibrinogen’s fragments. The hinge also
determines the flexibility of fibrinogen molecules observed at interfaces (Kohler et al.
2015) or in solution (Zuev et al. 2017), and has a biomechanical role discussed below.

Carbohydrate Moiety

Each fibrinogen molecule has four N-glycans connected to the symmetrical
BPAsn364 residues (located in the B-nodules) and yAsn52 (located in the coiled-
coils), the latter carbohydrates not resolved crystallographically (Fig. 15.1). The pres-
ence and structural variations of the oligosaccharides affect fibrinogen’s solubility,
life span in the blood stream, kinetics of fibrin polymerization, and clot structure.
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Conversion of Fibrinogen to Fibrin

Formation of Monomeric Fibrin and A:a Knob-Hole
Interactions

Fibrin formation is initiated by the thrombin-catalyzed release of two 16-residue-
long peptides (FpA) from the N-termini of the Aa chains of fibrinogen to produce
desA-fibrin monomer. The release of two 14-residue-long peptides (FpB) from the
N-termini of the BB chains occurs at a much slower rate and is not necessary for fibrin
polymerization. The critical importance of FpA release is supported by dysfibrino-
genemias or genetic fibrinogen variants with impaired cleavage of FpA that precludes
the enzymatic conversion of fibrinogen to fibrin (Galanakis et al. 1989).

The enzymatic cleavage of FpA in fibrinogen results in exposure of a new
glycine(Gly)-proline(Pro)-arginine(Arg) motif. This tripeptide at the N-terminus of
fibrin’s o chain is called knob ‘A’ to highlight that it fits into a complementary hole ‘a’
located in another monomeric fibrin, hence their binding is named the A:a knob-hole
interaction (Fig. 15.2). The first evidence for the high affinity and structural compli-
ance of knobs ‘A’ and holes ‘a’ was provided by X-ray crystallography of fibrinogen
fragment D co-crystallized with the free peptide Gly-Pro-Arg-Pro that mimics the
sequence of knob ‘A’. Because fragment D corresponds to the lateral D region, the
binding pocket for the synthetic knob ‘A’ was identified as the hole ‘a’ located in the
y-nodule (Everse et al. 1998b; Kostelansky et al. 2002). If holes ‘a’ are blocked by
synthetic Gly-Pro-Arg-Pro (Everse et al. 1998b) or compromised by a point mutation
of the key residue yAsp364 (Okumura et al. 1997), fibrin polymerization is impos-
sible. Overall, these and other data indicate that A:a knob-hole interactions, mainly
electrostatic by nature, are the driving force of fibrin polymerization and blood clot
formation.

The natural A:aknob-hole interactions between full-length fibrin(ogen) molecules
have been reproduced and measured at the single-molecule level and these A:a
complexes turned out to be strong and mechanically stable (Litvinov et al. 2005).
Surprisingly, in response to increasing pulling force an unusual strengthening of A:a
knob-hole bonds followed by their weakening was revealed, suggesting the exis-
tence of A:a complex in two distinct conformational states (Litvinov et al. 2018).
The amino acid residues in holes ‘a’ binding to Gly-Pro-Arg-Pro are located within a
segment y290-379 and include yAsp364, yArg375, yHis340, yGIn329, and yLys338
(Everse et al. 1998b). However, the interaction between fibrin monomers involves
residues other than those comprising the “hot spots” in holes ‘a’ and knobs ‘A’.
In particular, at the D:E:D interface residues aVal20-Lys29 (adjacent to the knob
‘A’ sequence aGlyl7-Argl9) interact with residues yAsp298-Phe304, yAsn319-
Asn325, and yGIn329 in the y-nodule area next to hole ‘a’. There are also binary
contacts between residues aLeu54, aGlu57, aPhe62, aArg65, yGIn33, yAsp37, and
yGIn49 in the coiled coil and yGIn329-Asp330 in the y-nodule (Zhmurov et al. 2016).
In other words, in the real monomer-monomer interactions there is an intermolecular
interface beyond knobs ‘A’ and holes ‘a’ that can be considered more generally as
binding sites ‘A’ and ‘a’.
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Fig.15.2 Schematic diagram of fibrin polymerization. Fibrinopeptides in the central nodule cover
knobs that are complementary to holes that are always exposed at the ends of the protein. When the
fibrinopeptides are removed by thrombin, knob-hole interactions occur, giving rise to oligomers (a
trimer is shown), which elongate to produce the two-stranded protofibrils made up of half-staggered
molecules. The protofibrils aggregate laterally to make fibers, a process enhanced by interactions of
the aC regions and formation of the aC-polymers. The fiber has a 22.5 nm periodicity as a result of
half-staggering of 45 nm molecules. At the bottom of the diagram, branch points have been initiated
by the divergence of two protofibrils (right) and splitting of each strand of a single protofibril (left)
(Weisel and Litvinov 2017)—with permission from Springer Nature
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Formation of Fibrin Protofibrils

As the first non-enzymatic step of fibrin polymerization, highly reactive desA-
fibrin monomers (i.e. molecules with both FpA cleaved off) self-assemble in a
half-staggered manner so that two knobs ‘A’ located in the central E region of one
elongated molecule fit into two holes ‘a’ located in the D regions of two rod-like
monomers connected end-to-end (Erickson and Fowler 1983). This primary polymer-
ization step leads to formation of a two-stranded trimer, in which the lateral D regions
of two linearly arranged molecules form the D:D interface and both get tethered via
knobs ‘A’ to the E region of the third monomer in the other strand. Therefore, a triple
D-E-D complex comprises the junction between three monomers in two strands
held together mainly by the A:a knob-hole bonds (Fig. 15.3) (Everse et al. 1998a).
The D:D interface is formed by residues y275-309 (Everse et al. 1998b) of which
residues Y275, y308, and y309 are essential for addition of new monomers to each
strand to form a longer linear fibrin oligomer (Marchi et al. 2006; Bowley et al. 2009).
The D:D interfacial contacts form a hinge, which is localized to residues yAla279-
Tyr280 in one D region and residues yAsn308-Gly309 in the other. This hinge allows
bending at the D-D interface by ~ 60° or more (Zhmurov et al. 2016). Importantly,
point mutations in the residues yAla279, yTyr280, yAsn308, and yGly309, which
stabilize the D-D interactions, are implicated in a number of dysfibrinogenemias
with impaired fibrin formation (Hanss and Biot 2001). The oligomeric strands grow
longitudinally until they reach a length of a double-stranded protofibril (Fig. 15.2), a
soluble intermediate product of fibrin polymerization, comprising a straight twisted
filament about 0.5-0.6 pwm in length made of about 20-25 monomers (Erickson and
Fowler 1983; Chernysh et al. 2011). The persistence length of a protofibril is about
320 nm with a high propensity for bending and kinking (Zhmurov et al. 2018). What
makes protofibrils critically important in fibrin polymerization is that they reach a
threshold length to undergo lateral aggregation and thus form thicker fibrin fibers. An
unusual mechanism for the early steps of fibrin polymerization has been proposed that
implies formation of single-bonded ‘Y-ladder’ polymers that grow linearly before
undergoing a transition to the double-stranded protofibrils (Rocco et al. 2014).

Double-stranded fibrin oligomer 25 nm
A:a knob-hole Ac:a knob-hole

Ty crosslinks —

Fig. 15.3 Structure of a double-stranded fibrin oligomer composed of five monomers stabilized
mainly by the A:a knob-hole interactions that form the D-E-D complex Modified from (Zhmurov
et al. 2018)—published with permission from Elsevier
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Formation of Fibrin Fibers

Fibrin fibers are formed as a result of two simultaneous and competing processes:
further linear elongation of protofibrils and their lateral (or radial) aggregation that
determine the variability of the fiber mass/length ratio. Depending on the condi-
tions of fibrin formation, the number of protofibrils per fiber cross-section can vary
from about two to several thousand (Missori et al. 2010; Yeromonahos et al. 2010).
During regular side-to-side bundling, protofibrils form fibers with the axial period-
icity of ~22.5 nm (V2 of the length of a fibrin monomer), originating from the precise
half-staggered molecular packing (Fig. 15.2). This localized protein densification at
the transversely aligned globular D-E-D complexes is visualized as periodic cross-
striation of fibrin fibers with transmission electron microscopy and atomic force
microscopy (Fig. 15.4) (Weisel 1986; Yermolenko et al. 2011; Zhmurov et al. 2018).
The molecular arrangement within a fibrin fiber is highly regular in the longitudinal
direction, while lateral packing is less ordered (Torbet et al. 1981; Weisel et al. 1983;
Weisel 1986; Caracciolo et al. 2003; Yeromonahos et al. 2010; Jansen et al. 2020).
The estimated spatial density of protofibrils varies depending on conditions of
fibrin formation and methods applied (Yeromonahos et al. 2010). For example,
increased thrombin concentration has been demonstrated to lead to decreased fiber
radius and a markedly lower average protofibril content per fiber. This resulted
in the formation of less compact, less dense fibrin structures, with distances
between protofibrils within the fiber being larger at higher thrombin concentra-
tions (Domingues et al. 2016). In addition, a common fibrinogen splice variant,
named y’ fibrinogen, which results from an alternative polyadenylation signal in
intron 9, resulting in a y-chain with a 16-amino-acid C-terminal extension, has
also been shown to alter protofibril packing (Domingues et al. 2016). In plasma,

200 nm

Fig. 15.4 Cross-striation of a fibrin fiber with a 22.5 nm periodicity visualized using atomic force
microscopy (Yermolenko et al. 201 1)—with permission from ACS Publications
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y’ fibrinogen mainly circulates as a heterodimer with the more common yA-chain
(YAly’) (Wolfenstein-Todel and Mosesson 1981), with an average plasma concen-
tration of 8—15% (Mosesson et al. 1972; Chung and Davie 1984). Domingues et al.
(2016) demonstrated a reduction in protofibril packing for fibers produced using
YA/y’ compared to yA/yA fibrinogen, across a range of thrombin concentrations.
The y’ chain itself seems to influence polymerization, with specifically lateral aggre-
gation of protofibrils being slowed down and the formation of non-uniform clots
consisting of thin fibers (Gersh et al. 2009b; Allan et al. 2012). Protofibril packing is
decreased in fibers containing y’ fibrinogen, with protofibrils being packed loosely
and fibers unraveling into loose fibrils with diameters of less than 10 nm, consistent
with the diameter of individual protofibrils (Domingues et al. 2016). Fibers with
reduced protofibril packing either due to increased thrombin concentration or the
presence of y’ fibrinogen are less stiff than more dense fibers, leading to a weakened
clot architecture (Domingues et al. 2016) (Fig. 15.5). The importance and structural
basis of clot mechanical properties are discussed in the next section.

Based on indirect evidence, it has furthermore been proposed that the lateral
packing of fibrin fibers is non-uniform and that they have a dense, relatively compact
core and sparse, loosely arranged protofibrils at the periphery (Li et al. 2017). Irre-
spective of the extent of lateral order and uniformity of protofibril packing, the protein
density within fibrin fibers was estimated to be around 20-30% (Yeromonahos et al.
2010), indicating that fibers have large inter-protofibril spaces filled with liquid.
Additionally, using small-angle X-ray scattering, the spatial density of protofibrils
has been recently estimated to have a typical repeat distance of ~ 13 nm, independent
of the fiber thickness or the number of protofibrils per fiber cross-section (Jansen
et al. 2020).

Each protofibril is twisted; therefore, fibrin fibers formed during lateral aggre-
gation of the axially oriented protofibrils are also twisted (Medved et al. 1990)
with a 20-60 nm helical radius and ~ 2000 nm helical pitch (Weisel et al. 1978).
New protofibrils that are added to the surface of a fiber must be stretched as their

Alternatively-spliced y’ fibrinogen alters fibrin protofibril packing and clot structure.

Compared to yA/fyA fibrinogen, y' fibrinogen has... |

Decreased

packing

]

| ..and produces heterogenous clots resistant to lysis.!212

Fig. 15.5 Alternatively spliced y’ fibrin(ogen) alters protofibril packing and clot structure (Pieters
and Wolberg 2019)
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path length increases with fiber thickness. The twisting deformation of protofibrils
provides a thermodynamic mechanism to limit the thickness of fibrin fibers, as they
stop growing laterally when the energy necessary to stretch an added protofibril is
equal to or exceeds the energy of attachment.

The particular binding sites mediating the lateral aggregation of protofibrils are
unknown, but a number of structures have been indirectly shown or assumed to
mediate the associations of protofibrils, namely the aC regions, B:b knob-hole
complexes, the C-terminal portions of the y chains and two adjacent B-nodules
(Yang et al. 2000), the coiled-coil connectors (Okumura et al. 2006), and carbohy-
drate moieties (Langer et al. 1988). There are conceivable structural models for the
lateral aggregation of protofibrils based on the interactions between two p-nodules of
adjoining protofibrils viaresidues $330-375 (Yang et al. 2000) and on the involvement
of the N-terminal part of the B chain, namely residues fAla68 (Mullin et al. 2000)
and BGly15, the end residue of knob ‘B’, irrespective of whether FpB is cleaved or
not (Hirota-Kawadobora et al. 2003). Based on the structural models of the compact
part of the fibrinogen o chain and the N- termini of the f§ chain, their involvement
in lateral aggregation of protofibrils was suggested by formation of intricate lattices
together with the y-chain (Klykov et al. 2020). In addition, detailed structural anal-
ysis of dysfibrinogenemias with impaired clot formation has revealed a crucial role
for the BArg166 residue in lateral aggregation (Klykov et al. 2020).

Additional Molecular Interactions During Fibrin
Polymerization

Besides the essential A:a and D:D associations, there are a number of intermolecular
interactions that are not necessary for fibrin polymerization but they can modify
the ultimate structure and properties of fibrin, such as B:b knob-hole interactions,
homomeric oligomerization of the aC regions, and covalent crosslinking catalyzed
by the plasma transglutaminase, factor XIIla.

The thrombin-catalyzed release of FpB from the N-termini of 3-chains exposes a
new Gly-His-Arg-Pro motif, which is called knob ‘B’ that fits into hole ‘b’ located in
the B-nodule, a part of the globular D region. The B:b interactions were reproduced
and measured in vitro (Litvinov et al. 2006) but the physiological role of the B:b
interactions remains uncertain. In the absence of knobs ‘B’, when thrombin cleaves
off FpA from fibrinogen while release of FpB is prevented, fibrin has thinner fibers
than those formed after cleavage of both fibrinopeptides, suggesting that B:b inter-
actions contribute to lateral aggregation of protofibrils (Blombick et al. 1978). The
B:b interactions in fibrin are real because some homodimeric dysfibrinogenemias
(fibrinogen variants Metz and Frankfurt XIII) from which only FpB can be cleaved
(no FpA release), produce fibrin clots at low temperature exclusively via B:b bonding
(Galanakis et al. 1993; Galanakis 1993). Accordingly, replacement of the yAsp364
residue in fibrinogen, making holes ‘a’ dysfunctional and preventing formation of
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A:a complexes, still allows fibrin clots to form slowly under the action of thrombin
(Okumura et al. 2007), again confirming existance of B:b interactions in the absence
of A:a bonding. Notably, holes ‘b’ can interact with knobs ‘B’ both within and
between protofibrils, but, due to steric constraints, the intra-protofibril B:b contacts
are less probable than the inter-protofibril B:b contacts, which explains why the B:b
interactions are not necessary for initiation of fibrin polymerization and why they
modulate the lateral aggregation of protofibrils (Zhmurov et al. 2018). In addition
to their potential role in lateral aggregation of protofibrils, B:b interactions change
the susceptibility of fibrin to enzymatic proteolysis (Doolittle and Pandi 2006). The
functional importance of B:b knob-hole interactions was confirmed indirectly by
formation of fibrin with distinct structure and properties in the presence of a knob
‘B’ mimetic peptide (Gly-His-Arg-Pro) conjugated with polyethyleneglycol (Brown
et al. 2015).

The extended and flexible aC regions of fibrin(ogen) molecules can self-interact
within and between protofibrils, resulting in formation of aC polymers (Fig. 15.2)
(Tsurupa et al. 2011; Protopopova et al. 2017). Similar to B:b knob-hole interac-
tions, the aC regions promote lateral aggregation while being not essential (Weisel
and Medved 2001; Tsurupa et al. 2011). Fibrin formed from des-aC-fibrinogen or
fibrinogen with short aC regions has thinner fibers with more branch points than
fibrin formed from the full-length fibrinogen, suggesting impaired lateral aggrega-
tion of protofibrils in the absence of long enough aC regions (Collet et al. 2005; Ping
et al. 2011). However, in the absence of functional knobs ‘A’ and ‘B’ and therefore
without A:a and B:b knob-hole interactions the aC-regions’ interactions appear too
weak and unstable to mediate association of fibrin(ogen) molecules (Duval et al.
2020).

During and after polymerization, fibrin is covalently crosslinked by factor XIlla,
an active transglutaminase formed from inactive factor XIII by thrombin in the pres-
ence of Ca®*. The first sites to be crosslinked are located in the unstructured C-
terminal tails of y chains approximated due to D-D contacts between two linearly
adjacent fibrin monomers within the same strand (Fig. 15.6). Factor XIIIa catalyzes
formation of an intermolecular e-(y-glutamyl)-lysyl isopeptide bond between the
yLys406 of one y chain and yGIn398/399 of another y chain. Factor XIIIa forms the
same type of bonds at a slower rate between lysine and glutamine residues in the aC
regions associated into aC polymers within protofibrils and in the inter-protofibril
space (Matsuka et al. 1996). The fibrin o and y chains also can be crosslinked,
resulting in formation of a-y-heterodimers (Standeven et al. 2007). The covalent
stabilization makes fibrin polymerization irreversible and the crosslinked fibrin clot
becomes mechanically stiff and more resistant to fibrinolysis.

Formation of a Fibrin Network

As fibrin fibers thicken due to lateral aggregation of protofibrils and grow in length
due to longitudinal addition of new monomers or oligomers, they also branch, which
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Factor XIII (FXIIl) generates &-(-y-glutamyl)-lysyl covalent bonds, protecting clots against
lysis and mechanical disruption.

Crosslinking a,-
antiplasmin, TAFI,
and fibronectin to
fibrin ensures they
are retained in the
clot during
contraction.?02

a-chain crosslinks: transverse between fibrin

y-chain crosslinks: longitudinal strands increase stiffness, decrease inelastic
within a protofibril increase fiber deformation, increase fiber thickness, promote
density and stiffness.141% red cell retention during clot contraction, and

decrease clot lysis, 141619

Fig. 15.6 Formation of isopeptide bond catalyzed by factor XIIla. The chemical reaction catalyzed
by Factor XIIla, yielding insoluble fibrin crosslinked by e-(y-glutamyl)-lysine bonds between the
vy chains and the aC regions (Pieters and Wolberg 2019)

is necessary to yield a three-dimensional network (Fig. 15.2). There are at least two
types of branching points formed by distinct mechanisms that may both contribute
to fibrin network structure. The one called a “bilateral junction” appears when two
protofibrils bundle to form a four-stranded filament and then diverge again into two
separate protofibrils (Mosesson et al. 1993). The second type of branching is called
a “trimolecular junction” or “equilateral junction” because it arises when a fibrin
monomer binds at the end of a protofibril via only one y-nodule, such that this
partial bimolecular complex can initiate formation of a new two-stranded protofibril
(Fogelson and Keener 2010). Irrespective of the mechanism, most branch points in
fibrin networks consist of three fibers of about the same diameter joined together
(Ryan et al. 1999). Generally, there is an inverse relation between the number of
branch points in a clot and the fiber diameters (Ryan et al. 1999). In other words,
in fibrin clots with thick fibers there are few branch points, while clots made up of
thin fibers have many branch points. Because branching occurs during elongation of
protofibrils, while fiber diameter is determined by the lateral aggregation, it can be
inferred that branching and lateral aggregation compete. Alternative to the commonly
accepted three-dimensional fibrin network structure, one not universally recognized,
but experiment-based model of fibrin polymerization includes formation of ultrathin
fibrin sheets (O’Brien et al. 2008).

As a result of combined elongation, branching, and thickening of fibrin fibers,
a space-filling network is formed that macroscopically represents an insoluble
hydrogel. The time point at which the gel is formed is named the clotting time of
blood or plasma and used in laboratory assays as a quantitative parameter to reveal
coagulation disorders, often associated with prolonged or accelerated clotting time.
The gelation point corresponds to the state of clotting when only about 15-20%
of soluble fibrinogen has been incorporated into the insoluble gel, implying that the
fibrin network is not yet established at the time of gelation, with new fibers and branch
points still being formed after the gelation point (Chernysh and Weisel 2008). The
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structure of ultimate fibrin clots is quantified using scanning electron microscopy,
confocal microcopy, and optical spectroscopy by the mass/length ratio, diameters,
and spatial density of fibers, number of branch points and distances between them
(fiber length), as well as the size of the pores. All of these parameters are strongly
affected by variations in the kinetics of polymerization determined by thrombin and
factor XIlla activity, the quality and quantity of fibrinogen, the presence of blood
cells as well as numerous environmental factors. It is noteworthy that in vitro fibrin
networks formed in static conditions at physiological fibrinogen concentrations are
very porous since the mass fraction of fibrin is about 0.3%, corresponding to the
normal fibrinogen level in plasma. By contrast, when a clot in formed in dynamic
conditions of blood flow, the composition and structure of thrombi and thrombotic
emboli, including the mass fraction and structural diversity of fibrin, are dramatically
different (Chernysh et al. 2020).

Mechanical Properties of Clots

Significance of Clot Mechanical Properties

Although the mechanical properties of clots are often ignored, they are among the
most important functional characteristics (Weisel 2004). In hemostasis, clots must
form a seal to stem bleeding, including the force of arterial blood flow. In thrombosis,
the mechanical properties of clots determine the fate of thrombi. The pressure of
flowing blood can dislodge or deform a thrombus or cause it to rupture, a process
called embolization, which is responsible for pulmonary embolism and some forms of
ischemic stroke. Furthermore, there is now strong evidence for a correlation between
clot stiffness and many (pro) thrombotic conditions (Collet et al. 2006).

Basis of Clot Mechanical Properties

Fibrin is the scaffold of clots and thrombi that is largely responsible for their mechan-
ical properties. It forms a network that is space-spanning to support forces applied to
aclot. While some proteins, like collagen or actin form fibers or filaments, they do not
form a gel without the binding of other proteins. Other proteins, such as elastin and
gelatin, make networks without forming fibers. Fibrin fibers form networks because
the fibers branch, such that fibers diverge from each other, usually with three fibers
joining at each branch point. In fact, branching is such a dominant feature of fibrin
clots that fiber ends are rarely seen in clots made from normal fibrinogen (Weisel
2004).

Clots that include platelets, such as clots made from recalcified platelet-rich
plasma, have a different architecture to clots from platelet-poor plasma. Since most
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Fig. 15.7 Colorized scanning electron micrograph of a human coronary thrombus, showing fibrin
(orange), platelets (grey), erythrocytes (red), and a leukocyte (green) (Weisel lab images)

of the thrombin is generated on the surface of the platelets, that is where fibrinogen
is converted to fibrin, and hence many fibers originate from platelet aggregates, radi-
ating like the spines of a starfish (Collet et al. 2002). Clots made from whole blood
include red blood cells, which occupy a considerable volume of the clot and increase
the pore size of the fibrin mesh (Gersh et al. 2009a). Clots formed in vivo can have a
quite different architecture, because of the spatial initiation of clotting and because
of blood flow (Fig. 15.7). Thrombi are also quite different than either in vitro clots or
in vivo clots, since they are usually formed intravascularly as a result of pathological
processes. However, although all these conditions have distinctive effects on clot
or thrombus properties, fibrin is the structural and mechanical basis of all of them
(Liang et al. 2017).

Viscoelastic Properties of Fibrin

Fibrin is called a viscoelastic polymer because it has both elastic properties, which
means that strain or deformation is proportional to stress or force per area, and viscous
properties, which means that stress is proportional to the rate of strain. Elastic proper-
ties, stiffness or elastic modulus or storage modulus, characterize the reversible defor-
mation by force, while the viscous properties, plasticity or loss modulus, characterize
the irreversible or inelastic properties (Weisel 2004).

Commonly, rheometers are used to measure the viscoelastic properties of fibrin.
Usually shear rheometers, which impose a shear stress or shear strain on a clot, are
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employed, but some rheometers can also be used for compression, or others for tensile
testing, or stretching. In addition, there are specialized devices in the clotting field
that are not rheometers but measure clot stiffness over time and yield parameters that
are used by clinicians to evaluate the formation of clots from plasma or whole blood
(Luddington 2005; Ganter and Hofer 2008; Bolliger et al. 2012). These results of
thromboelastography or thromboelastometry, which are more global ways to measure
clot firmness, are used to diagnose patients with bleeding or thrombotic disorders.

For fibrin clots, the elastic component is generally about an order of magni-
tude greater than the viscous component, although the viscous component increases
rapidly with frequency. Stiffness is greater for clots made from the plasma of patients
with thrombotic conditions (Collet et al. 2006), while it is less for patients with
hemophilia A (Leong et al. 2017).

Non-linear Elasticity and High Extensibility of Fibrin

Stress-strain curves, with applied stress plotted against the strain or induced defor-
mation, obtained using a rheometer can be used for characterizing the elasticity of
clots. The slope of the stress-strain curve is the stiffness of the clot. Fibrin exhibits
strain stiffening or strain hardening, which means that the slope of the curve becomes
greater with increasing strain (Storm et al. 2005; Janmey et al. 1983).

Since fibrin is highly extensible, clots will tend to stretch rather than break. Fibrin
in a plasma clot that is crosslinked with Factor XIIIa can be stretched about threefold
before rupture (Brown et al. 2009). Fracture resistance of fibrin has not been much
studied, but it depends strongly on the red blood cell content, which may be significant
in vivo for embolization (Riha et al. 1999). Remarkably, the strain stiffening and
extensibility of fibrin clots is also observed in stretching of individual fibrin fibers
(Liuetal. 2006; Guthold et al. 2007; Liu et al. 2010). The elastic modulus of individual
fibrin fibers is strongly dependent on the fiber diameter, indicating that the packing
of the protofibrils is different in thick and thin fibers, as discussed above (Li et al.
2016). The strain stiffening in individual fibers allows the strain load to be distributed
more evenly over the network of fibers, from the highly strained and hence stiffer
fibers to less strained fibers (Hudson et al. 2010).

The non-linear elasticity of clots has also been observed in compression. Initially,
fibrin clots decrease in stiffness with compression, as fibers perpendicular to the
direction of compression bend and buckle (Kim et al. 2014). With further increasing
compression, there is a striking non-linear increase in clot stiffness, as fibers parallel
to the direction of compression encounter each other with an increase in network
density from criss-crossing fibers.

The physiological significance of fibrin stiffening likely arises because clots will
deform in response to forces, but then be protected from damage when they become
stiffer at higher forces. Furthermore, mechanical stress and the resulting deformation
of clots make them more resistant to fibrinolysis, which may be one reason for lesser
efficacy of thrombolytic treatments of thrombi in some conditions. Moreover, the
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combination of histone-DNA complexes mimicking neutrophil extracellular traps,
and fibrin makes those clots stiffer and more resistant to fibrinolysis (Longstaff et al.
2013).

Multiscale Fibrin Mechanics

The mechanical properties of clots can only be understood by consideration of their
structure at a wide range of spatial scales, including macroscopic, fiber network,
individual fiber, and molecular levels (Fig. 15.8). At the macroscopic scale, fibrin’s
strain stiffening and high extensibility have already been discussed. In addition, clots
display a large decrease in volume with both stretching and compression, which is
due to water expulsion and network densification (Brown et al. 2009). One reason for
this phenomenon may be negative normal stress, because fibers buckle more easily
than they stretch (Kang et al. 2009). However, a more significant explanation is likely
due to a molecular structural transition that will be discussed further below.

At the network level, plasma clots have a strikingly porous structure with a mass
fraction of protein of only about 0.25%. In addition, the structure of these clots is
highly dependent on the conditions of polymerization. High thrombin concentrations
make clots with thin fibers and many branch points that are stiffer than clots at lower
thrombin levels, while at low ionic strength or high calcium ion concentration or

Unstretched fibrin
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Fig.15.8 The diagram shows the structural changes that occur upon stretching the cylindrical fibrin
clot at different spatial scales, including macroscopic volume shrinkage, network rearrangement,
and protein unfolding (Purohit et al. 201 1)—with permission from Elsevier
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high pH, clots have thicker fibers and fewer branch points and are softer (Weisel and
Litvinov 2013; Weisel and Litvinov 2017). All of these clots are initially made up of a
branching isotropic network, with no preferred orientation of fibers. With stretching,
the fibers align along the direction of strain. In addition, the fibers become thinner
and self-associate. With compression, the fibers become oriented in the direction
perpendicular to the direction of compression and become shorter because of criss-
crossing (Kim et al. 2014). As a result, the shear modulus or stiffness of the clot in
response to shear strain, increases dramatically, since the fibers are now oriented and
more highly branched.

At the fiber level during stretching, fibers are increasingly under large strains after
they become oriented. Fibers under compression bend and buckle in the direction of
applied stress. As more fibers buckle, there are fewer fibers to sustain loads, so the
stiffness decreases.

In recent years, there have been a plethora of studies of clot mechanics at the
molecular level to such an extent that a description of these results deserves its own
section, which follows.

Molecular Structural Basis of Fibrin Mechanics

With stretching of clots, after the initial reorientation and alignment of fibers along the
direction of applied force, there must be changes in the molecular structure of fibrin.
There are three major candidates for such molecular changes: unfolding of the yC
regions, unfolding of the a-helical coiled coil, stretching of the mostly unstructured
connector of the aC region. There is still disagreement on the roles that each of
these structural changes play, but it now seems likely that all occur to at least some
extent. From the crystal structure of fibrinogen and taking into account the disulfide
bonds that restrict the extent of stretching, it can be predicted that hypothetically the
full unfolding of the molecule would result in a 4.7-fold elongation (Zhmurov et al.
2011).

Small angle X-ray scattering (SAXS) patterns of fibrin are characterized by a peri-
odicity of 22.5 nm, because of the half-staggering of 45 nm molecules. It was expected
that stretching of clots would result in an increase of this periodicity. Although some
early studies appeared to show such an increase, it now seems clear that there is little
if any increase in periodicity (Brown et al. 2009). However, there is a broadening
of the 22.5 nm peak, indicating that there is an increase in disorder of the packing.
These results are consistent with stochastic unfolding of an increasing number of
molecules with strain. This behavior was replicated with a two-state model in which
some molecules randomly extend and unfold while others remain folded (Brown
et al. 2009).

Single molecule force spectroscopy, particularly using atomic force microscopy,
has been used to study protein unfolding and characterize unfolding transitions
through analysis of force-distance curves. However, it is nearly impossible to inter-
pret the results from such experiments with fibrinogen molecules or naturally
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occurring fibrin polymers, because these structures are quite complex and many
different unfolding events are possible. As a partial solution, tandems or single-
stranded fibrinogen oligomers were prepared by cross-linking of fibrinogen end-to-
end with Factor XIIla (Zhmurov et al. 2011). An additional part of the solution to
understanding the experimental results has been to combine them with Molecular
Dynamics simulations and modeling of the unfolding transitions from the known X-
ray crystallographic structures. With this dual approach, it was discovered that there
is unfolding of the C-terminal yC nodules, accompanied by reversible extension and
refolding of coiled-coil connectors, which act as springs to take up the slack from
unfolding of globular regions (Zhmurov et al. 2011).

Since fibrinogen is a fibrous protein with two relatively long axially aligned o-
helical coiled-coils, they are an obvious candidate for unfolding, especially since it
has been demonstrated that other fibrous proteins, such as keratin can unfold with
applied force. The a-helical coiled-coils in fibrin undergo a transition from a-helix
to B-sheet with either stretching or compression (Fig. 15.9) (Litvinov et al. 2012).

There is considerable evidence for the contribution of the aC regions to clot
mechanical properties. Factor XIIIa crosslinking of the aC regions makes clots much
stiffer and decreases their plasticity (Collet et al. 2005). Studies of fibrinogens from
different species with different lengths indicates that the contribution of this part
of the molecule is important (Falvo et al. 2008). In addition, there is evidence that
the fast elastic recoil of fibrin fibers may arise from the aC regions (Hudson et al.
2013). Study of changes in the SAXS pattern of fibrin with shear strain also show
little change in periodicity. From analysis of the forces applied to fibrin molecules
and the measured unfolding response of fibrin to forces, it has been proposed that in
these experiments there was no unfolding of domains, but instead stretching of the
unstructured part of the aC region (Vos et al. 2020).

Fig. 15.9 Force-induced mechanical transition of a-helices (red) into B-sheets (blue) in the
fibrin(ogen) triple-helical coiled-coils (Weisel and Litvinov 2017)—with permission from Springer
Nature
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Modeling Fibrin Mechanical Properties

Models of the mechanical properties of filamentous networks are one way to take
experimental data and use it to understand and predict fibrin mechanics. One
such model uses a system of connected fibers with known force-extension curves.
Although the fibrin network is not modeled explicitly in terms of its known structure,
this model captures the stress-strain relationship of fibrin clots, using the measured
force-extension curves for individual fibers (Brown et al. 2009). In this model, the
fibrin molecules are considered to be a two-state system that can either be folded,
where it’s modeled as a linear spring, or unfolded, where it’s a worm-like chain. This
model fits the experimental data very well, if the observed decrease in volume is
incorporated into the model.

Another model assumes that fibrin fibers are semiflexible and are subject to
thermal fluctuations that are reduced in response to stretching (Storm et al. 2005). This
model can also be used to predict clot mechanical properties, starting with known
force-extension curves for individual fibers. Several models utilize the concept of
wormlike semiflexible polymers, some of which do not include the idea of fibrin
unfolding, which may depend on the type and degree of deformation (Piechocka
et al. 2010). Other models only described the mechanical properties of individual
fibers and do not attempt to model the clot network. Models of compression and
shear often differ from those for extension. With both compression and tension,
criss-crossing of fibers and strong interactions between them are an important part
of the models (Kim et al. 2014; Britton et al. 2019). Some models for compression
of fibrin clots use the theory of foams or cellular solids (Kim et al. 2016). Other
models have considered non-affine deformations that occur in certain types of clots,
depending on the conditions of formation (Kang et al. 2009). Finally, an additional
level of complexity is the consideration of cyclic loading, which is more complex
because irreversible changes occur (Liang et al. 2017).

Clot Properties and Disease

The primary function of fibrin clot formation, is to prevent unwanted blood loss
by forming, together with platelet adhesion and aggregation and other blood cells,
a stable plug at the site of vascular injury. The structural and mechanical fibrin
clot properties described above are critical for successful hemostasis. Alteration
in these properties can consequently result in pathological vascular coagulation,
such as thrombosis or alternatively, bleeding. The consistent findings of altered clot
properties in both venous and arterial thrombotic conditions provide a plausible
mechanistic link between clot structure and thrombosis, although causality remains
to be confirmed. In keeping with the Mendelian randomization approach, there is
some evidence linking a number of fibrinogen variants that alter fibrin clot properties
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to cardiovascular diseases. In addition, recent reports providing evidence that altered
clot properties predict the development of cardiovascular complications and even
malignancy, may provide support for its potential causal role in disease.

Fibrin Clot Properties and Pathological Intravascular
Coagulation

Clots with densely-packed, thin fibers, with a stiffer network arrangement, reduced
permeability (smaller pore sizes) and enhanced resistance to fibrinolysis have consis-
tently been found in a variety of cardiovascular and other diseases (Fig. 15.10).
Examples are:

Arterial thrombosis: ischemic stroke (Undas et al. 2010; Undas and Ariens 2011;
Bridge et al. 2014), coronary artery disease (Mills et al. 2002; Collet et al. 2006;
Undas and Ariens 2011; Bridge et al. 2014; Undas 2016), peripheral arterial
disease (Undas and Ariens 2011; Litvinov and Weisel 2016; Undas 2016), acute
coronary syndrome (Undas et al. 2008; Undas 2016), no-reflow phenomena after
acute MI (Undas 2016), and in-stent thrombosis (Undas 2016; Kattula et al. 2017).
Venous thrombosis and thromboembolism: deep vein thrombosis, pulmonary
embolism (Bridge et al. 2014), and cerebral venous sinus thrombosis (Undas
2016). Differences in clot properties between deep vein thrombosis patients not
developing thromboembolism and those who do, suggest a potential role for clot
properties in embolism risk (Bridge et al. 2014).

Chronic inflammatory diseases: inflammatory bowel disease (Undas 2016),
antiphospholipid syndrome (Undas 2016), rheumatoid arthritis (Undas and Ariens
2011; Ariens 2013), chronic obstructive pulmonary disease (Undas and Ariens
2011; Ariens 2013), and systemic lupus erythematosus (Litvinov et al. 2019).
Fibrin plays an important role in innate immunity and can contribute to inflam-
mation by recruiting inflammatory cells and enhancing leukocyte reactivity by
binding to the Mac-1 integrin (Trezzini et al. 1988; Altieri et al. 1990; Flick et al.
2004).

Other: chronic heart failure with sinus rhythm (Palka et al. 2010), atrial fibrillation
(Undas 2016), arterial hypertension (Undas 2016), aortic aneurysm (Ariens 2013;
Bridge et al. 2014), disseminated intravascular coagulation (Litvinov and Weisel
2016), diabetes mellitus (Bridge et al. 2014; Undas 2016), end stage renal disease
(Ariens 2013; Undas 2016), cancer (Undas 2016), and liver diseases such as
cirrhosis (Hugenholtz et al. 2016), in part due to intrinsic changes in the fibrinogen
molecule such as post-translational modifications (Lisman and Ariens 2016; De
Vries et al. 2020).

Atherosclerosis — fibrin deposits in plaque contribute to plaque growth and (in)
stability (Lepedda et al. 2009; Borissoff et al. 2011; Ariens 2013).
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Fig. 15.10 Scanning electron microscopy image of a normal clot (A) versus a clot with a typical
prothrombotic structure (B) (Weisel lab images). Magnification bars = 2 pm

In addition, a number of fibrinogen variants resulting in altered clot properties have
been linked to cardiovascular disease. The most common of these is y’ fibrinogen.
Fibrinogen y’ forms clots with larger pores, decreased protofibril packing within
fibers, less stiff fibers, and with a heterogeneous clot structure resistant to lysis
(Fig. 15.5) (Allan et al. 2012; Domingues et al. 2016). Although still inconclu-
sive, current evidence suggest that increased levels of y’ fibrinogen are associated
with arterial thrombosis and decreased levels with venous thrombosis (Macrae et al.
2016). Other fibrinogen variants resulting in altered fibrin structure and/or function
with demonstrated association with disease include fibrinogen AaThr312Ala (atrial
fibrillation and venous thromboembolism), BBArg448Lys (coronary artery disease
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severity and stroke) and BB-455G/A (ischemic stroke and coronary artery disease) as
well as the Factor XIITA Val34Leu polymorphism (myocardial infarction and deep
vein thrombosis) (Scott et al. 2004; Bridge et al. 2014; Chen et al. 2014). Clinically,
congenital fibrinogen disorders are classified as quantitative (affecting fibrinogen
concentration) or qualitative (affecting fibrinogen functionality) or a combination
of both and can be asymptomatic or have a thrombotic or bleeding phenotype.
For a detailed description of the clinical diagnosis and classification of congenital
fibrinogen disorders please refer to Casini et al. (2018).

Recent prospective evidence of fibrin clot properties predicting disease severity
and outcome provides compelling evidence that fibrin clot properties are not only
associated with disease but likely play a causative role. Sumaya et al. (2018) found
in a cohort of 4,345 acute coronary syndrome patients that in vitro plasma clots
that were resistant to lysis, independently predicted death after adjusting for known
cardiovascular risk factors at one-year follow-up. A study on 320 first-event deep
vein thrombosis patients, found that reduced clot permeability (Ks) and prolonged
clot lysis times independently predicted recurrent deep vein thrombosis at 44-month
follow-up (Cieslik et al. 2018). Also in antiphospholipid syndrome patients (n = 126),
denser fibrin networks independently predicted recurrent thromboembolic events in
multivariate analysis (Celinska-Lowenhoff et al. 2018). Furthermore, in 369 unpro-
voked venous thromboembolism patients, those with the above-mentioned prothrom-
botic clot phenotype had an increased risk of cancer development within three years
of follow-up (Mrozinska et al. 2019).

Also in the clinical setting, the diagnostic use of fibrin clot properties in the
management of perioperative bleeding has gained traction. Standard coagulation
tests that estimate coagulation factor activity such as prothrombin and partial throm-
boplastin times have been supplemented with methods such as thromboelastog-
raphy or thromboelastometry, which measure clot formation kinetics and mechanical
properties, as mentioned above (White 2018).

Fibrin Clot Properties and Bleeding

Conversely, fibrin clot structure has also been associated with bleeding. As opposed to
the more prothrombotic clot phenotype described above, fibrin clots associated with
bleeding are typically weaker and generally contain looser and less rigid networks
of thicker fibers that are more susceptible to fibrinolysis. Bleeding resulting from
a number of congenital dysfibrinogenemias and hemophilia, amongst others, have
been ascribed to these clot properties (He et al. 2003; Wolberg et al. 2005; Leong et al.
2017; Casini et al. 2018). For example, the fibrin clot properties described above,
have been demonstrated to distinguish severe FXI deficient patients as “bleeders” or
“non-bleeders” (Zucker et al. 2014). Similarly, in hemophilia A and C, differences
in fibrin clot structure are also used to assess clinical outcomes such as bleeding
(Cawthern et al. 1998).
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Summary

The molecular structure of fibrinogen has largely been resolved using crystallography
and modeling/computation. Although certain aspects pertaining to lateral aggrega-
tion and clot growth remain to be elucidated, extensive research into fibrin polymer-
ization has significantly enhanced our understanding of the fundamental mechanisms
of clot formation and dissolution. This knowledge, together with the identification
of the structural origins of the mechanical properties of fibrin has proved to be useful
in various diseases with thrombotic or bleeding complications. It currently forms the
basis of a number of diagnostic tools pertaining to thrombosis and/or bleeding risk
and also provides a novel therapeutic target as a means to modulate blood clotting
in clinical medicine. In short, fibrin is a remarkable and versatile biomaterial with a
plethora of potential biological uses.
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