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Abstract
Studies suggest that patients with deep vein thrombosis and diabetes often have hypercoagulable blood plasma, leading to a
higher risk of thromboembolism formation through the rupture of blood clots, which may lead to stroke and death. Despite many
advances in the field of blood clot formation and thrombosis, the influence of mechanical properties of fibrin in the formation of
thromboembolisms in platelet-poor plasma is poorly understood. In this paper, we combine the concepts of reactive molecular
dynamics and coarse-grained molecular modeling to predict the complex network formation of fibrin clots and the branching of
fibrin monomers. The 340-kDa fibrinogenmolecule was converted into a coarse-grained molecule with nine beads, and using our
customized reactive potentials, we simulated the formation and polymerization process of a fibrin clot. The results show that
higher concentrations of thrombin result in higher branch-point formation in the fibrin clot structure. Our results also highlight
many interesting properties, such as the formation of thicker or thinner fibers depending on the thrombin concentration. To the
best of our knowledge, this is the first successful molecular polymerization study of fibrin clots to focus on thrombin
concentration.
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Introduction

Deep vein thrombosis is the formation of a blood clot
(thrombus) within a deep vein (most commonly in the legs),
which can lead to a wide range of complications [1]. In the
event that the thrombus ruptures, it may travel to the lungs and
cause a pulmonary embolism, which can be fatal if left un-
treated [2, 3]. Vascular endothelial damage, blood flow stasis,
and blood hypercoagulability are known to be risk factors for
developing deep vein thrombosis [4–7] and pulmonary
embo l i sms [8–11 ] . The p r eva l enc e o f venou s

thromboembolism means that it is now considered an epidem-
ic [12–16], and clinicians have suggested various thrombolyt-
ic therapies for controlling venous thromboembolism after
surgery [17–27]. Characterizing the mechanical properties of
thromboemboli is an important step in the development of
thrombolytic therapies [28], and a number of studies have
been conducted recently to this end [29–33]. Despite the ad-
vances made in this field, computational modeling of the fi-
brin clotting process is not well developed. An accurate com-
putational model based on molecular-level information of the
fibrinogen molecule could be useful for predicting the me-
chanical behavior of blood clots in various pathogenic states,
and could aid the design of better thrombolytic therapies. In
this work, the foundations for the simulation of fibrin clot
formation usingmolecular dynamics simulation are presented.

The fibrinogen molecule is a large, soluble glycoprotein
that plays a major role in blood clot formation by forming a
network of fibrin fibers and providing the structure of the
blood clot. Fifty years of research was necessary to obtain
an accurate structural representation of the fibrinogen mole-
cule [34]. The trinodular structure of the fibrinogen molecule

* Rodney D. Averett
raverett@uga.edu

1 School of Chemical, Materials and Biomedical Engineering,
University of Georgia, 597 D.W. Brooks Drive, Athens, GA 30602,
USA

2 School of Environmental, Civil, Agricultural and Mechanical
Engineering, University of Georgia, 597 D.W. Brooks Drive,
Athens, GA 30602, USA

Journal of Molecular Modeling  (2018) 24:109 
https://doi.org/10.1007/s00894-018-3642-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-018-3642-7&domain=pdf
mailto:raverett@uga.edu


was determined by various methods, including electron mi-
croscopy [35]. Using the molecular models of fibrinogen and
thrombin, an enzyme which cleaves the fibrinopeptides of
fibrinogen and thereby initiates the polymerization, studies
were conducted to understand their interactions [36]. There
are a few studies that have used discrete particles [37] and
multiscale models [38–41] to simulate blood clotting and
blood flow. In addition, there are studies that have attempted
to elucidate the adsorption behavior of fibrinogen on different
surfaces [42], which can be helpful for understanding immu-
nological responses [43].

Even though computational studies have been performed,
there are still no model(s) that can accurately predict the forma-
tion, polymerization behavior, and mechanical behavior of a
fibrin clot based on molecular information. Most studies have
applied empirical models to predict the rate of clot formation;
these models utilize first-order ordinary differential equations
[44]. A multiscale model that can leverage the molecular infor-
mation at the macroscale could be useful for elucidating throm-
bus formation, and could aid in the development of new
targeted thrombolytic therapies. In the research we report in
the present paper, we developed a coarse-grained model of
fibrinogen and a modified reactive molecular dynamics method

that we used to simulate fibrin clot formation at the mesoscale
level. The force field parameters were optimized using the iter-
ative Boltzmann inversion method (IBIM) [45], and by
matching the self-diffusion coefficients with experimental data,
we were able to reproduce critical events that are observed in
experimental studies, such as continuous long strand fiber for-
mation, fibrin branching, and crosslinking.

Coarse-grained model development

A coarse-grained model of fibrinogen with a minimal number
of beads was preferred to reduce the computational load. It was
also necessary to include enough beads and springs to ensure
that the fibrinogen molecule was sufficiently flexible and ex-
tendable. Due to these requirements, we used a shape-based
coarse-graining (SBCG) approach [47] and divided the human
fibrinogen (RCSB 3GHG [34]) all-atom molecule into nine
beads. The positions of these beads and their masses were
estimated using a topology network algorithm [47]. The spring
lengths and angles between the beads were estimated from the
bead positions. Figure 1a shows the molecular model
of human fibrinogen [34], including the α-, β-, and γ-chains

Fig. 1a–f Steps performed in the coarse graining of the fibrinogen
molecule. a Molecular model of human fibrinogen showing the α-
chain, β-chain, and γ-chain, as depicted using VMD [46]. b
Partitioning of the fibrinogen molecule based on the topology network
algorithm (TNA) [47]. The assigned mass (in Da) of each bead is shown

in the figure. c Coarse-grained model of fibrinogen with beads and bonds
numbered. d Optimization of the bond and angle coefficients using the
inverse Boltzmann iterative method (IBIM) [45]. e Optimized bond and
angle coefficients obtained using the IBIM. f Equilibrium bond distances
and angles for the coarse-grained model
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as well as the D, E, and C (coiled) regions. The final
coarse-grained molecular dynamics (CGMD) model is shown
in Fig. 1b, c, along with the associated beads and bonds. Even
though thrombin (RCSB 1PPB [48]) (which cleaves fibrino-
peptides), the αC region, and factor XIII (RCSB 1GGU [49])
play important roles in fibrin clot formation, they were not
explicitly modeled in the CGMD system; instead their effects
were incorporated through alternate means, as explained in
later sections.

The beads were connected by harmonic springs and simu-
lated using the following harmonic bond potential (Eq. 1):

Vbond ¼ kb r−r0ð Þ2 ð1Þ

Here, kb is half the stiffness of the spring, r0 is the equilib-
rium distance of the bond, and r is the instantaneous spacing
between the beads during the simulation. Three consecutive
beads formed a bond angle, which was simulated using the
following angle harmonic potential (Eq. 2):

V angle ¼ ka θ−θ0ð Þ2 ð2Þ

Here, 2ka is the potential stiffness, which determines the
flexibility of the bond, and θ0 is the equilibrium bond angle.

The stiffnesses and equilibrium positions of the beads were
estimated using IBIM [45]. First, all-atom (AA) simulation of
the solvated fibrinogen model (Fig. 1a) was performed for
50,000 steps (50 ps) to achieve equilibration (relaxation) at
constant temperature. Next, a production run involving anoth-
er 50,000 steps (50 ps) was carried out, and the results of that
simulation were used for parameter estimation. The topology
network algorithm (TNA) was used to estimate the prelimi-
nary positions and masses of the CGMD beads. The AAmod-
el was mapped based on those CGMD bead positions. The
trajectories of the AA atoms and the CGMD beads in the AA
and CGMD simulations, respectively, were compared to esti-
mate the spring constants and equilibrium distances, based on
the IBIM [50]. AAmolecular dynamics (MD) simulations and
CGMD simulations were conducted using NAMD [51], and
IBIM estimation of the parameters was performed using the
VMD CG builder [46]. The IBIM iterations ended when the
average error in the estimated stiffness was less than 25%. A
scaling parameter was used to change the parameters (bond
and angle stiffnesses) for each iteration. This scale parameter
and the percentage errors in the bond and angle stiffnesses are
shown in Fig. 1d. In our simulations, we determined the opti-
mum intramolecular parameters after the second iteration. The
bond and angle stiffnesses (Fig. 1e) and the equilibrium bond
distances and angles (Fig. 1f) were calculated. A brief descrip-
tion of the SBCG method is provided in the BAppendix.^

The AA simulations were run with a time step of 1 fs and
the CGMD simulations with a time step of 50 fs. The cutoff
radius used in the AA simulations was 1 nm, and that used in

the CGMD simulations was 12 nm. The temperature used in
both the AA and CG simulations was 310 K, which was
maintained using the Langevin thermostat [82].

CGMD model of the solvent

The intramolecular parameters were optimized with IBIM and
the next step involved the characterization of the intermolec-
ular force field. There were two options for this characteriza-
tion: to use a solvent-free model or a model with a solvent. If a
solvent-free model approach were to be applied for fibrino-
gen, the force field would have to be re-parameterized each
time the concentration of fibrinogen changes. This would lead
to an endless chain of optimizations. Therefore, we utilized a
CGMD model with solvent. The challenging part was to de-
velop the CGMD model of the solvent (in this case water).
CGMDmodels of water [52] usually combine 3–9 water mol-
ecules into a bead or a CGMD model; however, in our study,
the AA model of fibrinogen (containing ~31,000 atoms) was
represented by a nine-bead CGMD model, with 3400 atoms/
bead. This is considered highly coarse graining, and the intro-
duction of an existing CGMDmodel of water would result in a
large number of solvent beads. Hence, it was necessary to
develop new CGMD models of water. The solvent was pri-
marily included in the CGMD system to provide a medium
that offered fluidity (viscosity) for the fibrin system. Hence, a
CGMDmodel that simulated the mass diffusivity of water was
chosen.

A modified form [53] of the Lennard-Jones (LJ) potential
[54] was used to define the water–bead interactions. The clas-
sical LJ potential would cause clustering of the beads, and it
also shows singular behavior when the beads are close
enough. These two issues were circumvented by applying
the following modified form (Eq. 3):

E ¼ λn4ε
1

αLJ 1−λð Þ2 þ r=σð Þ6
h i2 − 1

αLJ 1−λð Þ2 þ r=σð Þ6

8><
>:

9>=
>; ð3Þ

Here, E is the potential energy, λ is the scaling parameter,
which ranges from 0 to 1, ε is the depth of the energy well, σ is
the distance at which the potential becomes zero, and r is the
interbead distance. Typical values of n and αLJ are 1 and 0.5,
respectively. The average bond length is 5 nm, so σ should be
less than 2.5 nm for the sake of stability (if any LJ particles are
closer than this distance, singularity issues occur). Hence, we
selected σ = 2 nm. The simulations were performed using LJ
units (which are dimensionless). ε was chosen as 1 and λ as
0.9. The variation in and behavior of the modified LJ potential
are shown graphically in Fig. 2b. Values from seven studies of
the experimentally determined self-diffusion coefficient of
water are shown in Fig. 2a.
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In order to characterize the force field of the solvent beads,
a CGMD system with 5565 beads in a 100-nm cubic box was
modeled (inset of Fig. 3b). Based on this information, one
CGMD water bead represents 6000 water molecules. In a
typical LJ fluid simulation, the cutoff radius (rc) will be in
the range of 2.5σ to 3.5σ [62, 63]. For our CGMD simula-
tions, the cutoff radius was selected as 5σ to allow the
distant, sparsely dispersed fibrinogen molecules to inter-
act with each other. While the modified LJ potential pro-
vides the attractive and repulsive interactions, an addition-
al force component was required to diffuse the energy in
the system. For this purpose, we added a dissipative force
component (Eq. 4) to the system:

FD ¼ −γω rð Þ2 brij ∙vij
� �

ð4Þ

Here, rij is the normal vector between the ith bead and the jth

bead, vij is the relative velocity, and ω(r) = 1 − r/rc. It was

necessary to estimate the value of λ (note that this λ is
different from that in Eq. 3; it controls the diffusivity of the
LJ fluid). We performed a multiple parameter sweep to esti-
mate the optimum value of λ to match the self-diffusion coef-
ficient (D) of the water CGMD system with the experimental
values of D. In inset in Fig. 3a shows the results of the first
sweep for identifying the approximate range of λ. The
self-diffusion coefficient of water CGMD beads (DCGMD)
was estimated from the CGMD simulations by varying γ,
and was compared to the average (DExp −AVG), high (DExp −

HI), and low (DExp − LO) values obtained from experiments
(Fig. 3a). The optimum value was selected as λ = 1.15.

The next step was to estimate the time step of integra-
tion, which plays an important role in numerical simula-
tions. For this purpose, we estimated the percentage devi-
ations in the total energy and temperature of the system
upon varying the time step. The percentage deviation is
defined as 100σ/μ, where σ is the standard deviation and
μ is the mean of the data. The results are shown in Fig. 3b

Fig. 2a–b Parameterization of the force field based on the self-diffusion
coefficient. a Experimentally determined self-diffusion coefficients of
water:D1 from [55],D2 from [56],D3 from [57],D4 from [58],D5 from
[59], D6 from [60], and D7 from [61]. The average self-diffusion coeffi-
cient of water at 37°C from these experimental values was estimated as

3.0118 ± 0.24 × 10−9 m2/s. b The soft version of the LJ potential, with the
tunable parameter λ. λ = 1 yields the standard form of the LJ potential,
and the figure shows how the potential changes with different values of λ.
Inset: close-up of the region around σ = 2. Arbitrary units are used for
distance and energy

Fig. 3a–b Optimization of force-field parameters and the time step for
integration. a The self-diffusion coefficient of CGMD water beads
(DCGMD) was estimated from the CGMD simulations by varying γ.
This was compared to the average (DExp −AVG), high (DExp −HI), and
low (DExp − LO) values obtained from experiments. An optimum value

of γ = 1.15 was selected. b The percentage deviations of the total energy
and temperature were estimated from simulations performed using vari-
ous integration time steps. Values below 10% were considered to be
acceptable for production runs
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and the acceptable values are less than 10%. The typical
time step used in LJ simulations in the literature is 0.005;
for our system, we chose a time step of 0.0025.

Next, the CGMD fibrinogen model was introduced to the
system at a concentration of 4.5 g/L. The density of the fibrin-
ogenmolecules in this equilibrated system (Fig. 4a) represents
the physiological concentration of human fibrinogen [64],
which is in the range 3–4.5 g/L. Figure 4a shows the
CGMD fibrinogen model in a cubic box with 100-nm sides
(the water beads are hidden for clarity in Fig. 4a, but they are
shown in Fig. 4b for completeness). This new system consists
of bonds and angle potentials, so it was necessary to
re-calculate the time step of integration. A plot of the percent-
age deviation in the energy versus the time step is given in Fig.
4c. The optimum value of the time step was calculated as
0.0046. Type-10 beads (water beads) and the fibrinogen mol-
ecules were arranged in the simulation box using a random
molecular filling algorithm written in MATLAB [65].

Numerical integration was performed using the velocity
Verlet scheme [66], and the temperature of the system was
controlled using a velocity scaling thermostat. All CGMD
simulations carried out in this work were performed using
LAMMPS [67]. Interaction parameters were held constant
for water beads, as they were already parameterized.

Polymerization force field development

In this section, brief descriptions of the general pathway of
fibrin clot formation, the underlying molecular mechanisms,
and the development of the polymerization force field are
provided.

Mechanism of fibrin polymerization

Fibrinogen is converted to fibrin monomer upon the cleavage
of fibrinopeptides in the E region by activated thrombin

(factor IIa), and this fibrin remains bound to the fibrinogen
molecule [68–70]. Protofibril formation is initiated between
two fibrin monomers, which subsequently leads to the poly-
merization of fibrin into long strands. These long strands ag-
gregate laterally due to αC domain interactions [71] and form
a stable fibrin clot in the presence of factor XIIIa. Factor XIIIa
also binds to the fibrin clot [72, 73] and completes the coag-
ulation cascade [71]. The major steps involved in this process
are explained graphically in Fig. 5, and a detailed description
of the chain of events and the various stages of the coagulation
cascade are provided in the literature [71, 74]. Figure 5b, c
shows phase I of the polymerization process, in which throm-
bin cleaves the fibrinopeptides (fpA and fpB) of the fibrinogen
molecule and creates fibrin monomers, and these monomers
polymerize to form long double-stranded fibers. In the next
phase (phase II), double-stranded protofibrils aggregate later-
ally to form thick fibers (Fig. 5d).

Phase I: protofibril formation

The actual physiological process behind fibrin polymerization
is very elaborate, and it is very challenging to simulate the
process using all-atom simulations. Hence, we modeled the
polymerization of fibrin using potentials that simulate the at-
traction and binding of the D region to the E region. To achieve
this, we developed the reactive CGMD (RCGMD) force field,
which consists of two potentials: an attractive potential and a
bonding potential (Eqs. 6 and 7, respectively). This process is
depicted in Fig. 6a–c. As shown in Fig. 6a, the fibrin mono-
mers attract each other (type-5 to type-1 and type-9 beads).
Once they are at a sufficiently close distance (the threshold
distance), a bond is formed between them, yielding fibrin olig-
omers (Fig. 6b). This process continues, leading to the forma-
tion of double-stranded protofibrils (Fig. 6c).

The first phase of the polymerization process was simulat-
ed as shown in Fig. 6d–f. Attractive potentials caused the
type-9 and type-1 beads to approach type-5 beads. Once the

Fig. 4a–c Equilibrated fibrinogen and water system in a 100 nm ×
100 nm× 100 nm box. a CGMD model of fibrin with water hidden for
clarity, and b CGMD model of fibrin with water shown. c The time step

for integration and its influence on the percentage deviation in energy. An
optimum value of 0.0046 was chosen as the time step, which gives an
average deviation of less than 10%
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beads were within the threshold distance, a harmonic bond
formed between them. The RCGMD potential (Eq. 5) consists
of an attractive potential (Eq. 6) and a harmonic bonding po-
tential (Eq. 7):

Vrcgmd−I ¼ Vattract þ Θ1H Θ2 þΘ3 þΘ4 − 0:1ð Þ½ �VBonding

ð5Þ

Vattract ¼ λn Cqiq j

ε
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
αC 1−λð Þ2 þ r2

q ð6Þ

VBonding ¼ kbond r − rbondð Þ2 ð7Þ
Θ1 ¼ H rthreshold − rð Þ ð8Þ
Θ2 ¼ H 1:9 − N15ð Þ ð9Þ
Θ3 ¼ H 1:9 − N95ð Þ ð10Þ

Fig. 6a–f The polymerization of fibrin due to hydrophobic attractions
was simulated by applying attractive potentials between type-1 and
type-5 and between type-5 and type-9 beads. This caused the CGMD-
modeled fibrin beads to attract each other, such that they moved closer
together (a). Once they were within the threshold separation distance, a
harmonic bond formed between the beads (b). This process was repeated

until long protofibrils were formed (c). d shows a close-up of the poly-
merization process. Type-5 beads were attracted to both type-1 and type-9
beads. Once inside the threshold region, a rule-based potential was acti-
vated to check the bond formation criteria (e). If the criteria were satisfied,
the beads were connected to each other through a harmonic bond (f)

Fig. 5a–d The fibrin polymerization process, starting from fibrinogen. a
Fibrin monomers are formed from fibrinogen due to the cleavage of
thrombin. b The fibrin monomers form double-stranded oligomers due
to knob–hole interactions. c The knob–hole interactions create long

double-stranded protofibrils, which completes phase I of polymerization.
d The long double strands are attracted to each other, resulting in the
formation of fibrin fibers in the presence of the αC domain
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Θ4 ¼ H 2:9 − N51 − N59ð Þ ð11Þ

H tð Þ ¼
0; for t < 0
0:5; for t ¼ 0
1; for t > 0

8<
: ð12Þ

Here, λ is the scaling parameter for the softness of the
potential, which prevents singularities at smaller r values. n
is a constant (value = 1), C is the electrostatic energy conver-
sion constant, and αC is taken as 10 Å2. r is the interbead
distance, q is the partial charge, kbond is the stiffness of the
harmonic bond, with an equilibrium distance of rbond. Bond
formation was controlled using a set of Heaviside functions
(Eqs. 8–12). rthreshold is the distance at which a bond is formed,
NXY is the number of Y beads present around X beads within
the threshold radius. Combining these equations (Eq. 5) al-
lows for the simulation of fibrin polymerization, as shown in
Fig. 6c.

Results and discussion

Four dfferent sizes of CGMD system for fibrinogen–water
were modeled, and the RCGMD potential was used to
study the fibrin polymerization process. The results were
employed to estimate protofibril formation, branching,
and length.

Simulation models

The CGMD models used for the polymerization studies are
shown in Fig. 7. Themodels were cubic in shape and had sides
of 100, 200, 300, and 400 nm. They are shown with water
(Fig. 7a–d) and with the water hidden for clarity (Fig. 7e–h).
Using an integration time step of 0.0046 (corresponding to
450 fs), the systems were equilibrated for 50,000 steps
(22.5 ns). The system was modeled using the canonical en-
semble (NVT: constant density, volume, and temperature)
with the velocity scaling algorithm. For all the studies per-
formed in this work, visualization of the molecular models
was performed using OVITO [75], and molecular models
were created using MATLAB [65].

Polymerization studies

The CGMD models (Fig. 7) were equilibrated and the
polymerization of fibrin was then conducted using the
RCGMD force field (Fig. 8). The RCGMD simulation
was performed for 225 ns (500,000 steps) at 310 K with
a time step of 0.0046, and snapshots of the initial config-
uration were taken at 50, 150, and 200 ns. Visualizations
of the polymerizing fibrin were obtained for the 400-nm
(Fig. 8a–d), 300-nm (Fig. 8m–p), 200-nm (Fig. 8f–h), and
100-nm (Fig. 8i–l) cubic systems. An image of a fibrin
clot obtained experimentally by confocal imaging [76]

Fig. 7a–h CGMD models of fibrinogen with different box sizes. Four
box sizes were chosen to study the polymerization of fibrin: a 100 nm×
100 nm× 100 nm, b 200 nm× 200 nm× 200 nm, c 300 nm× 300 nm×
300 nm , and d 400 nm× 400 nm× 400 nm. Water beads are shown in

purple. The same models shown in a–d are shown in e–h with the water
beads hidden for clarity. The models were equilibrated for 50,000 steps
(22.5 ns)
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(Fig. 8e) is also provided for reference. Our results show
that the fibrin monomers assemble into small oligomers
during the first 50 ns, which then connect to more fibrin
monomers to form protofibril chains, which ultimately
cluster to produce a bundled network.

Initial results from the polymerization simulations were not
satisfactory. Firstly, the fibrin protofibrils did not form elon-
gated structures. Instead, clusters were observed in all cases
(Fig. 8). The fibrin fibers did not form a continuous network or
exhibit the branching behavior normally observed in fibrin
matrices. In addition, experimental studies indicate that the

protofibrils extend to a length of 600–800 nm before aggre-
gating laterally to form thick fibers [71].

Additionally, we estimated the rate of bond formation
between different CGMD fibrin molecules. The cumula-
tive bonds formed in the system were calculated and then
divided by the total number of fibrinogen molecules in the
system. This provided a normalized rate of bond forma-
tion that was not influenced by the simulation box size.
The rate of bonding (Fig. 9) showed that for 100 nm case,
the bond formation was fluctuating over time, but smooth-
er bonding rates were observed on cubic systems 300-nm

Fig. 8a–p Long RCGMD simulations of the fibrin system. The
molecular models shown in Fig. 7 were equilibrated and run for 200 ns
with a time step of 0.0046 (450 fs). The resulting configurations in the
400-nm cubic system at a 0 ns, b 50 ns, c 150 ns, and d 200 ns are shown.
e The complex network of fibrin fibers observed during experimental

imaging [76]. Also shown is the time evolution in the 200-nm cubic
system at f 0 ns, g 50 ns, and h 200 ns. Similarly, the evolution of the
clot structure is shown for the 100-nm and 300-nm cubic systems in i–l
and m–p, respectively
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and 400-nm sides. Comparing Fig. 9 with Fig. 8, it appears that a
300-nm box or larger is appropriate for observing fibrin clot for-
mation, so the 300-nm box system was used for the simulations.

Improvements to the RCGMD force field

High-level coarse graining of the fibrinogen molecule reduces
the degree of molecular-level detail that is included in the
polymerization process. Considering the artifacts in the de-
duced RCGMD system, we made improvements to the reac-
tive force field by including more molecular-level detail with
additional attractive-interaction rules. The CGMD model,
which interacts attractively in the middle and at the ends of
the molecule, results in rapidly developing interconnected fi-
brin clusters. However, in reality, the molecular basis of

polymerization is complex [71], and some of the molecular
events include γ–γ interconnections, knob–hole interactions,
and αC domain crosslinking.

The improved system consisted of additional attractive
sites on the molecules that led to more interactions between
type-2 and type-6, type-3 and type-7, and type-4 and type-8
beads (Fig. 10a). This helped with the alignment of the mol-
ecules when they were close, and avoided T-shaped connec-
tions. Thus, we modified the CGMD system with additional
attractive sites. We also tested a variation in the composition
of the fibrin system, and initial type-1 to type-5 bonding was
encouraged (Fig. 10b) whereas type-5 to type-9 bonding was
delayed (Fig. 10c). Physiologically, this process corresponds
to faster fpA cleavage and a slower fpB cleavage. It is known
that knob A to hole a interactions show the highest affinity of
all the knob–hole interactions and are the primary contributors
to the polymerization process [77].

Two 300-nm cubic systems were considered to test this
delayed polymerizing strategy. System A comprised 100%
equilibrated fibrin monomers with type-1 to type-5 bonding
for 250,000 steps (112 ns) and then type-1 to type-5 and
type-5 to type-9 bonding for another 2 million steps
(900 ns). System B comprised 50% equilibrated fibrin mono-
mers and 50% fibrinogen molecules (Fig. 10e) with type-1 to
type-5 bonding for 125,000 steps (56 ns) and then type-1 to
type-5 and type-5 to type-9 bonding for another 125,000 steps
(56 ns). After that, all the molecules were then converted to
fibrin monomers with type-1 to type-5 and type-5 to type-9
bonding for another 2 million steps (900 ns).

The results for the improved RCGMD system are shown in
Fig. 11. For system A (Fig. 11a–d, i–l), protofibril formation
started in the early stages, and by 56 ns the protofibrils had

Fig. 9 Bond formation versus time. The figure shows the number of
bonds formed between type-5 and type-9 or type-1 beads per fibrinogen
molecule

Fig. 10a–e Improved RCGMD force field. a Additional attractive sites
between the fibrin CGMD molecules. b Primary bond creation due to a
knob A to hole a interactions between type-1 and type-5 beads. cDelayed
secondary bond formation due to a knob B to hole b interactions [71]. d

Protofibril formation into long chains. e A schematic of the CGMD sys-
tem showing 50% fibrin monomers (ready to polymerize) and 50% fi-
brinogen molecules
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become reasonably large. They then formed thicker and lon-
ger fibers, with more oligomers converting into fibers. For
system B (Fig. 11e–h, m–p), the number of oligomers formed
by 56 ns was less than in system A; however, system B had
polymerized into a system of fibers by 562 ns. Upon observ-
ing the further evolution of the clot structures, the system A
and system B clots were found to be noticeably different in
structure. This corresponds to the difference in clot structure
between systems with a high thrombin concentration (system

A) and a low thrombin concentration (system B). This obser-
vation is consistent with the experimental literature [78, 79], in
which studies were conducted to determine the relationship
between thrombin concentration and fibrin clot structure.

Upon analyzing the final equilibrated CGMD system of
the fibrin clot, we found many interesting attributes that
were similar to experimental observations. The number of
branches formed in system A was 13 nodes (Fig. 12a) per
300-nm box, and that for system B was 8 nodes (Fig. 12d).

Fig. 11a–p Time evolution of fibrin clot formation for systems A and B.
Snapshots of system A at a 0 ns, b 56 ns, c 112 ns, and d 562 ns are
shown. Snapshots for system B at the same times as for system A are
shown in e–h. The systems were allowed to evolve for another 562 ns

after d and h, respectively, and their further evolutions are shown in i–l
(system A) and m–p (system B). Clear and visible network formation
occurs in both systems at around 500 ns
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Though these numbers are not exactly the same as observed
experimentally [78], the trend is the same. The literature
reports that as the thrombin concentration is increased, the
clot presents more branch points [78]. Branching of the fi-
bers (Fig. 12b,e) and thickening are also consistent with
experimental observations made in scanning electron mi-
croscopic (SEM) studies of fibrin [80]. Interestingly, we
observed bilateral junction formation (Fig. 12b) and trilat-
eral junctions (Fig. 12e) in our simulation results. Another
important observation is that the fibers adopt a staggered
arrangement with a pitch of 23 nm along their lengths,
which is consistent with the half-staggered assembly ob-
served in fibrin polymerization studies.

Scope for future improvements

This section discusses some of the possible future improve-
ments to be made to the RGMD model.

(i) Quantitative validation with experimental results. There
are many SEM results relating to the fibrin clot structure,
but there are only a limited number of studies relating to
the quantification of fibrin fiber parameters. To determine

these parameters, we can utilize mathematical methods
[81] to characterize and quantify 3D images of fibrin clot
networks and then compare with the simulation results.
From our current results, it is evident that with a higher
concentration of thrombin, the system forms clots with
many branches. In future studies, we will conduct more
simulations to more accurately determine the influence of
thrombin concentration on fibrin structure.

(ii) Fibrinogen concentration. The concentration of the
CGMD fibrinogen molecules was kept constant in the
simulations. In the current system, after polymerization,
there is a reduction in the number of fibrin molecules
available to form fibers, which could affect the fiber
growth and diameter. To address this, in future studies
we will utilize a dynamic system with a continuous
availability of fibrin monomers that can polymerize.

Conclusions

We have presented a reactive coarse-grained molecular dy-
namics method that was used to simulate the clotting mecha-
nism of human fibrinogen into fibrin fibers. The flexible fi-
brinogen molecule was converted into a compact 9-bead

Fig. 12a–f Clot structure analysis based on the simulation results for
system A and system B. The number of nodes per unit cell after
1012 ns was estimated for a system A and d system B. The formation
of thick fibers, a staggered arrangement of fibrin CGMD molecules, and

the formation of various types of junctions were observed for both b
system A and e system B. The final fibrin clot system with 8 periodic
images around the unit cell is shown for c system A and f system B; these
highlight the interconnectivity and density of the networks
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CGMD system. This model was then characterized using
IBIM to reflect the mechanical properties and size of the actual
fibrinogen molecule. The solvent (water) was modeled using
heavier beads and the parameters were adjusted to match the
experimental self-diffusion coefficient. This CGMD model
was used in conjunction with a simple distance-based and
valence-based potential to simulate fibrin polymerization.
The simulation was performed in cubic systems with sides
of 100, 200, 300, and 400 nm, and we observed many realistic
phenomena that have been observed in experimental studies
on fibrin polymerization, including (i) the influence of throm-
bin concentration on fibrin clot structure, (ii) trilateral and
bilateral branching of the fibers, and (iii) long continuous
and thick fibers. To our knowledge, this is the first successful
study of the polymerization of a fibrin clot using
molecular-level simulations, and our simulations produced
very similar fibrin network characteristics to those observed
in reality. We believe that this work lays the foundations for a
new class of molecular simulations called reactive
coarse-grained molecular dynamics, and our RCGMD con-
cept can be optimized to accommodate other biochemical po-
lymerization reactions at the mesoscale.
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Appendix: Shape-Based Coarse Graining

The shape-based coarse-graining procedure that we used in
this work is based on the implementation [47] available in
the VMD software. First, the all-atom (AA) molecule was
partitioned using a topology network algorithm (TNA) [47],
and the coarse-grained beads were mapped to these partitions
by numbering the beta or temperature factor column in the .
pdb file accordingly. The positioned beads were further
aligned using a self-aligning neural network algorithm [47].
Next, an AA simulation was performed and its trajectory was
stored. From this trajectory, the root mean square deviation
(RMSD) values of the center of mass (COM) of the partitions
were estimated. The estimated RMSD values were used to
estimate the equivalent coarse-grained (CG) potential, VCG

= − kBT ln(RMSD/d0), according to the Boltzmann inversion
method. This was done internally in the VMD software and
did not require coding. These estimated potential parameters
were then iteratively optimized using the iterative Boltzmann
inversion method given by the equation VCG(i + 1) = VCG(i) −

kBT ln(RMSDAA/RMSDCG). All these steps were done inter-
nally in the VMD CG builder extension module, and a de-
tailed explanation can be found online via the NAMD tutorials
(http://www.ks.uiuc.edu/Training/Tutorials/science/coarse-
graining/sbcg-tutorial.pdf).
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