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Abstract: The maintenance of hemostasis to ensure vas-
cular integrity is dependent upon the rapid conversion of
zymogen species of the coagulation cascade to their enzy-
matically active forms. This process culminates in the
generation of the serine protease thrombin and polymeriza-
tion of fibrin to prevent vascular leak at sites of endothelial
cell injury or loss of cellular junctions. Thrombin generation
can be initiated by the extrinsic pathway of coagulation
through exposure of blood to tissue factor at sites of vas-
cular damage, or alternatively by the coagulation factor (F)
XII activated by foreign surfaces with negative charges,
such as glass, through the contact activation pathway.
Here, we used transient particle tracking microrheology to
investigate the mechanical properties of fibrin in response
to thrombin generation downstream of both coagulation
pathways. We found that the structural heterogeneity of
fibrin formation was dependent on the reaction kinetics of
thrombin generation. Pharmacologicalinhibition of FXII
activity prolonged the time to form fibrin and increased
the degree of heterogeneity of fibrin, resulting in fibrin clots
with reduced mechanical properties.Taken together, this
study demonstrates a dependency of the physical biology
of fibrin formation on activation of the contact pathway of
coagulation.
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1 Introduction

The activation of the blood coagulation system is trig-
gered by the exposure of blood to tissue factor (TF) at
sites of vascular injury or the activation by foreign sur-
faces of the contact activation pathway [1] (Figure 1). TF
initiates the activation of the extrinsic pathway of blood
coagulation by converting the zymogen factor (F) VII to
the active enzyme species FVIIa [2]. Charged surfaces
including components of biomaterials or bacterial-derived
long-chain polyphosphates (LCPPs) that initiate blood
coagulation by activating coagulation FXII to FXIIa, which
in turn activates FXI to lead to activation of FIX [3]. Both
the extrinsic and contact activation pathways converge on
the common pathway of coagulation by activating FX,
which results in the generation of thrombin. Beyond acti-
vating blood cells including platelets, thrombin cleaves
fibrinogen to fibrin, which polymerizes to form a fibrin
mesh as part of a hemostatic plug, or a cloak to isolate
bacteria or biomaterials from the blood microenvironment
[1,3]. In diseases such as thrombosis, the rate of thrombin
generation outpaces the rate of inactivation of the serine
proteases of the coagulation cascade, resulting in occult
intravascular thrombosis formation underlying patholo-
gies including myocardial infarction, pulmonary embo-
lism, and disseminated intravascular coagulopathy [4,5].

The conversion of fibrinogen from a soluble form to
a meshwork of polymerized fibrin has been shown to
be dependent upon both the pathway of initiation and the
rate of thrombin generation. These variables have been
shown to regulate the physical biology of fibrin, including
individual fiber length and diameter as well as bulk cross-
linking and tertiary structures, all of which affect clot
strength and resistance to breakdown [6,7]. However, the
majority of these mechanistic studies have been performed
under static conditions; as such, it has remained unclear
how these pathways regulate fibrin formation in the context
of the rheological environment of the circulation.

Particle tracking microrheology (PTM) is a passive micro-
rheological technique that characterizes the microenvironment
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of a medium by tracking the Brownian motion of embedded
probes. Since the driving force of Brownian motion is thermal
energy, these particles perturb the fibrin filaments by
minimal deformations, ensuring that the internal struc-
ture of the fibrin clots remains intact throughout the
transient process of coagulation [8,9].Thus, this platform
represents a useful and sensitive method to evaluate the effect
of initiation of the coagulation cascade downstream the TF
pathway as compared to the contact pathway of coagulation
on the mechanics and dynamics of fibrin formation. In this
investigation, platelet poor plasma (PPP) excluding platelet
activities was used to form fibrin clots. Calcium participates in
a series of enzymatic reactions and fibrin polymerization,
thus calcium chloride was added to all clotting samples.
Vehicle control group includes samples treated with the
same solvent as for the test groups. After the fibrin clots
equilibrated, we used scanning confocal microscopy to
visualize the network of the clots. A statistical heterogeneity
analysis proposed by Valentine et al. [10] was adopted in the
microrheological measurements. The results suggested dif-
ferent levels of heterogeneity in the fibrin clots, where the

wide distribution of the diffusive exponents in the LCPP/corn
trypsin inhibitor (CTI) group indicated the most heteroge-
neous structure. Quantitative analysis of the confocal images
showed that LCPP and LCPP/CTI samples had the shortest
fibrin filaments,~7.75 and ~8.85 μm , respectively.

2 Materials and methods

Poly(ethylene glycol) (PEG)-ylated particles were pre-
pared by coupling the carboxylate-modified fluorescent
probing particles (Molecular Probes, FluoSpheres,1 μm
yellow-green (505/515)) with methoxy-PEG-amine (Layson
Bio, 5,000 Da), using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (ThermoFisher),N -hydroxysuccinimide (Sigma-
Aldrich), and 2-(N -morpholino)ethane sulfonic acid (Sigma-
Aldrich) [11,12]. PPP was purchased from Innovative Research.
LCPP (1,000 phosphate units) and biotinylated polyphosphate
(200–1,300 phosphate units) were kind gifts from Stephanie
Smith and Jim Morrissey and prepared following the

Figure 1: Schematic of the blood coagulation cascade. Activation of the coagulation cascade triggers the conversion of the inactive
coagulation factors (represented by an F followed by a Roman number, e.g., FXII) to their active form (FXIIa) by a series of enzymatic
reactions. The intrinsic pathway (purple) is also termed the “contact activation pathway,” which is activated by negatively charged surfaces,
such as polyphosphates. The extrinsic pathway (orange) is initiated by TF that is released during vascular injury. The activation of platelets
upon injury is not depicted here. The activation of coagulation factor ten (FX) marks the start of the common pathway (green) that leads to
the formation of cross-linked fibrin clots.
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procedures that were outlined by Morrissey and co-workers
[13,14]. CTI was purchased from Haemotologic Technologies.
Lipidated recombinant TF was purchased from Siemens,
Dade Innovin reagent. 4-(2-Hydroxyethyl)-1-piperazineetha-
nesulfonic acid (HEPES)-buffered saline contained 25 mM of
HEPES (Sigma-Aldrich) and 150 mM NaCl.

2.1 Fibrin formation

Plasma coagulation was measured in flat 18-well slides
(ibidi, μ-Slide 18 Well-Flat) using 30 μm of plasma in
single reservoirs. In selected experiments, the plasma
samples were pretreated with CTI (40 g/mL), which binds
and inactivates the activated FXIIa. The activation is
achieved by incubation of plasma with LCPP (100 mM).
Alternatively, the extrinsic pathway of coagulation was
initiated by incubation of plasma with TF (0.01 nM).
HEPES-buffered saline served as the diluent. The coagu-
lation of all samples was initiated with 13.7 mMCaCl2. The
vehicle control group includes samples tested with the
same solvents as for the test groups, which is composed
of HEPES (25 mM)-buffered saline (150 mM NaCl) and
13.7 mM CaCl2. Following the sonication that ensures
the monodispersity of fluorescent particles,1 μm of them
were added with CaCl2 at a volume fraction of × −1.3 10 5.
All concentrations listed are the final concentrations in the
plasma solutions.

2.2 Theory of microrheology

In a passive microrheology experiment, the mean-squared
displacement (MSD) of submicron- to micron-scale probing
particles that are embedded in the material of interest are
measured [15]. The measurements are achieved by tracking
the probes’ Brownian motions, which are driven by the
thermal energy that induces minimal local deformations
to the medium. For particles with comparable size to the
intrinsic mesh size of the material, the thermal fluctuations
of these particles reflect the microscopic environment of
the material. Particles that are much smaller than the
mesh size will diffuse through the interstitial fluid as if
they reside in a Newtonian fluid. Particles that are much
larger than the mesh size will probe the material over a
large averaged area, providing essentially a bulk descrip-
tion of the material.

In a Newtonian fluid, the MSD of the probing parti-
cles increases with time, such that

( )⟨⟨ ⟩ ⟩ =r τ DτΔ 2d ,τ
2 (1)

where rΔ 2 is the squared displacement,τ is the lag time,
⟨ ⋅ ⟩τ indicates the time average,⟨ ⋅ ⟩indicates the ensemble
average, d is the dimensionality of the tracked motion,
and D is the diffusivity of the particle. For the particles
that reside in a Hookean solid, the MSD remains constant
over time. The MSDs of viscoelastic materials have been
found to empirically follow a power-law relation with the
lag time [16,17], such that
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where ( )⟨ / ⟩r ωΔ 12
0 is the MSD at = /τ ω1 0, and α is the

power law exponent ( ≤ ≤α0 1). Here, ω0 represents the
frequency at which the rheological properties are being
determined, and this frequency can be subsequently
varied in the analysis. Thus, α is also the logarithmic
slope of the MSD at = /τ ω1 0 [18]. The logarithmic slope
is unity for Newtonian fluids and zero for Hookean solids.
For viscoelastic materials that behave somewhere between
a pure solid and a pure liquid, the slope ranges between
zero and one. Thus,α is also called the diffusive exponent,
which indicates the viscoelastic response of the medium
when it is probed by the particles. The MSD of microscopic
probes has been quantitatively related to the complex
shear moduli, ∗G , that are used to characterize complex
fluids in macroscopic rheology by Mason et al. [16,18],
such that
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where Γ is the gamma function. The elastic ( ′G ) and the
viscous ( ″G ) shear moduli can be further computed by
applying Euler’s equation. The validity of the generalized
Stokes–Einstein relation (GSER, equation (3)) is highly
dependent on its assumptions [16,17]. Discussions of
the violation and break down of the GSER can be found
in previous studies [17,19].

2.3 Video microscopy

The Brownian motion of the probing particles was recorded
at a frame rate of 31 fps by a video microscopy system,
which includes an inverted fluorescent microscope (Nikon,
Ti-S), a charged-couple device camera (Allied Vision, Guppy
Pro 125B), a light-emitting diode (LED) light source (X-cite,
120LED), and a computer that was used for image acquisition
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and data analysis. A 40×/0.6 NA air immersion objective
(Nikon) was employed for imaging the particles. Video
recordings were started after 2 min of loading and sealing
of the initiated PPP solution. The motions of probing particles
were recorded throughout the development of the fibrin net-
work from its initial state as a purely viscous liquid to its
presumed final state as an elastic solid.

2.4 Image analysis

The MSD was obtained by locating the positions of the
probing particles in consecutive images that were acquired
by the microscopy setup, utilizing a MATLAB tracking
algorithm that was adapted from the five-step routines
originally developed by Crocker and Grier in IDL [20].
Static and dynamic errors have been identified in previous
work by the authors for the same system [21]. These errors
were corrected during the data analysis by following the
method in the study by Savin and Doyle [22].

We applied the PTM to measure the transient micro-
rheology of the evolving fibrin clots. We characterized
coagulation by the gelation time and the quality of the clot
at the gel point, which can be characterized by the shear
moduli of the clot at this characteristic time. The transition
of a material from liquid state to solid state can be described
by the gradual decrease in the slope of the MSD of the
embedded probing particles. To study the properties of the
plasma at different stages through the process of coagula-
tion, we divided each of the videos into 30 segments and
computed the MSD of the first 1/10 of the frames of the
duration of each segment to ensure that the sample was at
a quasi-equilibrium state during the measurement. However,
noticeable convection, which causes the diffusive exponent
to be greater than unity, was observed in the first few minutes
of the gelation, which was attributed to the sealing step of the
sample preparation. Therefore, in all of the plots of transi-
tioning MSD and in plots of the value ofα that are shown
below, data are plotted from the point that the sample starts
to show a stable transition.

2.5 Confocal microscopy

Confocal images were taken by a laser scanning confocal
microscope (Leica, DMI 4000B) with a 40 ×/1.15 NA oil
immersion objective (Leica) and an excitation laser at
the wavelength of 488 nm. The confocal microscope is
controlled by the Leica application suite for Advanced
Fluorescence. The confocal images of equilibrated fibrin
clots were taken 24 h after the microrheological measure-
ments. Image processing was completed in MATLAB.
Quantification of the fibrin filaments in the confocal
images was performed using ImageJ. The filament lengths
were manually measured using the “straight line” and
“segment line” tool. All filaments presented in each con-
focal image were selected for the measurements, and the
“number of measurements” shown in Table 1 reflects the
number of measured filaments. To measure the “filament
coverage” in ImageJ, a threshold was applied to each
image with a white background; then the circular shapes
were selected and color-inverted to have the same color as
the background; finally, the “filament coverage” area was
obtained by using the “analyze particles” function.

3 Results and discussion

3.1 Interpreting MSDs

Examples of transient MSDs of evolving fibrin clots are
shown in Figure 2. The experiment in Figure 2(a) was
initiated with vehicle control with no inhibitor, while
the experiment in Figure 2(c) was initiated by LCPP to
incite FXII activation and coagulation by the contact
pathway; in selected experiments, activated FXIIa was
inhibited by CTI. These samples were chosen specifically
to visualize the differences in the spatial evolution of
the fibrin clots when thrombin generation is initiated by
the contact pathway. The slope values of the MSDs are
plotted as a function of time for these two samples in

Table 1: Quantitative analysis of the fibrin filaments corresponding to each confocal image in Figure 6

Vehicle TF LCPP CTI TF/CTI LCPP/CTI

Average length (μm) 12.868 32.811 7.746 17.089 13.199 8.582
Minimum length (μm) 3.574 7.522 1.349 6.711 2.645 1.833
Maximum length (μm) 54.051 77.03 40.09 35.529 51.948 57.705
Standard deviation (μm) 7.011 16.313 5.028 5.946 7.449 6.074
Number of measurements 222 49 246 93 142 195
Filament coverage (%) 16.569 12.841 11.861 14.266 11.499 7.526
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Figure 2(b) and (d), respectively. For both samples, the
initial MSD has a slope of approximately one, which indi-
cates that the PPP solution was initially a Newtonian
fluid. The MSD gradually decreased over time as the fibrin
polymerized, showing increasing elasticity of the clot.

Detailed information about the mechanical proper-
ties during the evolution of the clot can be further extracted
from these transient plots. For instance, the last MSD of
Figure 2(a) is smaller in area and closer to zero than the
final MSD of Figure 2(c) over the same time. We predict that
if the experiment was allowed to progress, the samples
containing both LCPP and CTI may eventually show a con-
stant MSD; regardless, these results indicate that relative to
the vehicle control baseline, a reduction in rigidity reflected
by an increase in the mobility of probe particles was
observed when fibrin formation incited by LCPP in the pre-
sence of the FXIIa inhibitor CTI. Moreover, compared to the
sample with the addition of LCPP and CTI, the slopes of
the sample under vehicle control show a cleaner transition.

This observation indicates that a more heterogeneous struc-
ture is being formed when LCPP and CTI are added, as fibrin
clots are not formed throughout the entire medium, but
they are instead more localized. Thus, particles experience
different local structures, which are revealed by a fluctua-
tion of diffusive exponents α. Although LCPP initiates the
intrinsic pathway by activating FXII and by serving as a
cofactor of FIX and prothrombin (FII), bypassing the activa-
tion of FXI [23], FXIIa as well as FXI can be inhibited by CTI
at a 1:1 stoichiometry. Therefore, with the presence of CTI,
LCPP may only serve as the cofactor of FIX and FII, resulting
in the formation of a fibrin clot with lower rigidity.

3.2 Heterogeneity of fibrin clots

Experiments were run until the particles were considered
motionless. We found that the last overall MSD of the
gelation, which is an ensemble average of all available

(a) MSD. (b) Diffusive slope. (c) MSD. (d) Diffusive slope.

Figure 2: Ensemble-averaged MSDs of fibrin clots throughout the polymerization versus time. (a)–(b) Vehicle. (a) The MSD of an evolving
fibrin clot that was initiated with vehicle control. The slope of MSD decreased as fibrin cross-linked, as indicated by the downward arrow.
This decrease is also color-coded by the transition from blue (early stage) to red (late stage). (b) The logarithmic slopes of each MSD as in
(a). The same color codes are used here as in (a). A dashed line with the value of one is given here in reference to the diffusion of a
Newtonian fluid. (c) and (d) LCPP and CTI. (c) The MSD of an evolving fibrin clot that was initiated by LCPP and inhibited by CTI. The
downward arrow suggests the decrease in MSD over time. This decrease is also marked by the color gradient from blue to red.  (d) The
logarithmic slopes of each MSD as in (c). The same color codes are used here as in (c). Some time segments of MSD in (a) and (c) were
removed for a clearer view of the transition of the MSD over time, but all values ofα are reported in (b) and (d). A dashed line with the value
of one is given here in reference to the diffusion of a Newtonian fluid.

(a) Parcle displacement. (b) Group I. (c) Group II. (d) Group III.

Figure 3: Displacement in x- and y-directions of independent particles that were presented in the first 150 frames in the 36th min of the
coagulation of PPP with LCPP and CTI. The same color indicates the displacement in two directions of the same particle.  (a) Displacement of
all particles in this time frame. Most particles have small displacements, but one particle is very mobile.  (b) Displacement of particles in
Group I. These highly confined particles showed very low displacements. (c) Displacement of particles in Group II. These particles are less
confined, showing slightly larger displacements than Group I. (d) Displacement of a single particle in Group III. Instead of being con-
strained, this particle was quite diffusive, as it was able to presumably travel more freely in the interstitial spaces of the material.
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particles, did not always decrease to a constant value as
expected based on these observations. Therefore, we
investigated the displacement of single particles in dif-
ferent segments. For example, Figure 3(a) shows the dis-
placement of particles in both x - and y-directions that
were presented in the first 150 frames of the 36th min of
the coagulation of plasma with LCPP and CTI, where the
inconsistent displacements of single particles are easily
distinguishable. After applying a variance test (F-test
[10,24]) to the displacements of each particle in both
directions, particles were categorized into groups on the
basis of their differences in the variances of displacements.
Only one group of motion will be found in a homogeneous
medium, but multiple groups can exist in a heterogeneous
material, depending on the level of heterogeneity of the
microscopic structure. For this example experiment, three
groups were found (Figure 3(b)–(d)). The particles in
Group I (Figure 3(b)) were highly confined by the cross-
linked network. The particles in Group II (Figure 3(c)) were
less confined. When compared to the particles in these two

groups, Groups I and II, one particle, shown in Group III,
were very mobile (Figure 3(d)). The displacement of this
diffusive particle contributes to a significant increase in
the ensemble-averaged MSD of the system. The motion
of early entrapped particles can also induce a substantial
decrease in the ensemble-averaged MSD.

Regardless of the time (e.g., the 36th minute in the
previous example) that a sample is analyzed, inconsis-
tencies in the displacements of different particles were
found in all samples in this study to various extents.
This variant motion of single particles signifies a hetero-
geneous structure of the fibrin clots. Thus, we replotted
the values of the diffusive exponents that were based on
the groupings, as shown in Figure 4. Here, αmode is the
slope of the ensemble-averaged MSD of the group with
the largest population, andαmax and αmin are slopes of the
groups with the maximum and minimum value of α,
respectively. Note that a homogeneous sample should
contain one group such that = =α α αmode max min . From
Figure 4, the diffusive exponents of all groups basically

(a) Vehicle. (b) TF. (c) LCPP.

(d) CTI. (e) TF and CTI. (f) LCPP and CTI.

Figure 4: Representative examples for all reaction conditions. The values of the diffusive exponent,α, that were grouped on the basis of the
mobility of the particles. The variableαmode is the slope of the MSD of the group with the most particles, whileαmin andαmax are the values of
α for the groups with the lowest and highest slope value in the specific time of analysis. (a) Fibrin clot that was formed with vehicle control.
This result showed a low level of heterogeneity in the sol–gel transitioning region. (b) Evolving fibrin clot that was initiated by TF. This clot
developed a heterogeneous sol–gel transitioning region. (c) Fibrin clot was formed with LCPP. This sample showed a relatively low level of
heterogeneity. (d) Fibrin clot was formed with the inhibition by CTI. The heterogeneity was mainly developed in the transitioning region.
(e) Fibrin clot was formed with TF and inhibited by CTI. The heterogeneity was also developed in the transitioning region.  (f) Fibrin clot was
initiated by LCPP and inhibited by CTI. This clot exhibited the highest heterogeneity, which was observed throughout the coagulation.
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overlap in the early stages of thrombin generation and
fibrin formation, as all particles still reside in one group.
As the reaction progressed, spatially dependent reaction
kinetics produced heterogeneity in the sample, which
caused a spread in the values of α in the transitioning
region. Different levels of heterogeneity can be seen in
different samples, as shown in Figure 4. Figure 4(f) exhi-
bits the highest heterogeneity, which we assume is caused
by the inhibition of FXIIa by CTI, as discussed previously.
In Figure 4(f), the maximum and minimum values ofα are
very distinguishable, which reflects the motion of both
diffusive particles and constrained particles in the system.
However, the motions of the majority of the particles
(αmode ) show a relatively clean transition, which is consid-
ered to be more representative of the gelation.

3.3 Gel point

A developing clot is a dynamic system that results in a weak
hydrogel. During the gelation the sample progresses through
states of being a viscoelastic liquid before the gel point and a
viscoelastic solid after the gel point. Eventually, the sample is
so rigid that it could be considered a purely elastic Hookean
solid. One method to find the gel point is by observing how
the moduli develop over time for a wide range of frequencies
using the theory of time-cure superposition [25–27].How-
ever, the rapid polymerization of fibrin only allows for short

times of analysis, and the relaxation time is not accessible in
this small range of frequencies.

Alternatively, the Rouse prediction of ( ) − /G t t~ 1 2 has
been successfully used to identify the critical gel point of
gelling systems [25,28–30]. At the gel point,tgel , the elastic
(solid-like) storage modulus,′G , and the viscous (liquid-like)
loss modulus, ″G , crossover such that ′G will dominate. In
microrheology, the Rouse prediction of the gel point can be
adjusted to ( )⟨ ⟩ /r t tΔ ~2 1 2. Therefore, we used = /α 1 2mode

as the criterion to identify the gel point,tgel .
The gel points of all samples that were measured are

shown in Figure 5(a). The reaction kinetics of the samples
that were initiated by TF (extrinsic pathway) do not
appear to be significantly affected by the inhibition by
CTI. This result is reasonable, as TF is an initiator of the
extrinsic pathway, which should be indirectly affected by
inhibition of FXIIa. The kinetics of thrombin generation
leading to fibrin formation under vehicle control was
slightly prolonged by CTI. However, CTI significantly pro-
longed the coagulation when LCPP was present. CTI is an
inhibitor in the intrinsic pathway, and as such the effect
of CTI on fibrin generated by the FXII-activating agent
LCPP was directly impacted as expected.

3.4 Shear moduli at the gel point

To assess the effect of CTI introduced on the microscopic
structure of clotting systems, we measured the moduli of

(a) Gel me. (b) Modulus.

Figure 5: Rheological characteristics. (a) Gel time of all samples. The error bars indicate the standard deviation ofn 1, 4[ ]∈ runs of each type
of clot. The gel time of the clot that was initiated by LCPP was noticeably prolonged by the inhibition of CTI.  (b) Example moduli (31 Hz) at the
gel time of a fibrin clot that was formed with LCPP and CTI as a function of the diffusive exponent of each group of probing particles.
Heterogeneous structure caused distinctive motions of probing particles, resulting in multiple moduli that reflect the local environment of
each group (αmax, αmode, and αmin). Less diffusive particles (with low α value) are positioned in denser networks (with high G∣ ∣∗), and vice
versa. G∣ ∣⟨ ⟩∗ is determined using the ensemble-averaged MSD of all probes in the field of view.
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these clots at their gel point by applying equation (3). At a
chosen time, the value of the moduli is determined by the
value of α and the amplitude of MSD at a certain fre-
quency. We again found heterogeneity at the gel point
of the majority of all samples, resulting in multiple values
of moduli at the gel time. As discussed previously, the
difference in local environment caused each group of
particles to show a distinctive diffusive exponent. As an
example, Figure 5(b) shows the three moduli of a fibrin
clot at the frequency of 31 Hz as a function of the diffusive
exponent, α, at the gel time. As the local structure of the
fibrin clots developed in different rates, the heterogeneity
of the fibrin network contributed to the distinctive thermal
fluctuations of particles in various locations. Therefore,
the motion of each group of probing particles reflects the
moduli of their surroundings. The moduli of the group
with the most particles (Group 2) dominates among all
the groups, which is shown in the similarity of the mod-
ulus of Group 2 and the modulus of the bulk,∣ ∣⟨ ⟩∗G , which
is obtained from the ensemble-average of all particles.
Lower values of α indicate a less diffusive environment,

which is caused by denser local structure, and vice versa.
Therefore, ideally, ∣ ∣∗G should decrease as α increases.
Figure 5(b) is highly representative of this relation.

3.5 Confocal microscopy

The heterogeneous microstructure of the fibrin clots (linear
structures in Figure 6) was visually confirmed by their
confocal images. These confocal images were taken from
the equilibrated clots at 24 h after the microrheological
measurements. The particles in the confocal images include
fluorescent particles and proteins or other substances (dark
spots in the images) that naturally exist in plasma. The
lengths and area of fibrin filaments in each figure were ana-
lyzed using ImageJ and reported in Table 1, where the “fila-
ment coverage” is the total percentage of area covered by
fibrin filaments. All the blobs in the images were excluded
during this area analysis. It was challenging to quantify fiber
thickness. The filament coverage results suggestthat all

Figure 6: Confocal microscopy images of fibrin networks after 24 h of coagulation. The particles that are presented in the images include the
probing particles as well as other substances that naturally exist in plasma. (a) A fibrin clot that was formed with vehicle control. (b) A fibrin
clot that was formed with the initiation of TF, resulting in a denser network with longer fibers, compared with other samples. (c) A fibrin
network that was initiated by LCPP, which also shows a dense structure. (d) A fibrin clot that was formed with the inhibition by CTI. The
image shows thinner polymer fibers when compared with the vehicle-controlled sample in (a). (e) A fibrin clot that was initiated by TF with
the inhibition by CTI. This clot developed thinner fibers, even though CTI and TF directly function in different pathways. (f) A fibrin clot that
was initiated by LCPP and inhibited by CTI. The clotting was inhibited by CTI, resulting in a poorly developed gel with a heterogeneous
structure and large voids.
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samples without the addition of CTI (Figure 6(a)–(c)) formed
denser fibrin networks, when correspondingly compared
with the clots formed with the presence of CTI (Figure
6(d)–(f)). As shown in Table 1, the samples wherein thrombin
generation and fibrin formation were initiated by TF had the
longest average filament length, while the LCPP and LCPP/
CTI samples had the shortest average length and standard
deviations close to their average lengths. In addition, Figure
6(f) exhibits a very distinct scattered structure, which sup-
ports the observation that the development of the fibrin net-
works is sensitive to inhibition of FXIIa with CTI. These het-
erogeneous structures also explain the variant behavior of
the probing particles – particles that were trapped in the
structure exhibited sub-diffusive behavior, but other particles
were able to travel in the voids of this network and thus show
more diffusive motions.

4 Conclusion

The transition of all samples of PPP solution from a
purely viscous liquid to a viscoelastic or elastic solid
has been observed from the MSD as a function of time.
The MSD of the original PPP solution had a diffusive
exponent of one, while the diffusive exponent gradually
decreased over time as the microscopic structure devel-
oped. Different levels of heterogeneity of the fibrin clots
have been observed, exhibited in the deviation of diffu-
sive exponents, α, of single particles, which indicates
that the motions of the probing particles decreased at
various rates. The fibrin clot that was formed with LCPP
and CTI exhibited the highest deviation of α, and it also
showed the highest heterogeneity in the microscopic struc-
ture that was imaged by confocal microscopy. Furthermore,
the gel time, tgel , of the clots that were formed with LCPP
and CTI was noticeably prolonged. The addition of CTI in
the PPP simulates an environment with inhibited FXIIa.
Thus, FXIIa inhibition can lead to prolonged clotting time
and low clot quality, which supports the hypothesis of using
a targeted FXII inhibitor to suppress pathologic coagulation
via the intrinsic pathway [31,32].

Our preliminary tests showed that CTI caused the
fibrin clots to form with low rigidities. However, com-
puting the bulk moduli was challenging during gelling at
the micron level, since heterogeneity was seen throughout
the coagulation for all trials (Figures 3 and 5(b)). To assess
how the shear moduli of the fibrin clots are affected by the
initiators and inhibitors, a study of the equilibrated fibrin
clots should be conducted, which requires a system that
prevents evaporation of any kind. Moreover, to thoroughly

study the roles of FXII and FXI, a more comprehensive
study of the reaction kinetics of the intrinsic pathway
with a larger number of trials is necessary. Also, longer
durations of experiments or multiple times of monitoring
of the clotting are also necessary to identify the point that
the fibrin clots start to equilibrate. Furthermore, conven-
tional rheology of the coagulation of fibrin can provide
references for the microrheological study.
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