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Mechanics and microstructure of blood plasma
clots in shear driven rupturef

Ranjini K. Ramanujam,+® Konstantinos Garyfallogiannis,° Rustem I. Litvinov, (¢
John L. Bassani,® John W. Weisel,© Prashant K. Purohit () *° and
Valerie Tutwiler (&) *@

Intravascular blood clots are subject to hydrodynamic shear and other forces that cause clot
deformation and rupture (embolization). A portion of the ruptured clot can block blood flow in
downstream vessels. The mechanical stability of blood clots is determined primarily by the 3D polymeric
fibrin network that forms a gel. Previous studies have primarily focused on the rupture of blood plasma
clots under tensile loading (Mode 1), our current study investigates the rupture of fibrin induced by shear
loading (Mode Il), dominating under physiological conditions induced by blood flow. Using experimental
and theoretical approaches, we show that fracture toughness, i.e. the critical energy release rate, is
relatively independent of the type of loading and is therefore a fundamental property of the gel.
Ultrastructural studies and finite element simulations demonstrate that cracks propagate perpendicular
to the direction of maximum stretch at the crack tip. These observations indicate that locally, the
mechanism of rupture is predominantly tensile. Knowledge gained from this study will aid in the
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Introduction

Blood clotting is a critical component of the hemostatic system
intended to stem the loss of blood following vascular injury.
The mechanical damage or biochemical activation of the
endothelium induces the expression of tissue factor, a trans-
membrane glycoprotein that triggers blood coagulation.” The
result is the thrombin-catalyzed conversion of fibrinogen, a
soluble plasma glycoprotein, to a polymeric insoluble fibrin
network. The pores of this network are filled with liquid
forming a gel in which the volume fraction of solid is <1%
and the modulus of the fibrin network is in the range of kPa.
Under nonuniform deformations, the liquid diffuses through-
out the gel and undergoes exchange with the surrounding bath.
Factor XIIIa, the plasma transglutaminase, catalyzes covalent
crosslinking, which further stabilizes the fibrin network
mechanically and chemically. Fibrin provides the primary
structural and mechanical scaffold to blood clots that also
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development of methods for prediction/prevention of thrombotic embolization.

contain blood cells, mainly platelets and red blood cells
(RBCs).>"®

Fibrin, the mechanical determinant of blood clots, is a
branched fiber network with a wide range of mechanical
properties, which include extensibility and viscoelastic charac-
teristics that have major implications for its efficiency to stem
bleeding.*?® The stiffness (Young’s modulus) of fibrin fibers is
typically below 10 MPa, similar to elastin but significantly lower
than actin and collagen fibers’. In addition, compared to other
fibrous gels like collagen, keratin and spider silk, fibrin fibers
have a remarkably high extensibility, up to 330%.>® While
previous studies have primarily focused on the viscoelastic
properties of plasma clots to understand their mechanical
behavior, these are unrelated to the rupture resistance of
clots.®> Despite fibrin’s high extensibility, we and others have
shown that fibrin gels have a relatively low toughness.”™* A
blood clot’s rupture resistance, or toughness, determines its
ability to withstand the hydrodynamic forces of flowing blood,
platelet contractile forces, and continuous cyclic loading and
unloading caused by the pulsatility of blood flow and vessel
wall fluctuations in vivo. On the other hand, treatments like
mechanical thrombus removal (thrombectomy) impose
complex loads on thrombi that cause them to rupture. Thus,
it is crucial to understand the impact of different loading
modalities on the fracture mechanics of clots.

In pathological conditions, unwarranted intravascular blood
coagulation (thrombosis) occurs, resulting in an obstructive

This journal is © The Royal Society of Chemistry 2024
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blood clot (thrombus) that restricts blood flow and impairs
normal oxygen supply to organs and tissues. Thrombus for-
mation is the pathophysiological basis of many diseases,
including myocardial infarction, ischemic stroke, deep vein
thrombosis (DVT), and many more.">® In DVT, a thrombus
forms within the deep veins and a portion of any thrombus
(called embolus) dislodged in downstream vessels can block
blood flow in vitally important organs, such as brain in
ischemic stroke.">*°* Despite the high prevalence and sever-
ity of thrombotic embolism, the factors and conditions asso-
ciated with the initiation and progression of blood clot rupture
remain widely understudied.

In our previous studies, we subjected blood plasma clots to
Mode I tension and showed that their rupture resistance,
characterized by fracture toughness (ability to deform and
absorb energy before fracture), is a fundamental property of
fibrin for a given network structure.'®'" Statistical modeling
revealed that the characteristic strain for fiber alignment and
fracture toughness of fibrin networks controls their rupture
resistance'’. We determined that alterations in fibrinogen
concentration in blood plasma and the fibrin ultrastructure
had a direct impact on the rupture resistance of blood clots.>"°
We combined experimental results with theoretical simula-
tions, using a finite element (FE) model and showed that
increasing fibrin content resulted in higher rupture resistance,
similar to other results."*

In this study, we investigate the role of simple shear loading
on fibrin cohesive rupture by performing Mode II fracture
assays, which is essentially shear loading that is closer to
in vivo hydrodynamic conditions in the vasculature. Another
reason to study simple shear loading with large deformations is
that it results in a complex state of stress in the specimen,
which could provide a test case for (a) our constitutive models
that were calibrated for uniaxial tension, and (b) our fracture
criterion, which is based on a critical stretch at a micro-
structural distance ahead of the crack tip or on the critical
energy release rate. The constitutive model used in this paper is
motivated by fibrin fiber mechanics”*** and is coupled with a
poroelastic FE framework to replicate the experiments and
provide more insight. The characteristic strain-induced struc-
tural changes of fibrin presented in this work not only give
insight into the mechanism of fibrin rupture but may provide
the mechanistic basis for rupture of other fibrous gels.>*

Materials and methods
Plasma clot preparation

Pooled citrated human platelet-free plasma from healthy
donors was obtained from Cone Bioproducts (Texas, USA)
and stored at —80 °C after aliquoting. The fibrinogen concen-
tration in the pooled plasma was 2.9 mg ml . After thawing,
calcium chloride at 25 mM and tissue factor (Dade Innovin,
Siemens Healthcare, Munich, Germany) at 75 pM (both final
concentrations) were used to initiate clotting. Following the
initiation of clotting, the plasma sample of 6 ml was
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immediately transferred into a rectangular Teflon mold with
dimensions of 20 x 20 x 10 mm. Velcro was placed on the top
and bottom of the mold to prevent slippage of the clot. The clot
was allowed to form at 37 °C for one hour, followed by placing it
at 4 °C overnight to ensure factor XIIla-catalyzed covalent fibrin
crosslinking.

Mechanical testing of plasma clots

The clot samples with dimensions 20 x 20 X 4 mm were
removed from the molds and were carefully loaded onto a
multi-axial mechanical tester (Mach-1™, Biomomentum Inc,
Laval, QC, Canada), and attached using rectangular clamps.
Linear cracks were incised on one edge of the clot, parallel
(Mode 1I) to the direction of loading. The clots were subject to a
2 mm min~"' constant strain rate under displacement control
mode. Intact samples without cracks served as controls. The
force vs. displacement curves were recorded with continuous
high-definition videos captured simultaneously.

Confocal microscopy of plasma clots and image analysis

Alexa Flour 488-labeled fibrinogen (Thermo Fisher Scientific,
USA) was mixed with pooled plasma at 1% of the total volume,
corresponding to 0.04 mg ml~'. Clotting was initiated as
described previously. Strips of plasma clot of dimension 10 x
10 x 2 mm were carefully clamped in a custom-made stretching
apparatus, and single-edge notches were incised into one of the
edges. The samples were manually stretched to 50% and 90%
strain, followed by fixation for 30 minutes while still under
strain in 2% glutaraldehyde in saline. The fixed samples were
removed from the stretching apparatus, and images of the
samples were captured using a Zeiss LSM 710 confocal micro-
scope with a Plan Apo 40 x water immersion objective lens with
1.2 numerical aperture. An argon laser beam with a 488-nm
wavelength was used. The z-stack distance between slices was
set as 0.5 pm and at least 30 slices were imaged. The resolution
for each slice was 1024 x 1024 pixels. The line measure tool in
Image] software was used to measure the fiber alignment angle
from confocal microscopy images.

Scanning electron microscopy

Plasma clotting was initiated in rectangular molds. After allow-
ing the clots to get crosslinked overnight, samples were
removed from the molds and strips of gel with dimensions
10 x 10 x 2 mm were thoroughly washed using 50 mM sodium
cacodylate buffer/150 mM NaCl, pH 7.4. The samples were then
carefully transferred to the custom-made shear stretching
device, cracks were incised on one edge and stretched as
mentioned above. Next, samples were fixed in 2% glutaralde-
hyde in the cacodylate buffer. Dehydration of samples was
carried out using increasing concentrations of ethanol (30-
100% v/v); then they were immersed into hexamethyldisilazane
and air dried. Further, a 10-nm layer of gold-palladium was
sputter coated onto the samples, which were then imaged using
a Quanta 250 FEG scanning electron microscope (FEI, Hills-
dale, Oregon).

Soft Matter, 2024, 20, 4184-4196 | 4185
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Material model of fibrin gels

The plasma clot was modeled as a biphasic medium in which a
network of solid fibers is swollen with liquid.'®'" The overall
response of the gel depends on both the solid and liquid
phases, rendering the problem a fully coupled mechano-
diffusional poroelastic problem. Following Flory and Rehner’s
theory®® for cross-linked polymers, the (real) Cauchy stress
experienced at each point of the material as a function of
applied deformations F and chemical potential p'®** is:

(/)ref
_ s
Vi

N
a(F, ) GB—ol)+2 Zg(E[,)h/’ —(r+wl, (1)
p=1

where ¢=f is the initial solid volume fraction of fibrin. The
material although modelled initially as isotropic and macro-
scopically homogeneous becomes heterogeneous due to non-
uniform deformations so that quantities like the fibrin volume
fraction and fiber alignment show significant spatial variation.
For a detailed derivation of the Cauchy stress in ref. 1, see.'>""
g(Ep) in ref. 1 is the stress-strain response of a single fiber with
Ey,, the fiber strain. A major difference between the model used
in this work compared to our previous work is the modeling of
the compressive behavior of the fibers, i.e., what is g(E,,), when
E, < 0? Previously, it was assumed that the fibers buckle
immediately when subjected to compressive strain, meaning
g(Ep) =0, when E;, < 0. This is a simplification, as the fibers can
withstand a certain amount of compressive loading. Moreover,
after significant compression and compaction, the fibers come
into contact with each other, resulting in high compressive
stresses.>® Also, it was found that the vanishing compressive
stiffness of the fibers yields an unrealistically soft response of
the material under shear loading, although it was adequate to
model the uniaxial tension response of cracked plasma clots
and captured the large decreases in volume associated with
tensile behavior. The model in this work was modified from its
previous version'®'! by the addition of a non-vanishing com-
pressive stiffness to the stress-strain response of single fibrin
fibers. Details about g(E,,) are presented in the ESL¥

Definition and measurement of the energy release rate and
fracture toughness

An important aspect of this work is to calculate the fracture
toughness of plasma clots."”"! The two aforementioned works
focus on tensile loading with different fibrinogen concentra-
tions, while this work focuses on shear loading. Also, the
specimen dimensions are different in the present analysis.
Nevertheless, it is expected that the fracture toughness would
be independent of the type of loading and the geometry, if it is
indeed a material property. The fracture toughness, essentially,
is the material resistance to rupture, and is the energy release
rate at critical conditions (crack propagation). The onset of
crack propagation is set to occur at a critical displacement 4. of
the overall specimen. In tension,'®'" 4. is the vertical displace-
ment, while in shear it is the horizontal displacement of the
moving clamp with respect to the stationary clamp. 4. is
defined as the displacement corresponding to the peak force
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or the beginning of a force plateau in the force-displacement
curve of the experimental data, whichever happens first. Crack
advance begins when the displacement reaches 4., and it
propagates quickly thereafter. The total energy @ of the plasma
clot system is the sum of the potential energy I1, plus the energy
X dissipated due to liquid diffusion, i.e., ® = IT + 3.***” Then,
the critical energy release rate with respect to crack advance (i.e.
fracture toughness) is defined as:*’
1 090(4,a)
T o0 |y )

A=A,

G, =

with a being the crack length and ¢ the initial thickness of the
specimen. In ref. 2 the derivative is evaluated with the overall
displacement held fixed at 4 = 4. (and, implicitly, boundary
conditions on liquid flow). Although effects of the liquid-solid
interactions in the fibrin gel are included implicitly in the
force-displacement data, there is no direct experimental mea-
sure of the change in dissipated energy X as the crack advances.
An alternate measure of fracture toughness that can be deter-
mined from experimental force-displacement curves without
invoking a constitutive material model, denoted G, is:
. — 1 01(4,q) 7 3)
t Oa |,_yu

where, under displacement-controlled loading, the potential
energy II is the stored deformation energy calculated from
experiments by integrating the force-displacement data until
A = /.. The calculation of G. is based on the method originally
suggested by Rivlin and Thomas,*® and details on the estima-
tion of IT are given in the ESL¥

In the FE simulation framework, the dissipated energy due to
the transient liquid flow can be calculated explicitly in terms of the
chemical potential fields. A modified surface-independent J-
integral is used for that purpose,”®*” which incorporates dissipa-
tive effects from the liquid phase. This modified J-integral, denoted
J*, is decomposed into two integrals,>>*” denoted Jimeen, and Jrow:

]* :]mech +.]ﬂ0wy (4)

where Jiecn in the absence of liquid reduces to the classical J-
integral®®. Both Jinech and Jaow are influenced by the liquid flow.
For a detailed description of the evaluation of Jiech and Jow,
see?”. If J* is evaluated at critical conditions, 4 = A, then it is
the fracture toughness, denoted G.:

Ge = J"|jen.= I (5)

Furthermore,

Gc :]mechlA:Ac- (6)

Theoretical formulation and finite element implementation of the
experiments on controlled mechanical rupture of plasma clots

FE simulations corresponding to the experiments were per-
formed with single edge notch geometries with nominal width
w = 20 mm, height 2z = 20 mm, notch radius R = 0.1 mm
(100 microns), and thickness ¢ = 4 mm. The fracture toughness,

This journal is © The Royal Society of Chemistry 2024
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as a material quantity, must be independent of specimen
geometry and loading conditions. This is why only edge cracked
specimens with a circular notch of radius R are considered. The
circular notch is used to replicate the crack tip geometry
because the cracks are made by a blade of the same radius. A
schematic representation of a specimen is shown in Fig. 1(A)
and (B) (with notch radius enlarged). The specimens are
considered fully saturated with liquid in the unloaded state.
The liquid permeability is taken to be a function of only the
fibrin volume fraction, and it follows the work of Wufsus et al.*°
for blood clots. All specimens were clamped on the top and the
bottom surfaces. The top clamp remains immobile, while the
bottom moves only horizontally at a constant velocity of
2 mm min . Fluid does not leak from these two impermeable
surfaces, since the specimens are attached to rigid imperme-
able plates. It is assumed that the specimen is submerged in a
liquid bath of pure water (u = 0) and is in equilibrium with it,
which is equivalent to setting u = 0 on the external surfaces
(except the clamped top and bottom ones). This is a simplifying
approximation justified by Brown et al.’* and Sugerman et al.,*>
who showed that the ambient relative humidity at fixed tem-
peratures does not impact the response of their blood clot

c 0.154
- z
z o
o 0.10 e
e O
o w
w [
5 3
2 0.054 £
5 (2]
0.00 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 1.2
A/h

Fig. 1
plasma clot sample with an edge crack subject to shear displacement at a 2
notched plasma clots subject to shear displacement at 2 mm min~? strain
(blue) and an uncracked plasma clot (red).
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specimens for the duration of the experiment. Moreover, dur-
ing the experiments, the surfaces are observed to be constantly
wet by expelled water. For each lab experiment, parameters like
geometry, applied deformation, and duration of the experiment
are direct inputs into the FE simulations.

The constitutive model presented in ref. 1 is input into a FE
simulation coupled mechano-diffusional poroelastic analysis
through a user subroutine. From the analysis, the force-dis-
placement curves are taken, and then the model is fitted such
that the FE simulation curves approximate as best as possible
all the experiments, ie., different fibrin(ogen) concentrations,
crack lengths, geometry, and type of loading (shear or tension).
Cracked specimens are used for the fitting because uncracked
specimens cannot access the spatially varying and intense
stress—strain and chemical potential fields at the crack tip that
are of most importance for the problem. The main difference
between this work and previous ones'®'" is that in compression
the fibers maintain a certain stiffness, smaller than that in
tension. Hence, some re-fitting of the model is needed,
although most of the parameters remain the same as in ref.
10. The new parameters are given in Table S2 in the ESL{ The
constitutive model in ref. 1 used in the simulations replicates

‘v =2 mm/min

0.20

0.10

0.00 T T T |
0.0 0.2 0.4 0.6 0.8 1.0

A/h

(A) Schematic representation of the initial geometry of the specimen. R not to scale. (B) Schematic of cracked geometry showing a 20 x 20 mm

mm min~? strain rate. (C) Recorded force—displacement curve of single-edge
rate. (D) Representative force—displacement curves of cracked plasma clots
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the vertical and horizontal forces measured, returns correct
averages of the fiber orientations all over the specimen and
captures the angle at which crack growth occurs.

Statistical analysis

All analyses were performed using the GraphPad Prism 8.0 soft-
ware package. Normality was assessed with D’Agostino-Pearson
test. Data are represented as mean =+ standard error of the mean.
We conducted a continuous endpoint power analysis for two
independent study groups (tension and shear loading), assuming
a modest 10% difference in toughness. With a chosen power of
85% and alpha = 0.05, the recommended sample size was deter-
mined to be 12. One-way ANOVA and Tukey post-hoc tests with o =
0.05 were used to examine the samples for significant statistical
differences between groups unless otherwise noted. Linear regres-
sion analysis in which a p-value of 0.05 or less in a simple
regression analysis was used to model the relationship between
variables. p < 0.05 was considered statistically significant.

Results
Mechanical rupture of plasma clots subject to shear displacement

Plasma clots with or without cracks of varying lengths were
subject to uniaxial shear displacement under a constant strain
rate (Fig. 1(A) and (B)). Fig. 1(C) shows the representative shear
force-displacement (F-4) curve for a cracked clot. For brevity,
we use the notation 4 for the applied shear displacement and
4, for the applied normal displacement under mode I loading;
4, is constrained to be zero in the experiments. As expected,
uncracked samples were able to withstand 2.5-fold larger forces
when compared to samples with cracks (Fig. 1(D)). We pre-
viously showed that the F-4 curves for clots subject to tension
had a nonlinear portion that represented fiber alignhment and a
linear portion that corresponded to fiber stretching followed by
an instant drop as the clot ruptured.'®"*

The maximum force, critical displacement, and critical
energy release rate as a linear function of initial crack length
were determined from F-A curves from the rupture experi-
ments for clots subject to shear displacement (Fig. 2). As
anticipated, the maximum force sustained by the plasma clots
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reduced significantly with increasing crack sizes (p = 0.03)
(Fig. 2(A)). Critical displacement on the other hand showed
no significant correlation with initial crack lengths (p = 0.11)
(Fig. 2(B)), as in ref. 11. The critical energy release rate (G.) also
showed no significant correlation with initial crack lengths (p =
0.15), reiterating that toughness is a fundamental material
property (Fig. 2(C)). Low 7> and high p-values are indicative
that critical displacement and critical energy release rate are
independent of crack length.

Finite element predictions of fibrin gel specimen and
comparison with experiments

The force-displacement curves in shear of specimens of four
different crack lengths and 2.9 mg ml ™" fibrin(ogen) concentration
are plotted in Fig. 3(A)~(D), as predicted by the FE simulation
analysis and measured in experiments. In all plots, dotted lines
correspond to experimental data while solid lines are results from
FEM calculations (Fig. 3). For the shear experiments of this paper,
both horizontal (blue) and vertical (red) forces are shown to be in
good agreement with simulations. Crack lengths with crack to
width ratio around a/w = 0.2 are examined in experiments and FE
simulations to avoid bending of the specimen, which can change
the loading, especially at long crack lengths. The model correctly
predicts both the vertical and horizontal force on the grips for
multiple crack lengths, and this remains true for experiments not
shown here. As expected, the force reduces with increase of the
crack length. Note that the fitting was based solely on the hor-
izontal component of the force, which is the direction of shear.
Moreover, the predictions of the constitutive model are compared
to tensile Mode I data (Fig. 3(E) and (F)). The specimens for the
tensile case are of different geometry, more specifically they have
w=h=30mm and ¢ ~ 6.5 mm. In Mode I, the model predicts the
experimental data well for varying crack lengths and fibrin(ogen)
concentrations. Hence, the current description of the material can
capture the behavior for different geometries, crack lengths,
fibrin(ogen) concentrations, and types of loading.

Crack propagation direction

The crack propagates through the material that is maximally
stretched and damaged. At every point, the maximum,

A B Cc
22+ 15+
0.20- .
20 L]
0.15- >
= 10 °
—_— L] — [ ]
3 E 187 ° L4 E
% 0.10-] ¢ E . = e
W < 167 o0 19 &4 ¢ L4 d
0.054{ =036 1a] ?=022 o =02 o
p=0.03 p=0.11 p=0.15
°
0.00 T T T T 12 T T T T 1 0 T T T T 1
0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010 0.000 0.002 0.004 0.006 0.008 0.010

Initial crack length (m)

Initial crack length (m)

Initial crack length (m)

Fig. 2 Results from data analysis to estimate (A) maximum force prior to rupture (Fmay), (B) critical displacement (4.), which corresponds to the
displacement at the maximum force, and (C) critical energy release rate (G,), all as a function of initial crack length for clots subject to shear displacement.
Best-fit regression lines were obtained using a simple linear regression test with alpha = 0.05.
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Fig. 3 Comparison of force vs. normalized extension curves from experiments and FE simulations for (A)—(D) shear loading for 2.9 mg ml™ fibrin(ogen)
concentration with various crack lengths, and (E) and (F) Mode | axial loading for various fibrin(fogen) concentrations and crack lengths (the experimental
data for E and F are taken from!°). The constitutive model is able to capture a wide range of fibrin(ogen) concentrations, crack lengths and geometries,
and types of loading. In all plots, dotted lines correspond to experimental data while solid lines are results from FEM calculations. For the shear
experiments of this paper, both horizontal (blue) and vertical (red) forces are shown to be in good agreement with simulations. The displacement for

tension experiments is labelled 4,, to be distinguished from extension 4 used for shear experiments.

intermediate, and minimum stretches are taken from the three
principal stretches (14, 4, 43) of the deformation gradient F,
such that 4; > 4, > /3. In our previous work in Mode I
tension,'®*!
the crack tip is observed on a ray of material points directly
ahead of the crack tip at an angle 0. = 0°, and the crack
propagates horizontally. In Mode II shear, the material points
with maximum A; as one moves away from the crack tip
appears to be approximately on a ray starting from the crack
tip, whose angle is not 0. = 0° (Fig. 1(B)). Table 1 shows the
angle at which the crack propagates in shear experiments for
different crack lengths, as well as the angle of the ray of
maximum (principal) stretch /; taken from FE simulations.

the maximum stretch 4, as one moves away from

This journal is © The Royal Society of Chemistry 2024

The values in Table 1 are subject to some ambiguity, since in
experiments the crack is significantly blunted, so an exact
measurement of the angle of propagation is challenging, while
in FE simulations the results are subject to the resolution of the
mesh. Nevertheless, they are good estimates, which show that
the angle of crack propagation is ~30° in experiments and
~35° in FE simulations (it is assumed that the crack propa-
gates through the maximally deformed material). Moreover,
comparing the stretch profiles along the rays of maximum
stretching (/,) as a function of the normalized distance from
the deformed crack tip (7/R,) in both tension and shear, reveals
that they are qualitatively and quantitively similar (Fig. 4). The
maximum difference in the values of 1, observed between any
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Table1 Angle of crack propagation 0. in experiments, and angle of ray of
maximum stretching of the material in the deformed configuration from FE
simulations for 2.9 mg ml™ fibrinfogen) concentration and various crack
lengths under shear loading

Crack
length (a/w)

Angle of crack
propagation 0. (EXP)

Angle of maximally
deformed material (FEM)

0.126 26° 32°
0.145 37° 35°
0.15 30° 37°
0.17 22° 30°
0.178 31° 43°
0.204 21° 29°
0.214 33° 35°
0.24 38° 34°

two curves in Fig. 4 is smaller than 0.2. The same trend
regarding A, is observed for other crack lengths and
fibrin(ogen) concentrations.

The two observations made above:

(1) The crack propagates through the maximally deformed
material, and

(2) This maximum deformation encoded in 4, is invariant
with crack length, geometry, fibrin(ogen) concentration and
type of loading, can serve as a basis for a hypothesis that the
fracture mechanism/criterion for plasma clots is a critical
stretch criterion, ie., the crack propagates when a critical
stretch is reached.

Fibrin fiber reconfiguration

Microscopic structural changes occurring in the sample, the
region around the crack tip, as well as the edge of the sample,
were imaged for cracked plasma clots under a shear strain.
There is an isotropic distribution with fibers aligned along
random directions in a region of the undeformed specimen
(Fig. 5(A) and (B)). Three regions in a deformed specimen were
examined for fiber alignment (Fig. 5(E)), and there was sig-
nificant fiber alignment in each of these regions (Fig. 5(C)-(F)).
A more quantitative examination of the fiber alignment shows
the fiber angle (relative to the horizontal axis) distribution with
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violin plots (Fig. 5(G)). The width of the violin plots (Fig. 5(G))
represents the probability of a fiber to be aligned at the specific
angle; the wider the violin plot, the higher the alignment is at
this angle (more probable). The three regions picked are near
the upper (Fig. 5(C)) and lower (Fig. 5(D)) left specimen edge,
and at the crack tip (Fig. 5(F)). In the FE results, the fiber angle
is calculated by averaging the angles the fibers create with the
horizontal axis. Table S1 (ESIt) provides the average value and
S. D. of Fig. 5(G). The angle distribution is wider in the real
material in contrast with the FE results (Fig. 5(G) and Table S1,
ESIt), which is expected because the FE includes no stochasti-
city in the initial fiber directions, only a finite number of N = 14
directions exist, while in the real material the fibers are
randomly oriented, but their average values correlate well
(Table S1, ESIt). The regions farther away from the crack
(Fig. 5(C) and (D)) show high alignment in the confocal micro-
scopy images, as also seen by the violin plots (Fig. 5(G)). At the
crack tip region (Fig. 5(F)), the network in the confocal micro-
scopy images presents significantly less alignment (more
spread-out violin plot in Fig. 5(G) and higher standard devia-
tion in Table S1, ESIt). An explanation for this wider distribu-
tion is given after the discussion of Fig. 5(H)-(]).

SEM images show the details of the fiber network in a region
ahead of the crack tip at ~30° relative to the horizontal axis,
which is essentially the crack propagation direction 6,
(Fig. 5(H)—(J)). The fibers are significantly aligned in this region
at an angle of ~120° relative to the horizontal axis, which is
perpendicular to the crack propagation direction. Broken fibers
are also visible. The observation that the fibers under shear
tend to align perpendicularly to the crack propagation direction
holds true for other specimens examined, and for the pre-
viously published Mode I results.'"*”*3

The SEM image at a region near the crack tip (Fig. 5(J)), but
not in the crack propagation direction, shows that the network
there is less stretched and more random, while the network in
the crack propagation direction shows highly aligned fibers
(Fig. 5(H)). This supports our hypothesis that the crack propa-
gates by the breaking of aligned fibers. The window examined

1.5t 1mg/mL 2.7 mg/mL 5 mg/mL
alw=017 a/w=0.22 a/w=0.19
Tension Tension Tension
1.0 R o s
0.5 15 20

1.0
r/Ro
Fig. 4

1.5 1mg/mL 2.7 mg/mL 5 mg/mL
aw=025 a/w=0.18 a/w =0.25
Tension Tension Tension
1.0 o -
0.5 1.0 1.5 2.0
r/Ro

(A) and (B) Maximum stretch (4,) profiles from FE simulations as a function of the distance (r) from the deformed crack tip normalized with the

notch radius Rq for various fibrin(ogen) concentrations, crack lengths and types of loading. Note that the profile of the maximum stretch 4; depends
weakly on these factors. The curves are as following: 1 mg ml~ (blue) under tension for a/w = 0.17 and 0.25; 2.7 mg ml™* (red) under tension for a/w =
0.22 and 0.18, 2.9 mg ml~* (orange) under shear for a/w = 0.18 and 0.20; 5 mg ml™* (purple) under tension for a/w = 0.19 and 0.25; 10 mg ml™* (green)

under tension for a/w = 0.26 and 0.19.
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Fig. 5 (A) and (E) Schematic of unstretched (A) and stretched (E) geometry, showing a 20 x 20 mm plasma clot sample with an edge crack. (B), (C), (D),

and (F) Representative fluorescence confocal microscopy images of unstretched (B) and stretched plasma clots (C), (D), and (F). (G) Violin plots of the fiber
angle with the horizontal axis as measured from confocal microscopy (EXP) and predicted from the FE model (FEM) for the 3 different stretched regions in
(C), (D), and (F). (H)-(J) Scanning electron microscopy images at the crack tip (I) at the crack propagation direction (H), and at the crack tip but not along

the crack propagation direction (J). Arrows point from the lower magnification image (I) to enlarged regions (H) and (J).

by confocal microscopy is much larger than that examined by
SEM, so Fig. 5(F) equally includes regions like Fig. 5(H) and (J),
making the network look more random and with wider disper-
sion (Fig. 5(G)). Fig. 5(G) and Table S1 (ESIt) shows that our
micro-structurally based constitutive model can predict the
average values (such as fiber alignment, fiber density) of
plasma clots even when the geometry and loading are complex.
This allows us to make predictions about crack advance in

This journal is © The Royal Society of Chemistry 2024

other geometries that may be more relevant to conditions
experienced by clots in vivo.

This information on the microstructure sheds light on the
microstructural processes happening during the failure of
fibrin hydrogels. Initially, the fibers in the random isotropic
network at the crack propagation region stretch and reconfi-
gure themselves, trying to align along a direction that is
perpendicular to the crack propagation direction (Fig. 5(H)).
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This creates bands of maximally deformed material (highest 4,
values) through which the crack propagates (Table 1). For Mode
1,'2733 the crack propagates horizontally and the fiber align-
ment, as well as the maximum stretch, direction is vertical. For
shear experiments in this work (Mode 1II), the crack propagates
at ~30° relative to the horizontal axis and the fiber alignment,
as well as the maximum stretch, direction is ~120°. The
maximum)/critical stretch at the microscopic level does not
seem to depend either on the geometry and loading character-
istics or the fibrin concentration (Fig. 4). This implies that the
critical stretch value is a property of the fibers. Hence, the crack
propagates by the breaking of aligned fibers after a certain
amount of fiber deformation, and it is independent of the type
of loading, geometry and fibrin(ogen) concentration. Although
Mode I and Mode II macroscopically manifest with different
crack propagation directions, microscopically they are gov-
erned by the same fiber network mechanics, and at the crack
tip region in the direction of crack propagation, Mode I and
Mode II deform the network in the same manner, by cutting
through aligned fibers.

Discussion

The mechanical properties of fibrin, the polymeric scaffold of
blood clots, are crucial determinants of in vivo clots/thrombi
that must be able to withstand breaking apart in a dynamic
biomechanical environment. The relationship between throm-
botic disorders and clot mechanical properties has been con-
sistently demonstrated.>®* =’ For example, studies have
reported lower stiffness of in vitro clots of patients with bleed-
ing conditions, whereas higher stiffness was observed in clots
made from plasma of patients in thrombotic states.*>® Further-
more, plasma clots express unexpectedly low toughness for a
ductile material ** and are less resilient to rupture than other
biological hydrogels, such as collagen, cartilage, and others,
despite being extremely deformable.® This renders the clot
vulnerable to damage, further accentuating the need to under-
stand blood clot rupture mechanisms. Moreover, clots are
heterogenous and inevitably predisposed to forming cracks and
defects.”>*® Furthermore, fibrin’s enzymatic degradation dur-
ing fibrinolysis and inflammatory proteolysis induces clot
defects, which can manifest as cracks and cause clot rupture,
thereby increasing the risk of embolization.>® Hence, it is
paramount to study the mechanical behavior of fibrin in the
presence of cracks to understand the mechanism and progres-
sion of thrombotic embolization. In addition, the importance
of fibrin mechanics has increased concurrently with the devel-
opment of numerous new uses for fibrin as a biomaterial,
including tissue engineering, hemostatic sealants, etc.
Previous studies by us®*? and our colleagues'***?? exam-
ined the effects of tension on crack propagation and rupture. It
was demonstrated that there is significant fiber alignment
ahead of the crack tip due to the state of stress being (uniaxial)
tensile there.'" Ruptured fibers could be seen in high-
resolution images of the crack faces;'? furthermore, it was
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demonstrated that a criterion based on critical stretch a
micro-structural distance ahead of the crack tip predicted the
toughness quite well.'* Complementing the previous efforts,
our current work focuses on plasma clots under shear loading,
which is closer to the physiological conditions induced by
blood flow. Understanding the impact of mechanical loading
modes under (patho)physiologically relevant forces is para-
mount to uncovering the complex mechanism of fibrin rupture
and predicting the likelihood of thrombotic embolization. In
general, the energy release rate will depend on the angle of
crack propagation, ie. 0. in Fig. 1(B), which has been investi-
gated in the setting of linear elastic fracture mechanics.*® At
large deformations, the definition of the energy release rate and
J* are based upon straight-ahead crack extension in the unde-
formed configuration, which from the FE simulations is
approximately observed in several cases. Nevertheless, we note
that some of the variations in the values measured and calcu-
lated could be due to variations in the actual angles of crack
propagation.

The material model employed in the previous studies is
also utilized in this research, but shear experiments revealed a
new mechanical response of fibrin that was not elaborated earlier.
Specifically, a plasma clot under simple shear developed a tensile
stress in addition to a shear stress in accordance with the
Poynting effect.”** The material model of the previous studies
was too soft in shear, because it assumed that the fibers cannot
carry compressive load. Here we relax this assumption and endow
each fiber with a non-zero compressive stiffness. This modified
model successfully captures the material behavior, including the
Poynting effect, across various crack lengths, specimen geome-
tries, and tension and shear loading conditions, while accounting
for the concentration of fibrin without altering the material
parameters. Thus, the material description based on microscale
mechanics is robust.

Fracture toughness is a material’s ability to resist the growth
of flaws, such as a crack. Despite fibrin’s low protein mass
fraction (~0.3% for a plasma clot in vitro) and relatively low
toughness (~7 J m~?), the fibrin network is the main contribu-
tor to blood clot mechanical and structural stability.>** Fracture
toughness was found to be independent of the initial crack
length®® and increased with fibrin(ogen) concentration.'®'* The
values of G, observed for clots around 2 mg ml~" concentration
measured in shear and tension are remarkably similar (Fig. S2,
ESIY). A slight drop in G, value for clots subject to shear loading
(Fig. S2, ESI{) can be attributed to the crack propagation angle,
which causes the crack tip fields to interact with intense bound-
ary stress-fields, causing premature failure. Moreover, the smal-
ler specimens used in this study are technically challenging to
handle due to their wet and slippery nature. Nevertheless, the
magnitude of G. remains constant regardless of type of loading,
which further strengthens the claim that fracture toughness is a
material property independent of specimen geometry, initial
crack length and mode of loading.

Upon reaching a critical stretch, cracks propagated at an
angle of ~30°, unlike those seen in clots under tension where
cracks propagated horizontally (0°). Furthermore, the FE

10,11
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simulation analysis accurately predicts fiber dispersion in
different regions of the specimen, as well as the direction of
crack propagation at a 30-degree angle, closely matching
experimental observations. Scanning electron microscopy con-
ducted during shear testing confirms that the fibers located
ahead of the crack tip align perpendicularly to the direction of
crack propagation. Additionally, FE simulations predict that
the maximum stretching occurs ahead of the crack in a direc-
tion perpendicular to the crack propagation, and this behavior
remains consistent across various crack lengths, specimen
geometries, and concentrations of fibrin(ogen). These findings
hold true for both tensile and shear loading. These collective
observations indicate that irrespective of loading and geometry,
the material fails due to the rupture of fibers aligned perpen-
dicularly to the crack tip, indicating a Mode I fracture
mechanism,'"?”?? thus illuminating the mechanism of clot
rupture in vivo. Previous studies have shown that compressed
red blood cells, but not platelets were the major components of
pulmonary emboli extracted from patients, demonstrating a
potential link between blood cells and risk of embolization.??
Multiple studies have shown that cerebral and coronary arterial
thrombi contain a considerable amount of fibrin, whereas
venous thrombi are inherently fibrin-rich.>* Since fibrin is the
main determinant of blood clot mechanics, our findings
focused on plasma clots have the potential to provide funda-
mental mechanistic insights into the mechanical stability or
rupture resistance of both venous and arterial clots, despite
differences in composition.

To study the structural changes during crack propagation
and visualize the dynamics of clot rupture under shear stress, it
is essential to incorporate live imaging. However, we observed
that the sample tends to thin more in the middle than at the
ends, posing a technical challenge for real-time clot imaging.
To overcome this, future work will focus on alternative imaging
methods or modifications to the experimental setup to account
for the uneven thinning of the sample. On the other hand,
heterogeneous (i.e. non-uniform) deformation, such as thin-
ning of the sample at the center, is directly captured in the FE
calculations. However, crack growth is computationally much
harder to capture. One way in which we will account for crack
growth in future work is by the use of cohesive elements for
center cracked specimens under tensile load.

Application to a thrombus in a vessel

The findings in our studies can be applied to in vivo thrombi if
they can be imaged to approximate actual clot and vessel
geometries. With that information and estimates of fracture
toughness as a function of fibrin density and loading condi-
tions (blood pressure and flow rate), the propensity to rupture
can be computed in principle given a sufficiently accurate
computational model. FE simulations that include coupled
effects of solid deformation and fluid diffusion of clots, mod-
eled with the poroelastic constitutive equations that we have
developed from fracture experiments under both tension and
shear, can be used to compute the energy release rate asso-
ciated with the propagation of a defect. When the latter exceeds

This journal is © The Royal Society of Chemistry 2024
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the fracture toughness, then the defect is predicted to propa-
gate. A highly-idealized simulation is provided in the ESI} in
order to make the proposed methodology more concrete.
Additional studies that include the effects of platelets, red cells
and neutrophils on toughness can provide an even more
accurate poroelastic model and measure of toughness.
Although all that is beyond the scope of this work, aspects of
what is required and potential outcomes are described below.
Indeed, over the last 75 years or so, fracture mechanics has
been successfully applied to design and estimate the failure of
engineered components, for example with applications to aero-
space, power generation, and electronic devices.

The proposed methodology to determine if a defect in a clot
within a blood vessel will propagate and ultimately cause
embolization requires a large-deformation, three-dimensional
FE calculation that utilizes the nonlinear poroelastic constitu-
tive model. Given the clot and vessel geometries and loading
conditions (blood shear rate and pressure), the question is
whether the calculated energy release rate, j*, exceeds the
fracture toughness defined as the critical energy release rate,
G., measured from the experiments in this paper and our
earlier investigations. If it does, the clot is predicted to rupture.
We have shown that G. increases significantly with the solid
volume fraction of the clots, and therefore the tendency to
rupture decreases with increasing volume fraction. Given the
highly nonlinear nature of the large-deformation, poroelastic
problem, the dependence on the degree of occlusion and defect
size is less obvious. Other factors that likely come into play are
the irregular shape of the clot, its age, consistency, elasticity of
the blood vessel, presence of platelets and red blood cells, fluid-
structure interactions due to blood flow etc.**

The propensity to embolize depends on the thrombus height
and wall shear rate,*® the fibrin volume fraction'* and the flow
rate in vessels.*>*® Note that lower fibrin volume fractions and
smaller degree of occlusion likely correspond to the earlier
stages of thrombus formation. To focus attention on the
rupture alone, we assume that the blood vessel is rigid, but a
deformable vessel can readily be modeled, and the clot is
assumed to be perfectly bonded to the vessel wall. All surfaces
of the clot are assumed to be exposed to shear tractions
resulting from blood flow and hydrostatic pressure, e.g., 15
kPa (~110 mm Hg), about physiological coronary artery perfu-
sion pressure. From published work, a shear rate of 53 000 1/s
is calculated to develop on the occluded vessel for a smooth
surface with 60% stenosis of a coronary artery®” or 44 000 1/s for
58% stenosis,*® or 72 000 1/s for 68% stenosis,*® or 380 000 1/s
for 90% stenosis.?” Thus, for 60% occlusion the shear rate is
roughly 50000 1/s. Assuming the blood to be a Newtonian
liquid with constant viscosity of 4 x 10~ Pa s, then to
approximate a well-developed flow, a shear traction of 200 Pa
and 1520 Pa parallel to the top surface of the clot are applied for
60% and 90% occlusion, respectively. The tendency to rupture
is predicted to decrease as the fibrin volume fraction increases
as clearly seen in the idealized three-dimensional problem
(ESIT). On the other hand, the dependence on the degree of
occlusion and the defect size (crack length) is subtler and likely
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depends on the extent to which the clot is adhered to the vessel
wall. Given the highly nonlinear nature of the problem, it is not
possible to draw general conclusions on the latter effects which,
undoubtedly, will depend on the actual geometry and loading
conditions. Nevertheless, with sufficient data, reasonably accu-
rate finite element predictions to inform clinical treatments are
possible.

Pathophysiological and clinical implications

In addition to understanding the key aspects of fibrin’s con-
tribution to clots’ mechanical stability, our work has significant
pathophysiological implications. The regulation of the blood
clot’s overall mechanical stability depends on several factors,
including the structure and orientation of fibrin fibers, clot
composition, and the forces induced throughout the complex
architecture of the clot.%®?”°°* Fibrin structure has been
correlated with mechanical properties and is consistently asso-
ciated with thrombotic disorders.”**** For example, a number
of studies showed that in vitro clots formed from the blood
plasma of patients with thrombotic disorders had stiffer fibrin
networks made up of thin, highly branched fibers,*>>® which is
an indication that the balance in clotting has been pushed
toward thrombosis. We have also previously shown that clots
with thicker fibers and denser fibrin networks enhanced tough-
ness and mechanical stability,'®'" which means that thrombi
with such a structure are less likely to embolize.>” The patho-
logical obstruction of the vessel profoundly alters the blood
flow forces, affecting the clot’s rheological field and fiber
orientation, which in turn has prominent effects on the fibrin
elastic characteristics and sensitivity to fibrinolysis or clot
breakdown.””*® We show that fibers align at angle ~30° with
respect to the shear direction and cracks propagate perpendi-
cular to the aligned fibers, ultimately resulting in clot rupture.
Thus, we show that fibrin rupture and consequent clot embo-
lization is predominantly a tensile-driven process, regardless of
the type of dynamic force. We aim to extend our investigation
by subjecting clots with altered fibrin structure to shear load to
observe the effects of fibrin structure on crack propagation
under shear loading conditions, providing a comprehensive
understanding of clot mechanics.

Clot contraction is driven by activated platelets that cause
compaction and redistribution of the fibrin network towards
the periphery. The trapped RBCs undergo compression, result-
ing in a tightly packed impermeable seal.’>*° Clot contraction
has been found to be impaired in thrombotic conditions>*°°
and occurrence of thrombotic embolization is reported to be
exacerbated when clot contraction is impaired.®*** Future
studies will explore the relationship between impaired clot
contraction (and potential increase in the likelihood of embo-
lization) and different modes of loading.

Despite the high incidence and severity of thrombotic
embolization, information on the mechanisms related to ele-
vated thromboembolic risk, however, remains surprisingly
sparse. Furthermore, the influence of transient multi-modal
forces on a clot’s rupture resistance and propensity to cause
embolization has not been explored. In our current work, we
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addressed some of these gaps by studying the effects of relevant
dynamic forces on simple and reproducible in vitro clots made
from pooled human plasma to mitigate biological variability.
The effects of other clot and thrombus components, such as
platelets and red blood cells, remain to be explored, as do the
effects of blood flow and clot heterogeneity. Estimates of the
rupture resistance of the fibrin fiber network under relevant
forces may in the future be beneficial in determining the
likelihood of embolization and in the application and develop-
ment of novel treatments for thrombotic disorders.
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