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ABSTRACT Fibrin is a biopolymer that gives thrombi the mechanical strength to withstand the forces imparted on them by
blood flow. Importantly, fibrin is highly extensible, but strain hardens at low deformation rates. The density of fibrin in clots,
especially arterial clots, is higher than that in gels made at plasma concentrations of fibrinogen (3—10 mg/mL), where most
rheology studies have been conducted. Our objective in this study was to measure and characterize the elastic regimes of
low (3—10 mg/mL) and high (30-100 mg/mL) density fibrin gels using shear and extensional rheology. Confocal microscopy
of the gels shows that fiber density increases with fibrinogen concentration. At low strains, fibrin gels act as thermal networks
independent of fibrinogen concentration. Within the low-strain regime, one can predict the mesh size of fibrin gels by the elastic
modulus using semiflexible polymer theory. Significantly, this provides a link between gel mechanics and interstitial fluid flow. At
moderate strains, we find that low-density fibrin gels act as nonaffine mechanical networks and transition to affine mechanical
networks with increasing strains within the moderate regime, whereas high-density fibrin gels only act as affine mechanical
networks. At high strains, the backbone of individual fibrin fibers stretches for all fibrin gels. Platelets can retract low-density
gels by >80% of their initial volumes, but retraction is attenuated in high-density fibrin gels and with decreasing platelet density.
Taken together, these results show that the nature of fibrin deformation is a strong function of fibrin fiber density, which has
ramifications for the growth, embolization, and lysis of thrombi.

INTRODUCTION

Fibrin is one of the most extensively studied biopolymers in
terms of rheological properties on both the single-fiber and
network scales (1-11). Fibrin is extraordinarily extensible
and shows nonlinear rheological behaviors such as strain
hardening and negative normal stresses under shear strain
(1-14). Most studies of fibrin gel rheology have been con-
ducted on gels derived from fibrinogen concentrations equal
to or near that of human plasma (~3 mg/mL) (1,2,10,15-17).
These low-density (fibers/volume) fibrin gels have fiber vol-
ume fractions of <5%. Yet, thrombi formed in vivo, fibrin
glues used for surgical wounds, and tissue-engineering
matrices can have fiber volume fractions of 10-50%
(18-21). Our objective in this study was to measure the
rheology of high-density fibrin gels (defined as those
derived from >10 mg/mL fibrinogen) and to relate the
mechanics of these gels to their network structure.
Thrombi formed under flow contain a higher density
of fibrin than gels formed under static conditions at
plasma concentrations of fibrinogen. For example, thrombi
retrieved from patients with myocardial infarctions have a
solid volume fraction of fibrin fibers of ~0.5 (18). This
high density appears to be partially due to the effect of blood
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flow on fibrin deposition. Fibrin gels formed under flow on
procoagulant surfaces have a 5-fold higher fibrin density
than static gels formed at 3 mg/mL fibrinogen (21). Platelet
retraction can reduce the volume of low-density fibrin gels
(2 mg/mL fibrinogen) by as much as 90%, thereby yielding
a much denser network of fibers (22). The magnitude of
platelet contractile forces imparted to a substrate increases
with increasing stiffness of the substrate (23); however,
whether platelets have the ability to retract high-density
fibrin gels is unknown. Thus, the rheology of high-density
fibrin gels is important because it will determine, in part,
whether the stresses imparted by blood flow will cause the
clot to deform reversibly or irreversibly, or to embolize, as
well as the degree of platelet-mediated retraction.

In addition to its role in mechanics, the density of fibrin
partly determines the fluid and solute transport into and
out of a thrombus. In vitro (24), in vivo (25), and computa-
tional (26-28) studies suggest that the hindered transport of
coagulation enzymes and platelet agonists in the interstitial
space between platelets and fibrin fibers is a mechanism that
contributes to thrombus arrest. Specifically, the transport of
coagulation enzymes from the injured vessel wall through
the porous clot may regulate the late stages of clot growth
(29). Moreover, the transport of fibrinolytic agents (e.g.,
tissue plasminogen activator) into a thrombus regulates the
rate of its dissolution (30). In vivo, it is more difficult to
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measure transport properties such as hydraulic permeability
and diffusion coefficients than mechanical properties, which
can be estimated by ultrasound and other imaging modal-
ities (31). As such, providing a link between thrombi
mechanics and transport should prove useful for developing
therapeutic approaches for thrombosis.

Low-density fibrin gels have a strain-dependent rheology
characterized by several elastic regimes. These regimes are
categorized as networks undergoing either entropic, thermal
fluctuations or enthalpic, mechanical deformation. Mechan-
ical deformation is further divided into affine and nonaffine
models. Affine models assume that fibers deform such that
the strain of individual fibers is identical to that of the
macroscopic strain; a Poisson’s ratio of one-half (i.e., in-
compressibility) is also assumed. Nonaffine models account
for deviations on the microscopic scale from the affine
assumption (32). Nonlinearity in nonaffine networks origi-
nates from network reorganization that leads to a transition
from fiber bending/buckling to fiber stretching (33). For
sufficiently large strains, fiber buckling may even lead to a
decrease in shear modulus (32,34). At low strains, low-
density fibrin gels have been shown to behave as networks
of semiflexible polymers where the elasticity is dominated
by thermal fluctuations and entropic resistance to stretching;
however, at high strains, the nonlinear response of fibrin
deviates from the entropic model (35). At higher strains,
low-density fibrin gels undergo nonaffine deformation
(32,36) and exhibit Poisson ratios above the incompressible
value of 0.5 (i.e., they lose mass upon deformation) (17,37).

In this report, we use shear and extensional rheology and
platelet retraction to characterize the mechanical properties
of low- and high-density fibrin gels (3-100 mg/mL) and
determine how these properties relate to network structure.
All gels act as thermal, affine networks at low strains.
This allows one to predict the mesh size from the elastic
modulus, and thus provides a link between mechanics and
fluid and solute transport. Nonaffine behavior is apparent
in low-density, but not high-density, fibrin gels at moderate
strains. Platelet retraction of fibrin gels is attenuated by
increasing fibrin density.

MATERIALS AND METHODS
Materials

For details regarding the materials used in this work, see Supporting
Material.

Preparation of fibrin gels

For details regarding the preparation of fibrin gels, see Supporting Material.

Small-strain dynamic shear rheology

Shear and normal stresses were measured with a DHR-3 rheometer from TA
Instruments (New Castle, DE) using a parallel plate (d = 20 mm, stainless
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steel) and solvent trap to prevent evaporation. Recalcified fibrinogen
(161.5 uL) was pipetted on the bottom plate. Thrombin (8.5 uL) was added
to the fibrinogen solution and the top plate was quickly (~3 s) lowered to a
gap height of 500 um while being spun freely at ~60 rpm to induce mixing.
Each sample was subjected to four tests: 1) shear storage (G') and loss (G”)
moduli were measured at 1% strain and at 1 Hz for 3000 s to monitor
gelation (samples were assumed to have reached their steady state if G/
did not change by greater than =5% over the time period of 2700—
3000 s); 2) an oscillation sweep with strains of 0.01-1% at 1 Hz was
conducted; 3) a frequency sweep from 0.01 to 3 Hz at 1% strain was
conducted; and 4) shear storage (G') and loss (G”) moduli were again
measured at 1% strain and at 1 Hz, but for 300 s, to detect changes greater
than = 10% in the gel induced by test 2 or 3. If changes greater than + 10%
occurred, the sample was discarded.

Shear and normal stresses under a strain ramp

Using an identical sample preparation and gelation test (step 1 above), the
gel was deformed at a strain rate of 0.01 s ' until each sample broke. The
shear and normal stresses and the shear modulus (G) were recorded (38).

Extensional rheology

Glass slides (50 mm x 75 mm) were coated with 25% Triton X-100 in
Tris-buffered saline (TBS) to prevent the fibrin from adhering to the glass.
Fibrin gels (30, 50, and 100 mg/mL) were formed between two glass slides
separated by a 450 um (1 = 50 mm, w = 10 mm, thickness = 0.45 mm)
polypropylene spacer, and 10 mg/mL fibrin gels were formed between
two glass slides separated by three 450 um spacers stacked on each other
(total thickness = 1.35 mm). To be able to handle samples with a low fibrin-
ogen concentration without deforming them, we used thicker samples. The
sample thickness varied by <1% across the sample. Gels were allowed to
form in a humidified chamber for 50 min. Gel samples (I = 20 mm and
w = 3-6 mm) were cut from each casting with a razor blade for tensile
testing on an ARES-G2 rheometer (TA Instruments, New Castle, DE)
with the Sentmanat Extensional Rheometer (SER) fixture (39) with
rough-textured drums. Samples were stretched at 10 mm/min (17). We
determined the elastic modulus, E(7y), defined as the slope of the stress-
strain curve at each value of v, by fitting a fifth-degree polynomial to the
stress-strain data using the MATLAB (The MathWorks, Natick, MA) func-
tion polyfit and then taking the first derivative of the polynomial (Fig. S1).

Platelet retraction of fibrin gels

We performed platelet-mediated retraction of fibrin gels using a modified
version of previously reported protocols (40). Nonsiliconized glass vials
(Alltech Associates, Deerfield, IL) were incubated with 5 mg/mL bovine
serum albumin in modified Tyrode’s buffer for 1 h at room temperature,
rinsed with deionized water, and dried with an air brush. Whole blood
was collected by venipuncture into a syringe containing 3.8% sodium
citrate. The first 5 mL of blood was discarded. Acid-citrate-dextrose was
then added to the blood in a 1:10 ratio. The anticoagulated blood was centri-
fuged at 200 g for 20 min. Then supernatant platelet-rich plasma (PRP) was
removed, and PGI, (1.3 uM) was added to inhibit platelet activation. The
PRP was centrifuged at 1000 g for 10 min and the platelet-poor plasma
(PPP) was decanted off the platelet plug, which was immediately resus-
pended in modified Tyrode’s buffer. After repeating the same washing
step, we enumerated the resuspended platelets using a Z1 Coulter Counter
(Beckman Coulter, Brea, CA). Platelet concentrations of 2 x 10* and 2 x
10° platelets/uL in 500 uL of 3, 10, and 30 mg/mL fibrinogen were placed
in glass vials, followed by the addition of MgCl, and CaCl, at 3.75 mM and
7.5 mM, respectively. Finally, clotting was induced with 10 nM a-thrombin.
Clot retraction was recorded for 5 h at 37°C. After retraction, the entire
system (clot + liquid + glass) was weighed. Next, the retracted clot was
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removed and the remaining liquid and glass were weighed. Finally, the mass
of the dried glass vial was measured and the volume of the expelled liquid
was calculated assuming a liquid density of 1.01 mg/mL. The percent
retraction (PR) is reported as the volume of the expelled liquid relative to
the initial volume of the clot.

PR = V,, <mg+,—mg>’ (1)
Py

where V,,, is the total clot volume, m,, is the mass of the glass vial plus
the liquid, m, is the mass of the glass vial, and p; is the density of the liquid.
The calculated mass of the clot (m. 4, — g ;) was used to confirm that the
total mass of the system did not change over the course the experiment.

Theory

We used two theoretical models of fibrous networks (the thermal network
model and the mechanical network model) to interpret the bulk rheology
experimental data in the context of single-fiber mechanics and network
structure.

Calculation of mesh size

We determined the mesh size, £, of fibrin gels by measuring the hydraulic
permeability, &, using previously reported methods (41):

£ = k"2 )

The square root of the permeability is a hydrodynamic screening length for
flow-through fibrous media that is used to estimate the distance between
fibers in hydrogels (42.,43).

Predicting the mesh size from the elasticity
of thermal affine networks

The shear modulus (G) of a thermal affine elastic network can be connected
to the mesh size of the network by

2
Kp

where kg is the bending modulus of a fibrin fiber (see Supporting Material
for calculation), kg is Boltzmann’s constant, T is the absolute temperature,
and L. is the length of a fiber in the network (44). The length of each fiber
was taken to be 2 um, within the range of 2.86 = 2.51 um as measured by
Kim et al. (45). Ryan et al. (46) reported that the fiber length is roughly
independent of fibrinogen concentration from 0.5-6 mg/mL. The bending
modulus, kg, was estimated to be 4.5 x 10~>* N'm? by assuming that fibrin
fibers are bundles of coupled protofibrils (47), with each protofibril having a
persistence length of 500 nm (7) (see Supporting Material for calculation).

Using negative normal stresses to categorize
fibrin gels at moderate strain

Fibrin’s nonlinear elastic response has been described by two models: 1) the
thermal network model, which considers the gel fibers to have nonlinear
force elongations that arise from thermal fluctuations (48); and 2) the me-
chanical network model, which considers the gel fibers to be mechanical
rods with linear force-elongation relations whereby nonlinearity arises
from nonaffine deformation and a shift from fiber bending to stretching
at high strains (38).
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The ratio of the negative first normal stress to shear stress (—on/os) as a
function of strain can distinguish between the two models. Both models
show a small-strain regime characterized by oy = vs* and og = vs, where
s is the shear strain. The range of strains that the small-strain regime
scaling holds increases with increasing fiber density (number of fibers per
unit volume) for the mechanical network model, whereas in the thermal
network the range decreases with increasing fiber density (14.49). Accord-
ingly, if the small-strain regime increases with increasing fiber density, the
thermal network model is supported, and if it decreases, the mechanical
model is more appropriate. Additionally, within the mechanical model, a
peak where the normal stresses exceed the shear stresses at small strains
is indicative of fibers that are softer to bending than to stretching (49).
This behavior, where the ratio of normal stress to shear stress is greater
than unity, is inconsistent with a purely thermal model (38).

Distinguishing between nonaffine and affine
mechanical networks

Mechanical networks can be categorized as nonaffine or affine depending
on their bending (kg) and stretching (1) moduli and fiber length (50-52).
A distinguishing feature of these networks is the relationship between
the shear modulus (G) and the elastic modulus (E). Purely affine networks
are dominated by stretching modes, have a Poisson’s ratio (v = E/2G — 1)
of 0.5 (52), and are described by

EAﬁine = 3GAjﬁm' . (4)

Nonaffine networks have elastic regimes dominated by bending modes
and show deviations from Eq. 4 as predicted by elasticity theory (53).
The transition from affine to nonaffine deformation is shown in a
depression of G (53,54). As the affine linear modulus serves as the upper
bound for G at moderate strains, a depression in G results in an increased
ratio of E/G for increasingly nonaffine networks. These high values of
E/G, by definition, result in an elevated Poisson’s ratio (v > 0.5). Thus,
volume is not conserved, but rather decreases upon stretching, a phenome-
non that is observed in fibrin gels as mass loss during extensional strain
(17,37).

RESULTS
Verification of fibrinogen conversion to fibrin

Fibrin gels were formed from 3, 10, 30, 50, and 100 mg/mL
fibrinogen and 10 and 100 nM thrombin. The density of the
fibers increased with increasing fibrinogen concentration
(Fig. 1). A stock solution of fibrinogen (12.9 mg/mL) was
concentrated by centrifugation to 130-160 mg/mL. Absor-
bance measurements at 450 nm showed that the fibrinogen
in the concentrated retentate remained soluble at room
temperature (Supporting Material and Fig. S2). This con-
centrated solution was found to contain no aggregates as
measured by dynamic light scattering. The measured parti-
cle diameter of the concentrated fibrinogen solution was
30 nm with a dispersity of 0.2, identical to the values
reported by the vendor (Enzyme Research Laboratory).
All fibrinogen appeared to be converted to fibrin. No fibrin-
ogen was present in the excess TBS. The excess TBS solu-
tion did not form a gel, but remained liquid when the extent
of reaction was tested, and no excess fibrinogen was
detected by the modified Clauss assay (see Supporting
Material). Factor XIII was present in the stock fibrinogen
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FIGURE 1 (A-D) Laser scanning confocal microscopy images of fibrin
gels derived from (A) 3 mg/mL, (B) 10 mg/mL, (C) 30 mg/mL, and (D)
50 mg/mL fibrinogen and 10 nM thrombin. Scale bar = 5 um. To see
this figure in color, go online.

solution. SDS-PAGE analysis showed that 3-50 mg/mL
fibrinogen gels were completely cross-linked, as indicated
by the absence of ¥ monomers and presence of y dimers
(Fig. S3). In addition, 100 mg/mL fibrinogen gels were
partially cross-linked, as both y monomers and dimers
were present.

Fibrin gels are linearly viscoelastic for all
fibrinogen concentrations at low strains

After monitoring gelation with step 1 for 3000 s (Fig. S4),
we conducted amplitude sweeps over strains of 0.01%—1%
at 1 Hz to confirm linear viscoelastic behavior. There was
a <5% change in G’ and G” for all gels over this range of
strains, suggesting linear viscoelastic behavior. At a strain
of 1%, gelation was confirmed by a plateau in G’ during
low-frequency sweeps (0.01 Hz to 3 Hz) and linear visco-
elasticity (Fig. 2) (55). G’ was roughly independent of fre-
quency at all fibrinogen concentrations, indicating the
absence of relaxation mechanisms at these frequencies for
a strain of 1%. G’ was more strongly dependent on fibrin-
ogen concentration than on thrombin concentration. G”
showed a modest increase with increasing frequency at all
fibrinogen concentrations, indicating a relaxation mecha-
nism whose reciprocal time constant exists above the exper-
imental range of the frequencies measured. This trend
suggests that fibrin acts as a viscous liquid only on long
timescales. For all gels tested, the dynamic shear storage
modulus dominated the mechanical response: gels showed
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FIGURE 2 Dynamic shear rheology of fibrin gels at small strains. G/
(solid symbols) and G" (open symbols) of fibrin gels formed at fibrinogen
concentrations of (V) 3 mg/mL, (A)I0 mg/mL, () 30 mg/mL, (¢)
50 mg/mL, and (@) 100 mg/mL as a function of frequency at a strain of
0.01. (A and B) Gels formed with 10 nM (A) and 100 nM (B) thrombin.
Data are presented as the mean and standard deviation (SD; n = 3).

tan 6 (G”/G’) values of 0.05 = 0.01 independently of fibrin-
ogen or thrombin concentrations. G’ and G” increased
rapidly with fibrinogen concentrations of 3-30 mg/mL and
were less sensitive from 30 to 100 mg/mL (Table S1).

Strain hardening under shear is attenuated in
high-density fibrin gels

The shear modulus (G) of fibrin gels formed with 10 nM
thrombin was measured as a function of strain during a
constantly increasing deformation test at a strain rate of
0.01 s~! over strains of 107> to 1 (Fig. 3). At low strains
vy = 1073), the G value was similar to the measured
dynamic storage modulus (G’) value. This was as expected,
as G’ was frequency independent and much greater than G”
for all gels. G ranged from ~100 Pa to 20,000 Pa as fibrin-
ogen concentration was increased from 3-100 mg/mL,
with most of the change occurring over the range of
3-30 mg/mL. Given the viscoelastic nature of the gels, it
should be recognized that the strain hardening is expected
to be ramp-rate dependent. At the selected ramp rate, low-
density fibrin gels (3 and 10 mg/mL) showed significantly
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FIGURE 3 Strain hardening in low- and high-density fibrin gels. The
shear moduli, G, of fibrin gels formed with 10 nM thrombin and 3 (green),
10 (magenta), 30 (blue), 50 (red), and 100 mg/mL (black) fibrinogen are
shown as a function of strain. The shaded region represents the SD
(n = 3). Note that the 50 and 100 mg/mL lines overlap, so it is difficult
to discriminate them from each other; the gray shading corresponds to
the SD of the 100 mg/mL gel. To see this figure in color, go online.

greater strain hardening than high-density fibrin gels
(30, 50, and 100 mg/mL) at strains of 0.1-1. Fibrin gels
formed at 3 and 10 mg/mL had roughly an order of
magnitude increase in G for y > 0.05. Gels formed at
30-100 mg/mL either remained relatively constant at
moderate strains or showed a very slight degree of strain
softening below strains of 0.2 and a modest degree of strain
hardening at higher strains.

Extensional rheology reveals two
strain-hardening regimes

Similar to what was observed for shear rheology, the stress-
strain relationship in biaxial extension of fibrin gels was
weakly dependent on thrombin concentration compared
with fibrinogen concentration (Table S2; Fig. 4, A and B).
Note that 3 mg/mL gels were not tested, because they
were unable to support their own weight in the SER fixture.
Stress-strain curves of all gels >10 mg/mL showed two
regions of strain hardening (Fig. 4, C and D). The first
region occurred at strains of 0.01 < vy < 0.25. This is similar
to the strain hardening seen under shear stress in Fig. 3. The
second region occurred at strains of v > 0.75. At strains of
0.25 < v < 0.75, E(y) remained relatively constant. The
stress at break increased from 3.2 x 10* Pa to 39 x 10*
Pa with increasing fibrinogen concentration. The strain at
break was 1.0-1.6 for all gels, with no apparent trend for
different fibrinogen concentrations. For reasons discussed
below, the first strain-hardening regime is likely caused by
network rearrangement, and the second regime is likely
caused by fiber stretching.
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FIGURE 4 (A and B) Biaxial extensional stress-strain data for fibrin gels
formed with 100 nM (A) and 10 nM (B) thrombin and 10 (magenta),
30 (blue), 50 (red), and 100 mg/mL (black) fibrinogen. The shaded region
represents the SD (n = 5-8). (C and D) The corresponding elastic moduli
were found by taking the first derivative of a fifth-order polynomial fit to
the stress-strain data for gels formed with 100 nM (C) and 10 nM thrombin
(D). To see this figure in color, go online.

High-density fibrin gels act as thermal affine
networks at small strains based on mesh
size scaling

The shear modulus (G) of thermal affine networks scales
with mesh size according to Eq. 3. The mesh size of fibrin
networks was independently estimated by Eq. 2 using mea-
surements of hydraulic permeability (41) and by Eq. 3 using
the measured G values at low strains (y = 0.01) for fibrin
gels formed with 10 nM and 100 nM thrombin. There is
good agreement between the estimates of mesh size based
on permeability and G (Fig. 5, A and B). The predicted
mesh size ranges from 300—400 nm in 3 mg/mL gels to
20-30 nm in 100 mg/mL gels. The largest change in mesh
size occurred over the range of 3-30 mg/mL fibrinogen.
There was only a modest change in mesh size at higher
fibrinogen concentrations.

Negative normal stresses show that fibrin gels act
as mechanical networks at moderate strains

The ratio between negative normal stress and shear stress
(—on/os) at strains greater than 0.01 is characteristic of a
network of mechanical elastic rods for all fibrinogen con-
centrations (Fig. 6, A-E). The —an/os ratios show initial
large increases with strain before reaching maximums be-
tween strains of 0.15-0.25, and then decreasing at higher
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FIGURE 5 (A and B) Mesh size, &, of fibrin gels formed with (A) 10 nM
thrombin and (B) 100 nM thrombin as calculated by measurements of G’
(Eq. 3; white bars) and permeability (Eq. 2; black bars) for fibrin gels
formed with 3—100 mg/mL fibrinogen.

strains. All gels showed a small strain regime with scaling of
oN = 732 and o5 = vs. This scaling held for larger strains
with increasing fibrinogen concentration, strongly suggest-
ing a mechanical network. The flatter shape of the —an/og
curve and reduced peak with increasing fibrinogen concen-
trations suggests that gels with higher fiber density are more
susceptible to fiber stretching than to bending. This feature
might be expected as mesh size decreases and the length be-
tween strand-supporting junctions decreases. These results
are consistent with models of mechanical networks, which
predict that fibers will become less susceptible to bending
as the maximum of the curve becomes smaller (38,49).

Affine and nonaffine mechanical networks
as a function of fibrin density

The ratio of elastic modulus to shear modulus, E(y)/G(y),
can be used to characterize affine and nonaffine mechanical
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deformation. Using data from shear and extensional rheo-
logy (Figs. 3 and 4), we compared the ratio of the material
functions E(y)/G(y) as a function of strain for 10-
100 mg/mL gels (Fig. 7). At low strain (y < 0.003),
E(v)/G(y) was ~3, which is the affine prediction (Eq. 4).
As strain was increased, E(v)/G(y) of all gels increased,
reaching local maximums at strains of 0.1-0.3, and with
the strain at maximum increasing with increasing fibrinogen
concentration. As strain was further increased, E(y)/G(y) of
all gels decreased to local minimums at strains of 0.6-0.7.
Finally, the E(v)/G(v) ratio of all gels increased again as
strain was further increased above 0.7. The E(y)/G(y) ratio
of the 10 mg/mL gel reached a maximum value of 48 at a
strain of 0.15 before decreasing to a local minimum of
19 at a strain of 0.6. The E(y)/G(v) ratios of the 30, 50,
and 100 mg/mL gels were less sensitive to strain, and all
reached local maxima of ~10 at strains of 0.2, 0.25, and
0.3 before decreasing to values of 3, 5, and 9 at strains of
0.7, 0.65, and 0.6, respectively. The decrease in E(y)/G(y)
toward the affine limit as strain was increased from 0.15
to 0.6 indicates that fibrin gels become more affine with
increasing strain.

Platelet retraction of fibrin gels depends on both
platelet and fibrin density

Fibrin gels derived from 3, 10, and 30 mg/mL fibrinogen and
10 nM thrombin were created with the inclusion of 2 x 10*
and 2 x 10° platelets/uL and allowed to retract for 5 h at
37°C. The majority of the retraction occurred in the first
hour and there was little change in gel volumes after 2 h
(Movie S1). Gels formed with 2 x 10° platelets/uLL showed
final retraction values of 97.5% =+ 0.1%, 89.3% = 1.0%,
and 39.0% = 2.9% for 3, 10, and 30 mg/mL gels, respec-
tively (Fig. 8). Gels formed with 3 and 10 mg/mL fibrinogen
and 2 x 10* platelets/uL retracted by 75.1% = 10.5% and
23.4% =+ 0.8%, respectively (Fig. 8). There was no measur-
able retraction for gels formed with 30 mg/mL fibrinogen and
2 x 10 platelets/uL. Due to the reduction in clot volume
resulting from retraction, gels formed with 2 x 10’ platelets/
uL resulted in gels with final fibrin concentrations of 119 +
0.1 mg/mL, 93 *= 1.1 mg/mL, and 49 *+ 3.7 mg/mL for gels
with initial concentrations of 3, 10, and 30 mg/mL, respec-
tively. Gels formed with 2 x 10* platelets/uL resulted in
clots with fibrin concentrations of 12 * 1.7 mg/mL and
13 = 0.5 mg/mL for gels with initial concentrations of
3 and 10 mg/mL, respectively. The degree of retraction could
be slightly overestimated due to the collapse of fibrin gels
during removal from the tube. The contractile force of a
platelet is 4 nN on a substrate with an elasticity of ~10 kPa,
which is comparable to the elasticity of a 30 mg/mL gel
(Fig. 2) (23). Using this force, we estimated that a platelet
could bend a fibrin fiber 2 nm and stretch a fiber 64 nm in
a 30 mg/mL gel (see Supporting Material for calculation of
bending and stretching displacement). The same force could
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bend a fiber 770 nm and stretch a fiber 64 nm in a 3 mg/mL
gel. Although these calculations assume that fiber bending
and stretching moduli are independent of fiber density, they
suggest that platelet-mediated retraction in high-density
fibrin gels may be limited to fiber stretching, which would
be consistent with affine deformation.

Fibrin rheology state diagram

Results from shear and extensional rheology experiments
show that low- and high-density fibrin gels are characterized
by strain-dependent network rearrangement and fiber
stretching regimes. Fig. 9 shows a proposed state diagram

50

40
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E/G

20
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0
108

102 10 10°
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FIGURE 7 Ratio of elastic moduli, E(y), to shear moduli, G(v), of fibrin
gels formed with 10 nM thrombin and 10 (magenta), 30 (blue), 50 (red),
and 100 mg/mL fibrinogen (black) as a function of strain. The error bars
represent the propagated error (shear n = 3, extensional n = 5-8). To see
this figure in color, go online.

of these different regimes. The evidence supporting this
state diagram is summarized below.

At low strains (y < 0.01), all fibrin gels exhibit an initial
linear regime where elasticity is determined by thermal fluc-
tuations of the fibrin fibers that undergo affine deformation
regardless of fiber density. Fibrin elasticity in this low-strain
linear regime is well described by the thermal affine model,
Eq. 3, and the mesh size for fibrin gels as measured by elas-
ticity and permeability show good agreement over the entire
range of concentrations tested. Furthermore, the E/G ratio is
close to the affine limit for all gels at low strains. These
results are in agreement with previous measurements of
low-density fibrin gels at low strains (35). Here, we find
that this model also holds for high-density fibrin gels. We
find that with increasing strain, all fibrin gels transition
away from the linear regime at y ~ 0.01, as indicated by
the deviation of E(v)/G(y) from the affine predictions
(Fig. 7). This agrees with the results of Piechocka and
colleagues (35), who found that the thermal slack is pulled
out of fibrin fiber at strains of 0.01 for fibrin gels formed
with 3-8 mg/mL fibrinogen.

At moderate strains (0.01 < v < 0.6), elasticity is deter-
mined by mechanical network deformations. The scaling in
the small-strain regime, where oy = 752 and g5 = 7vg
with fibrinogen concentration, and the shape of the —on/og
curve, where the values of the ratio trend toward 0.5 with
increasing strain, with a possible peak at lower strains, are
characteristic of mechanical networks. Whether network
deformation is dominated by nonaffine fiber bending or
affine fiber stretching depends on the fiber density and strain.

Gels formed from 3 and 10 mg/mL fibrinogen appear
to first transition into a nonaffine, bending-dominated
deformation regime before ultimately reaching an affine,
stretching-dominated regime at higher strains. Evidence of
nonaffine mechanical bending is provided by the high
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FIGURE 8 Percent retraction of fibrin-platelet gels formed with 2 x 10°
platelets/uL (white bars) and 2 x 10* platelets/uL (black bars) for fibrin
gels formed with 3-30 mg/mL fibrinogen. Data represent the mean and
SD (n = 3).

E(v)/G(7) ratios, which indicate a strong deviation from the
affine assumption. The peak in the E(y)/G(7y) ratio shows
that the maximum nonaffine deformation occurs at a strain
of ~0.15 before deformations become more affine (E(7y)/
G(v) decreasing) as strain is increased to 0.6. Furthermore,
sharp peaks in the —opn/og ratios at strains of 0.1-0.2 are
characteristic of the nonaffine, bending regime (38,49).
Microrheology measurements in low-density fibrin gels
show a peak of nonaffine deformation at slightly lower
strains (0.02), but show a similar trend toward affine defor-
mation at increasing strain (36). At increased strain,
the —on/os ratios of all gels approach the same value of
~0.5, indicating a weak dependence on bending and a
stretching-dominated regime (38,49).

Gels formed from 30, 50, and 100 mg/mL fibrinogen
transition from affine thermal fluctuations directly into a
predominantly affine, stretching-dominated regime. This
conclusion is based on E(y)/G(y) ratios that deviate only

Wufsus et al.

slightly from the affine prediction. High-concentration
gels also show a less pronounced peak in the —on/os ratios
before decreasing to approach the same value of ~0.5, indi-
cating more stretching-dominated deformations over the
entire range of strains. Using criteria developed by Broe-
dersz and colleagues (51), we can estimate the transition
from nonaffine to affine mechanical deformations using
the ratio of fiber length (L) to critical length (Ana), Which
is a function of mesh size (see Supporting Material for
calculation). Gels formed with 30-100 mg/mL fibrinogen
have L./Anya >> 1, suggesting that the deformation regime
of these gels is stretching dominated and largely affine
(Table S3). Gels formed at 3 and 10 mg/mL fibrinogen
have L./Aya on the order of unity, suggesting that these
gels do not deform with purely affine modes, and instead
have some degree of nonaffine bending.

At high strains (y > 0.6), all fibrin gels again strain
harden. Based on previous reports (10,15,35), we assume
that the strain hardening in this regime is due to unfolding
of fibrin molecules. However, other mechanisms may be
present simultaneously.

DISCUSSION

Our objective in this study was to measure and characterize
the mechanical properties of fibrin gels over a range of
fibrinogen concentrations that are representative of arterial
thrombi, fibrin surgical glues, and tissue-engineering scaf-
folds. Our results show that fibrin undergoes a variety of
elastic deformations as a function of strain, in agreement
with previous reports (7,12,56,57). Here, we show that there
are unique features that distinguish low- and high-density
fibrin gels. A notable finding is that low-density fibrin gels
appear to undergo both affine stretching and nonaffine me-
chanical bending at moderate strains, whereas high-density
fibrin gels undergo primarily affine mechanical stretching.
This difference was also apparent in platelet retraction
assays: retraction was significantly reduced in high-density
fibrin gels, where fiber bending presumably is limited. The
network mechanics of high-density fibrin gels are only

107 - AT AMS - HC AMS - HD FIGURE 9 Proposed state diagram of the elastic
gi?:anical > z regime of fibrin gels as a function of fibrinogen
Stretching éa concentration and strain. In the affine thermal
(AMS)  Filament 2 T (AT) regime, .at‘ str.ains of less than a fev&f perce.nt,
Affine [« Backbone 2 f n.etwor;( ehlastmﬁy 1; domu}atettli lt))y erztroplc)ristncii

£101 N i tions of thermally fluctuating fibers (green) for a
010 T?:\trr;al > \Stt‘(ité::)lri NMB AMS - LD gel concentrations. As strain is increased, fibrin
Nonaffine \ g B / / gels transition into a regime where elasticity is
Mechanical ™ A § / mechanically dominated. High-density (HD) gels
Bending N 3 yZ transition directly to an affine mechanical stretch-
109 (NMB) 3 ing (AMS) regime in which fibers are mechani-
103 102 101 10! | N ) cally stretched (blue). Low-density (LD) gels
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for network rearrangement. Eventually, network rearrangement results in fibers that effectively span the network and stretch, causing the LD gels to transition
into the AMS regime. In the filament backbone stretching (FBS) regime, at strains >60-70% the filament backbone is stretched due to protein unfolding or

other mechanisms.
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weakly dependent on fibrinogen concentration, suggesting
that fibrin monomers contribute more to changes in the
internal structure of fibers than to the network structure
above a certain fibrinogen concentration.

The only previous rheological study of high-density fibrin
gels that we are aware of comes from Weigandt and col-
leagues (57). They measured the mechanics and structure
of high-density fibrin gels by neutron scattering coupled
with shear rheology for fibrin gels derived from fibrinogen
solutions of 1-40 mg/mL. Our results from dynamic shear
rheology and strain ramp in shear deformation are in good
agreement with their results. In particular, strain hardening
at moderate strains was attenuated by increasing fibrinogen
concentration. The degree of strain softening at strains
~0.1 that they observed for high-density fibrin gels was
more pronounced than our observations. This difference
could be explained by the different solvents used (water
versus deuterated water) and the relatively high salt concen-
tration (0.5 M NaCl) used in their study.

The observed trend of a transition from thermal semiflex-
ible fibers to mechanical fibers for all fibrin gels is consistent
with the observations of Piechocka et al. (35). They report
that fibrin gels from 0.06—-8 mg/mL fibrinogen have linear
mechanics described by thermal fluctuations of fibers at
very low strains, but that strains of only a few percent are
adequate to remove any thermal slack from the fibers and
to force the fibers to mechanically deform. One notable dif-
ference is that our results suggest that low-density fiber gels
transition from a bending-controlled nonaffine regime into a
mostly affine stretching-dominated regime at higher strains,
as is evident from the ratio of E(y)/G(y) with increasing
strains. This nonaffine regime is further supported by mea-
surements of the negative normal to shear stress ratio as a
function of strain and the direct observation of nonaffine
deformations. Wen and colleagues (36) used fluorescent
microscopy to track the displacement of beads embedded
in a 2.5 mg/mL fibrin gel and showed that fibrin gels deform
nonaffinely, with a sharp increase in nonaffine behavior up
to a strain of 0.02 and then a decrease in nonaffine behavior
at higher strains. The existence of a nonaffine regime caused
by the fibers’ susceptibility to bending and buckling and
resulting network ultracompressibility also explains the
observed water loss of gels formed with lower fibrinogen
concentrations (9). The affine deformations characteristic
of high-density fibrin gels may explain their strain softening,
since compressive forces generated on fibers oriented 135°
away from the horizontal axis during shear would be great
enough to cause fiber buckling, and the collapsed fibers
would no longer contribute to elasticity (33,34). Moreover,
the absence of a transition from bending to stretching likely
reduces strain hardening at moderate strains (33).

The differences between nonaffine bending-dominated
elasticity in low-density fibrin gels and affine stretching-
dominated elasticity in high-density fibrin gels may have
physiological implications for the volume and stability of
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thrombi formed in vivo. In particular, it appears that the
degree of platelet contraction depends on the fiber density.
The contractile force of an individual platelet increases
with increasing substrate stiffness, suggesting that a platelet
would pull on higher-density fibrin gels with a force of up
to ~79 nN (23). Despite this increased force, clot retraction
was still attenuated in high-concentration fibrin gels, pre-
sumably due to the affine stretching-dominated deformation
of the higher-concentration gel. Platelets at concentrations
representative of those found in blood were able to retract
low-density fibrin gels by >90%, in agreement with previ-
ous reports (22). However, platelets were only able to retract
a high-density fibrin gel by 40%. Retraction of low-density
fibrin gels could be due to the ability of platelets to induce
nonaffine, bending deformations of fibers and fiber rear-
rangement. Based on the estimated bending modulus and
using the mesh size as a characteristic length, the force
generated by a single platelet is sufficient to cause bending
deformations of almost 1 um in 3 mg/mL gels, but only
negligible bending deformation relative to stretching defor-
mation in 30 mg/mL gels. A complementary or alternative
explanation is that at mesh sizes of <100 nm, it may be diffi-
cult for the platelet to extend filopodia into the dense fibrous
network during retraction assays. These observations may
be most relevant in venous thrombi, which contain high-
solid fractions of fibrin and low-solid fractions of platelets.
It is possible that the increased platelet density associated
with flow-formed arterial clots can produce sufficient force
to retract even the most highly concentrated fibrin gels.
The physical properties of low- and high-density fibrin
gels show a significant difference in their dependence
on fibrinogen concentration. Both interstitial fluid flow,
as measured by permeability, and elasticity, as measured
by shear and extensional rheology, show a strong depen-
dence on fibrinogen concentrations over the range of
3-30 mg/mL. At higher concentrations, the changes in these
properties are modest up to 100 mg/mL. The strong depen-
dence of elasticity on fibrinogen concentration at low fibrin-
ogen concentrations can be attributed to the change in mesh
size and thus fiber density, as previously reported (41,46).
This relationship is also evident in confocal microscopy
images of low- and high-density fibrin gels. The weak
dependence at higher fibrinogen concentrations suggests
that the excess fibrin(ogen) may lead to denser fibers. This
reasoning is supported by neutron scattering studies that
showed that the solid volume fraction within fibers scales
with increasing fibrinogen concentration (57). We hypothe-
size that these denser fibers have different mechanical
properties at high strains; however, to date, there are no
single-fiber measurements to support this hypothesis.
Regardless of fiber density, fibrin gels act as thermal affine
networks at low strains. Here, we used this feature in combi-
nation with semiflexible polymer theory to estimate the mesh
size from elasticity measurements. We found good agree-
ment between mesh sizes measured by two independent
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methods (permeability and shear elasticity), and agreement
between mesh sizes estimated at 3 mg/mL (~350 nm) and
measured directly by scanning electron microscopy at
2.5 mg/mL (200-500 nm) (36). In these calculations, we
assumed a constant fiber length, which is consistent with
measurements of low-density fibrin gels (45,46). However,
to our knowledge, the fiber lengths in high-density fibrin
gels have not yet been measured. This structure-property
relationship serves as a link that can be used to estimate
difficult-to-measure, structure-related properties (e.g., per-
meability and hindered diffusion) from noninvasive, in vivo
rheology measurements (e.g., ultrasound) or in vitro mea-
surements of clot mechanics (e.g., thromboelastograms)
(31,58). Such measurements are potentially useful for
guiding mechanical and fibrinolytic strategies.

CONCLUSIONS

In this study, we measured the mechanical properties of
fibrin gels formed over the range of fibrinogen concen-
trations found in clots formed in vivo, and used in fibrin
glues and tissue-engineering scaffolds. Shear and exten-
sional rheology measurements show differences in the
elastic regimes of gels formed at 3-10 mg/mL and 30-
100 mg/mL fibrinogen. Interpretation of these results with
deformation theories of fibrous networks suggests distinct
network structures for these two types of fibrin gels.

SUPPORTING MATERIAL
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