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Figure 3. G" as functions of time and strain for gels with (empty circles)
and without (solid circles) beads embedded. (a) Polymerization of fibrin leads
to increase inGY (b) Stiffness of gels increase with increasing strain values
indicating the nonlinear elasticity of the gels.

with a network of fibrin protofibrils and very small protofibril bundles. The thickness of the
salmon fibrin strands at physiological values of pH and ionic strength is significantly lower
than that of fibrin formed from human or bovine fibrinogen as previously shown by turbidity
measurements [17], and may account for the greater resistance of salmon fibrin to degradation
in wound healing applications in vivo [21, 22].

The size of fluorescent beads was selected to be larger than the mesh size of the fibrin
network so that their Brownian motion is suppressed. Viscoelastic properties of fibrin gels with
embedded beads were compared to those without beads. In3figiifmcreases as a function
of time during polymerization. The added beads do not alter the polymerization rate, since the
Gfor gel with beads increases at the same rate as that for the gel without beads. Bie final
values at 1% strain taken after 1 h for both types of gels were measured ta liePd45These
results suggest that the fluorescent beads are likely to act as tracers for fibrin gel displacements
and do not form defects or additional crosslinks in the network that would alter the gel rheology.

3.2. Non-linear elasticity

As the strain values increase from 1 to 160%, the elastic modulus increases from approximately
50Pa to a maximum value of 900 Pa at about 120% strain (see 3fh)je The strain

sweep curves for gels with and without embedded beads are not statistically distinguishable,
confirming further that the beads do not alter gel structure. The sharp decr€a'se iarger

strains is possibly due to sample failure, i.e. network disruption or network detachment from the

rheometer plates.

3.3. Negative normal stress

The second normal stress difference, which is in the direction perpendicular to the rheometer
plate, has also been recorded. A negative normal stress, as has been reported for other biological
gels [4],was also observed in the fibrin networks. Results in fi§wigow that the magnitude
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Figure 4. Sketch of non-affine deformation. (a) Measured displacement of beads
in gel. Arrows in the plot represent the displacement vector for beads, with
color indicating the magnitude of the displacement. (b) Sketch of non-affine
deformation in the gel.

of normal stress increases as a function of strain and declines as the sample softens after
rupture.

3.4. Displacement of beads in the gel

The microscope was able to record the displacement of beads jma>660,m area. Within

this small area, approximately 1 cm from the axis of rotation, the strain applied to the sample
can be approximated as a unidirectional shear. Figf@eshowshe displacement of beads in

a sample, where the direction of shear is taken as the directionxohitie. Asz, the distance

from the bottom surface up into the gel increases, the lateral displacement also increases
approximately in a linear manner. As depicted in figiil®, the non-affine deformatiaran

be characterized by the displacements along botk-taedz-axes. Displacement of the beads

in the z-direction can be detected by monitoring the size of diffraction ring of the beads out of
focus. Due to the large focal depth of the microscope objeetd@) nm, onlyz displacements

larger than 500 nm can be detected. Within this limit, no obvious displacements zn the
direction for our samples have been observed (data not shown). Hence, we will only analyze,
for simplicity, the displacement along tkeaxis to study the deviation from affine behavior.
Neglecting the displacements in theandy-directions which are perpendicular to the direction

of shear, might underestimate the non-affine measurements, but would not affect the dependence
of affinity with strain.

3.5. Non-affine parameter

The non-affine property of the gels is quantified by the deviation of bead displacements from
those for affine deformation as:

-2y

i=1

whered, is the displacement for théh bead located & when the sample has a macroscopic
strain value of . For an affine deformation, the strain is uniformly distributed in the gel,
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Figure 5. Overlay of S and normal stress with plots of non-linear elasticity.

(a) G’ (solid circles) increases as a function of strain show strain stiffening of
fibrin. S value (solid square) decreases as strain increases indicating that the
gel become more affine at higher strain values where strain-stiffening has been
observed. (b) Magnitude of negative normal stress (solid circles) has also been
observed to increase with increasing strain.

i.e. is the same for every bead in equatid). Under a simple shear strain along the
x-direction, a bead located @, y; andz) in the unstrained gel will displace to a new location
(X', y/ andz) as

Xi/ 10 i Xi

y1=10 1 0 yi |, (2)

Z 0 0 1 Zi
where ; is the strain for this bead. The displacement of the bead induced by the strain is then
d =X —x = iz. Therefore,Sis 0 for an affine deformation, since= . For non-affine

deformation, the strain is not uniform across the sample,;iie.not necessarily equal to
Hence,Sis non-zero and increases monotonically with a larger degree of non-affinity.

The non-affinity parametes is plotted as a function of strain in figb{a). When the strain
is zero, there is no deformation, and the meas8realue is zero. There is a sharp increase
in Swhen the strain increases to 2%. After ti&tecreases continuously, indicating that the
network becomes more and more affine. It is also worth noting in igheas the deviation from
affine deformation becomes small at strain values where the gels start to show strain-stiffening
behavior.

Computer simulations of semi-flexible filaments in PID, 13, 23, 24] provide models
in which non-affine deformations are observed at small strains, and the deformation becomes
increasingly affine with increasing strain. Simulation results suggest that the low stiffness
of cross-linked semiflexible networks under small strain originates from bending of the
semiflexible filaments. At high strains, the stretching response of individual filaments
contributes more to the network stiffness. Rearrangements of the network that govern the
transition from a bending-dominated response at small strains to a stretching-dominated
response at high strains cause the non-affine deformation of gels. Once the stretching sets in, the
network becomes more and more affine. The magnitud8darffibrin gels shown in figurg
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are not simply related to similar values derived from the 2D simulations, but are small compared
to values derived for very disperse networks of very stiff filaments.

Negative normal stress has been ascribed to the asymmetric force-elongation relation of
semi-flexible polymers that leads to an imbalance between forces resisting elongation compared
to compression of the end-to-end vectors of the filaments betwet@ork junctions [25]. In
an isotropic network, the number of filaments being stretched is approximately equal to the
number of filaments being compressed. However, since bending contributes less resistance than
stretching, a net negative normal stress results. At small strains the normal stress is predicted to
depend quadradically on strain, consistent with the data in fighjeAt higher strairvalues,
the negative normal stress increases more slowly with increasing strain until the sample fails.
Within the range of strains where normal stress is negative, there was no evidence of vertical
displacements of the fluorescent beads within the resolution of our measurements.

4. Conclusions

Fibrin networks formed under physiological conditions show properties of strain-stiffening and
negative normal stress accordance with those reported 25] for somewhat more uniform

gels formed exclusively by fibrin protofilaments under non-physiological conditions. The non-
linear viscoelastic response of fibrin gels at moderate strain coincides with very low magnitudes
of non-affinity measures. The deviation from affine deformation for isotropic fibrin gels is
significantly different from zero, but less than 0.1 at small strains, and it decreases significantly
at higher strains, as the shear modulus increases. Although the relativefy valyle at low

strain could indicate that applied external stress can induce structural reorganization of the
network, which provides an explanation to the non-liredasticity [10],the low S value at
moderate strain values suggests that the assumption of affine deformation is approximately
applicable for the strains where strain-stiffening is observed, and supports the use of entropic
theories to account for this phenomenon. In a biological context these results also imply that
extracellular matrices like fibrin, which are the first scaffold set up during wound healing, have
isotropic responses to external deformation on the scale of microns measured in this study,
even though the network strands have persistence lengths also near a micron. A typical cell
like a fibroblast that would be imbedded in a fibrin gel would therefore be subjected to forces
consistent with the macroscopic stress on the tissue. Highly non-affine stress fields within a
matrix would appear to require stiffer filaments with larger mesh sizes such as recently shown
for collagen gels [26] or non-isotropic distributions in order to achieve spatially ordered stresses
that would dictate cell responses on a micron scale.
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