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ABSTRACT

Tissues and cells sustain recurring mechanical loads that span a wide range of loading amplitudes
and time scales as a consequence of exposure to blood flow, muscle activity, and external impact.
Both tissues and cells derive their mechanical strength from fibrous protein scaffolds, which
typically have a complex hierarchical structure. In this study, we take a prototypical example of
fibrin, one of the most resilient naturally-occurring biopolymers, which forms the structural
scaffold of blood clots. We show how fibrous networks composed of fibrin utilize irreversible
changes in their hierarchical structure at different scales to maintain reversible stress-stiffening up
to large strains. To trace the origin of this paradoxical resilience, we systematically tuned the
microstructural parameters of fibrin and used a combination of optical tweezers and fluorescence
microscopy to measure the interactions of single fibrin fibers for the first time. We demonstrate
that fibrin networks adapt to moderate strains by remodeling at the network scale, through
spontaneous formation of new bonds between fibers, whereas they adapt to high strains by plastic
remodeling of the fibers themselves. This multi-scale adaptation mechanism endows fibrin gels
with the remarkable ability to sustain recurring loads due to shear flows and wound stretching. Our
findings therefore reveal a microscopic mechanism by which tissues and cells can balance elastic
nonlinearity and plasticity that can provide microstructural insights into cell-driven remodeling of
tissues.
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INTRODUCTION

From a materials perspective, tissues and cells have highly contradictory mechanical properties:
they are malleable and adaptive, yet rigid enough to maintain integrity under large mechanical
loads (1,2). Studies of a range of natural fibrous materials have identified two general mechanisms
that underlie this unusual mechanical functionality. The first is reversible nonlinear stiffening,
which allows cells and tissues to increase their resistance to deformation as the applied stress is
increased (3,4). This mechanism is observed in a wide variety of biopolymers including actin,
collagen, and neurofilaments, and is relatively well-understood in terms of polymer models that
predict an intrinsically nonlinear elastic response for networks of stiff fibers (2). The second
mechanism instead involves plastic (or inelastic) deformation. Similar to metals, where defects
reduce local stresses and slow down cracks (5), Nature effectively utilizes plasticity to toughen
cells and tissues against the mechanical demands of their environment (6-8). It is unclear how
biomaterials balance elastic nonlinearity and plasticity, especially across the large range of
physiological strains encountered throughout the body (9-12).

One characteristic feature of biomaterials that has been speculated to play a crucial role in
their mechanical functionality is structural hierarchy (5,13). A paradigmatic example is the
extracellular polymer fibrin, which forms networks (Fig. 1 A) that consist of fibers (~100 nm
diameter) that are themselves bundles of semiflexible protofibrils (~10 nm diameter). Fibrin gels
are able to maintain their structural integrity and undergo reversible strain-stiffening up to
extraordinarily large strains of close to 300% (14), even though the constituent fibrils undergo
changes in molecular structure at tensile strains above ~40% (15). Here we demonstrate that
structural adaptation at different length scales underlies fibrin’s remarkable mechanical resilience.
This intrinsic multi-scale self-adaptation provides a mechanism by which fibrin blood clots can
cope with recurring loads due to shear flows and wound stretching. More generally, this
mechanism offers a basis for understanding the local and global microstructural remodeling of the
extracellular matrix due to cell contractility (16,17) and motility (18,19).

MATERIALS AND METHODS

Fibrin formation and visualization

To form physiological fibrin networks, human fibrinogen (Fib3 in powder form in 20 mM Sodium
Citrate-HCI/pH 7.4; Enzyme Research Laboratories, Swansea, UK) was dissolved in water,
dialyzed against HBS buffer (20 mM HEPES, 150 mM NaCl, pH 7.4), and polymerized by
addition of 1 U/ml human a-thrombin (Enzyme Research Laboratories) and 2 mM CaCl,. To form
fibrin networks with minimal bundling, fibrinogen was dialyzed against 50 mM Tris-HCI, 400
mM NaCl, pH 8.5, and polymerized by addition of 0.5 U/ml thrombin and 3.2 mM CaClx,
following Ferry and coworkers (20). Both fibrinogen stocks contain native Factor XIllII, as judged
by the presence of bands indicating a- and y-cross-linked chains on reducing SDS-PAGE analysis.
To obtain uncross-linked (bundled and unbundled) fibrin networks, 200 uM of D004 inhibitor
(Zedira GmBH, Darmstadt, Germany) was added before the initiation of polymerization by



thrombin. The extent of fibrin cross-linking was evaluated using SDS-PAGE as previously
described (21). Visualization of hydrated fibrin networks was done using confocal fluorescence
microscopy. Unlabeled fibrinogen was mixed with AlexaFluor 488-conjugated fibrinogen (Life
Technologies) in a 19:1 molar ratio and polymerized, in the absence or presence of Factor XIII
inhibitor, by addition of 0.5 U/ml thrombin for 4 h and at 37°C in sealed glass chambers before
imaging. Three-dimensional image stacks were obtained using a confocal laser scanning
microscope (Nikon Eclipse Ti, Amsterdam, Netherlands) with a 100x oil immersion objective (NA
=1.49).

Rheometry

Rheological measurements were performed on a stress-controlled rheometer (MCR 501, Anton
Paar, Graz, Austria) equipped with a steel cone—plate geometry (1° cone angle, 30 mm diameter).
We assembled fibrin samples in situ by transferring the fibrinogen solution immediately upon the
addition of thrombin onto the preheated (37°C) bottom plate. Solvent evaporation was prevented
by coating the sample edges with mineral oil. All measurements were done after 4 h of
polymerization.

Dual fiber manipulation

Simultaneous manipulation and visualization of single fibrin fibers were performed using a
combined fluorescence microscopy, microfluidics, and quadruple optical tweezers instrument
described previously (22,23). Experiments were performed in glass flow cells (Lumicks BV),
passivated using 0.2% BSA and 0.5% Pluronic F-127 (Sigma Aldrich), with three laminar (non-
mixing) channels. To obtain single fibrin fibers, fibrinogen solution at a concentration of 0.01
mg/ml was polymerized at 37°C by addition of 0.5 U/ml thrombin and transferred to the fibrin
channel. Fibrin fibers were captured in the traps with the aid of streptavidin-coated beads (4.5 um
diameter polystyrene microspheres in 0.005% w/v final concentration; Spherotech). Forces on a
single bead (bead “A”) were measured by tracking bead displacements using back focal plane
interferometry on the trapping laser. For visualization, unlabeled fibrinogen was mixed with
AlexaFluor 488-conjugated fibrinogen in a 9:1 molar ratio. Fluorescence excitation was
accomplished using a 491 nm laser (Cobolt) in epifluorescence mode. Fluorescence emission was
filtered via a dichroic mirror (500/646 dual edge, Semrock) and bandpass filter (540DF80,
Chroma), and detected on a cooled EMCCD camera (Photometrics). Fluorescence movies were
taken with a 1 second integration time while the force data was simultaneously monitored.
Experiments were performed at room temperature. Experiments started under constant flow of the
three combined channels (beads, fibrin, HBS buffer) by catching four beads, aligned in pairs along
the flow (x-) direction. The beads were then incubated in the fibrin channel until two fibers were
caught between each of the bead pairs. The fibers were subsequently moved into the HBS channel,
and the flow was stopped. Here, one of the bead pairs (I/11) was first moved in z-direction to bring
it below the first bead pair (A/B), then both fibers were positioned orthogonally with respect to
each other (I/11 aligned in y-direction). Bead pair I/1l was subsequently moved upwards until the
fibers extended between the two bead pairs made contact (visible as a slight increase in force on
bead A). After 10 s, bead pair I/l was moved again downwards. Contact was clearly visible as a
force exerted on fiber A/B when the fiber I/l was stretched, concomitant with a visible fiber



bending in the fluorescence image. Stretching was continued until the force expelled one of the
beads from the trap (~300 pN).

RESULTS

Plasticity of fibrin

To investigate the (ir)reversibility of the mechanical properties of fibrin networks in response to a
wide range of stresses, we use shear rheology and subject fibrin networks to a cyclic logarithmic
stress-ramp protocol (Fig. 1 B). By ramping up the applied stress from 10! to 10° Pa, we access
strains ranging from 0.1 to 500%. We find that at small maximum stresses, zmax < 10 Pa, the loading
and unloading curves closely overlap (Fig. 1 C), indicating nearly completely reversible elastic
behavior. With higher tmax, however, the unloading curves increasingly deviate from the loading
curves. In particular, the network develops a residual strain, yrs, that grows with increasing zmax
(Figs. 1, C and F inset), suggesting an irreversible, inelastic response. Inelastic deformation is
typically accompanied by a change in the mechanical properties of the material. To test whether
fibrin stiffness is altered by the irreversible deformation, we examine the differential elastic
modulus of the network, K’, during the cyclic loading protocol. Surprisingly, the nonlinear K’ vs.
applied stress curves for the different cycles fall on top of each other, indicating that the sample
stiffness changes reversibly with stress throughout the entire nonlinear strain-stiffening response,
even up to stresses close to rupture, both in the increasing (Fig. 1 D) and decreasing (Fig. S1 in the
Supporting Material) stress ramp cycles. These paradoxical findings of simultaneous irreversible
deformation and reversible nonlinear stress-stiffening are reconciled when we subtract yrs from
all the loading curves, resulting in a striking collapse of the data to a single curve (Fig. 1 F).
Apparently, the network continually adapts to the mechanical loading: the elastic response of
deformed and undeformed fibrin networks is indistinguishable, although the sample never returns
to the original state (since yres > 0). It is important to note that yres iS not a transient viscoelastic
effect and does not relax (Fig. S2), consistent with a predominantly elastic behavior (Fig. S3).
Moreover, varying the loading and unloading rates marginally affects yrs (Fig. S4). Another
notable feature is that smaller stresses are needed in the subsequent loading—unloading cycles to
deform the sample to a similar strain level—thus by engineering convention the network softens
cyclically—Dbut only for strains up to the maximum strain that the sample has experienced in its
history (Fig. 1 E). Once the strain exceeds this maximum strain, the loading curve returns to the
path that it would have followed in a monotonic stress-ramp test (“virgin path”™).

Microstructural mechanism of fibrin adaptation

These effects bear a resemblance to the so-called Mullins effect—the observation of residual
extension and cyclic softening first seen in natural rubbers (24), which has since been observed in
a broad range of materials, including biological tissues and shape-memory alloys (25). However,
the cyclic softening in fibrin is milder and happens gradually across the cycles (Fig. S5), in contrast
to the sharp softening between the first and second cycles in other materials that exhibit the Mullins
effect (26). Although the Mullins-like effect is widely observed, its physical origin appears to be



system-dependent and has been challenging to identify (27). To shed light on this structure—
property link, we take a reductionist approach by systematically varying the microstructural
parameters of fibrin. Physiological fibrin networks (Fig. 1 A) consist of fibers made up of ~65
protofibrils that are both tightly bundled and cross-linked by transglutaminase Factor XIII (21).
This cross-linking involves covalent bonds within and between protofibrils (28), thus significantly
enhancing the stiffness and elastic limit of the fibers (29), without altering network architecture
(Fig. S6 A) (21). Adding an inhibitor of FXIII completely abrogates the formation of cross-links
(Fig. S6, B and C). Interestingly, this uncross-linked fibrin network (Fig. 2 A) also exhibits cyclic
softening and a build-up of yres, but now there is an incomplete return to the virgin path (Fig. 2 B).
Consequently, the loading curves do not collapse when yres is subtracted (Fig. 2 C), suggesting that
the removal of cross-links promotes plastic network deformation.

This irreversible rearrangement can in principle occur either at the level of the network, via
formation and dissociation of fiber junctions (30), or at the level of the fibers, via relative slippage
between protofibrils and consequent fiber lengthening (26). To test at which structural level
plasticity occurs, we examine networks of unbundled fibrin fibers, where bundling and therefore
protofibril slippage is suppressed (20,31). These networks, referred to as “fine” fibrin clots due to
their transparent macroscopic appearance (32), are obtained by a combination of high pH and high
salt concentration in the assembly buffer (see Materials and Methods). With an unbundled but
cross-linked fibrin network (Fig. 2 D and Fig. S6), the collapse of the loading curves is restored
when we subtract yres (Fig. 2 F), confirming that cross-linking of fibrin fibers, rather than bundling
of protofibrils, is responsible for suppressing the plasticity. We finally test unbundled, uncross-
linked fibrin, and indeed the loading curves do not collapse (Fig. 2, G-I). We also notice that at
the highest stresses, residual strain values of bundled and unbundled fibrins are very close to each
other, regardless of cross-linking (Fig. 2 J). Together, these observations indicate that the
development of yres (and therefore irreversibility) arises at the network, rather than fiber, level. An
attractive hypothesis to explain this behavior is that network deformation may induce progressive
fiber adhesion as fibers align and come closer together during deformation.

Spontaneous fibrin fiber adhesion

To directly test whether fibers can spontaneously associate, we bring individual (bundled and
cross-linked) fibers in contact with each other using optical tweezers in conjunction with
fluorescence microscopy (23). We employ four traps, each controlling one micrometer-sized bead
(22), to catch two fluorescently-labeled single fibrin fibers in a microfluidic channel (see
Methods), manipulate them, and measure the interactions between them (Fig. 3 A). When we bring
the fibers together in an orthogonal configuration, we indeed find that they readily adhere to each
other (Fig. 3 B). This spontaneous adhesion is easily discernible as bending of one of the fibers
when the other is moved (see also Fig. S7, Movies S1 and S2), and it occurs in all fiber pairs we
tested (n = 29). Further lateral and vertical manipulations of the fibers do not lead to rupture of the
newly-formed fiber junctions, and in all experiments we lost the beads from the trap (at forces of
343 + 104 pN; see representative force traces in Figs. 3 C and S7) with the junction still intact.
This finding demonstrates for the first time that upon contact, fibrin fibers rapidly adhere to each
other and form a stable adhesion. Spontaneous adhesion between fibers during network
deformation can be a physical mechanism by which fibrin structurally adapts to mechanical loads,
thereby effectively rearranging network topology and redistributing the stress. If true, then network
adaption should be directional: the response should differ in the direction of loading and in the
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opposite direction. To test this, we subject fibrin network to asymmetric loadings and indeed find
correspondingly asymmetric network adaptation (Fig. S8), consistent with a recent large amplitude
oscillatory shear study (26). Taken together, these findings imply a network-level structural
adaptation in response to an applied deformation. We speculate that such passive self-adaptation
may be important as a rapid physiological response to prevent damage in blood clots, where
bundling and aligning of fibers due to blood flow have been observed (33).

Deformational regimes of fibrin

The microscopic irreversibility in the form of spontaneous bond formation that we propose should
manifest itself at the macroscopic level in the form of mechanical energy dissipation. To test this
hypothesis, we examine rheological signatures of elastic, viscous, and plastic behaviors as a
function of the applied stress. First, we look at tan 4, which provides a measure of the importance
of viscous dissipation in the form of a ratio between the differential viscous and elastic moduli, K”
and K’ respectively. Interestingly, tan ¢ remains constant quite far beyond the linear viscoelastic
regime, only starting to increase when the stress reaches values of ~100 Pa, almost two orders of
magnitude larger than the onset of stiffening at a critical stress of ~2 Pa (Fig. 4 B). Consistent with
this, stress-induced viscous flow as quantified by the creep rate dy/dt (Fig. 4 D and Fig. S9) also
remains negligibly small until the stress reaches 100 Pa. Since the same increase in tan ¢ and dy/dt
is also observed (but with significantly larger magnitude) in uncross-linked fibrin (Fig. S10), we
conclude that it reflects viscous dissipation due to structural rearrangement at the network level,
mediated by fiber associations (Fig. 4 A, left). When the stress reaches values close to the rupture
point (>2,000 Pa, corresponding to strains near 200%), we observe a downturn in tan 6. As our
previous work has established that this large-stress regime is governed by enthalpic stretching of
individual fibers (34), the dissipative mechanism in this regime is likely dominated by remodeling
within the fibers (Fig. 4 A, right). Interestingly, the downturn of tan ¢ is accompanied by a clear
upturn of K’ in cross-linked networks (Fig. 4 B), whereas uncross-linked networks show a much
less pronounced upturn of K’ (Fig. S10). Taken together, these findings show that fibrin's extreme
elastic resilience originates from network remodeling at intermediate stresses followed by fiber
remodeling at higher levels of stress.

Fibrin failure

The remarkable multiscale plasticity of fibrin raises an important question: how does fibrin fail?
In general, little is known about the failure modes of biopolymer networks (35), including fibrin.
To access fibrin’s response close to rupture, we turn to a cyclic logarithmic strain-ramp protocol
(Fig. 4 F), which allows us to carefully approach and exceed the breaking limit without
immediately causing failure of the whole sample. We find that in each cycle, a negative stress, 7o
<0, is needed to bring the sample back to zero strain. Moreover, 7o becomes more negative with
increasing maximum strain, ymax, just as yres builds up with increasing tmax in the stress ramp
protocol. This finding further supports the hypothesis that the fibrin network continually
reconfigures itself. At strains larger than ~100%, the stress needed to achieve ymax suddenly
decreases, indicating the onset of sample failure. This failure strain is comparable to that of whole
blood clots, which rupture at shear strains of 50-70% depending on hematocrit level (36).
Surprisingly, the return-to-virgin-path behavior still persists, even for very large ymax (up to
~1000%). Moreover, both cross-linked and uncross-linked networks exhibit this large-strain
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return-to-virgin-path (Fig. 4 G and Fig. S11 A), indicating that fiber cross-linking and bundling
play a negligible role in the rupture mechanics. SDS-PAGE analysis of the ruptured network
reveals that, at the molecular level, the cross-links are not disrupted by sample failure (Fig. S11
C). These results strongly suggest a gradual and progressive rupture at the network level (as
opposed to the fiber or protofibril level), where the structure that survives the previous deformation
step is still intact and is only perturbed when the sample is stretched to even larger deformations,
resulting in ‘damage’ propagation. To check whether plastic remodeling still occurs during this
damage propagation, we plot zo as a function of ymax. We indeed find that, beyond 100% strain, zo
no longer decreases, confirming the absence of significant network reconfiguration (Fig. 4 H and
Fig. S11 B).

DISCUSSION

The mechanical resilience of fibrin has been ascribed to its nonlinear elastic behavior, which
allows fibrin networks to stiffen as they are increasingly deformed. Previous studies from our
group have shown that fibrin’s characteristic nonlinear stiffening derives from its structural
hierarchy (34), with network entropic stiffening dominating at small stresses and fiber enthalpic
stiffening dominating at large stresses (21,31). While these elastic effects are relatively well-
understood, fibrin’s viscoplastic behavior in response to recurring mechanical loads has been
largely overlooked. Our current work demonstrates that fibrin networks exhibit a surprising
combination of plasticity in the form of irreversible structural adaptation at different scales with
reversible stress-stiffening, and that it is this mechanism that endows them with an extensive
mechanical resilience. Under small deformations, fibrin behaves predominantly elastically with a
small degree of irreversibility, as manifested in the development of residual strains. Increasing
amounts of deformation lead to increasing irreversibility. By systematically dissecting the
contributions of network cross-linking and fiber bundling to network viscoplasticity together with
dual-fiber manipulations by optical tweezers, we show that plasticity is operative at the network
(instead of fiber) level via spontaneous formation of new bonds. This network remodeling ensures
a reversible stress-stiffening response with no apparent change in the modulus. At large
deformations, plasticity is operative at the molecular scale within the fibers: the fibers themselves
remodel to dissipate mechanical energy. One possible effect of this fiber-level remodeling is force-
induced lengthening of individual fibrin fibers, which has been reported by Minster et al (26).
Beyond this point, the network response and failure are governed by progressive damage
propagation.

Our results raise three important questions. First, what is the molecular basis for the
spontaneous adhesion of fibrin fibers? A recent high-resolution atomic force microscopy study
revealed that the surface of fibrin protofibrils and fibers is covered by a hairy coat of unstructured
aC chain protrusions (37). Since these peptide chains are known to self-associate into polymers
via a B-hairpin swapping mechanism (38), forming bonds with a rupture strength of ~50 pN that
are further reinforced by covalent, FXIII-mediated cross-linking (39), we speculate that they are
likely responsible for the spontaneous formation of stable fiber—fiber contacts in a Velcro-like
adhesion. It will be interesting to test this idea using molecular dynamics simulations, building on
recent progress in modeling the structure and interactions of fibrinogen (40,41). In addition to
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providing insight into the molecular basis of the structural adaptation of blood clots under
mechanical load, addressing this question can potentially contribute to devising a molecular tool
for tuning the stickiness of fibrin glues and sealants that are widely used in surgeries and
regenerative medicine (42,43). A second question raised by our findings is whether other fibrous
biopolymer networks can also benefit from this self-adhesion mechanism to extend their reversible
strain-stiffening response. In particular, intracellular intermediate filaments and extracellular
collagen fibers are known to exhibit a hierarchy of quaternary structures including fiber bundling
and to strain-stiffen reversibly (2) up to strains close to 300% in case of intermediate filaments
(44) and 50% in case of collagen (45,46). It will be interesting to extend our quadruple optical
tweezer assay to measure the interactions between single intermediate filaments or collagen fibers.
The third question raised by our data concerns the molecular mechanism of fiber remodeling that
occurs at large stresses, especially in unbundled fibrin networks. There is already evidence of
force-induced conformational changes (47) and unfolding of fibrin monomers (15) under
mechanical loading, which may be responsible for the dissipative remodeling. Here coarse-grained
simulations are likely needed to connect molecular-scale insights from full-atom simulations to
macroscale mechanics at the protofibril and fiber levels.

Cells (48), cytoskeletal components including actin networks (49), and extracellular matrix
components such as collagen networks (26,46,50) have been shown to exhibit some degree of
plasticity in response to recurring mechanical loading, although the structural origins are still not
fully understood. The mechanistic link between the macroscopic mechanics of biopolymer
networks and the underlying microscopic mechanisms of remodeling that our work offers can
provide a basis to better understand the microstructural principles behind cell-driven plastic
reshaping of tissues in wound healing (51), during organogenesis in embryo development (52),
and in tissue engineering (53). More generally, the multi-scale interplay between elasticity and
plasticity that we identified here in a prototypical hierarchical biomaterial opens the possibility for
the rational design of synthetic materials and hydrogels that mimic the extreme toughness and
flexibility of living matter (54,55). An attractive approach is to incorporate dynamic covalent
bonds (56) or a judicious balance of hydrophilic and hydrophobic moieties (57) into hierarchically
self-assembling peptides (58) to achieve stimuli-responsive remodeling at multiple structural
length scales.

SUPPORTING MATERIAL
Eleven figures and two movies are available at ....
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Figure legends

FIGURE 1  Elasticity and plasticity in fibrin networks. (A) Representative confocal image (left;
maximum intensity projection of 25.6 pum stack; scale bar = 10 um) of 2 mg/ml physiological (i.e.,
bundled and cross-linked) fibrin network (“WT”) and a schematic representation of the cross-
linked, bundled fiber architecture (right). (B) Cyclic logarithmic stress ramp protocol. (C) The
stress—strain response of 2 mg/ml fibrin network (in log scale), showing the accumulation of
residual strain, yres, after each cycle. The color coding corresponds to that of the protocol in (B),
with solid lines indicating increasing applied stress and dashed lines indicating decreasing stress.
The corresponding stress—strain response of a 4% polyacrylamide gel is also shown for comparison,
showing the complete reversibility of the response and the lack of any residual strain. (D) Despite
the development in the (plastic) residual strain, yrs, the fibrin network continues to exhibit
reversible stress-stiffening. The differential elastic modulus, K* = dz/dy, is plotted as a function of
stress, 7, for the loading part of each cycle (different colors), showing that all curves overlap.
Arrows indicate the maximum stresses reached, zmax, in each cycle, with corresponding color
coding. (E) A zoom-in of two loading curves from (C), highlighting the return-to-virgin-path
behavior. (F) When yres is substracted from each loading curve in C, all curves collapse, indicating
that, despite the large residual strain, the network mechanically behaves exactly like an
undeformed, virgin network. The yres IS shown in the inset as a function of the largest stress that
the sample has been subjected to.

FIGURE 2  Microstructural basis of fibrin network plasticity. We probe the microstructural
origin of fibrin’s plasticity by examining networks of (A-C) uncross-linked fibrin (xI7), (D-F)
unbundled fibrin fibers (bnd-), and (G—-I) unbundled and uncross-linked fibrin fibers (bnd=/xI").
Schematic representations for the three networks are shown in (A), (D), and (G), and the
corresponding stress—strain responses to a cyclic logarithmic shear protocol are shown in (B), (E),
and (H). The complete return to virgin path is not observed in the uncross-linked bundled (B) nor
uncross-linked unbundled (H) fibrin networks, as indicated by the arrows. After yres Subtraction,
the curves collapse for the unbundled fibrin network (F), but not for the uncross-linked, bundled
(C) or unbundled (1), networks. The progression of yres With zmax is plotted in (J), with that for the
physiologically relevant situation (i.e., bundled and cross-linked) fibrin network (WT) also shown.

FIGURE 3  Direct evidence for spontaneous lateral association between fibrin fibers. Two
fibrin fibers are captured using two pairs of beads that are trapped using optical tweezers. The first
fiber is fixed in place by trapping beads A and B, while the second is moved around by positioning
beads I and II. (A) and (B) respectively show inverted fluorescence intensity images and three-
dimensional schematic representations of the fibers labeled with AlexaFluor488 and beads. Circles
outline the positions of the beads, with dashed outlines indicating out-of-focus beads. (C) shows
the corresponding force responses on bead A. After the two fibers are captured (1), one of them
(held by bead pair I/11) is moved vertically downward (i.e., out of plane) (2) and then brought up
again to touch the other fiber in an orthogonal configuration (3). Lateral association between the
two fibers is spontaneously established, as indicated by the bending of the second fiber and the
increase in the force on bead A when the first fiber is moved in-plane (4) or vertically (5).

14



FIGURE 4  Structural adaption of cross-linked, bundled fibrin networks at different scales
across different deformational regimes. (A) A schematic model describing fibrin’s structural
adaptations at the network (1 and 2) and fiber (3 and 4) levels in response to increasing applied
stress. Intermediate levels of stress leads to remodeling at the network level, exemplified by
spontaneous fiber adhesion during deformation (1 - 2), whereas large levels of stress results in
internal remodeling within the fibers, as depicted by the stretching of the individual protofibrils (3
- 4). At the macroscopic level, these adaptations manifest as distinct stress-dependent mechanical
regimes (B-E). (B) The differential elastic modulus, K’, which reports the effective stiffness at
different levels of stress, (C) tan o, which reports the ratio between viscous K” and elastic K’
moduli, (D) creep rate (dy/dt), which reports the propensity of the samples to flow, and (E) residual
strain (yes), @ measure of plastic remodeling, are plotted as a function of the applied stress. Creep
rate is obtained from the time derivative of the creep response to step changes in applied stress
(see Fig. S9). To probe the extreme limit of plasticity (5), we used a strain-controlled cyclic
logarithmic protocol (F). The stress—strain response to this protocol is plotted in (G), showing that,
surprisingly, mechanical memory is still retained even after network rupture, as indicated by the
return to virgin path (arrow heads) beyond the maximum stress. Negative stresses o are needed
to bring the networks back to zero strain after each deformation cycle (H). The magnitude of o
gradually increases with the maximum applied strain, ymax, but reaches a plateau when the network
ruptures. Dashed lines are to guide the eye.
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