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Abstract 24 
The mechanical properties of many soft natural and synthetic biological materials are relevant to 25 
their function. The emergence of these properties from the collective response of the structural 26 
components of the material to external stress as well as to intrinsic cell traction, remains poorly 27 
understood. Here, we examine the nonlinear elastic behavior of blood clots by combining 28 
microscopy and rheological measurements with an elastic network model that accounts for the 29 
stretching, bending, and buckling of constituent fibrin fibers. We show that the inhibition of fibrin 30 
crosslinking reduces fiber bending stiffness and introduces an atypical fiber buckling-induced 31 
softening regime at intermediate shear, before the well-characterized stiffening regime. We also 32 
show that crosslinking and platelet contraction significantly alter force propagation in the network 33 
in a strain-dependent manner. Our mechanics-based model, supported by experiments, provides a 34 
framework to understand the origins of characteristic and anomalous regimes of non-linear elastic 35 
response not only in blood clots, but also more generally in active biopolymer networks. 36 
 37 
INTRODUCTION 38 
 39 

Fibrous materials form the structural and functional basis for numerous biological 40 
processes and biomedical applications (1). Many fibrous biomaterials including actin, 41 
collagen, and fibrin occur as networks endowed with unique, non-linear mechanical 42 
properties that are key to their biological functions such as maintaining structural integrity, 43 
tissue architecture, and facilitating cell-cell communication (2). Of significance, the 44 
branched network of fibrin fibers is the fundamental building block of blood clots, and is 45 
integral to biomedical applications such as tissue scaffolding and surgical adhesives (3). 46 
Fibrin networks provide optimal strength, stiffness, and stability appropriate for these 47 
physiological processes (4). A fibrin network results from the thrombin-catalyzed 48 
polymerization of fibrinogen monomers into protofibrils, which are crosslinked by the 49 
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transglutaminase enzyme FXIII-A to form the complex hierarchical structure of fibrin 50 
fibers (1). The network is strengthened by the forces generated by the active contraction of 51 
platelets bound to fibrin, thus prestressing the network (5); and it is also modified to a 52 
lesser, nonetheless important, extent by the passive inclusions of red blood cells (RBCs) 53 
(6). Although the mechanics of fibrin networks has been extensively studied (7), the 54 
ability to predict the non-linear mechanical behavior of the network from the molecular-55 
scale structure and topology of constituent fibers remains elusive. 56 
 57 
The mechanical response of blood clots to external loads is a combined response of the 58 
fibrin network, platelets associated with the network, and of the void spaces composed of 59 
plasma and the RBCs. To understand the overall structure-mechanics relationships of the 60 
composite blood clot, several biomechanical models of varying scope have been 61 
developed (recently reviewed in (8)). These models include constitutive or 62 
phenomenological approaches to study mechanical properties of clots as a function of clot 63 
composition (9),(10); continuum models to predict the macroscopic, large deformation of 64 
clots such as for predicting viscoelastic responses and clot rupture (11),(12); mesoscopic 65 
models that explicitly account for the mechanics of individual fibers as a collection of 66 
elastic elements connected to form two-dimensional (2D) or three-dimensional (3D) 67 
networks with prescribed topology (13),(14),(15); and microscale, molecular models of 68 
the unfolding of single fibrin fibers (16). Of relevance to the current work, mesoscopic 69 
models not only describe the elastic response of the networks under macroscopic 70 
deformation modes such as shear or uniaxial tension but also provide important insights 71 
into local fiber deformation, and long-range force transmission due to platelet-fiber 72 
interactions (17),(18).  73 
 74 
In this work, we aim to understand the impact of fiber crosslinking and platelet-mediated 75 
network contraction on local and macroscopic clot mechanics. Experiments have revealed 76 
that crosslinking increases clot compaction, confers mechanical stability, and also 77 
enhances chemical stability by protecting against fibrinolysis (19),(20),(21). Atomic force 78 
microscopy (AFM) and optical tweezer studies have shown that these crosslinks 79 
significantly increase the extensibility and elasticity of even single fibrin fibers (22),(23). 80 
In addition, it has been shown that anisotropic, fibrous materials, such as collagen and 81 
fibrin, transmit forces over a longer range compared with linear elastic materials (24),(25). 82 
Such mechanical signaling can be independent of or act complementary to chemical 83 
signaling, providing a longer-ranged and faster pathway for cell-cell communications in 84 
tissues (26),(27). However, the effect of crosslinking in the stress-bearing elements, i.e., in 85 
individual fibrin fibers, on the mechanics of 3D fibrin networks, is poorly understood. 86 
Specifically, the manner in which the fibrin network serves as a conduit for the 87 
transmission of contractile forces generated by the platelets, and the role played by fibrin 88 
crosslinking in this process, remains unknown (28),(29).  89 
 90 
To this end, we sought to understand the physical forces governing the mechanical 91 
response of clots to externally imposed shear loading. Our experiments reveal a heretofore 92 
unreported, anomalous, regime of shear softening in clots, characterized by an unexpected 93 
dip in the shear modulus with increasing shear stress, when fibrin crosslinking is inhibited. 94 
Importantly this softening occurs in an important biophysical regime of shear, similar to 95 
stresses induced by blood flow (30). Motivated by these observations, we develop a 96 
minimal elastic network model to quantitatively study clot mechanics, and examine the 97 
network response to applied shear. To describe the typical structure of a fibrin network 98 
(green) with embedded platelet aggregates (red) shown in the experimental image in Fig. 99 
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1A, we create a two-dimensional (2D) elastic network model comprising fibers 100 
represented by bonds in an irregular triangular network. The mechanical response of a 2D 101 
planar network is similar to, and captures the stiffening behavior of a 3D network as well 102 
(31). Disorder in the network is introduced by removing bonds randomly with a 103 
probability 1-p, to reach an average coordination number. The average coordination 104 
number ⟨z⟩ is expected to be between 3 and 4 for fiber networks, these values correspond 105 
to branching and crossing fibers, respectively.  106 
 107 
The elastic response of a fiber network to external shear depends on both individual fiber 108 
mechanics as well as the network architecture (32). Although the network is sheared at a 109 
macroscopic scale, individual fibers may stretch, compress, bend, and buckle under 110 
imposed forces, where the typical constitutive relation for a fiber is depicted in Fig. 1B. 111 
Importantly the network stability is governed by the rigidity percolation threshold, which 112 
for a network of central force springs (equal and opposite forces along the spring on a 113 
connected pair of nodes) in 2D is predicted from constraint counting originally due to 114 
Maxwell (33) to be ⟨z⟩ = 4. Below this isostatic point for central force springs, a fiber 115 
network can be stabilized by the bending rigidity of fibers (34). Since the characteristic 116 
bending energy of slender fibers is much lower than stretching energy (35) networks in the 117 
under-coordinated regime (⟨z⟩ < 4) respond to external shear through floppy, bending-118 
dominated deformation modes. These floppy modes comprise rotating bonds resulting in 119 
an anomalous elastic regime not described by a continuum elastic theory (36). At higher 120 
shear, bonds are aligned in the shear direction and such floppy modes are no longer 121 
available. As a result the network exhibits a stiffening transition from a bending to a 122 
stretching-dominated regime (37). Such a bending-to-stretching stiffening transition has 123 
been shown to occur in collagen (31), another structured fibrous material, and is expected 124 
to be a key contributor to the nonlinear shear stiffening of biopolymer networks in general. 125 
  126 
In this work, we combine experimental measurements with detailed numerical simulations 127 
to investigate the non-linear mechanics of sheared blood clots. We numerically compute 128 
the mechanical equilibrium states of the model elastic networks under external shear, as 129 
detailed in the Methods section. The model results are then compared with experiments 130 
that subject plasma clots to shear in a rheometer (Fig. 1C), to infer mechanical properties 131 
of the fibrin network. Our model predicts an abrupt clot stiffening associated with 132 
transition from bending to stretching dominated regime when strain increases, and 133 
consistent with experimental observations, it also predicts a softening dip in the shear 134 
modulus, when the bending stiffness of individual fibers is reduced. We quantitatively 135 
analyze the competition between elastic energy contributions from different fiber 136 
deformation modes that enable us to elucidate the different observed regimes in the 137 
macroscopic mechanical response of the clot. Our model also reveals that the mechanical 138 
force transmission through the network is strongly influenced by crosslinking, and 139 
provides insights into the importance of crosslinking on the prestress induced by platelets 140 
that contracts and stiffens clots. 141 

 142 
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 143 
 144 

Fig. 1. Active network model of plasma clots. (A) Microscopic image of platelet rich plasma (PRP) clot 145 
and its approximation by the 2D elastic network model of similar connectivity and length scale (scale bar: 10 146 
µm). Fibrin fibers (green) forming a network are modeled by randomly oriented bonds connected at nodes 147 
representing branch points. Platelets (red) are modeled as point sources of contractile forces. The network 148 
topology is determined by the number of bonds connected at each node (the average coordination number 149 
⟨z⟩) and by the spacing between the nodes (here, the average value is chosen to be 10 µm, similar to the 150 
average fibrin length observed in microscope images). (B) The reaction force F of each fiber to an applied 151 
axial strain 𝜀𝜀 exhibits three distinct regimes: stiff linear stretching, compression, and soft buckling when 152 
axial compression exceeds a small critical value (inset). In addition, a transverse load acting on a fiber is 153 
resisted by bending forces (𝐹𝐹𝑏𝑏) at each node when the angle between any two neighboring bonds deviates 154 
from its reference value. (C) Shear strain was applied to plasma clots in rheometry experiments, and in 155 
model elastic network simulations, to test their elastic response to deformation.  156 

 157 
RESULTS   158 
 159 
Crosslinking alters the shear response of fibrin networks by enhancing bending stiffness  160 

 161 
To examine the mechanical properties of fibrin networks derived from blood clots, we 162 
performed rheological experiments on plasma devoid of red blood cells (RBCs). We thus 163 
avoid the possible complicating modifications that RBCs make to the structure and 164 
mechanics of clots, such as enhanced viscosity (6) and compressive stiffening (38). To 165 
further isolate the contribution of platelets, we first prepared platelet-poor plasma (PPP) 166 
clots. The “clot stabilizing factor” FXIII-A crosslinks (or ligates) protofibrils within fibrin 167 
fibers by introducing covalent linkages between the 𝛼𝛼-chains and 𝛾𝛾-chains of fibrin 168 
monomers. The 𝛾𝛾-𝛾𝛾 crosslinks are formed between adjacent fibrinogen monomers within a 169 
protofibril, while the 𝛼𝛼-𝛼𝛼 crosslinks ligate across two protofibril strands. To understand 170 
the importance of protofibril crosslinking to clot structure and mechanics, we also 171 
inhibited the crosslinker FXIII-A by treatment with the small molecule inhibitor T101 172 
(20). The resulting structural differences between PPP clots with and without crosslinking 173 
are shown in Fig. 2A. The inhibition of the crosslinker FXIII-A by T101 degenerates 174 
inter-protofibril lateral 𝛼𝛼-𝛼𝛼 interactions, and also weakens intra-protofibril end-to-end 𝛾𝛾-𝛾𝛾 175 
interactions, in a dose-dependent manner (39). The inhibition of these crosslinks does not 176 
affect the formation of protofibrils, but reduces the rates of their lateral aggregation and 177 
branching. On purely mechanical grounds, we expect that reduced lateral links between 178 
protofibrils will result in easier bending of the composite fibers they constitute (40), as 179 
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illustrated in Fig. 2B. Consistent with this expectation, more bent and buckled fiber 180 
shapes, including kinks, are observed in Fig. 2A (right panel) when crosslinking is 181 
inhibited by T101 treatment. Sharp bends along with wavy and crimped structures of 182 
uncrosslinked fibrin are clearly visible in the inset of Fig. 2A.  183 

 184 

 185 
 186 

Fig. 2. Effect of fibrin crosslinking on shear stiffness regimes of passive platelet poor plasma (PPP) 187 
clots. (A) Microscopic images of crosslinked (PPP) and uncrosslinked (PPP+T101) clots. Inset on the right 188 
shows a loosely crosslinked and crimped protofibrils due to inhibition of FXIII-A by T101 treatment. Scale 189 
bars: 10 µm (5 µm for inset). (B) Schematic of bent fibrin fiber showing protofibril structure. Fibrin 190 
oligomers assemble into protofibrils, which, in turn, are crosslinked by 𝛾𝛾-𝛾𝛾, 𝛼𝛼-𝛼𝛼, and 𝛼𝛼- 𝛾𝛾 interactions by 191 
FXIII-A. The crosslinks are expected to enhance bending stiffness of fibers. (C) Shear modulus (G') of 192 
crosslinked (PPP) and uncrosslinked (PPP+T101) clots show a highly non-linear dependence on applied 193 
stress in both experiment (squares) and simulations (lines). The factor k and ⟨z⟩ in the simulated curves 194 
represent the reduced bending modulus from a reference value, and average coordination number of network 195 
nodes, respectively. Simulations were performed at varying values of the parameters k and ⟨z⟩ to match the 196 
experimental data. The model results, at a reduced bending modulus (k = 0.1, solid green line), capture the 197 
effect of crosslinker inhibition by T101 treatment on the measured shear modulus (experiments, yellow 198 
squares). Both experimental data and model prediction in this case exhibit a noticeable softening dip at ~0.2 199 
Pa. (D) Increasing the average coordination number ⟨z⟩, realized in simulations through less random bond 200 
removal (p denotes probability of bonds being present), leads to higher shear moduli due to greater number 201 
of bond springs, and concomitantly reduces the critical strain at which the network abruptly transitions to a 202 
stiffer regime. Thus, the position of the transition point in strain can be used to determine the ⟨z⟩ appropriate 203 
for the experimental data. 204 

 205 
Plasma clots were then prepared between the plates of a rheometer for a subsequent shear 206 
assay (see Methods). Clot gelation was monitored at low oscillatory strain (<1%) at low 207 
frequency of oscillation (1 Hz) in a linear viscoelastic regime. The elastic storage modulus 208 
(G') increased over the loss modulus (G") during gelation and reached a saturation value 209 
of about ~50 Pa after 45 minutes (Fig. S1). Because of abundant exogenous thrombin, the 210 
lag phase typical of clot initiation was not observable, but the rapid lag phase due to fibrin 211 
polymerization was followed by a saturation, indicating the formation of a stable clot 212 
structure. Interestingly, T101 treatment reduced the initial clot stiffness (at time t = 0) but 213 
had no impact on the fibrin polymerization rate as indicated by constancy in the slope of 214 
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the lag phase. Overall, PPP clots treated with T101 demonstrated up to threefold lowering 215 
in stiffness in the steady state compared to untreated clots. 216 
 217 
Following the initial period of gelation, we recorded the storage modulus G' of PPP clots 218 
as a function of the applied amplitude of shear stress (data shown as red squares in Fig. 219 
2C). The loss modulus G'' remained low indicating that the mechanical response is 220 
primarily elastic. At low shear stress (< 1 Pa) the clot stiffness stayed constant, but with 221 
increasing shear (up to 10 Pa), there was a significant ~3-fold increase in stiffness. In our 222 
experiments, we observed that at stresses higher than 70 Pa, G' decreased rapidly, 223 
indicating irreversible plastic deformations (data not shown). The T101-treated, 224 
uncrosslinked PPP clots (data shown as yellow squares) also showed a near constant shear 225 
modulus at low shear stress (< 0.1 Pa), and stiffening at high stress (~ 10 Pa). However, at 226 
intermediate stresses between 0.1 Pa to 1 Pa, unlike the crosslinked clots, the 227 
uncrosslinked clots showed a noticeable decrease in shear modulus by ~10 Pa. For 228 
comparison, we also examined the response of fibrin gels formed from 3 mg/mL 229 
fibrinogen by the addition of 1 U/mL thrombin and 20 mM CaCl2; and from uncrosslinked 230 
fibrin gels formed in the presence of 100 µM T101. As shown in Fig. S2, the response of 231 
crosslinked fibrin gels to shear stresses was similar to that of crosslinked PPP clots: strain-232 
independent linear regime at low applied stress, and strain-stiffening at high applied stress. 233 
The uncrosslinked fibrin gels showed a response similar to uncrosslinked PPP clots: 234 
strain-independent, strain-softening, and strain-stiffening behavior at low, intermediate, 235 
and high stress, respectively. The reproducibility of this mechanical behavior between 236 
plasma clots and fibrin gels suggests that this is a characteristic elastic response of the 237 
fibrin network, independent of other blood proteins. 238 
 239 
To explain the highly nonlinear strain-dependent softening and stiffening in crosslinked 240 
and uncrosslinked clots, we simulate the response of our model elastic network to shear 241 
stress (see Methods). There are two important reduced dimensionless parameters in the 242 
network model: the mechanical properties of the fibers, namely the ratio between bending 243 
and stretching stiffnesses, 𝜅𝜅/(𝜇𝜇l0²), where l0 is a characteristic fiber length scale given by 244 
the distance between branch points; and the connectivity between the fibers in the 245 
network, represented by an average coordination number ⟨z⟩. The bending to stretching 246 
stiffness ratio 𝜅𝜅/(𝜇𝜇l0²) depends on the ratio of fiber diameter to length, which do not appear 247 
explicitly in the model, and is therefore expected to be small for slender fibers. It should 248 
be noted that connectivity in fibrin networks is due to the branching of a single fiber into 249 
two (or rarely three) fibers, or due to the mutual crossing of two individual fibers leading 250 
to entanglement and possible cohesion (41). The resulting coordination number (the 251 
number of fibers at a branchpoint) is set between 3 and 4 (41),(42), leading to a dilute, 252 
under-coordinated network that has connectivity below the isostatic point (⟨z⟩ = 4 in 2D) 253 
for a network of central force springs. The structure of a fibrin fiber is complex (43) and 254 
includes multiple hierarchical structural levels. To build a minimal model and avoid the 255 
structural complexity of fibrin, we treat a fibrin fiber as a single mechanical structure, and 256 
estimate the typical bending to stretching ratio 𝜅𝜅/(𝜇𝜇l0²) for a uniform elastic rod (𝜅𝜅 ~ Ed⁴, 𝜇𝜇 257 
~ Ed²) using typical, measured values for Young’s modulus (E), fiber length (l) and 258 
diameter (d) (22). We then allow the bending modulus to be scaled by a free “softening” 259 
parameter, 0 < k < 1, that is a proxy for the difference of the bending modulus of fibrin, a 260 
crosslinked bundle of protofibrils, from the estimated value for a uniform elastic rod. Prior 261 
experimental work, that measures the elastic modulus for individual uncrosslinked fibers 262 
under bending deformation, suggests that this factor k is further reduced when the 263 
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crosslinking FXIII-A is inhibited (22). 264 
 265 
The bending stiffness scaling factor k and coordination number ⟨z⟩ were tuned in 266 
simulations to match the experimental shear modulus for PPP clots (Fig. 2C). While the 267 
shear modulus at small external shear is expected to be dominated by softer, bending 268 
modes and thus scales with k (44), we show that the critical strain for the onset of shear 269 
stiffening is relatively insensitive to k, instead of depending on ⟨z⟩. This lets us match the 270 
flat low shear region, as well as the stiffening transition point, in the experimental G' vs. 271 
stress curve for PPP clots, by varying k and ⟨z⟩, respectively. The fitted value of the 272 
bending stiffness factor k = 0.4 is smaller than the idealized limit of a uniform elastic rod 273 
corresponding to k = 1, as expected for a crosslinked bundle of protofilaments (40). The 274 
coordination number of 3.85 that is found to describe the data well lies between 3 and 4, 275 
as expected for fibrous networks. Consistent with our hypothesis that the bending stiffness 276 
is reduced for uncrosslinked fibrin, the model captures the response of uncrosslinked PPP 277 
clots, for k = 0.1. This lowered bending stiffness also led to a softening dip in the shear 278 
modulus at intermediate strains, similar to that observed in the experimental data. We 279 
explored further the effects of varying network connectivity by simulating the shear 280 
response of over- and under-coordinated networks. As shown in Fig. 2D, increasing the 281 
average coordination number ⟨z⟩ leads to stiffer networks, while slightly shifting the 282 
critical strain associated with the onset of network stiffening to smaller values. This is 283 
consistent with the lack of floppy, purely bending modes as the network connectivity 284 
increases beyond the isostatic point (⟨z⟩ > 4). 285 
 286 

Shear softening arises from interplay of bending and buckling dominated modes  287 
 288 
Since it is experimentally challenging to discern the mechanical state of individual fibers 289 
under a given applied shear strain, we use simulations to identify the contributions of 290 
different fiber deformation modes to the total elastic energy of the network. These are 291 
shown in Fig. 3 for the bending stiffness factors obtained in Fig. 2C, that corresponds to 292 
crosslinked and uncrosslinked fibrin, respectively. We found that both networks 293 
comprising fibers with stiffer (k = 0.4) and softer (k = 0.1) bending moduli exhibit three 294 
regimes dominated by fiber bending, buckling, and stretching respectively. Typical 295 
simulated, mechanically equilibrated network configurations at representative strain 296 
values corresponding to these regimes are shown in Fig. 3A. The different colors represent 297 
the type of strain in the corresponding bond, i.e. whether it is stretched (blue), compressed 298 
(yellow) or buckled (magenta). Gray (unstrained) bonds can participate in bending modes 299 
by changing their mutual angles (not visualized). 300 

 301 
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 302 
 303 

Fig. 3. Contribution of different deformation modes to shear response of model elastic networks. (A) 304 
Simulation snapshots of deformations of crosslinked and uncrosslinked networks at various applied shear 305 
strains. Individual bonds in the network are colored according to whether they are stretched, compressed or 306 
buckled. The relative occurrence of the different deformation modes depends on both applied strain and 307 
fiber crosslinking (corresponds to the value of the bending and buckling stiffness parameter k). (B) 308 
Calculated elastic energy density corresponding to stretching, compression, bending and buckling modes in 309 
model simulations for crosslinked (left) and uncrosslinked (right) cases. The model predicts that both 310 
crosslinked (PPP) and uncrosslinked (PPP+T101) clots exhibit three distinct deformation regimes shown by 311 
the colored regions, dominated by fiber bending, buckling and stretching, respectively. The red box indicates 312 
the regime of strains where the softening dip in the shear modulus is seen in Fig. 2c, and occurs here near the 313 
bending-to-buckling transition. This transition occurs at a higher strain for the uncrosslinked/lower k 314 
network (right) resulting in a broader bending-dominated (green) region. (C) Differential bending (left) and 315 
buckling (right) energy densities clearly show different power law regimes vs. applied strain. The buckling 316 
energy density in the k = 0.1 case an additional shallower regime with a lower slope in the region of the 317 
softening dip (red box) before approaching with the higher k cases. This is consistent with the delayed 318 
bending-to-buckling transition seen in (B) and fewer buckled bonds in (A).  319 

  320 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 25, 2023. ; https://doi.org/10.1101/2023.03.24.534185doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.24.534185


Zakharov et al. Biorxiv Page 9 of 29 

At very low applied strains (less than 5%), deformations in an under-coordinated network 321 
are dominated by bending modes because slender fibers are easier to bend or buckle and 322 
incur less elastic energy cost than being stretched or compressed (𝜅𝜅/(𝜇𝜇l0²) ≪ 1). As a 323 
result, only a few bonds are seen to be stretched at 1% strain at k = 0.4, and the network 324 
avoids buckling and compression in bonds at k = 0.1. The constant shear modulus in this 325 
low strain regime scales with the fiber bending modulus (34). At higher applied strains 326 
(greater than 10%), individual bonds align along the principal tension direction, resulting 327 
in many stretched bonds tilted approximately 45° along the shearing direction. In this 328 
regime, the network becomes much stiffer since the stretching energy of individual bonds 329 
is high, and a different scaling law of shear modulus with strain results. This is consistent 330 
with the well-known rigidity transition from the bending to the stretching-dominated 331 
regime under external strain which removes the available bending degrees of freedom 332 
(45). At very high applied strains, the shear modulus reaches the upper limit of stiffness 333 
set by aligned and stretching Hookean springs, and the curves corresponding to different 334 
bending moduli converge in the simulations (Figs. 2C and 2D). This limit is not attained 335 
in our experiments as the clots start to undergo irreversible plastic deformations at large or 336 
oscillatory applied strain (46).  337 
 338 
Interestingly, for both crosslinked and uncrosslinked networks, there exists an 339 
intermediate regime between the low shear, bending-dominated and high shear, stretching-340 
dominated regimes (magenta region in Fig. 3B). In this intermediate regime, the greatest 341 
contribution to elastic energy comes from buckled bonds under large compression. In the 342 
simulation snapshots in Fig. 3A, this strong influence from buckling is manifested as a 343 
relatively high fraction of buckled bonds at intermediate strains (5% to 10%), with the 344 
fiber compression oriented approximately transverse to the principal stretching direction. 345 
At such low-to-intermediate strain values, the compression of these bonds exceeds the 346 
buckling threshold, while the stretching is still relatively small. As seen in Fig. 3B, this 347 
intermediate buckling-dominated regime occurs in both the k = 0.4 and k = 0.1 networks. 348 
However, the transition from bending-to-buckling-dominated regimes occurs at slightly 349 
higher strains for the k = 0.1, compared to the k = 0.4 network. This delayed bending-to-350 
buckling transition allows for the intermediate, shear softening region (indicated by red 351 
box in Fig. 3B (right)) corresponding to the dip in the G' curves, seen only for k = 0.1. 352 
 353 
To better understand the origin of this shear softening (seen only at lower k) and to 354 
identify how the different energy contributions scale with increasing shear strain, we plot 355 
the differential energy density against strain for different k values in Fig. 3C. The 356 
differential bending energy trends show a transition from a steeper (~1) to a shallower 357 
slope (~1/2) power law regime, with the transition strain being higher for higher values of 358 
k. This shift in transition strain indicates that the bending energy grows slower with strain, 359 
as buckling, and then stretching, modes take over. Similarly, for k = 0.1, a shallow-slope 360 
regime is seen in the differential buckling energy. This correlates with the later onset of 361 
the buckling-dominated regime for k = 0.1 seen in Fig. 3B, when compared to cases with 362 
higher values of k. Taken together, these suggest that the softening dip in shear modulus is 363 
a result of buckling of initially compressed bonds as the strain increases from very low 364 
values. For k = 0.1, this dip is fully expressed, since the number of stretched bonds is still 365 
very small at this strain regime, while the effect is lost at higher k when a significantly 366 
larger number of bonds gets stretched. Thus, by inhibiting fibrin crosslinking, our 367 
experiments offer a direct confirmation of this intermediate shear softening effect, which 368 
was previously noted only in simulated elastic networks with buckling (47),(48),(49). 369 
 370 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 25, 2023. ; https://doi.org/10.1101/2023.03.24.534185doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.24.534185


Zakharov et al. Biorxiv Page 10 of 29 

Fiber crosslinking promotes efficient force transmission in platelet-contracted networks 371 
 372 

Having examined the behavior of passive fibrin networks, we next sought to examine the 373 
differences in the interaction of platelets with crosslinked and uncrosslinked fibrin 374 
networks. The differences in platelet morphology and fiber distribution around the 375 
platelets are highlighted in Fig. 4A. As shown in the inset for the PRP clot, the fibers are 376 
more uniformly oriented around the platelet cluster, which then extend filopodia along 377 
these fibers, resulting in a more isotropic configuration. In contrast, the T101-treated (i.e., 378 
uncrosslinked) PRP clot exhibits irregular distribution of fibers around the platelet 379 
aggregate, lacks filopodia, and has more anisotropic morphology. It is well-known that 380 
platelets exert contractile stress on vicinal fibrin fibers shortly after initiation of the clot 381 
which reaches a steady state as the clot is stabilized (50). Thus, while the local mechanical 382 
deformations of the fibrin network cannot be quantified as yet, the organization of fibers 383 
and filopodia are expected to be correlated with local strains. 384 

 385 
To connect the fiber distribution and platelet morphology to local deformations, we 386 
simulated the response of the elastic network to active contraction, by introducing actively 387 
contractile platelets into the passive fibrin network (see Methods for details). 388 
Uncrosslinked and crosslinked active networks were modeled by modifying the bending-389 
to-stretching stiffness ratio, represented by the stiffness factor, k. Our previous 390 
experimental estimate of about 140 platelet aggregates/mm2 in a cross-section of 391 
contracted clots (5) was used to seed the network with ~70 active nodes in the simulation 392 
box size which corresponds to an area of 0.5 mm². The contractile forces exerted by the 393 
platelet aggregates were obtained from published estimates from micropost measurements 394 
as ~30 nN (51). The contractile prestress exerted by the platelets on the fibers manifests as 395 
an increase in the stiffness of PRP clots compared to PPP clots. The gelation kinetics 396 
showed that the presence of platelets increased the stiffness of clots even at the onset of 397 
gelation (Fig. S1). In fully formed clots, platelets increased the shear modulus of the 398 
plasma clots by threefold, while a twofold increase due to platelets was also seen in 399 
uncrosslinked clots.  400 
 401 
In our active network model for PRP clots, the platelet aggregates are modeled as isotropic 402 
force dipoles that continuously generate contractile force. This is realized in the 403 
simulations by reducing the reference length of bonds attached to the active nodes, 404 
representing platelet aggregates. The equilibrium configuration is then achieved when the 405 
forces exerted by the platelets are balanced by equal and opposite elastic restoring forces 406 
from the bonds representing fibrin fibers. The simulation results showed that the platelet 407 
contraction does not increase the strain uniformly in all fibers but only in some, which 408 
together form an interconnected subnetwork of stretched fibers highlighted in blue (Fig. 409 
4B). We observed a denser subnetwork for fibers with higher bending rigidity, i.e., 410 
corresponding to crosslinked fibers. In case of uncrosslinked fibers with lower bending 411 
rigidity, the high-strain subnetwork is sparse, and appears as a few long and connected 412 
chains. This difference is again because more bonds can easily rotate to relax their tension 413 
at lower values of k. The subnetworks of stretched fibers or “force chains” originate from 414 
and extend to distant platelet aggregates, and thus serve as conduits for the transmission of 415 
forces exerted by the platelets. Consequently, the crosslinked PRP clots which are made of 416 
fibrin fibers with high bending rigidity and denser force chains, are expected to contract 417 
more than the uncrosslinked clots (28).  418 

 419 
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 420 
 421 

Fig. 4. Fibrin crosslinking is critical to platelet-fibrin interactions and to the formation of force chains. 422 
(A) Fluorescence microscopy images of platelet-rich plasma (PRP) clots with crosslinked fibrin (left) and 423 
with T101 inhibition of crosslinking (right). Insets clearly show that fibrin (green) distribution is more 424 
uniform around platelets (red) in the crosslinked clots, with the platelets also showing a more isotropic 425 
morphology with pronounced filopodia in these cases. The empirical observations are consistent with model 426 
prediction of higher densification for more stretched crosslinked fibers. Scale bar: 100 µm (B) Model 427 
network simulations show the heterogeneous distribution of forces around actively contractile nodes 428 
representing platelets (black). The stretched fibers (blue) form “force chains' ' that propagate from one 429 
platelet to another and are sparser and more localized in the uncrosslinked network (right). (C) Force chains 430 
are significantly denser and longer-ranged in over-coordinated (⟨z⟩ > 4) than under-coordinated networks 431 
(⟨z⟩ < 4). In both cases of lower bending stiffness (k) and lower ⟨z⟩, there are many energetically favorable 432 
bending modes available, which lead to reduced fiber stretching. This in turn will lead to reduced force 433 
propagation to the network boundary, predicting an anomalous effect of less macroscopic contraction in 434 
softer networks (where the retraction difference is shown by red arrows). ((D) Quantification of apparent 435 
fiber diameter around platelet clusters (n = 4 donors; 70 fibers per sample). Thus, inhibition of crosslinking 436 
by T101 treatment of PRP clots leads to thinner fibers around platelets. This suggests less bundling of fibers 437 
and weaker platelet-fibrin interactions. 438 

 439 
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Importantly, and for the same underlying reason as networks with stiffer bending (high k) , 440 
networks with higher coordination number also exhibit denser force chains (Fig. 4C). The 441 
availability of low energy bending modes in under-coordinated networks (lower ⟨z⟩), 442 
causes the stress generated by platelet aggregates to be localized only along a few force 443 
chains. In denser networks at larger average coordination number ⟨𝑧𝑧⟩, stresses propagate 444 
more uniformly throughout the network (more fibers under strain), and as a result, the 445 
range of force transmission and bulk network contraction is expected to be larger. The 446 
difference in the range of stress propagation is qualitatively seen at the midline of the 447 
network depicted by the dashed black line in Fig. 4C (only mirror halves of networks are 448 
shown). Clearly, many more force chains reach the midline for the higher ⟨z⟩ case. We 449 
chose ⟨z⟩ = 4.13 in the simulation for representational purposes to show this marked 450 
contrast, although we do not expect fibrin networks to exhibit an average coordination 451 
number greater than 4. Although it is difficult to directly quantify from experimental 452 
images how the coordination number of fibrin networks in clots changes upon T101 453 
treatment, it is plausible that crosslinker inhibition may reduce the number of branch 454 
points along with the bending stiffness at these branchpoints. Thus, our model predicts 455 
that crosslinker inhibition will lead to fewer force chains, less efficient transmission of 456 
forces in the network, and less overall retraction of the clot. This behavior can be 457 
detrimental to the strength and stability of fibrin networks, and can lead to clot failure. 458 
 459 
To elucidate the fiber redistribution around platelets revealed by the experimental 460 
micrographs (insets in Fig. 4A), we focus on the force chains around active nodes shown 461 
for the simulated networks as insets in Fig. 4B. The fibers directed radially outwards from 462 
the active nodes transmit the highest tensile strain (blue), while those along the azimuthal 463 
direction tend to be compressed, and then buckled (purple). The stretched fibers are more 464 
numerous for the higher k-network, as expected, due to larger bending and buckling 465 
resistive forces from other fibers. In contrast, simulations show fewer force chains for the 466 
network with lower k, which travel along fewer directions. To relate this observation to 467 
experiments, we quantified in Fig. 4D the apparent diameter of fibers around the platelet 468 
aggregate using images such as in Fig. 4A. These fibers close to platelets were found to be 469 
thicker in the crosslinked case, with mean and standard deviation values of 402 nm ± 126 470 
nm for PRP clots and 236 nm ± 81.5 nm for PRP clots treated with T101 (n = 4 donors 471 
with about 70 fibers per donor; P < 0.001, two-tailed t-test). Our model predictions for the 472 
force distribution around platelets (Fig. 4B) suggests a plausible explanation for this 473 
observation. The more numerous force chains that develop between two nearby platelet 474 
aggregates in the stiffer crosslinked networks, can lead to the alignment and bundling of 475 
fibers between them, which may be further stabilized by FXIII-A-mediated lateral 476 
crosslinking. Contractile cells (fibroblasts) in fibrin gels have been shown to form such 477 
densified and aligned bands of fibers around them, through which they mechanically 478 
interact (17). For uncrosslinked fiber networks, our model suggests that there are fewer 479 
force chains between platelet aggregates, which will therefore lead to weaker bundling of 480 
the fibers and lower effective fiber diameter, as observed. This hypothesis is further 481 
supported by the observation that the diameter of the fibers far from the platelets is 482 
comparable between crosslinked and uncrosslinked clots, demonstrating that platelet 483 
activity was responsible for fiber bundling (52),(53). Altogether, the results in Fig. 4 show 484 
that inhibition of fibrin crosslinking strongly impacts the active remodeling of the 485 
surrounding fibrin network by platelets. 486 

  487 
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Active stiffening is dependent on magnitude of shear stress and extent of crosslinking 488 
 489 

Next, we examined the mechanical response of crosslinked and uncrosslinked PRP clots to 490 
shear stress (Fig. 5A). PRP clots were prepared between the plates of a rheometer, allowed 491 
to gel, and then subjected to shear. To simulate this process, we first allowed the model 492 
networks to contract under active forces, as described in the previous section, but now 493 
with nodes on the network boundary held fixed. Subsequently, these clots were subjected 494 
to shear strain as described previously for PPP clots, but now with randomly placed 495 
“active nodes” representing platelet aggregates that actively pull on the fiber network. The 496 
PRP network simulation results capture the experimental results with the same 497 
coordination number as the passive networks (⟨z⟩ = 3.84), but with a modest increase in 498 
the bending stiffness parameter, k. This may indicate that fibers become stiffer to bend in 499 
the presence of platelets, possibly through platelet-induced crosslinking. The comparable 500 
estimates of model parameters in the passive and active networks from the low and 501 
moderate shear regimes, suggest that platelets at this density primarily modify the 502 
mechanical prestress in the network, and not its connectivity ⟨z⟩ or fiber structure. Overall, 503 
the response of PRP clots is similar to PPP clots, and shows a stiffening transition at large 504 
strains. However, unlike PPP clots, platelets not only stiffen the network but also cause a 505 
softening dip of different magnitudes in both crosslinked and uncrosslinked networks 506 
(Fig. 5A). The softening regime in PRP clots occurs at about the same strains as in PPP 507 
clots, and is also more pronounced in the uncrosslinked networks.  508 
 509 
To gain qualitative insight into the different regimes of the shear modulus vs shear stress 510 
curves in Fig. 5A, we show representative snapshots of the simulated active networks at 511 
low and high strains in Fig. 5B. Individual network bonds are colored to show their 512 
deformation state, i.e. whether it is stretched (blue), compressed (yellow) or buckled i.e. 513 
compressed beyond the critical strain (magenta). Unlike similar snapshots for networks 514 
without platelet contraction shown previously in Fig. 3A, these networks have 515 
considerable stretched and buckled bonds even at the very low strain value of 1%, due to 516 
the prestress induced by platelets. The number of stretched bonds increases rapidly with 517 
applied stress, because the prestress pulls out floppy bending modes. The corresponding 518 
bending-to-stretching stiffening transition happens at lower applied strains in the presence 519 
of platelets both in uncrosslinked (Fig. S4A) and crosslinked networks (Fig. S4B), as a 520 
result of this. The force chains propagating from the platelets intensify with applied strain 521 
(Fig. 5B), but they remain more localized to the paths connecting platelets in 522 
uncrosslinked networks. The effects of both crosslinking and platelet prestress are 523 
eliminated in the stretching dominated regime at larger strains, e.g. at 30%. Similarly to 524 
Fig. 3B for networks without platelets, we now consider in Fig. 5C the relative 525 
contributions to elastic energy density of the different deformation modes. We observe 526 
two distinct differences between active networks with platelets and passive networks 527 
without platelets (Fig. 3C). First, the platelet-induced prestress creates an initial plateau of 528 
energy for all deformation modes at low applied strain. In this initial regime, the effect of 529 
the platelet prestress dominates that of the applied stress. Second, unlike passive networks 530 
which have predominantly bending modes at low strains, the platelets induce compression 531 
and buckling with energies comparable to that of bending (Fig. 5C). While the crosslinked 532 
network at larger k (left) still has a bending-dominated regime (Fig. 5C), this regime does 533 
not appear in the uncrosslinked, lower k network (right). The absence of this regime is 534 
again due to platelets, which are more effective at pulling out floppy modes in 535 
uncrosslinked networks that have smaller bending forces. 536 

 537 
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 538 
 539 

Fig. 5. Shear stiffness of active networks representing platelet rich plasma (PRP) clots. (A) Shear 540 
modulus (G') vs. applied stress for PRP clots (squares), with and without T101, and for simulated networks 541 
(lines) at <z>=3.84, ~30 nN initial platelet contractile force, and different values of the reduced fiber 542 
bending stiffness parameter, k. Uncrosslinked PRP clots demonstrate a pronounced softening dip, unlike 543 
PPP. (B) Simulation snapshots of network deformation vs. strain, with individual bonds colored by strain. 544 
The number of stretched bonds is high due to platelet-generated prestress and increases further with applied 545 
shear strain. (C) Calculated elastic energy density, corresponding to the different deformation modes, as a 546 
function of applied strain in simulations. The colored regions indicate the deformation mode that is the 547 
largest contributor to the total energy, while the red dashed box indicates the region where the softening dip 548 
is observed in the shear modulus in (A). (D) Ratio of shear moduli of PRP to PPP clots at different applied 549 
shear strains, shown for four different donors (data points) and corresponding simulations (line), for both 550 
crosslinked (left) and uncrosslinked (right) cases. Thus, platelets stiffen the network by different amounts 551 
depending on applied shear. The stiffening factor decreases gently with strain for crosslinked networks while 552 
for uncrosslinked networks, it increases with strain up to a maximum at 6%. (E) Ratio of shear moduli of 553 
uncrosslinked to crosslinked networks in simulations (lines) for different values of platelet contractility 554 
(initial force values shown), and correspondingly, ratio of measured shear moduli of T101-treated to 555 
untreated clots (squares). Strongly contractile platelets (~60 nN) amplify the difference and show different 556 
behavior vs. strain. 557 

 558 
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While it is expected that platelets will stiffen the fibrin network by introducing prestress, 559 
we next examine the magnitude of this stiffening. The stiffening effect of platelets on clots 560 
is seen in terms of the ratio of the shear modulus G' for PRP to PPP, shown separately for 561 
uncrosslinked and crosslinked networks (Fig. 5D). Both the measurements for individual 562 
donors (discrete markers) and the model calculations (solid line) show a significant 563 
increase (about twofold to threefold) in shear modulus produced by platelets. Interestingly, 564 
the stiffening is shear-dependent for both crosslinked and uncrosslinked networks. In 565 
crosslinked networks, the stiffening due to platelets is most appreciable at low strains, and 566 
decreases weakly with strain. On the other hand, this stiffening in uncrosslinked networks 567 
exhibits a noticeable maximum at intermediate shear. This is consistent with the model 568 
prediction that platelets stiffen most at strains where the maximum softening dip in G' 569 
occurs for PPP (~6%). By pulling on the surrounding fibers, platelets stiffen the network 570 
through a reduction in the number of floppy, low-energy bending modes. In the high strain 571 
regime, however, the applied external force becomes much larger than the force generated 572 
by platelets. Thus, at high strain PPP and PRP clots should have the same value (i.e., G' 573 
ratio trending toward 1). To summarize, the results in Fig. 5D indicate that platelet-fibrin 574 
interactions depend on both the amount of applied stress and the fiber bending stiffness 575 
associated with fibrin crosslinking. The larger stiffening effect of platelet-generated 576 
prestress in uncrosslinked networks suggests that prestress may serve as a compensating 577 
mechanism for restoring clot stiffness in the absence of crosslinking. The platelets are 578 
most effective and provide sufficient clot stiffening at small and moderate strains (up to 579 
10% strain), which may be physiologically relevant at early stages of clot formation.  580 
 581 
To examine the effect of prestress due to platelets on networks with and without 582 
crosslinking, we plot the ratio of shear moduli of uncrosslinked to crosslinked clots 583 
predicted from simulations, at different values of platelet contractility (Fig. 5E). The 584 
corresponding shear moduli for simulated networks at higher and lower bending stiffness, 585 
are shown in Fig. S4D and S4E. Unlike PRP clots, the PPP data (orange squares) show 586 
closer agreement with simulations (orange line) at low-to-intermediate strain (<10%). This 587 
suggests that platelets induce strain-dependent changes to network mechanics, which are 588 
not fully captured by our simple model which does not strictly control platelet 589 
contractility. In the simulation curves in Fig. 5E , all ratios start less than 1 in the bending-590 
dominated low strain regime, and approach 1 at much higher strain values where 591 
stretching dominates and the differences in k are not relevant. In the intermediate regime, 592 
the shear moduli ratio is sensitive to the contractile forces generated by platelets. For 593 
platelets with weaker contractile forces (half the estimated initial value, ~15 nN (51)), the 594 
pronounced dip in the G' vs. strain curves for uncrosslinked networks leads to an initial 595 
decrease and subsequent increase in this ratio. However, stronger platelet contraction 596 
(double the estimated initial value, ~ 60 nN) shows greater softening for the uncrosslinked 597 
networks before external shear is applied. Additionally, platelets with higher contractility 598 
express a softening dip in the G'-vs-strain curves for both crosslinked (k = 0.5) and 599 
uncrosslinked (k = 0.2) networks (see Fig. S4D and S4E). This behavior is different from 600 
networks with lower platelet contractility which show a pronounced softening dip only at 601 
lower k values. The stronger platelets soften the network more when crosslinking is 602 
inhibited at small strains than at intermediate strains. Taken together, the simulation 603 
curves in Fig. 5E show that the manner in which platelet contractility influences modulus 604 
(specifically the G' ratio for uncrosslinked vs. crosslinked fibers) is dependent on the 605 
magnitude of strain. This may arise due to the adaptive dependence of platelet contractile 606 
force on network stiffness (54), through which platelets possibly exert lower initial force, 607 
e.g. 15 nN, at low strains (below 1%), and exert higher force at intermediate strains (1% to 608 
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10%). Such mechano-adaptation is typical in contractile cells that exert greater traction 609 
force when the extracellular environment is stiffer. Additionally, we note that the 610 
simulation curves predict a crossover in the ratio of shear moduli where these values 611 
become identical for networks at different contractility (~2%). This crossover change in 612 
slope—seen in both simulation and experimentation—suggests that there is a strong 613 
interaction effect between platelet force and magnitude of strain. 614 

 615 
DISCUSSION  616 

 617 
In this work, we combined modeling and experiments to characterize the macroscopic 618 
mechanical responses of crosslinked and uncrosslinked plasma clots to shear strain in the 619 
presence and absence of active prestress induced by platelets. To understand the 620 
micromechanical origins of these responses, we resolved the contribution of individual 621 
fiber deformations to the overall mechanical behavior using a minimal elastic network 622 
model parameterized from experiments. Our results show that the network response at 623 
various shear strains is dominated by different deformation modes of individual fibers, and 624 
depends on fiber crosslinking, network connectivity, and platelet contraction-induced 625 
network prestress. Our model predicts that the experimentally observed unusual shear 626 
softening transition occurs due to the propensity of uncrosslinked fibers to buckle and 627 
bend rather than to be stretched or compressed. Our model can thus capture the effect of a 628 
biochemical perturbation-induced change in fiber structure through a single coarse-grained 629 
parameter (k) corresponding to fiber buckling and bending, thereby linking molecular 630 
scale structure to a continuum mechanical property (42). 631 
 632 
While the rheology of fibrin gels are well characterized (55), understanding the physical 633 
mechanisms governing behavior of plasma clots, particularly the effects of fiber 634 
crosslinking and platelet-induced contraction, remains elusive. Fibrin gels stiffen under 635 
increasing shear, although the extent and nature of stiffening vary depending on the 636 
polymerization conditions. Consistent with previous reports, we show that fibrin gels and 637 
PPP clots transition from linear response characterized by a constant shear modulus to 638 
shear-dependence at ~10% strain or at a stress of ~1 Pa (56),(57)]. This strain-stiffening 639 
phenomenon is well-established in other biopolymer networks such as actin and collagen 640 
(10) and in fibrous networks in general (58). These typically comprise semiflexible 641 
polymers that show nonlinear force-extension curves with stiffening under tension which 642 
pulls out thermal fluctuation modes, and softening under compression. Semiflexible 643 
polymer networks are expected to stiffen according to a specific power law with shear 644 
stress, G' ~ 𝜎𝜎3/2 (59), as has been demonstrated in the case of crosslinked actin gels (60). 645 
Strain-stiffening may also arise as a collective effect in athermal fiber networks, due to the 646 
purely geometric effect of strain-induced fiber alignment (61), as well as the strain-647 
induced transition from a bending-dominated to stretching-dominated response in under-648 
coordinated networks (45). To investigate the nonlinear strain-response regimes of plasma 649 
clots, we developed and compared experiments with a general, enthalpic model of fibrin 650 
networks wherein the network mechanics is governed by the bending, buckling, and 651 
stretching modes of the constituent fibrin fibers (37). At higher strains where clot rupture 652 
occurs, the irreversible dissociation of bonds between fibrin monomers might become 653 
more important, but we ignore this effect in our model since we aim to capture 654 
experiments at low to intermediate shear where network response remains reversible and 655 
elastic (62).  656 
 657 
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The agreement between  model predictions and experimental measurements of shear 658 
modulus at different applied strains demonstrates that the bending and buckling modes of 659 
fibers are important for describing the shear response of fibrin networks. Individual fibrin 660 
fibers buckle as much as one-third their unstrained length under compression, and they 661 
stretch nearly two times their original length under tension (63),(23). Under compression, 662 
clots may expel fluid leading to poroelastic effects that are not considered in the present 663 
model (64). We focus here on the elastic response of the clots and not plastic or possible 664 
viscoelastic effects which are undeniably important for understanding the full regime of 665 
clot dynamic behavior. Elastic energy calculations show that the mechanics of the network 666 
are governed by bending, buckling, and stretching with the dominant mode strongly 667 
dependent on applied strain. The rate of growth of constituting elastic energies with strain 668 
exhibit different regimes characterized by different power laws that depend on the 669 
bending/buckling stiffness parameter, k. With increase in applied strain, two distinct 670 
transitions in predominant modes of deformation occur, namely bending-to-buckling, and 671 
buckling-to-stretching. The latter is manifested as an abrupt increase in G' independent of 672 
crosslinking, and this transition is well-documented as the strain-stiffening response of 673 
biopolymer networks (13). Although softening of fiber networks has been reported in 674 
simulations (47),(48) in this work we provide the first experimental proof of this effect in 675 
crosslinking-inhibited plasma clots and also show that this arises from the bending-to-676 
buckling transition which occurs at low strains. This effect may be a broader phenomenon: 677 
recent rheological measurements of clots from rats (65) reported a significant decrease in 678 
shear modulus with increasing shear deformation, although the mechanistic or mechanical 679 
basis of such softening response was not investigated. Here, by comparing the mechanics 680 
of uncrosslinked and crosslinked PPP networks, we show that the atypical softening-681 
stiffening behavior of uncrosslinked fibers originates from a bending to buckling-682 
dominated response, which softens a fraction of the fibers originally under compression.  683 
 684 
We explored heterogeneous force transmission in the elastic network subjected to 685 
externally applied shear or due to internal platelet contraction. Our simulations show that 686 
the fibers transverse to the direction of external load are under compressive stresses and 687 
they eventually bend and buckle; while fibers longitudinal to the direction of external load 688 
are under tension and get stretched. This orientational anisotropy gives rise to spatial 689 
heterogeneity in microscale stress distributions which govern their overall behavior 690 
including non-linear stiffness and tendency to rupture (66),(67). The local heterogeneity in 691 
strain distribution also manifests as disordered patterns of force transmission through 692 
tensile force chains (17),(18),(68). Force chains are believed to be the conduits for long 693 
range force transmission between contracting cells in fibrous materials (69). Unlike 694 
previous models that considered only fiber buckling in the analysis of force chains that 695 
develop between contractile cells in fiber networks (24),(70), here we include both 696 
bending and buckling of linear elastic fibers in our modeling, and show that bending 697 
screens out long-range propagation of strains in the network. We thus find that the 698 
decrease in bending stiffness of fibers results in fewer force chains that extend through the 699 
network. Likewise, we observed more numerous and longer force chains connecting 700 
platelets in higher bending stiffness networks corresponding to crosslinked fibrin. We 701 
connect this to the experimental observation of thicker aligned bundles of fibers around 702 
platelets in a crosslinked fibrin network, and a more isotropic and well-spread platelet 703 
shape. Lastly, our analysis suggests that a lack of sufficient number of force chains may 704 
result in an inability to transmit the contractile forces generated by platelets in 705 
uncrosslinked PRP clots, which provides an explanation for our previous experimental 706 
observation that T101-treated PRP clots failed to generate measurable contractile force 707 
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(28). Thus, we predict anomalous elastic behavior in contracting networks: stiffer fibers 708 
result in greater contraction under internal active stresses, which is counter-intuitive when 709 
compared with a solid under external compression. 710 
 711 
Importantly, we have investigated the response of the fibrin networks to shear stresses 712 
which are well within physiological and pathophysiological ranges: the wall shear stresses 713 
in blood vessels range widely between 0.1 Pa (in veins) to 10 Pa (in stenosed arteries and 714 
arterioles) (30); indirect estimates of stresses at various regions of blood clots are reported 715 
to vary widely between 0.1 to >100 Pa (71),(72); and the shear stresses experienced by 716 
thrombi may increase by several fold during stenosis (73) or due to local variations in clot 717 
porosity (74). Therefore, the increasing stiffness beyond 2 Pa may serve to mitigate 718 
spontaneous mechanical damage to the clots in regions of high shear stress. Strain 719 
stiffening of fibrin networks is a remarkable phenomenon that may have evolved to 720 
maintain the integrity of blood clots and fibrin sealants under large deformation such as 721 
when exposed to shear stresses due to blood flow. 722 
 723 
The implications of our findings at stresses lower than 2 Pa might be particularly 724 
important at earlier stages of clot formation. Stresses below 2 Pa arise not only in slower 725 
blood flows but also in the remodeling of fibrin networks during cell contraction (75). At 726 
these low shear stresses, we noticed qualitatively different behaviors of crosslinked and 727 
uncrosslinked PPP clots (Fig. 2), and the maximum shear stiffening effect of platelets on 728 
uncrosslinked, but not on crosslinked, PRP clots (Fig. 5). Of consideration is the timing of 729 
FXIII-A-mediated crosslinking in the formation of mature, fully contracted clots. Since 730 
the formation of laterally aggregated protofibrils always precedes their crosslinking, 731 
weakly compacted and uncrosslinked bundles of protofibrils are simultaneously 732 
remodeled by FXIII-A and by platelets (76),(77). The pronounced softening of 733 
uncrosslinked fibers observed in our experiments suggest that strain-dependent stress 734 
propagation through these fibers will impact the final clot structure. Our results also 735 
suggest that softer fibers easily bend and buckle under compression, which makes them 736 
acquiescent to easy rearrangement but not to long-range force transmission, indicating a 737 
location-dependent remodeling in evolving clots. Hence, the timing and extent of FXIII-738 
A-mediated crosslinking dictates clot structure not only through the direct modification of 739 
fiber thickness and branching but also by altering the trajectory of the stiffness landscape. 740 
 741 
Overall, we have described a general elastic network model that incorporates platelet 742 
activity, and can accurately capture the shear response of PPP and PRP clots. The model 743 
accounts for different fiber deformation modes (stretching, compression, bending, and 744 
buckling), the extent of fibrin crosslinking, and the contractility of platelets. We have also 745 
described a potentially overlooked softening regime in fibrin networks at intermediate 746 
shear, before the well-known onset of strain stiffening. The softening is shown to arise due 747 
to reduction in bending stiffness of uncrosslinked fibers and a delayed bending-to-748 
buckling transition. This softer regime may arise in early stages of clot formation, 749 
allowing for greater restructuring by platelets. Lastly, we show that crosslinking also 750 
modulates the distribution of prestress imposed on the network by platelet contraction, and 751 
changes the deformation modes of the network to applied shear. Our work provides 752 
biophysical insights into how mechanical cues from the fibrin network, external stress and 753 
platelet contraction work together to modulate macroscopic clot stiffness, and provokes 754 
the possibility of adaptive mechanical regulation in the clotting process.  755 
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MATERIALS AND METHODS 757 
 758 
Experimental methods 759 
 760 
Isolation of platelet rich plasma (PRP) and platelet poor plasma (PPP) 761 
 762 

Blood was obtained by phlebotomy from healthy volunteers between 20 to 30 years of age 763 
who did not have any chronic conditions or medications known to alter platelet function 764 
(San José State University IRB protocol F16134). The blood was drawn in vacutainer 765 
tubes containing 3.2% buffered sodium citrate (BD Biosciences, San Jose, CA, USA). The 766 
blood was centrifuged at 250 RCF (relative centrifugal force) and 7 rad/s² acceleration for 767 
20 min (5810 R, Eppendorf, Hamburg, Germany). The platelet rich plasma (PRP) 768 
supernatant was separated from the red blood cell (RBC) sediment. To obtain platelet poor 769 
plasma (PPP), 10 µM PGI2 (Sigma) was added to PRP, and was further centrifuged at 600 770 
RCF and 9 rad/s² acceleration with brakes for 15 min. The supernatant PPP was separated 771 
from the platelet pellet. For rheometry experiments, the PRP and PPP were used within 4 772 
and 6 h of isolation, respectively.  773 

 774 
Shear rheometry of PRP and PPP clots 775 
 776 

Shear experiments were executed on 600 µL of PRP or PPP mixed with 1 U/mL thrombin 777 
(Enzyme Research Laboratories, South Bend, IN, USA) and 20 mM CaCl2 (Millipore 778 
Sigma, St. Louis, MO, USA) subjected to shear strain at 22 °C in rheometer in two stages 779 
(MCR 302, Anton Paar, Graz, Austria). First, a small amplitude oscillatory test at low 780 
strain (0.5%) and 1 Hz was applied for 45 min. Second, after clot gelation, shear strain 781 
was progressively increased from 0.001% to 250% at a constant frequency of 1 Hz. The 782 
shear stress and shear modulus were recorded. To prevent evaporation, a thin immiscible 783 
oil layer (Vapor-Lock liquid vapor barrier, QIAGEN, Valencia, CA, USA) was applied 784 
along the rim of the clot, and the set-up was covered with a humidifying chamber. For 785 
experiments involving inhibition of factor XIII (FXIII-A)-mediated crosslinking,100 µM 786 
of T101 (Zedira GmbH, Darmstadt, Germany) was added to PRP or PPP before 787 
performing the experiments. 788 
 789 

Clot microstructure 790 
 791 
To prepare PRP clots for visualization, 100 µL of PRP was incubated with 1 µg/mL 792 
AF647-conjugated CD42b rabbit anti-human antibody (BioLegend, San Diego, CA, USA) 793 
to label the platelets, and 1% AF488-conjugated fibrinogen (BioLegend, San Diego, CA, 794 
USA) to label fibrinogen for 10 min on a rocker with gentle rocking frequency of 795 
approximately 2 Hz (Vari-mix Platform Rocker, Thermo Fisher Scientific, Waltham, MA, 796 
USA). After incubation, clots were prepared by adding 20 mM CaCl2 and 0.2 U/mL 797 
thrombin. Immediately, 50 µL of the mixture was added on ethanol-cleaned 1 mm 798 
microscope slides (Thermo Fisher Scientific, Waltham, MA, USA). PPP clots were 799 
prepared in a similar fashion but without the platelet antibody. The clots were imaged by 800 
confocal microscopy with an Apochromat 63X oil objective with a vertical stack interval 801 
of 1 µm (Zeiss LSM 700). The images were analyzed using Imaris v9.5 (Oxford 802 
Instruments, MA), and NIH ImageJ (78).  803 

 804 
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Computational model 806 
 807 
Network model setup  808 
 809 

The initial network was generated with Delaunay triangulation in a two-dimensional 810 
square domain using the software tool Gmsh (79). The triangulated network had an 811 
average spacing l0 = ⟨lij⟩ between neighboring nodes i and j, and consisted of about 5000 812 
nodes arranged in a box of size 70 × 70 node spacings. The initial network configuration 813 
without platelets is assumed to be stress free. Each bond in the network is then at its rest 814 
length, lij , and each junction at its rest angle, 𝜃𝜃ijk initially (Fig. 1A). The average node 815 
spacing was set to correspond to the approximate average branch length, 10 µm, typically 816 
seen in experimental images. Image analysis based on fluorescence microscopy showed 817 
no significant difference between fiber lengths for clots with and without the T101 818 
crosslinking inhibitor (Fig. S3). The coordination number was varied by randomly 819 
removing a fraction of bonds in the initially fully coordinated network. To prevent 820 
dangling bonds, the coordination number at each connecting node was not allowed to be 821 
smaller than 3. The probability of a bond being present, p, determines the average network 822 
coordination number ⟨z⟩. To increase the network irregularity, the position of each node xi 823 
was additionally perturbed by a small random displacement, 𝛿𝛿xi = 0.1 𝜂𝜂 l0 , where 𝜂𝜂 is a 824 
uniformly distributed random number from the interval [-1, 1]. The active nodes 825 
representing platelets were randomly placed throughout the mesh to reach a typical 826 
platelet seeding density. To prevent large local deformations in the network caused by 827 
locally biased density or a lack of connected fibers at the boundary, active nodes were not 828 
allowed to be at the boundary and two platelets were not allowed to share the same bond. 829 
  830 

 831 
 832 

Fig. 6. Geometry of the elastic network model. The model comprises uniform spring-like bonds connected 833 
at nodes of different coordination. Some nodes are “active” and represent aggregates of platelets generating 834 
contractile forces on connected fibers. Under the action of active nodes and applied strain, the initial rest 835 
configuration (yellow bonds) deforms to a new stressed configuration (blue bonds) by displacing connected 836 
nodes. This deformation is associated with changing fiber’s end-to-end lengths (stretching/compression) and 837 
changing the angles between bonds (bending) . Both these deformation modes result in an elastic restoring 838 
force on the concerned node. The calculated forces lead to the overdamped dynamics of the node towards 839 
the mechanical equilibrium state where all forces are balanced. 840 
   841 
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Network model dynamics 842 
 843 

The dynamics of the simulated network mimics the inertia-free, and viscous dominated 844 
clot dynamics. Thus the position of each node in the network was updated following 845 
equations for noise-free and overdamped dynamics designed to find the mechanical 846 
equilibrium state, 847 

𝛾𝛾
𝑑𝑑𝑥𝑥𝚤𝚤���⃗
𝑑𝑑𝑑𝑑

 = 𝐹𝐹𝚤𝚤��⃗
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖

+  𝐹𝐹𝚤𝚤��⃗
𝑏𝑏𝑠𝑠𝑖𝑖𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖

+  𝐹𝐹𝚤𝚤��⃗
𝑏𝑏𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑖𝑖𝑖𝑖𝑖𝑖

 (1) 

where 𝛾𝛾 is the drag coefficient arising from friction due to the surrounding viscous 848 
medium, and the total force acting on the ith node includes contributions from bond 849 
stretching, bonds bending i.e. changing their relative orientation at junctions, and bond 850 
buckling forces, given by 851 

𝐹𝐹𝚤𝚤��⃗
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠ℎ𝑖𝑖𝑖𝑖𝑖𝑖

=  𝜇𝜇�𝛩𝛩�𝜖𝜖𝑖𝑖𝑖𝑖 − 𝜖𝜖𝑠𝑠𝑠𝑠�𝜖𝜖𝑖𝑖𝑖𝑖 𝑙𝑙𝑖𝑖𝑖𝑖
⟨𝑖𝑖⟩

   (2a) 
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𝛿𝛿𝜃𝜃𝑖𝑖𝑖𝑖𝑏𝑏
2

 𝑠𝑠�𝑖𝑖
⟨𝑖𝑖𝑏𝑏⟩

  (2b) 

𝐹𝐹𝚤𝚤��⃗
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⟨𝑖𝑖⟩

 (2c) 

 852 
Here, 𝜇𝜇 is the stretching modulus of individual bonds, 𝜅𝜅b is the bending modulus at 853 
junctions between two bonds which penalizes change in the bond angle and can include 854 
contributions both from the entanglement between neighboring fibers, as well as the 855 
bending of individual fibers. l̂ij represents the unit bond vector connecting the ith to the jth 856 
node, and the strain in this bond is given by ϵij = (lij / lij – 1), where lij is the actual bond 857 
length, and lij is the target rest length. The direction of the bending force is along n̂i = (l̂ij + 858 
l̂ik) / |l̂ij + l̂ik| . The buckling force arises when the critical compressive strain is exceeded, 859 
i.e. ϵ < ϵcr , and opposes the compression. It scales with the bending modulus of an 860 
individual fiber, 𝜅𝜅f , and is a nonlinear function of compressive strain, f(𝜖𝜖ij) (80). The 861 
Heaviside function Θ takes the value Θ = 1 when its argument is positive, and Θ = 0 in the 862 
other cases, and therefore, determines if the fiber is stretched, compressed or buckled. In 863 
our model, we do not calculate the bent shape of the fibers, but instead model the effect of 864 
buckling as a force that resists compression, with an effective modulus that is much 865 
smaller than the stretching modulus, 𝜇𝜇. Further, while the bending stiffness of individual 866 
fibers 𝜅𝜅f can be different in principle from the bending stiffness 𝜅𝜅b at a branch point 867 
between two fibers, we assume them to be equal 𝜅𝜅b = 𝜅𝜅f = 𝜅𝜅 because they both have 868 
contributions from the same underlying molecular crosslinking. This “equal constant” 869 
approximation reduces the number of free parameters in the model. In Fig. S4F, we 870 
consider the effects of having different values of buckling and bending stiffness. 871 
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By choosing the length scale as l0, force scale as µ, and time scale as 𝛾𝛾l0/𝜇𝜇, the dynamical 873 
equation (obtained by combining equation 1 with equations 2a-2c) can be rewritten in 874 
nondimensional form as 875 

𝑑𝑑𝑥𝑥𝚤𝚤∗����⃗
𝑑𝑑𝑑𝑑∗
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⟨𝑖𝑖⟩
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𝜅𝜅
𝜇𝜇𝑙𝑙02
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𝛿𝛿𝜃𝜃𝑖𝑖𝑖𝑖𝑏𝑏

2
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⟨𝑖𝑖⟩

 (3) 

where starred quantities indicate dimensionless variables. The important nondimensional 876 
parameter that emerges is the ratio of bending to stretching stiffness, 𝜅𝜅* = 𝜅𝜅/𝜇𝜇l0². 877 
 878 
For Euler-Bernoulli beams, the stretching and bending moduli are given by 𝜇𝜇 = EA and 𝜅𝜅 879 
= EI, where E is Young’s modulus and A and I are the cross-sectional area and the second 880 
moment of inertia, respectively (35). For a beam of circular cross-section, A = 𝜋𝜋r², and I = 881 
𝜋𝜋r⁴/4, and the expected bending to stretching ratio is then 𝜅𝜅/(𝜇𝜇l0²) = r²/(2l0²). A fibrin fiber 882 
is estimated to be l0 ≅ 10 µm long and 2r ≅ 280 nm thick (22),(66). Since fibrin is a 883 
bundle of protofibrils with bending modulus expected to be smaller than that of a uniform 884 
cylinder, we set the nondimensionalized ratio of bending to stretching stiffness parameter 885 
in the simulations to be 𝜅𝜅* = k·[r²/(2l0²)], where r²/(2l0²) is on the order of 10-6. Here, k is a 886 
factor less than unity, which accounts for the difference of fiber bending stiffness from the 887 
ideal limit of a uniform cylinder. The critical buckling strain is set to that of a uniform 888 
cylinder, 𝜖𝜖cr = –𝜋𝜋²r²/l0². The Young’s modulus of individual fibers was chosen to E = 1.4 889 
MPa to match experimental shear modulus measurements. This comparatively low 890 
modulus is consistent with and lies within the wide range of measured stiffness of single 891 
fibrin fibers (22),(23),(81),(82). Using E = 1.4 MPa, we estimate the critical buckling load, 892 
Pcr = E𝜋𝜋³r4/l0² ≅ 0.17 nN, which is about two orders of magnitude smaller than the 893 
contractile force of an activated platelet (~30 nN) (51). This suggests there is considerable 894 
platelet-induced fiber buckling in a typical PRP.  895 
 896 
The network contraction due to platelets is modeled by prescribing shorter reference 897 
length for all bonds attached to a platelet. Assuming that an activated platelet can generate 898 
maximum contraction force Fp

max, which corresponds to maximum generated strain 𝜖𝜖pmax 899 
= Fp

max/𝜇𝜇 the corresponding reference bond length is given by lij / (1+𝜖𝜖pmax). Thus, given 900 
values of platelet force correspond to the initial situation without any network deformation 901 
and externally applied shear strain. The forces in bonds attached to platelets are reduced 902 
via the initial relaxation at zero applied strain, and increase when shear strain is applied. 903 
 904 
We perform the relaxation dynamics, and integrate equation (3) in time, until a mechanical 905 
equilibrium state is reached, implying that the change in net force becomes negligibly 906 
small (typically less than 10-6 %). Shear is applied on the network by displacing the upper 907 
and bottom boundary nodes by a fixed amount, while letting the other nodes move freely 908 
to balance forces in response to the applied strain. When the network reaches mechanical 909 
equilibrium, the applied strain is increased and the network relaxes to a new mechanical 910 
equilibrium. The increment of applied strain is chosen to be small (0.0005) to avoid large 911 
deformations near the boundary. Similar to the experiment, the upper and bottom 912 
boundaries were always clamped. 913 
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