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Fibrin is the fibrous protein network that comprises blood clots; it is uniquely capable
of bearing very large tensile strains (up to 200%) due to multiscale force accommoda-
tion mechanisms. Fibrin is also a biochemical scaffold for numerous enzymes and blood
factors. The biomechanics and biochemistry of fibrin have been independently studied.
However, comparatively little is known about how fibrin biomechanics and biochemis-
try are coupled: how does fibrin deformation influence its biochemistry? In this study,
we show that mechanically induced protein structural changes in fibrin affect fibrin bio-
chemistry. We find that tensile deformation of fibrin leads to molecular structural tran-
sitions of α-helices to β-sheets, which reduced binding of tissue plasminogen activator
(tPA), an enzyme that initiates fibrin lysis. Moreover, binding of tPA and Thioflavin T,
a commonly used β-sheet marker, were mutually exclusive, further demonstrating the
mechano-chemical control of fibrin biochemistry. Finally, we demonstrate that struc-
tural changes in fibrin suppressed the biological activity of platelets on mechanically
strained fibrin due to reduced αIIbβ3 integrin binding. Our work shows that mechanical
strain regulates fibrin molecular structure and biological activity in an elegant mechano-
chemical feedback loop, which possibly extends to other fibrous biopolymers.
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Fibrin is a mesh-like, three-dimensional fibrous protein network that is the primary
component of blood clots, entrapping blood cells and platelets to prevent blood loss at
wound sites (1). In its role as the fibrous network in blood clots, fibrin also acts as a
biochemical scaffold, binding to and interacting with various molecules that participate
in the wound healing response, as well as a mechanical stabilizer against forces from
muscle contractions (tension) and blood flow (shear) (2, 3). Fibrin viscoelasticity, along
with its strain stiffening behavior, has been shown to underlie hemostasis, blood clot
stability, and supportive functions for wound healing in the dynamic in situ environ-
ment (4). These biomechanical properties of fibrin depend on its hierarchical structure,
building up from the molecular to the fiber level (5) where applied forces can change
the structure of monomers as well as fiber properties. Because of this hierarchical orga-
nization, fibrin mechanics and biochemistry are intertwined.
Several studies have concentrated on understanding and evaluating morphological

changes in fibrin under mechanical deformation and how those changes correlate to
clot biochemistry, in particular stability (4, 6–8). Stretching single fibrin fibers, for
example, has been shown to both promote and hinder plasmin-mediated fibrinolysis.
Bucay et al. (9) demonstrated that fiber lysis was faster for prestrained fibers whereas Li
et al. (10) found that lysis was slower on strained fibrin fibers. Both studies hypothe-
sized that plasmin bioactivity depends on fiber strain although with different mecha-
nisms. At the network level, it has been shown that tensile forces on fibrin networks
reduce the degradation rate of fibrin by plasmin (11, 12). Thus, the role of strain in
fibrin enzymatic degradation is still debated. An important feature not explored in any
of these studies is how fibrin degradability is sensitive to its molecular structure, which
is the features that mediates enzyme-fibrin interaction.
In addition to degradation, variation in clot mechanical and morphological proper-

ties has been shown to affect several aspects of platelet-induced hemostasis and throm-
bosis (13, 14). Platelets sense and respond to their local environment based on fibrin
mechanical properties (15). Qiu et al. (15) showed that changing fibrin network
stiffness modulates platelet adhesion, spreading, and activation, highlighting how a
heterogeneous fibrin distribution could potentially affect platelet response. Similarly, a
correlation has also been found between fibrin fiber diameter and platelet aggregation.
Fibrin networks with thinner diameter fibers not only showed prolonged (slower) lysis,
but also resulted in substantial aggregation of platelets (16). Most of the literature to
date focuses on how macroscale properties of fibrin (e.g., fiber density, fiber diameter,
and fibrin network stiffness) affect platelet activity (15–18). The impact of the
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molecular properties of fibrin, specifically the conformation
and molecular structure of fibrin proteins that constitute fibers,
on fibrin biology and biochemistry are largely absent from the
fibrin structure-function literature. This is despite evidence by
many groups (8, 19, 20) showing that fibrin molecular struc-
ture changes from a dominant α-helix to a dominant β-sheet
structure and that molecular distances in fibrin fibers shrink
with increasing deformation (21–23).
In this study, we relate molecular structural changes in

mechanically deformed fibrin with changes in fibrin biochemistry
and platelet response. Unfolding of α-helices into β-sheets upon
tensile deformation resulted in enhanced binding of Thioflavin T
(ThT), a well-known β-sheet binding molecular rotor dye, and
strongly reduced the binding of tissue plasminogen factor (tPA),
an enzyme that converts plasminogen to plasmin upon fibrin
binding. In addition, platelet activity was strongly suppressed on
mechanically deformed fibrin due to structural alterations that
decreased αIIbβ3 integrin binding to arginine glycine aspartic acid
(RGD) motifs. This work provides a mechanistic perspective on
how mechanical strain on fibrin regulates the biological activity
of fibrin through changes in constituent protein structure.

Results

SI Appendix, Fig. S1 shows the preparation of the polydimethyl-
siloxane (PDMS)-fibrin construct that was used to apply tensile
deformation to fibrin hydrogels (shown in Movies S1 and S2).
We applied 100% strain to the flexible PDMS sheet, and this
strain was partially transmitted through to the fibrin network via
the adhesion between the network to the plasma-treated PDMS
sheet (SI Appendix, Fig. S2). The free surface of the fibrin gel
showed 73% strain while the surface attached to the PDMS was
strained by 100%. Hereafter, we refer to strained condition as
“100% strained” or “strained” fibrin. Tensile deformation of
fibrin clearly showed distinct morphological changes in terms of
fibrin fiber orientation, fiber diameter, and fiber packing density
as shown by confocal reflectance images (Fig. 1A).
Unstrained (as prepared) fibrin hydrogels showed an isotro-

pic fibrous network structure with an average fiber diameter of
0.4 ± 0.1 μm (mean ± SD, n > 50) as measured from the con-
focal reflectance images. Upon straining, the fibrin network
expelled water and thinned; the fiber diameter in strained gels
reduced to 0.25 ± 0.05 μm (n > 50), as similarly reported by
others (11, 19). In addition, fibers in 100% strained fibrin
aligned strongly in the stretching direction and came into the
close contact with one another, forming a densely packed struc-
ture that nearly masked the borders of individual fibers. Studies
have previously reported that elongation and alignment of
fibers under mechanical strain resulted in a stiffer network due
to strain-stiffening of fibrin fibers (11, 24). Like confocal reflec-
tance, atomic force microscopy (AFM) images of the free (top)
fibrin surface of unstrained fibrin hydrogels displayed randomly
oriented fibers while the stretched fibrin showed elongated and
aligned fibers along the stretching direction (indicated by white
arrows) with densely packed structures (Fig. 1B). As the free
surface is nominally 1 mm away from the flexible PDMS-fibrin
interface, the AFM images of strained fibrin show the strains
propagate through the entire network.
Mechanical deformation of fibrin is known to influence fiber

morphology and molecular structure (4, 8). Fibrin molecular
structural changes due to mechanical deformation have been
studied by vibrational spectroscopy, which can provide infor-
mation on protein secondary structure (α-helix, β-sheet, turn,
and random coil structures) with variation in applied strain and

showed a maximum structural change around 90% strain (25).
As a result, in this work fibrin networks supported on thin
PDMS sheets were stretched to 100% of their initial length to
induce large molecular structural changes while not breaking
the PDMS-fibrin attachment.

Fig. 2A shows attenuated total reflectance infrared (ATR-IR)
spectra from 1,200 to 1,750 cm�1 for unstrained and 100%
strained fibrin gel. The spectra show characteristic amide peaks
(∼1,650 cm�1 for amide I, ∼1,550 cm�1 for amide II band,
and ∼1250 cm�1 for amide III (26). Differences in the amide
band shape were observed upon stretching, especially for the
amide I peak. The fibrin amide I peak position for 100%
strained fibrin shifted to lower frequency (1,628 cm�1) com-
pared to unstrained fibrin (1,645 cm�1) (Fig. 2A), indicative of

Fig. 1. Morphology changes of fibrin under mechanical strain. (A) Trans-
mitted light (Top) and reflectance (Bottom) confocal micrographs of
unstrained (Left) and 100% strained fibrin networks (Right). Strain was
applied in the horizontal laboratory frame. Images are taken ∼50 μm deep
into network from the top surface, ∼1 mm away from the PDMS-fibrin
interface where the strain was applied. (B) AFM topography images of
unstrained and 100% strained fibrin (white arrows indicate the stretching
direction), (Scale bar, 5 μm) on the top surface. The middle photos show
samples corresponding to unstrained and 100% strained fibrin samples.

2 of 9 https://doi.org/10.1073/pnas.2117675119 pnas.org

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117675119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117675119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117675119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2117675119/-/DCSupplemental


increased β-sheet content after stretching (20). We used second
derivative analysis (SI Appendix, Fig. S3) and subsequent spectral
decomposition of the amide I and II regions to provide quantita-
tive information on the secondary structure before and after strain
application (Fig. 2B, SI Appendix, Tables S1 and S2). This analy-
sis showed that applying tensile forces to bulk fibrin networks
resulted in a 36% increase in β-sheet content, whereas α-helix

content decreased by 31% compared to the unstretched fibrin
structure. These results are quantitatively consistent with our pre-
vious study and in good agreement with literature showing that
fibrin tensile deformation is accompanied by α-helix to β-sheet
structural transitions (8, 20, 27).

We extended these measurements to study molecular struc-
tural changes in sparse fibrin networks in which individual

Fig. 2. Tensile strain causes fibrin molecular and structural unfolding. (A) ATR-IR spectra of unstrained and 100% strained fibrin showing amide I to III
bands with a clear amide I peak shift showing structural changes. (B) Decomposition of amide I and II modes from spectra in (A) into constituent peaks cor-
responding to different protein secondary structures shows the increased β-sheet content with strain. (C) SRS CH stretch (2,970 cm�1) image, (D) CH stretch
spectra from 2,850 to 3,050 cm�1 of unstrained and strained fibrin. (E) and (F) SRS images from strained and unstrained fibrin acquired at the CH3 mode
(2,930 cm�1), α-helix mode (1,650 cm�1), β-sheet mode (1,670 cm�1), and thresholded overlapped α-helix (red) and β-sheet (green) images. Imaging condi-
tions were identical for all SRS images at the respective wavenumbers.
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fibers could be observed using stimulated Raman scattering
(SRS) vibrational microscopy (SI Appendix, Fig. S4). Fig. 2C
shows SRS images of fibrin from 2,970 cm�1 in the CH region
for sparse fibrin networks that are unstrained and strained. Fig.
2D shows the extracted spectral fingerprint of the CH region
(2,800 to 3,050 cm�1), which has the characteristic CH3 sym-
metric and asymmetric CH3 stretching peaks at 2,935 cm�1

and 2,970 cm�1, respectively, that originate from side chains of
alkyl amino acids in proteins (28). The ratio of the symmetric
to asymmetric stretching peak was empirically observed to
change with increasing strain on the fibrin network, and
changes in CH peaks have been previously shown to reflect
molecular scale packing of molecules (23). In the SRS spectra
of sparse networks, we found the ratio was 0.7 ± 0.1 for
unstrained fibrin fibers whereas strained fibrin fibers showed an
increase in symmetric to asymmetric stretching ratio to 0.9 ±
0.2, which is consistent with our previous study. Combined
with previous work showing increased protofibril packing in
fibrin fibers using X-ray scattering (19, 21, 22), we surmise
that the change in molecular distances between adjacent proto
fibrils in fibrin fibers leads to increased steric hindrance for the
CH3 asymmetric vibrational mode, making the lower energy
CH3 symmetric mode more prevalent. Microscopically, the
decreased molecular distance in fibers highlights the increased
packing of protofibrils into tighter bundles prior to unfolding
of coiled coil domains from helices into sheets. We next
acquired SRS images at Raman shifts of 1,650 cm�1, and
1,670 cm�1, which are amide modes for α-helix and β-sheet
motifs, respectively. Qualitatively looking at the merged
images of the amide modes for unstrained and strain fibrin
fibers in Fig. 2 E and F, unstrained fibers show more helical
content. Quantitatively, unstrained fibers showed an Iα-helix:Iβ-
sheet ratio of ∼1.5 compared to ∼0.8 for strained fibers after
thresholding images and taking the ratio of intensities (SI
Appendix, Fig. S5). Sparse fiber networks showed a 53%
change in secondary structural transitions in proteins within
single fibers. We note that, as in our previous work, we set the
polarization of both lasers to preferentially sense the created
β-sheet structures over α-helices, which will affect the absolute
secondary structure percentages we obtain. However, this does
not prohibit quantitative comparison between strained or
unstrained fibrin networks as the laser polarization is fixed for
all measurements.
Previous work has shown that natural, protein-based materi-

als can undergo a reversable structural transitions (20, 29).
Thus, we wanted to understand whether fibrin's strain-induced
secondary structural changes are reversible. To evaluate struc-
tural reversibility, we took broadband coherent anti-Stokes
Raman spectroscopy (CARS) images of unstrained (0%),
strained (100%), and then strain-released (0%) fibrin gels as
shown in SI Appendix, Fig. S6. At first, similar to SRS, CARS
images and the accompanying secondary structure plot (SI
Appendix, Fig. S6 A and B) showed a similar trend highlighting
a decrease in α-helix and increase in β-sheet content upon
straining (0 to 100%) fibrin gel. Next, upon releasing the strain
and waiting 20 min, the fibrin gel showed more than 90%
structural reversibility by decreasing β-sheet content and
increasing α-helix, like the as-prepared fibrin hydrogels. This
result is consistent with Fourier transform infrared spectroscopy
studies from Litvinov et al. (20) on whole blood clots.
With a goal to investigate if the molecular structural changes

in fibrin modulate its biochemical activity, we began by mea-
suring how tPA, an enzyme involved in fibrinolysis, binding
was affected by strain. In addition, we also quantified binding

of ThT, a small molecule molecular rotor dye that is known to
bind β-sheet rich protein structures (30, 31).

During the wound healing process, fibrin must also be enzy-
matically degraded by plasmin as the blood clot is slowly
replaced with new tissue. To facilitate this process, fibrin serves
as a biochemical scaffold that binds to tPA, which then acti-
vates plasminogen to plasmin. tPA binding to fibrin drastically
increases its ability to activate plasminogen (32). As strained
fibrin networks showed changes in secondary structure, we
hypothesized that tPA binding could be sensitive to the tensile
state, and by extension the structure, of fibrin. tPA binding to
fibrin has been suggested to depend on fibrin structure via spe-
cific amino acids in coiled-coil region (residues 148 to 160 in
the Aα chain) and in the D region of γ chain (residues 312 to
324) (33–35). As with the spectroscopy experiments, we used
unsupported sparse and PDMS-supported bulk networks to
measure tPA binding with and without strain (see SI Appendix,
Fig. S7 for details on sparse network experiments). Incubation
of tPA with unstrained fibrin showed effective binding to fibrin
sparse and bulk and networks, with tPA essentially illuminating
the fiber structure of the network. On the other hand, almost
no binding was detected in strained sparse or bulk networks
(Fig. 3 A and C). The mean tPA fluorescence intensity per fiber
for spare networks shifted from 2,200 counts on unstrained to
less than 1,000 counts on strained fibrin (Fig. 3B). Previous
work has suggested that reduced network porosity may contrib-
ute to limited binding of enzymes to fibrin, but the sparse net-
work measurements, where fiber density is substantially lower
and diffusion to fibers is essentially free, demonstrates that dif-
fusion is not limiting feature that reduced tPA binding. Rather,
our data from Figs. 3 and 4 suggest that structural changes of
fibrin are responsible for decreased tPA binding in line with
previous reported literature (36, 37).

As an alternative molecule to the 70 kDa tPA protein, we
next probed if ThT, a small-molecule dye that binds to
β-sheets showed preferential binding to unstrained or strained
networks. As with tPA, we imaged ThT fluorescence in
unstrained and strained fibrin hydrogels in both sparse and
bulk fibrin samples (Fig. 3 D and F). In contrast to tPA, ThT
bound significantly more to strained fibrin in both sparse and
bulk networks compared to unstrained networks, further show-
ing that fibrin is β-sheet rich after loading. ThT fluorescence
was substantially less pronounced in relaxed fibrin gels under
the same imaging conditions (Fig. 3D). The mean fluorescence
intensity per fiber for spare networks shifted from 750 counts
on unstrained to 1,600 counts on strained fibrin (Fig. 3E). We
note that while unstrained fibrin is primarily α-helical, some
parallel β-sheets exist in the D domains in the native state,
based on the fibrinogen crystal structure, which is why ThT
binding is nonzero in these networks.

To demonstrate the structural specificity of tPA and ThT
binding, ThT and tPA solutions were added simultaneously
and allowed to bind on unstrained or strained fibrin hydrogels.
The z-stack projections in SI Appendix, Fig. S8 A and B and
z-stack movies (Movies S3 and S4) showed depth profiles of
bound tPA (green) and ThT (red) in unstrained and strained
bulk fibrin hydrogel samples, respectively. ThT and tPA not
only bound to the free surface but also were able to diffuse into
the gel and bind to fibrin fibers at depth of at least 50 μm (our
imaging depth). ThT and tPA bound to fibrin under opposite
conditions, as shown by the data in Fig. 3. ThT binding was
much more prominent on strained fibrin while tPA was more
prominent on unstrained fibrin. Merged images of ThT and
tPA showed very few spots of colocalization (indicated by
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arrows in SI Appendix, Fig. S8 C and D). These experiments
showed that tPA and ThT bound primarily in mutual exclu-
sion, where tPA binds to unstrained fibrin and ThT binds to
strained. As the strained state on fibrin was already related to
the secondary structure of fibrin, our results strongly suggest
that tPA prefers to bind helical motifs whereas ThT prefers
β-sheets. Given that we previously found that strain-induced
secondary structure changes in fibrin were reversible from
CARS imaging, we tested whether ThT binding showed similar
behavior after strain reduction. SI Appendix, Fig. S9 shows that
ThT binding to fibrin closely follows the results from CARS.
Upon releasing the mechanical strain on fibrin networks, the
mean fluorescence intensity of ThT decreased substantially,
whereas stretching the same fibrin gel again showed an increase
the mean fluorescence of ThT. As in the CARS experiment,
the gel was allowed to relax after any strain changes to reduce the
effects of viscoelasticity. This cyclic increase in the mean fluores-
cence of ThT on fibrin gel upon stretching illustrates that the
viscoelastic relaxation does not affect the reversibility of the ThT
binding to fibrin, which is consistent with the structural reversibil-
ity seen in SI Appendix, Fig. S6.
To resolve the question of whether limited mobility in the

bulk fibrin network or the structural changes of fibrin were
responsible for decreased tPA binding in bulk samples, we per-
formed experiments to determine if bound tPA was able to
unbind and diffuse out of the gel after strain application. tPA
was initially bound to an unstrained fibrin hydrogel (SI
Appendix, Fig. S8E), and upon stretching the gel, showed

significantly decreased fluorescence after washing (SI Appendix,
Fig. S8F and Movie S5 for more details), up to a depth of
50 μm into the network. We note that the surface of stretched
fibrin, showing mostly broken or partially strained fibers
retained some tPA binding (indicated by red circles in SI
Appendix, Fig. S8F) whereas intact and stretched fibers in the
gel interior showed near complete loss tPA fluorescence. There-
fore, binding of tPA to unstrained was reversible by tensile
deformation (as fibrin processes partial reversibility of second-
ary structure changes upon release of strain SI Appendix, Figs.
S6 and S9), and the unbound tPA molecules were subsequently
washed away. This experiment shows that tPA mobility in
fibrin gels (with a fibrinogen concentration of 7.5 mg/mL) is
not the rate-limiting step for tPA binding to fibrin, consistent
with our sparse fibrin network experiments (Fig. 3D).

To further evaluate the biological activity of mechanically
deformed fibrin, we studied platelet response on unstrained and
strained fibrin gels. Freshly isolated platelets (SI Appendix, Fig.
S10A) were deposited on fibrin samples and showed different
features depending on whether they were incubated on strained
or unstrained networks. Platelets showed nearly fourfold more
attachment and more aggregation on unstrained fibrin com-
pared to strained fibrin hydrogels (Fig. 4 A–C and SI Appendix,
Fig. S10B). In addition, platelets on unstrained fibrin showed
more spreading with nearly 35% of platelets having multiple
cytoplasmic projections (on average ∼3 projections/platelet).
Platelets on 100% strained fibrin, by comparison, were round
with fewer cytoplasmic projections (Fig. 4 D–G). Increased

Fig. 3. Differential binding of tPA and ThT on unstrained and strained fibrin. (A) Confocal micrographs of tPA bound to unstrained and strained sparse
fibrin fibers, (B) tPA fluorescence intensity distribution for unstrained and strained sparse fibrin fibers (n ∼50), (C) Binding of tPA on unstrained and 100%
strained bulk fibrin hydrogel, (D) Confocal micrographs of ThT bound to unstrained and strained sparse fibrin fibers and (E) ThT fluorescence intensity distri-
bution for unstrained and strained sparse fibrin fibers (n ∼50) and (F) Binding of ThT on unstrained and 100% strained bulk fibrin hydrogel.
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Fig. 4. Attachment, morphology and αIIbβ3 integrin binding of platelets on different fibrin surfaces. (A) Fluorescence micrographs of attached platelets
stained with Calcein on unstrained and strained fibrin gels. (B) SEM micrographs of platelets on unstrained and strained fibrin showing distinct morphology.
(C) Quantification of attached platelets on unstrained and strained fibrin. (D) SEM micrographs of platelets on unstrained and strained fibrin surface (arrows
indicate platelets with projections). (E) Quantification of platelet spreading (projected area) on unstrained and strained fibrin hydrogel. (F) and (G) Fraction of
attached platelets with multiple projections and distribution profile of number of projections per platelets on unstrained fibrin. (H) Fluorescence micrograph
of bound integrin-coated microbeads on unstrained and strained fibrin. (I) Quantitative plot of bound integrin coated microbeads on unstrained and
strained fibrin. Statistically significant differences (P < 0.05) compared to unstrained fibrin is indicated by an asterisk.
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cytoplasmic spreading, aggregation, and formation of multiple
projections on unstrained fibrin indicated that platelets were in
an activated state (38). We surmise that platelets adhered to
strained fibrin were not activated as they showed limited
spreading and no obvious projections.
Platelet adhesion and activation are regulated through the

ligand-receptor interactions. Ligand binding to cell surface
integrins, specifically αIIbβ3, mediates platelet adhesion, spread-
ing, granule secretion, aggregation, and clot retraction (39).
Given that we saw changes in platelet adhesion and activation
with fibrin strain, where the structure of the coiled-coil regions
was already shown to undergo structural transitions, we
hypothesized that platelet integrin binding was modulated by
stretching fibrin. To test this hypothesis, microbeads coated
with the extracellular domain of integrin αIIbβ3, and verified to
show integrin binding (SI Appendix, Fig. S11), were incubated
on unstrained and strained fibrin hydrogels to test for integrin
binding. After several washing steps, we imaged the attached
beads and found that integrin αIIbβ3 coated beads attached
greater than fivefold more to unstrained fibrin in comparison
to strained fibrin (Fig. 4 H and I). Bovine serum albumin-
coated beads were used as a control experiment, and these
beads showed more than 10-fold reduced binding to unstrained
fibrin and binding did not change with applied strain (SI
Appendix, Fig. S12). This result shows that tensile deformation,
and thereby secondary structure transitions in fibrin, directly
affected integrin engagement, which ultimately influenced
platelet adhesion and activation.

Discussion

Our results show that pulling on fibrin with near 100% tensile
strain results in molecular unfolding of the constituent fibrin
molecules that make up the network. This ultimately regulated
various biochemical interactions, including platelet interactions
and tPA enzyme binding. tPA binding to fibrin is critical for
clot removal as it activates plasminogen much more efficiently
when bound. tPA binds primarily to the coiled-coil region (and
to a lesser extent to the nodule domains). Our data, combined
with simulations (25), suggest that unfolding of coiled-coil
from helices into β-sheets by tensile strain occludes the binding
site, at least in the coiled-coil region. Together with previous
work showing how fibrin degradation is reduced with tensile
strain, we suggest a structure-function connection between the
binding of tPA (and fibrin degradation) and fibrin blood clot
stability. Urano et al. (37) have also suggested a similar connec-
tion between fibrin structure and fibrinolysis with increasing
tensile strain. The structure-based binding of tPA and the struc-
tural transitions of fibrin under load forms an elegant
mechano-chemical feedback loop that is intrinsically regulated,
as we describe below. Only fibrin fibers that contain natively
folded fibrin monomers, and thus not bearing large tensile
loads, are subject to degradation. Loaded fibers in the gel are
“marked” as load bearing by structural changes from helices to
sheets, and the binding of tPA, and thus degradation rate, is
drastically reduced. The ultimate outcome of such a mechanism
is that parts of the fibrin clot that are actively working (load
bearing) are retained while those not load-bearing are available
for degradation and further processing via the wound healing
cascade. This idea is consistent with the “use it or lose it”
model proposed by Dingal and Discher for intracellular cyto-
skeletal networks (40, 41).
Studies have shown that platelets attach to fibrin through

αIIbβ3 interaction with γAGDV (residues position at 409 in the

γ chain) and αRGDF and αRGDS (residues positions 95 and
572, respectively, in the αA chain) (42, 43) in a mechano-
sensitive way. Platelets have also been shown to sense aniso-
tropic fiber orientation and network heterogeneity by applying
piconewton forces (44, 45) via cytoplasmic, pseudopodia pro-
jections. The fact that platelet binding and activation on fibrin
networks are also regulated by tensile loads, suggests a similar
mechano-chemical feedback loop between platelets and fibrin
as with tPA and fibrin. Activated platelets entrapped within a
fibrin mesh exert significant force (ranging from 1.5 to 70 nN)
on fibrin (45). According to recent work showing that platelets
interact with and pull on 5 to 10 fibers in a fibrin clot (46), the
force per fiber is easily above the level required to unfold the
helical coiled-coil region of ∼75 pN (19, 45, 47). Thereby het-
erogenous platelet contraction of soft fibrin clots into highly
packed and stiffer clots, could modify the protein structure of
fibrin during contraction (by pulling against other contracting
platelets or attachment points in the clot). As the RGD binding
site of platelet integrins is in the coiled-coil region, structural
changes, e.g., secondary structure unfolding, may reduce the
binding efficiency and activation of additional platelets to the
contracted clot. This idea consistent with experimental work
from Lishko et al. (48), who showed that nascent fibrin gels
supported platelet attachment, but the same gel, after removing
attached platelets, showed substantially reduced platelet attach-
ment. Their result suggests that the initial platelet adhesion
altered fibrin in a way that reduced subsequent adhesion, possi-
bly by causing structural transitions. Our results show that
tensile mechanical deformation of fibrin alters the molecular
structure of fibrin, including in the coiled-coil region, which
drastically reduced αIIbβ3 integrin binding, platelet activation,
and platelet binding. We suggest that platelet contraction of
fibrin with sufficient force could alter the structure of the integ-
rin binding domains (RGD motifs) on Aα chains, reducing
platelet interaction on strained fibrin networks.

Our proposed mechano-chemical platelet fibrin interaction is
summarized in Fig. 5. Sufficiently large tensile mechanical
deformation of fibrin alters the structure of fibrin, resulting in
densely packed, stiff, and aligned fibers (step 1). As the RGD
binding site of platelets is in the Aα coiled-coil region, second-
ary structural changes can reduce its accessibility or binding
compatibility. Thus, the interaction between αIIbβ3 the RGD
binding site on fibrin is attenuated (step 2), and because the
αIIbβ3-RGD interaction is mechanosensitive, platelets sense
insufficient resistance from the fibrin network and do not form
strong interactions or activate. On the other hand, platelets
engaging with unstrained fibrin bind strongly to the RGD
domain on natively folded coiled-coils of the Aα chain, which
provides sufficient adhesion forces for attachment and results in
more platelet activation (step 3). While our work shows strong
evidence for molecular level structural transitions in fibrin as
being responsible for modifying fibrin biological activity, we
cannot completely exclude the possibility that squeezing water
out of the intrafiber or interfiber space could alter tPA binding
or platelet attachment. We note that Weisel and colleagues
have shown that the average distance between the protofibrils is
∼5 nm under well-hydrated conditions. Given the size of mac-
romolecules like tPA and plasminogen having diameters ∼6 nm
(based on molecular weight), an intrafiber size of 5 nm would
exclude these molecules even before stretching (49), which is
not the case. Indeed, the diffusion coefficient of 40 kDa dex-
tran, estimated to be 4.5 nm diameter, within similar networks
(high thrombin low factor XIII, 5 mg/mL fibrinogen) was
shown to be ∼85% of the value in saline and intrafiber
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transport was also suggested (50). While increasing intrafiber
confinement and decreasing interfiber space may possibly con-
tribute to reduced tPA binding in strained fibrin, the fact that
tPA is able unbind and wash out from single fibrin fibers and
bulk networks indicates that limited transport is not the pri-
mary explanation for the behavior we observe. Finally, we
would also like to point out that mechanical deformation of
fibrin hydrogel not only affects its molecular structure, but also
influence topography. To distinguish the effects molecular
structural changes on platelet response and tPA binding from
changes in topography, further experiments are necessary.
Future experiments are aimed at clarifying this issue using sin-
gle fiber loading.

Conclusions

The experiments presented here show that molecular structural
changes in fibrin affect biochemical and biological activity,
highlighting the unique mechano-chemical sensitivity of fibrin
biomaterials. Fibrin strained to near 100% in tension showed
densely packed and aligned fibers with secondary structural
changes (α-helices to β-sheets) that prevented integrin-
mediated platelet adhesion and activation as well as enzyme
(tPA) binding. While our results demonstrate the concept of
mechano-chemical regulation of by fibrin using two extreme
cases, 0% and 100% tensile strain, clearly a subtler behavior
exists. The features provided by such a mechano-chemical
mechanism exemplify a structure-based response. The sensitiv-
ity of platelet attachment and activation on fibrin suggests that
platelets sense fibrin molecular structure through their integ-
rins, in addition to fiber anisotropy and mechanical stiffness.
While we focused on fibrin, we note that other biomaterials,
such as collagen, have been suggested to show similar effects

(40), suggesting that mechano-chemical regulation of biomate-
rials is a broad phenomenon in fibrous biopolymers.

Materials and Methods

A detailed account of fibrin hydrogel preparation, flexible fibrin substrates, ten-
sile deformation of fibrin gels, and other experimental protocols are given in SI
Appendix, Materials and Methods. Briefly, for platelet isolation, blood from a
de-identified, healthy volunteer was drawn by a licensed hematologist in accor-
dance with the standard protocol approved by the institute with informed con-
sent. All other details of molecular characterization, platelet isolation, imaging,
and statistical analysis are described in SI Appendix, Materials and Methods.

Data Availability. All study data are included in the article and/or supporting
information.
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