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Blood clots are the body’'s natural biomaterials formed during wound healing, but they are also the cause
of many pathologies, such as ischemic stroke. Fibrin, the main protein in clots, provides clots with
mechanical strength through a network of fibrin fibers. These fibers exhibit high extensibility and primarily
elastic properties under static loading conditions though little is known about single fiber mechanics under
dynamic loading, as experienced in vivo. Indeed, many biological materials show distinct mechanical
responses under repeated loading/unloading (cyclic loading), a prime example of which is clot
embolization. Using lateral force microscopy, we show that fibrin fibers exhibit viscoelasticity and undergo
irreversible molecular damage under cyclic loading. Cross-linking results in a more rigid structure with
permanent damage occurring at larger strains — findings corroborated by computational modeling. Mole-
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cular spectroscopy analysis with broadband Raman scattering spectroscopy, combined with molecular
dynamics simulations, allows identification of the damage source, unfolding pattern, and inter- and intra-
molecular changes in fibrin. The results reveal partial recovery of the protein's secondary and tertiary struc-
tures, providing a deeper understanding of fibrin's molecular wear under load and its behavior in wound
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Introduction

Fibrin, the pivotal protein in blood clots, plays a crucial role in
wound healing and thrombosis as a scaffold that unites clot
components to prevent bleeding and promote tissue repair.">
The hierarchical structure of fibrin scaffolds arises from the
polymerization of its precursor, fibrinogen, into fibrin fibers.
Fibrinogen comprises disulfide-bonded pairs of Aa, Bf, and y
chains.? Together, these chains form two distal (D-domain) and
one central (E-domain) globular domains, with each D- and E-
domain connected by a three-stranded, o-helical coiled-coil
structure. Through the coagulation cascade, thrombin cleaves
fibrinopeptide A and B from Ao and Bf chains of fibrinogen,
leaving o and P chains and creating knobs ‘A’ and ‘B’ and holes
‘@ and ‘b’ as fibrin molecules.** These molecules grow long-
itudinally through knob-hole interactions, forming long 2-strand
thick protofibrils that can aggregate laterally to create fibrin
fibers. Protofibrils are further stabilized through the oC
domain - the C-terminal part of the o chain that enhances the
lateral aggregation of protofibrils.”® Finally, Factor XIII (FXIII)
further stabilizes the clot by forming covalent bonds in oC domain
and the C-terminal part of the y chain known as y-nodule.”
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healing and pathologies like stroke and embolism.

Blood clots naturally experience mechanical loads in the
body. They feel shear from blood flow and tensile forces from
platelet contraction and muscle movements. The mechanical
properties of these clots are crucial for withstanding forces,
facilitating wound closure, and recommending treatment strate-
gies for their effective removal in conditions such as thrombosis
and stroke.® Various techniques, from atomic force microscopy
(AFM) to dynamical mechanical analysis and mechanical rheol-
ogy, have been employed to investigate clot mechanical features
at different scales, spanning from a single fibrinogen molecule to
the entire clot.”* Regardless of the scale, clots or fibrin gels
exhibit high extensibility and viscoelastic properties with stress-
stiffening behavior; that is, an increased elastic modulus with
strain,">*°

Single molecule spectroscopy and molecular dynamic' simu-
lations have demonstrated fibrinogen’s unfolding under force,
starting with the unfolding in the y-nodule and helical coiled-coil
and propagating through other regions."” These studies show
how molecular rearrangements within fibrinogen accommodate
external forces. Interestingly, while the oC region shows limited
contribution to the single molecule (fibrinogen) mechanical
properties, this region does influence single fibrin fiber and
network mechanical properties.”” " Cross-linking by FXIII in
both aC region and y-nodule also alters fibrin’s stiffness and
extensibility.'®'® Notably, these insights have primarily relied on
static (singular) loading under tension, compression, or shear,
which do not exactly align with in vivo dynamic forces, such as

This journal is © The Royal Society of Chemistry 2025
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those applied during the respiratory cycle or muscle movements.
Many biological materials exhibit different mechanical behavior
under cyclic loadings compared to common acyclic scenarios.>* >
In cyclic loadings, a material undergoes repeated loading/unload-
ing over time, such as with peristaltic forces that occur during
respiration. While techniques like AFM or optical tweezers provide
insights into fiber-scale behavior,”** they fall short in detailing
how force propagates within the complex fibrin molecule and
which parts of the molecule respond to the external force. Spectro-
scopic techniques, such as Fourier transform infrared (FTIR) and
broadband coherent Raman anti-Stokes scattering (BCARS), offer
structural information at the molecular level.>#*> FTIR and BCARS
have revealed the change in the protein secondary structure
through o-helix to B-sheet transition under tension or compres-
sion, which was attributed to the unfolding of fibrin’s helical
coiled-coil domain. Our previous study demonstrated the involve-
ment of the D-domain with B-sheet structures in fibrin’s response
to the external force,*® consistent with B-strands unfolding in MD
simulations of the fibrinogen molecule.” However, the role of
unfolding in this domain and its interaction with the coiled-coil
domain is unclear. Which domain unfolds first and to what
extent? Answering this question may help clarify what parts of
the molecule are responsible for the observed inconsistent
increasing/decreasing trend of the o-helix to B-sheet ratio under
increasing shear strain.*® Using a combination of AFM force
spectroscopy, molecular dynamics simulations, and statistical
modeling, Maksudov et al. demonstrated that approximately
40% of peak forces in double-stranded fibrinogen oligomers are
associated with mixed, simultaneous unfolding transitions.””
These transitions depend on both the length of the oligomers
and the geometry of loading.

Additionally, due to the molecular damage, the loading
history may change fibrin’s subsequent response to a load
under cyclic loading.>***"® In this work, the term “damage”
refers to the process by which some bonds between different
parts of the material are broken.?® If these bonds cannot reform
and the material does not return to its original condition after
unloading, the damage is considered irreversible or permanent
within the timescale of the experiment. While damage in fibrin
has been seen before, it remains unclear whether applied forces
induce permanent, molecular-level damage in fibrin and, if so,
what the underlying mechanisms may be.

In this study, we employ lateral force microscopy as an
application of AFM to explore the mechanical response of single
fibrin fibers in different cross-linking scenarios and under cyclic
loadings.*® Subsequently, we use BCARS spectroscopy and MD
simulations to elucidate fibrin’s molecular behavior under cyclic
loading to trace damage propagation in different molecule parts.
Our observations indicate that increased cross-linking by FXIII
enhances fibrin’s rigidity, reducing permanent damage to fibers
under tensile loading. Conversely, uncross-linked fibrin fibers
show irreversible damage even at small strains, which intensifies
as strain increases. BCARS data consistently depict changes in
the protein’s secondary and tertiary (3-dimensional (3D) confor-
mation) structure under force for uncross-linked fibers. However,
this behavior is more vivid for cross-linked fibers at larger strains.
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Intermolecular interactions, particularly in cross-linked fibers,
change under load, which suggests that protofibrils’ lateral
configuration differs before versus after loading. This study
provides insights into fibrin’s response to cyclic loading, dee-
pening our understanding of in vivo blood clot behavior since
the material fundamentally changes with loading history.

Materials and methods

Sample preparation

To create individual fibrin fibers for AFM experiments, fibrino-
gen (FIB1, Enzyme Research Laboratories) was dissolved in
FB1x buffer (20 mM HEPES (BP310-100, Fisher Scientific) and
150 mM NaCl (S271-3, Fisher Scientific) at pH 7.4) to prepare a
10 mg mL ™" stock solution. For fluorescence imaging, unlabeled
fibrinogen was mixed with Alexa 488-labeled fibrinogen (F13191,
Thermo Fisher) at a 9:1 molar ratio. Fibrinogen and human
alpha thrombin (HT 1002a, Enzyme Research Laboratories) were
then combined with FB1x buffer containing 5 mM CacCl, (746495,
Sigma Aldrich) to achieve final concentrations of 1 mg mL™"
fibrinogen and 0.1 U mL™" thrombin. FIB1 consists of some
FXIII, resulting in partially cross-linked fibrin fibers. Next, we
applied 10 pL of the resulting solution onto a ridged substrate,
fabricated as outlined in ref. 9. Briefly, two drops of optical
adhesives (NOA 60, Norland Optical Adhesives) were cured by
ultraviolet light between a mold made of polydimethylsiloxane
(PDMS) (research micro stamps) with 30 pm wide trenches and
ridges and a cover glass. The optically cured substrate was
plasma-cleaned for hydrophilicity before pouring the fibrin gel.
After incubating the fibrinogen for one hour at 37 °C in ~90%
humidity, it was rinsed with FB1x buffer to remove excessive salts
and weakly bound fibers. Throughout the entire experiment, the
sample remained hydrated in FB1x buffer.

To inhibit the cross-linking in FIB1, we used 1,3-dimethyl-
4,5-diphenyl-2-[(2-oxopropyl)thio] imidazolium, trifluorosulfonic
acid salt (D004) (Zedira). D004 was dissolved in dimethyl sulfoxide
(DMSO) to make a 20 mM solution, as described in ref. 31. Then,
2 puL of this solution was added (400 uM final concentration) to
the fibrinogen solution before adding thrombin. We observed
that 2% (v/v) DMSO did not alter the molecular structure or cross-
linking of fibrin (Fig. S1).

For fully cross-linking fibrin fibers, we used exogenous
Factor XIII (HFXIII 1313, Enzyme Research Laboratories), with
a final concentration of 8 U mL™".*>* It was added to thrombin
solution in the presence of CaCl, for full cleavage and then
mixed with fibrinogen solution.

In the BCARS experiment, we created fibrin gels with higher
fibrinogen and thrombin concentrations to increase Raman
scattering signal (final fibrinogen and thrombin concentrations
were 7 mg mL ™' and 1 U mL ™", respectively). Indeed, fibrin gels
exhibit different network properties at different fibrinogen and
thrombin concentrations,* but we found no dependence of
the Raman molecular vibrations on fibrinogen concentration
(Fig. S2). The fibrin gel was formed by the fibrinogen/thrombin
solution bridging two 24 mm x 60 mm plasma-cleaned
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coverslips (48393-106, VWR) with a 2-3 mm gap on a manual
tensile device. The gel solution was supported by a third square
22 mm x 22 mm cover glass (48366-227, VWR) coated with PEG
(6-9) silane to prevent protein adhesion adapted from ref. 33.
PEG coating was confirmed by incubating ATTO 488-labeled
fibrinogen on the cover glass, followed by washing and fluores-
cence imaging. The mean fluorescence signal was significantly
reduced on the PEG-coated cover glass (Fig. S3). Lateral bound-
aries on two coverslips were established with a hydrophobic
marker. Subsequently, the gel was incubated for an hour at
37 °C with ~90% humidity. Then, the bottom PEG-silanized
cover glass was gently detached and replaced with another
square cover glass spaced ~175 pum from the gel to hold the
buffer and hydrate the gel.

Lateral force microscopy

Fibrin mechanical testing was conducted using the MFP-3D
atomic force microscopy (Asylum Research) equipped with
inverted epifluorescence microscopy (Olympus IX 70). Optical
images were acquired with a 30x, 1.05 NA silicone oil immer-
sion objective (UPLSAPO30XS, Olympus). To ensure accurate
mechanical measurements with enough resolution, soft canti-
levers with nominal normal spring constants of 200 pN nm ™"
and 20 pN nm ™" (PPP-LFMR, qp-SCONT, NanoAndMore) were
used. All cantilevers were calibrated for lateral force microscopy
(LFM) using the geometrical features and spring constant in
normal mode.>* Subsequently, when the cantilever tip is
approximately in the fiber’s axial plane, the cantilever is moved
laterally, impinging on a single fibrin fiber and starting the
pulling process.’ The cantilever speed was set to 1 um s ', as no
differences were observed in the mechanical responses of fibrin
fibers at varying loading rates (Fig. S4). In addition to recording
force based on the calibrated lateral AFM signal and stage
cantilever displacement, the fiber is imaged for length mea-
surements and strain calculations. Strain is calculated as the
ratio of change in fiber’s length to the initial length. In LFM
experiments, we neglect the local stress concentration in fibrin
fibers at the point of contact with the AFM tip.

For force relaxation tests, the fiber is pulled to a certain
strain (1 um s~ is the cantilever lateral velocity) and held there
while recording the force until being pulled to a larger strain. In
cyclic loading experiments, the fiber was pulled to a certain
strain twice to differentiate viscoelastic energy dissipation and
permanent damage.

Broadband coherent anti-Stokes Raman scattering (BCARS)
microscopy

For molecular microscopy, we used the BCARS hyperspectral
microscope that was previously used for fibrin measurements.
Briefly, a laser producing sub-100 picosecond pulses at 1 MHz
repetition rate at 1064 nm and a broadband supercontinuum
with a spectrum ranging from 1100 nm to 2400 nm (Leukos
Opera HP, Leukos) was used for excitation. The two beams were
focused by a 100, 0.85 NA objective (LCPLN100XIR, Olympus).
The signal was collected in transmission by a 20x, 0.4 NA
objective (M-20X, MKS Newport).
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The formed fibrin gel on the tensiometer was mounted on
the BCARS stage. The gel was fixed at one end while the other end
could move by a manual micrometer. The uniaxial tension was
applied by turning the micrometer, and the strain was calculated
based on the ratio of deformation to the initial gauge length. In
the cyclic loading, the gel was pulled to each strain twice and then
returned to the relaxed state. The pixel size was chosen 1 pm X
1 pm, and the CCD integration time for each spectrum was
~200 ms to maximize the signal while avoiding saturation. The
experiment was conducted for both uncross-linked and partially
cross-linked (without inhibiting or adding cross-linkers to FIB1)
fibrin gels with four and five replicas, respectively.

BCARS signal processing

BCARS raw signals were converted into Raman spectra based on
the methodology outlined in literature.”> BCARS spectra with an
average spectral resolution of 4 cm™" was recorded over a range
of 700 cm™" to 4000 cm ™' Raman shift. After phase retrieval, all
the spectra were normalized based on the total Amid I area
(1600 cm™! to 1700 cm™ '), showing the protein secondary
structure. Subsequently, the background was subtracted from
each spectrum based on the intensity at the smallest Raman
shift. Each spectrum was at least the average of 3 x 3 pixels. For
molecular analysis, the ratio of o-helix (mean intensity in the
range of 1645 cm ™' to 1655 cm ') to B-sheet (mean intensity
in the range of 1669 cm™ ' to 1679 cm™'),*® the intensity at
3065 cm™ ' (mean intensity in the range of 3060 cm ' to
3070 cm ') as the indication of aromatic amino acids,*® and
the intensity at 2934 ecm ™' (the mean intensity in the range of
2929 cm ™' to 2939 cm™ ') as CH; symmetric vibrations®® were
plotted for each strain in violin plots.?” Statistical analyses were
done based on non-parametric Wilcoxon signed-rank test.

Computational modeling of cyclic loading

We developed a computational model to capture the visco-
hyperelastic and damage properties of the fibrin fibers under
cyclic loading. Specifically, we fit a quasi-linear visco-hyperelastic
damage model to data on force, time, and displacement from the
cyclic loading tests using custom MATLAB scripts. We modeled
fiber deformation as a combination of two uniaxial extension
problems and assumed that its deformation was isochoric. Note
that, because we did not have accurate measures of diameter, we
used a diameter of 150 nm for all samples. This was chosen as it
is within the diameters reported for individual fibrin fibers by
Belcher et al.*® Using this fixed value allowed us to compare the
parameters across samples; however, it did not allow us to make
accurate comparisons of the fibers’ stiffnesses. Also, note that we
do not include the bending of the fiber in our model; this is
because the bending does not contribute significant energy to the
system at the strains in these mechanical tests. Our SI contains a
figure showing the distribution of energies between bending and
stretching (Fig. S5). Using the initial position of the AFM canti-
lever along the fiber and its horizontal and vertical displace-
ments, we calculated the stretch that the fiber would feel due to
the moving beam. To model the visco-hyperelastic properties of
the fibers, we implemented a quasilinear viscoelastic model from

This journal is © The Royal Society of Chemistry 2025
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Simo and Hughes.*® In this model, the principal components of
the visco-hyperelastic stress take the form

Here, a indexes the principal coordinate axes and Dev(e) = [o] —

1
§[o:C]C*I. Here, C is the right Cauchy-Green tensor and is

defined as C = diag(4,?, 4,%, 45°). Note that boldface denotes that
a given variable is a second-order tensor. For our hyperelastic
strain energy function, W°, we used a one-term Ogden model,
which is an isotropic model defined as

2u,
WO (1,72, 73) =£[A7+X;+Z§ -3]. 2)

The Ogden model uses the principal stretches, /; (i = 1, 2, 3), of
the deformation. Because we did not have equipment capable of
measuring the volume change of the fiber, we assumed that there
was no volume change. Thus, we excluded the volumetric portion
of the stress from eqn (1). Due to our incompressibility assump-
tion, the stretches of our uniaxial loading are found to be 4, = 4

1 . . .
and A, = A3 = —. Here, 4 is the stretch in the direction of the

va

loading, x;. The parameter o governs the strain-stiffening beha-
vior of the material and u is the shear modulus of the material.
Note that W* is the isochoric portion of the strain energy.

We used a two-term (N = 2) Prony series for our normalized
relaxation function, g(¢). This modulus, which captures the
time-dependent behavior of the fiber, is defined as

gt =70+ Y 7 (3)
i=1

Here, 1; > 0 are the relaxation time constants and y; € [0, 1] are
moduli subject to the following constraint

N

dori=1-7. (4)

i=1

Here, 7., is the long-term modulus corresponding to a fully
relaxed material.

We model the progressive, Mullins-like damage of fibrin
fibers through the Simo damage model.* In this model, the
damage is a function of the maximum stretch a body has
experienced in its loading history. The body only undergoes
damage when it is stretched beyond its previous maximum
stretch. To this end, our effective stress, S, is defined as

S = D(W)S, (5)
where D(W°) € [0, 1] is a damage function with the form

) . (6)

1 —exp (—
DW®) = dy +[1 — dy]——=—%2

S|

S|
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Here, d; € [0, 1] and d, > 0 are parameters governing the
damage evolution, and Z is defined as

2we((s))- 7)

Note that this damage formula captures the Mullins-like effect
seen in repeated loading of fibrin fibers.*' We implemented the
integration algorithm for nonlinear viscoelasticity from Simo and
Hughes® to calculate S, in eqn (1). Also, note that we fit the
model to the lateral force using data on force, time, and dis-
placement. Our error function for this optimization process was

FeXp _ pnum
max(Fep)

error = (8)
where F®? is the force measured in the experiment, and F™™ is
the force computed by the numerical model. We minimized the
total error using a nonlinear least squares solver with the trust-
region-reflective algorithm within MATLAB. Note that we fit all
model parameters (y, o, y; T; dq, dy) at once.

Molecular dynamics simulations of single molecule fibrinogen
stretching

The crystal structure of a single fibrinogen molecule (PDB ID:
3GHG)** was obtained from the Protein Data Bank, which differs
from the first resolved crystal structure of the bovine fibrinogen
molecule.”® Although the full-length fibrinogen consists of three
chains (Aa, BB, and y), the available crystal structure lacks the C-
terminal regions of all three chains as well as the majority of the
highly flexible and intrinsically disordered o«C domain of the Ax
chain. These missing regions were not reconstructed since the
aC domain does not play a direct role in axial tensile strength or
structural resistance of a single molecule pulling.>** System
preparation was conducted using the GROMACS package®>*®
with the CHARMM?27 force field.*” The default protocol was
followed, including solvation in a water box (cutoff: 10.0 A) using
the TIP3 water model, and neutralization to physiological salt
concentration by adding Na* ions. The system was then energy-
minimized and equilibrated under canonical ensemble with
constant number of particles, volume, and temperature (NVT)
and isothermal-isobaric ensemble with constant number of
particles, pressure, and temperature (NPT) conditions. Next,
the equilibrated system was subjected to two independent pull-
ing simulations using CustomBondForce in OpenMM 8
package.*® The pulling force was applied to ILE394 in y-nodule
1 at one end of the fibrinogen molecule, while GLY395 in v-
nodule 2 at the other end of the protein remained fixed. The
pulling simulations were conducted using a harmonic potential,
in which the applied force is proportional to the deviation from a
reference separation between ILE394 and GLY395. This setup
enables the pulling rate to emerge naturally from the system’s
internal dynamics, rather than being enforced externally. As a
result, the system evolves under quasi-equilibrium conditions,
with strain accumulating through thermal fluctuations around
the spring’s equilibrium point, rather than through a constant
imposed velocity (Fig. S6 for rate distributions). To achieve the
corresponding experimental strain of 16.67%, a pulling force
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constant of 1000.0 k] mol~" nm™" was applied (Pull 1, Fig. S7),
followed by an 8 ns relaxation phase (Relax 1, Fig. S7) without
external force to reach the lowest possible strain. For the second
pulling simulation (Pull 2, Fig. S7), a lower force constant of
50 k] mol™* nm ™" was used to achieve the same strain, followed
by a 5 ns relaxation phase (Relax 2, Fig. S7). The strain was
calculated as the ratio of the molecule extension to the fibrino-
gen initial length between two ends of the protein (ILE394 &
GLY395).

During the initial pulling simulation (Pull 1), the target strain
of 16.67% was reached within 200 ps and remained stable for the
remainder of the 1 ns pulling time (Fig. S7). The final frames
from two independent Pull 1 replicas were selected as represen-
tative structures (Fig. S7) and used as the starting state for the
subsequent Relax 1 phase. Relax 1 was run for 8 ns, but after 6 ns,
strain spikes were observed in both replicas (Fig. S7). Therefore,
the final frame at 6 ns was chosen as the representative structure
for Relax 1 and used as the seed structure for the next pulling
simulations. For the second pulling simulation (Pull 2), a lower
pulling force constant (k = 50.0 k] mol ' nm™ ') was applied. The
16.67% strain was achieved at 400 ps for Replica 1 and 800 ps for
Replica 2, with stable strain values reflecting structural stability
(Fig. S7). The final frames were selected as representative struc-
tures. These selected structures from Pull 2 were used to initiate
the Relax 2 phase, which was run for 5 ns in two independent
replicas. The last frames of these simulations were chosen as
representative structures for this phase.

Ramchandran plots were generated using MDAnalysis2.9.0.
The o-helix/B-sheet ratio was determined based on the number of

49,50
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points within the areas assigned to each secondary structure.
a-Helices were identified within ¢ angles ranging from —120° to
—30° and 60° to 90°, while ¥ angles ranged from —60° to —30°
and 0° to 60°. B-Sheets were also characterized by ¢ angles
between —180° and —45° and ¥ angles from 60° to 180°.>" The
ranges of a-helix and B-sheet angles are chosen based on the two
primary allowed regions of a-helices and the one allowed region
of B-sheets.>?

Results

Single fibrin fiber mechanics show stress relaxation

Using the AFM for LFM, we deformed single fibrin fibers
inspired by work by Guthold and colleagues.”*® We initially
conducted force relaxation experiments for single fibrin fibers
that are: uncross-linked, partially cross-linked, and fully cross-
linked by FXIII. Single fibers were pulled to a specific strain and
held at that strain while recording the force signal. The force
signals at different strain steps for three different fibers are
shown in Fig. 1A-C, with the force recorded on the left axis and
the corresponding strain steps on the right axis. Notably, as the
strain increases, fibrin fibers, independent of the cross-linking
state, relax more. In cases where the material is purely elastic,
there is no stress relaxation, and the force remains constant, as
observed in the fibrin fibers subjected to very small strains. To
assess and compare the effect of cross-linking on viscoelastic
properties, we calculated the mean square error (MSE) for the
force response at each strain step. The MSE value is the

A 200 17.39 B 20.0 23.01 C % 088
17.5 15.21 17.5 It 120,13 MSE |
~ 15.0 13.04 ~ ~ ~ ~25 8.23 ~
3z 15.0 17.26 3 Q
c 125 10.87— £125 L0---:.-1 1438~ £ 20 k‘ 6.59 —
c c c
© 100 — 869 = 0100 1151= O 5 49475
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25 2.17 25 r: 2.8 5 165
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Fig. 1 Relaxation tests for fully cross-linked (A), partially cross-linked (B), and uncross-liked (C) fibrin fibers. (D) Mean square error (MSE) of the force in
each strain step for the three groups shown in (A)—(C), indicating the deviation of the relaxation curve from the mean force value. The inset highlights the
MSE for strains of 0-10% and 10-20%. Red, purple, and green represent fully cross-linked, partially cross-linked, and uncross-linked fibers, respectively,
with sample sizes of 6, 6, and 5 fibers across 2, 2, and 3 replicates. Error bars represent standard deviation, and asterisks (*) indicate p < 0.05. (E) Force—
strain curve for three different partially cross-linked fibrin fibers. The shaded area shows the region where catastrophic breakage of fibers often occurred.
(F) The fraying pattern of a fully cross-linked single fibrin fiber at the breakage point. | to lll are three consecutive snapshots of fiber rupture. The 2-sided
arrows’ intensity is plotted in IV and the white arrow shows the frayed fiber. The scale bar is 10 pm.
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deviation of the data from the mean force value, a representative
constant force, as would be the case for fully elastic materials.
Fig. 1D shows the MSE for different fibers in Fig. 1A-C at varying
strains, highlighting how uncross-linked fibers deviate from the
mean value (the ideal elastic response) even at very small strains
(5% strain). The inset shows the MSE for several fibers with
different cross-linking scenarios across strain ranges, demon-
strating that uncross-linked fibers exhibit larger MSE than
cross-linked fibers. Cross-linking results in more elastic fibers,
delaying energy dissipation until larger strains are reached.
Also, we note that the calculated forces are higher for uncross-
linked fibers than for cross-linked ones in Fig. 1A-C. We
attribute this trend to potential differences in fiber geometry.
Although fibrinogen and thrombin concentrations were identi-
cal, the resulting fiber diameters may exhibit a broad distribu-
tion. Liu et al. reported fiber diameters ranging from 124-
800 nm for cross-linked and 94-708 nm for uncross-linked
fibers.” When combined with the reported elastic moduli for
cross-linked and uncross-linked fibers, which vary with dia-
meter, it is possible that uncross-linked fibers can, under
certain conditions, sustain larger forces than cross-linked
fibers. This is further supported by the cross-sectional line
profile of the fluorescent intensity from the uncross-linked fiber
in Fig. 1 showing a greater width compared to the fully cross-
linked fiber (Fig. S8). In Fig. 1E, the force-strain response of
three partially cross-linked fibrin fibers is presented until
rupture. Notably, instead of stress, we plot force, considering
the small scale of fibrin fibers, where the continuum mechanics
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assumption of a uniform rod can be inappropriate. Previous
work showing that, as fiber diameter increases, fiber’s elastic
modulus decreases,”**** supports the idea that fibrin fibers
may not be uniform rods. Thus, calculating stress by normal-
izing force with the fiber cross-sectional area may not properly
account for the size-dependent heterogeneous properties in
each cross-section. The highlighted region in Fig. 1E shows
the force dropping in two or three steps before full rupture.
Fig. 1F(I) and (II) provides two consecutive snapshots of a fully
cross-linked fibrin fiber just before rupture in Fig. 1F(III). The
intensity of the image through a cross-section is plotted in
Fig. 1F(IV), demonstrating a reduction in the fiber’s cross-
section intensity before complete rupture. This stepwise drop
in force and decrease in fiber intensity indicate that fibers fray
before experiencing full breakage. This phenomenon is further
illustrated in frayed fiber in Fig. 1F-II (white arrow).

Cyclic loading reveals permanent damage in fibrin fibers

Motivated by the dynamic nature of in vivo conditions, we next
conducted cyclic loading experiments on single fibrin fibers.
Fig. 2 illustrates the force-strain response of both uncross-
linked and partially cross-linked fibrin fibers under cyclic
loading. In this experiment, each fiber was pulled to a certain
strain during loading and then released during unloading. We
performed two loading cycles to discern material damage versus
viscoelastic energy dissipation under the assumption that most
damage would occur during the initial loading. The loading-
unloading cycles were performed sequentially, with no resting
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Fig. 2 Force-strain response of single fibrin fibers in cyclic loadings. (A) The uncross-linked force—strain response in cyclic loadings. The fiber is pulled
twice to each strain, named as the first and second loading/unloading. (B) The cyclic response of uncross-linked fibers in small strain (<0.20). (C) The
force—strain response of the uncross-linked fiber in large strain (<0.35). Green, blue, and red/grey arrows point out to the first loading, second loading,

and first/second unloading, respectively. (D) Uncross-linked fibers, shown in

blue, undergo damage to a greater degree and more rapidly than partially

cross-linked fibers, shown in green. (E) The force—strain response of partially cross-linked fiber in a cyclic loading. The fiber is stretched twice to each
strain, named as the first and second loading/unloading. (F) The cyclic response of the fiber in (E) in small strain (< 0.25). (G) The force-strain curves of the
fiber in (E) in large strain (<0.35). (H) Uncross-linked fibers have a smaller long-term modulus (y..) than partially cross-linked fibers (11 uncross-linked
fibers across 4 replicates, and 6 partially cross-linked fibers from 4 replicates). This long-term modulus is a normalized, unitless quantity.
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period between cycles, to mimic physiological conditions in
which clots are continuously subjected to load. In one trial, we
applied two consecutive loading cycles, while the third cycle
was performed after a 15-minute recovery period. As illustrated
in Fig. S8, no recovery was observed after longer resting time;
the third cycle still showed clear evidence of damage. In Fig. 2,
the applied forces remained below 100 nN (the rupture forces
for uncross-linked and cross-linked fibers are 233 nN and 581
nN, respectively'®). This force range can be encountered in vivo.
For example, individual platelets are capable of exerting forces
in the range of 1-100 nN on fibrin fibers. For reference, a force
of 4 nN is estimated to stretch an 80 nm-long fibrin fiber by
64 nm (80% strain).>® Other factors, such as muscle movement,
can also generate forces that suffice to rupture blood clots in
wounds. In this study, in addition to examining larger strains
associated with higher forces, we investigated whether lower
forces corresponding to small strains can also induce molecu-
lar damage in fibrin.

Fig. 2A presents consecutive cyclic experiments for an
uncross-linked fiber with increasing strain. The fiber exhibits
only viscoelastic behavior at very small strains as the first and
the second loadings coincide while the first loading and first
unloading differ. However, permanent changes become appar-
ent as the first and second loadings deviate from one another at
~15% strain, illustrated in Fig. 2B. At larger strains, shown in
Fig. 2C, the deviation between the first and second loadings
becomes more pronounced, indicating more prominent
damage. Interestingly, the second loading follows a different
path between the first loading and the first unloading, indicat-
ing that a combination of viscoelasticity and damage occurs
(discussed further in the Discussion).

Fig. 2E depicts a similar cyclic experiment for a partially
cross-linked fibrin fiber. In small strains, the first and second
loading curves overlap, indicating that cross-linked fibers exhibit
only viscoelasticity with no noticeable damage in small strains
(up to ~20% strain, Fig. 2F). However, as the strain increases, the
second loading again takes a different path between the first
loading and unloading, suggesting permanent changes in fiber’s
structure (Fig. 2G). Generally, the degree of cross-linking corre-
lates with mechanical reversibility (the degree to which the
material can recover its initial mechanical state in cyclic loadings)
in fibrin fibers. As the fibrin fibers become more cross-linked,
they show permanent damage in larger strains.

Fig. 2D shows the evolution of damage calculated with a
computational model of fiber deformation throughout the first
loading cycle. In this figure, we plot [1 — D(W°)] x 100% for ease
of interpretation. The damage function, D(W°), scales down the
stiffness of the fibers. In this figure, the percent damage
represents the percent degradation of the original stiffness of
the fiber. Uncross-linked fibers experience damage much more
rapidly and to a higher degree than partially cross-linked fibers.

Fig. 2H shows the long-term moduli calculated for all
samples using the computational model. There is a significant
difference between partially cross-linked and uncross-linked
fibers. To perform this statistical analysis, we used Welch’s
t-test in R. This modulus reflects the percentage of the material
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response that is purely elastic. Here, the mechanical response
of partially cross-linked fibers has a larger elastic portion than
uncross-linked fibers, consistent with experimental data.

Exemplary fits to the partially cross-linked and uncross-
linked fibers are shown in the SI (Fig. S10 and S11). Further-
more, the parameters identified with our computational model
are given for each fit (Tables S1 and S2). Interestingly, both
relaxation time constants for partially cross-linked fibers are of
order seconds. This is counter to the relaxation time constants
for the uncross-linked fibers, where the two relaxation time
constants have different orders of magnitude (Fig. S12). For
these uncross-linked fibers, one modulus is on the order of
seconds and the other is of order minutes. This means that
partially cross-linked fibers could be modeled using a one-term
(N = 1) Prony series, while the uncross-linked fibers need a two-
term (N = 2) Prony series. Additionally, while the strain stiffen-
ing parameter, «, is higher in partially cross-linked fibers, it is
not statistically significant (Fig. S13).

BCARS molecular microscopy reveals the origins of molecular
damage

To further probe changes in fibrin during loading with mole-
cular insights, we used BCARS spectral imaging on fibrin gels
that were cyclically loaded. As a vibrational spectroscopy tech-
nique, BCARS can reveal how different molecular modes are
locally modified under different loading conditions.>**° In each
experiment, we cyclically deformed fibrin gels: initially pulled
to ~16% strain, then released to the original relaxed (0%
strain) state, and this process was repeated a second time.
Subsequently, the same gel was cyclically deformed to ~66%
strain (large strain) in a similar way. At each strain state, BCARS
hyperspectral data were collected. BCARS imaging started when
the gel exhibited no visible creep under the microscope.

Fig. 3A and D show the mean spectrum of each state for
uncross-linked and partially cross-linked fibers, respectively,
normalized based on the area under the curve in the Amide I
region (1600 cm™' to 1700 cm™'). Amide I region contains
information about protein secondary structures, including
o-helices at 1649 cm™* and B-sheets at 1672 cm™1.”® The ratio
of orhelix mean intensity over the range of 1645 cm™ " to 1655 cm™*
to B-sheet mean intensity in the range of 1669 cm ™" to 1679 cm ™
is plotted in Fig. 3B and E for uncross-linked and partially cross-
linked fibrin gel, respectively. For uncross-linked fibers (Fig. 3B),
the median of the o-helix to B-sheet ratio increases in the first small
strain, followed by a further increase in the second loading. In the
relaxed states (Relax1 and Relax2), the secondary structure exhibits
partial reversibility even in small strains, as the ratios are reduced
relative to the strained states but not entirely to the initial state.
Interestingly, at large strain, compared to ratio in the previous
Relax state, the ratio did not change under 66% strain. Fig. 3C
and F show the intensity at 3065 cm™*, assigned to aromatic
amino acids. The amplitude of this vibration serves as an
indication of water-protein interactions under force.>® For
uncross-linked fibrin gels (Fig. 3C), there is no significant
difference in this aromatic mode between loading and relaxa-
tion states at small strains. However, the median intensity in

This journal is © The Royal Society of Chemistry 2025
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(A) Mean BCARS spectra for uncross-linked fibrin gel in different states,

normalized based on area under the curve in Amide I. (B) a-Helix mean intensity over B-sheet mean intensity in different states for uncross-linked fibrin
fibers. (C) Aromatic amino acid mean intensity at 3065 cm™ for different states for uncross-linked fibers. (D) Mean BCARS spectra for partially cross-
linked fibrin gel in different states, normalized based on area under the curve in Amide I. (E) and (F) a-Helix mean intensity over B-sheet mean intensity

and intensity at 3065 cm™! in different states of cyclic loading for partially

cross-linked fibrin gel. 16.67% and 66.67% refer to the amount of strain.

*, xk kkk kxkk show p-value smaller than 0.05, 0.01, 0.001, and 0.0001, respectively, and ns means “no significant difference.” Each state has about 30

data points from 4 and 5 experiments for uncross-linked and partially cross-

Relax1 is larger than the initial state and appears recoverable
after the second loading in Relax2. At large strains, the first pull
significantly reduces the 3065 cm ™' intensity. This intensity
does not return to the same value in the second pull, signifying
total, irreversible damage with this initial large deformation.
For partially cross-linked fibers (Fig. 3E and F), generally
smaller and less significant changes are observed at small strains
compared to uncross-linked fibers. As shown in Fig. 3E, the o-
helix to B-sheet ratio remains almost unchanged at small strain.
For cross-linked fibrin at large strain, we expected to observe
more o-helix to B-sheet transition under force;*® however, the
median ratio remains unchanged in the first loading to 66%
strain and then returns at Relax3 to almost the same value as in
Relax2. Then, a statistically significant change is observed in
Relax4, as shown by the lower value compared to Relax3, indica-
tive of accumulated damage. Moving to the aromatic intensity at
3065 cm ™" in partially cross-linked networks (Fig. 3F), we observe
that the vibration does not follow the same trend observed for
uncross-linked fibers. However, the values at Relax1 and 2 are
significantly different, indicating irreversible changes in the
conformation of the protein, even in small strains. At larger
strains, consistent with uncross-linked fibers, the aromatic
amino acids’ intensity decreases in both the first and second
loadings compared to the immediately preceding Relax state,
with approximate reversibility observed in Relax3 and 4. The
spectroscopic results from aromatic amino acids are consistent
with changes in the CHj intensity at 2934 cm™ " for different
strain levels (Fig. S14A and B), highlighting irreversible damage

This journal is © The Royal Society of Chemistry 2025

linked fibrin gels, respectively.

in fibrin’s tertiary structure, predominantly in uncross-linked
fibers. Additionally, consistent with the results from the AFM
experiments, compared to partially cross-linked fibers, large
strains cause more damage (irreversible Raman intensity) to
uncross-linked fibers.

Unfolding of secondary structures reflects irreversible damage
in uncross-linked fibrinogen

Different domains of a single fibrinogen molecule are shown in
Fig. 4A. A qualitative assessment of the representative struc-
tures across different pulling and relaxation states shows sub-
stantial configurational changes in y-nodule 1 (Fig. 4B), while
coiled-coil regions exhibit more subtle changes (Fig. 4C and D).
In Pull 1, unfolding begins near ILE394, the pulling point in
y-nodule 1. Several secondary structure elements are completely
disrupted, including: a-helices: Phe389-Thr393, Ala289-Asp291,
Lys356-Ser358 and B-sheet: Lys380-Pro387. Additionally,
B-sheet Ala279-Gly284 partially unfolds, splitting into two smal-
ler B-sheets (Phe265-Val267 and Leu276-Tyr280). In Relax 1,
B-sheet Ala279-Gly284 completely unfolds, while a-helix Lys356-
Ser358 recovers its structure. This suggests that o-helices are
more likely to recover upon relaxation. During Pull 2, o-helix
Ala289-Asp291 recovers, while o-helix Lys356-Ser358 unfolds
again and B-sheet Gly188-Arg197 also begins to unfold. In Relax
2, B-sheet Gly188-Arg197 recovers, while a-helix Ala289-Asp291
remains unfolded. These features in Relax 1 and Relax 2 that do
not return to their original configuration represent irreversible
damage.
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00681c

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 October 2025. Downloaded on 1/22/2026 5:05:02 PM.

(cc)

Soft Matter

A

B-nodule 1

y-nodule

Coiled-Coil (Chain A, B, C)

Central Nodule

View Article Online

Paper

Coiled-Coil (Chains D, E, F)

p - - /
" y-nodule 2
B-nodule 2 Y
B y-nodule 1
Initial Pull 1 Relax 1 Pull 2 Relax 2
Lys380- Phe389-Thr393 Gly188- Gly18s-

Pro387

Lys356-Ser358

Lys356-Ser358

C Coiled-Coil ABC
Initial
Y r"—f\.l:ewé) ~ Val‘139 ‘Gyr142 \' ,(:—:':':»
o e 2 A s \‘-‘»’,, = 3
L}tt- ""‘ <.--~ SRR ‘ Foe % jf'f‘-v
val173 Lys‘|76 (@ W
Ser159 ASMSO
Tyr68-Met78
Pull 1
e e . Vat139-Tyr142 "((( (k,
-f:o-. r,_‘( Y ¢‘,“’_ -“‘,‘7;,‘;:.\
WAL AR ARAL '»» - Tl
By 95 .
Sert B MBI AR
14 1304 L1353 1344 1382
1.2
0.984
o 19 B
.%
S os
Q 06
3
0.4
0.2
0.0 -
Initial  Pull1 Relax1 Pull2 Relax2

Y N
\ ‘;J P @g
S man7s- % NI,

Lys356-Ser358

Arg197

£ Gly28a J 9
> § ) 4 '3’
v /o
’ > Ala279
7 d ."7@1@ GlayZSA Ala289-
& f Ala289-Asp291 P =Y Asp291
\ £ ﬁ(il ~
L £ d o )
Y e
= )

Lys356-Ser358

Coiled-Coil DEF

Gln187-Lys191 F Initial
Ahe SOSA Val138 Tyr142 Th 22-Ser30
\iob‘.'%r \ “ ﬁﬁ'z’_ r er.
5 e R = )
"*&:‘m{’i—f (UN %‘ ‘
: arr (& A 4
Thr62 Lys85
Gln187-Lys191
N (Y PU” 1 olhr22-Ser30
W AN A Y
A ‘uwu)&(*@ _ ) Wy *ys, f'(\‘vfy\ Sy,
Rg R e g e el Wen
AR mhu:;. ‘&m “C&w&mﬁ:ﬂﬂ
Thr62-Lys85

Fig. 4 MD simulation of cyclic loading on a single fibrinogen molecule. (A) The different domains of the protein: y-nodules 1 & 2, B-nodules 1 & 2, central
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Additionally, the coiled-coil structures (Fig. 4C and D)
exhibit significant loop rearrangements throughout cyclic pull-
ing and relaxation. During Pull 1, the following changes are
observed in coiled-coil ABC: complete folding of loop Thr22-
Ser30 and loop Val138-Tyr142, partial folding of loop Thr62-
Lys85, and slight folding in the terminal loop adjacent to
a-helix GIn187-Lys191. In Relax 1, the loop adjacent to a-helix
GIn187-Lys191 unfolds and loop Thr62-Tyr142 forms a longer

8342 | Soft Matter, 2025, 21, 8334-8347

a-helix compared to Pull 1 (Fig. S15). Surprisingly, during Pull
2, more folding occurs in the loop adjacent to the o-helix at
residue Glu172, followed by more unfolding in Relax2.

The coiled-coil DEF region follows a similar trend to coiled-
coil ABC, as shown in Fig. 4D. Several loops in coiled-coil
DEF fold in Pull 1 including: loop Val139-Tyr142, similar to
coiled-coil ABC, loop Ser159-Asn160, loop at ILE189, loop
Val173-Lys176, and terminal loop Tyr68-Lys78. In Relax 1, no

This journal is © The Royal Society of Chemistry 2025
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significant structural changes are observed. During Pull 2, the
region Val173-Lys176 near the helix undergoes further unfold-
ing, followed by the loop Ser159-Asn160 regaining its original
structure in Relax 2 (Fig. S16).

The ao-helix/B-sheet ratio of the fibrinogen molecule changes
in response to different loading and unloading phases (Fig. 4E).
The ratio increases in both Pull 1 and Pull 2, aligning with
experimental data (Fig. 3B). However, during the Relax 1 and
Relax 2 phases, a higher o-helix/B-sheet ratio is observed,
different from experimental results. This discrepancy may be
attributed to the retained strain in the relaxed structures within
6 ns of relaxation. Unlike in AFM experiments, a 0% strain state
was not achieved in computational simulations.

Discussion
Cross-linking changes force propagation through fibrin fibers

Fibrin fibers display exceptional properties like high extensibility
and non-linear viscoelastic behavior.*>”” Their hierarchical struc-
ture comprises aggregated, long protofibrils formed through
knob-hole interactions between fibrin molecules. When force is
initially applied to fibrin fibers, potentially twisted protofibrils
align with the force’s direction, stretching the y-y cross-links
between protofibrils and the «C domain—an integral component
involved in lateral assembly.'®”” At larger strains, the fibrin
molecule experiences increased force, leading to the unfolding
of the helical coiled-coil and y-nodule in the D-domain, as
demonstrated by single molecule force spectroscopy and MD
simulations.'” FXIII makes fibrin fibers more rigid as it cross-
links both the oC domain and y-nodule, increasing fibrin’s
stiffness.'®!® The participation of cross-linking in fibrin’s
response to external force results in a more solid behavior with
less energy dissipation shown by our AFM experiments, as
expected. Non-covalent bonds, such as hydrogen bonding, are
considered sources of energy dissipation in polymers, leading to
more viscoelastic behavior.>®° The effect of cross-linking is also
evident in small strains. Uncross-linked fibers exhibit viscoelas-
tic behavior from small tensile strains where protofibrils align,
and the unstructured o«C domain is engaged as an entropic
spring. Conversely, cross-linked fibrin fibers show increased
elasticity and less dissipation. The decreased dissipation, particu-
larly at small strains, underscores the presence of cross-linkers in
the oC domain. Finally, independent of cross-linking, fibrin fibers
underwent fraying before the final rupture, observed in both
mechanical responses and fluorescence imaging. This suggests
that lateral interactions between protofibrils, and therefore those
involving oC domain interactions, break before the complete
rupture of the protofibrils.

Fibrin fibers show irreversible damage under load

LFM mechanical testing shows that fibrin fibers exhibit a
behavior under cyclic loading that is not purely viscoelastic,
exhibiting a different behavior from the initial loading—a
phenomenon known as “preconditioning” observed in various
biological materials.>"*>®" This behavior shares similarities

This journal is © The Royal Society of Chemistry 2025
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with Mullin’s effect, a phenomenon extensively studied in
rubber-like materials.*’ In a pure Mullin’s effect, the subse-
quent loading follows the previous unloading path, indicating
altered material properties due to permanent damage.®®> While a
pure Mullin’s effect entails irreversible damage, which leads to
different loading/unloading paths, viscoelastic materials dissi-
pate some energy, leading to a more substantial decay in the
unloading curve. Although the damage from the Mullin’s effect
is largely irrecoverable, materials can recover some energy loss
due to viscoelasticity. For a pure viscoelastic material, the
second loading would follow the first loading with a Lissajous
loop observable during unloading. The recovery time after each
cycle is also important. Many materials eventually return to
their initial state; however, this process is often a very slow
process. For instance, Gedalia et al. observed that the lumbar
spine did not fully recover even after a recovery period twice the
duration of the loading phase.® In fibrin fibers, we find the new
loading deviates from both the prior loading and unloading
paths, instead following a new trajectory between these curves, a
result of a combined Mullin’s-like effect and viscoelasticity
(Fig. 2C and G), similar to the mechanical behavior observed
in electrospun poly(e-caprolactone) single fibers.**

In small strains, fibrin fibers primarily exhibit viscoelastic
behavior, where the first and second loadings coincide. This
trend persists up to larger strains (~20%) in partially cross-
linked fibers, after which permanent damage is seen; however,
uncross-linked fibers start showing permanent damage at
~15% strain. Cross-linking and covalent bond formation delay
structural damage in fibrin fibers up to larger strains. Cyclic
loading experiments on bulk fibrin gels also demonstrated the
same mechanical irreversibility.*""*® Kurniawan et al., suggested
that network remodeling and the formation of new bonds
between fibers may be one mechanism underlying mechanical
adaptation in fibrin gels at the macro scales.*"

Fibrin’s unfolding pattern depends on its loading history

The BCARS results complement the LFM mechanical data,
providing insights into the molecular structural alterations
occurring within fibrin fibers. Due to the non-affine nature of
fibrin networks,® we avoid directly attributing the macroscopic
strain measured in BCARS experiments to the strain experi-
enced by individual fibers or molecules in other experiments.
Instead, we use each experimental approach to provide com-
plementary insights, which together contribute to a more
comprehensive mechanistic understanding.

To study the secondary structure of fibrin, we focused on the
a-helix to B-sheet ratio. Proteins exhibit a key vibrational band
in the Amide I region (1600-1700 cm™ '), primarily arising from
C—0O0 stretching in the peptide backbone. The exact position of the
Amide I peak is sensitive to the protein’s secondary structure due
to changes in the hydrogen bonding environment; for example,
a-helices typically produce a peak between 1645-1655 cm™*, while
B-sheets appear between 1669-1679 cm '.** By calculating the
ratio of mean intensities of the o-helix to f-sheet, we can assess
changes in fibrin’s secondary structure under mechanical load,
focusing on these two dominant motifs. This metric allows

Soft Matter, 2025, 21, 8334-8347 | 8343


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm00681c

Open Access Article. Published on 13 October 2025. Downloaded on 1/22/2026 5:05:02 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

evaluation of structural changes such as unfolding, motif tran-
sitions, and their potential reversibility, as demonstrated in
previous studies.>>?°

In uncross-linked fibers, a significant increase in the a-helix
to P-sheet ratio is observed under a small strain of 16%, a
phenomenon notably absent in partially cross-linked fibers where
the ratio remains relatively stable throughout the first and second
loadings. This significant unfolding apparently results in more
permanent changes in fibrin’s secondary structure as the ratio
does not return to the original value that it was in the initial state.
This signifies only partial refolding of the chains, even in response
to small strains.

The unexpected increase in the o-helix to B-sheet ratio
during cyclic loadings in uncross-linked fibers contrasts with
the typically observed transition towards a decreasing ratio under
load.?>*° This may be explained by MD simulations for uncross-
linked fibrinogen molecule showing that both o-helices and
B-sheets unfold under the applied force in both y-nodule and
coiled-coil structures. While some a-helices are able to recover
back to their previous state, B-sheets show minimal recovery.
Even larger B-sheets, such as Gly188-Arg197, which are located
away from the pulling point (ILE394), undergo unfolding. This
suggests that B-sheets are more susceptible to damage compared
to a-helices at least at low strains. Interestingly, in the coiled-coil
regions, loops play a crucial role in the folding and unfolding
dynamics of the entire structure. The loss of loops during the
initial pulling phase may also explain the increased o-helix/
B-sheet ratio. In previous studies, Litvonov et al, Fleissner
et al., and Wang et al., all observed that the ratio decreases in
higher strains for cross-linked and partially cross-linked fibers,
respectively.”>*®®” At lower strains, this decrease was detected in
regions adjacent to gel cracks, where local stresses are elevated.®®
In our case, we only observed that the ratio increases for uncross-
linked fibers and at low strain of 16.66%. Partially cross-linked
fibers did not show significant changes even at 66% (Fig. 3E). The
sawtooth pattern of force-extension curves from AFM single
molecule force spectroscopy is another indication of B-sheet
unfolding.** Our MD simulations were consistent with the pre-
vious works, showing unfolding in the y-nodule and coiled-coil
structures and also confirmed our experimental results for
uncross-linked fibers. Additionally, we observed the decreasing
pattern of a-helix to B-sheet ratio in our control experiment under
acyclic, unidirectional (always increasing) tensile deformation in
partially cross-linked fibrin gels (Fig. S14C), consistent with the
previous studies above.**?*%” Overall, the unfolding/refolding beha-
vior of fibrinogen appears to be a complex, mixed phenomenon
involving multiple domains. This complexity is also supported
by AFM force spectroscopy and MD simulations of double-
stranded fibrin oligomers under load which demonstrate simul-
taneous unfolding transitions across different domains.?”

Conversely, in partially cross-linked fibers, Raman spectro-
scopy showed no significant difference among various states,
which exhibit less force propagation to the fibrin molecules
and, hence, fewer changes in their secondary structure under
small or even large strains (up to 66%). This is consistent with
mechanical results of partially cross-linked fibers where less
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damage is observed in small strains. Also, cross-linked fibrin
fibers show permanent damage in larger strains compared to
uncross-linked fibers,'® meaning cross-linking reduces the applied
force to the fibrin molecules and, hence, significant molecular
changes. Additionally, the o-helix to B-sheet ratio differs in two
consecutive loadings with the same amount of strain. In uncross-
linked fibers, compared to the first pull, the ratio is larger in the
second pull, but in partially cross-linked fibers, it becomes smaller.
We attribute this difference to the damage that is applied to
different domains in the fibrin molecule. The stiffness in protein’s
different domains changes upon the first loading, which causes a
redistribution of deformation and hence a different mechanical
response in the second loading (with the same amount of strain). A
similar analysis could be applied to mutated fibrinogen
molecules,*® which may result in distinct fibrin gels. For example,
the BBArg448Lys and AoArg554Cys variants produce thinner fibers
with smaller pores, resulting in stiffer gels,”>”" whereas the
vAla353Ser and yArg275Cys mutations lead to thicker fibers
compared to the control.”>”® Interestingly, even mutations at the
same residue can yield different clotting behaviors: the yAsp364Ala
and yAsp364His mutations have been reported to produce distinct
outcomes, with the latter completely preventing fibrin gel
formation.” Together, these observations underscore the complex
and heterogeneous nature of the fibrinogen molecule, making it
difficult to predict its behavior based solely on mutation location

or type.
3D conformation of fibrin changes under load

Aromatic amino acids, mainly present in the D-domain of the
fibrinogen molecule (depicted in Table S3), exhibit hydropho-
bic properties with a distinct peak at ~3065 cm ™" (ref. 36 and
75) and play a role in the tertiary (3D) conformation of fibrin.
This has led to a decrease in the Raman intensity at 3065 cm™ ",
illustrated in large strains in Fig. 3C and E. While this pattern is
observed in uncross-linked fibrin fibers, partially cross-linked
fibers exhibit this behavior only in large strains. We attribute
this difference to the effect of cross-linking that limits force
propagation through fibrin’s molecule until large strains are
reached.

Additionally, aromatic amino acid intensity demonstrates
significant irreversible changes in large strains for uncross-
linked fibers, highlighting 3D conformational changes in the
tertiary structure of the protein, likely coming from the
D-domain as it has the largest portion of aromatic amino acids
(Table S3). However, more reversibility is observed for the same
level of strain in cross-linked fibers, consistent with mechanical
testing results.

While our study aimed to elucidate the molecular nature
and mechanism of damage propagation in fibrin, it has certain
limitations. The LFM single-fiber pulling technique, although
widely used for singlefiber studies,” is susceptible to several
sources of error, including lateral calibration inaccuracies, uncer-
tainty in the vertical position of the tip relative to the fiber, and
potential slippage of fibers over the ridges. In our mechanical
simulations, we modeled single fibrin fibers as incompressible
materials. Although fibrin gels exhibit measurable volume changes
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under load,”® to our knowledge, the volume change of individual
fibrin fibers has never been quantified. Without accurate measure-
ments of how a single fiber’s volume changes during loading, we
could not precisely account for the stresses arising from such
changes.

Our MD simulations also relied on simplified structural
assumptions, and the crystal structure used lacks the C-
terminal regions of all three chains, as well as most of the highly
flexible and intrinsically disordered «C domain of the Ao chain.
We note that the aC domain has not shown a substantial impact
in single-molecule force spectroscopy** and can be neglected for
single molecule simulations, but it contributes significantly at
the fiber and network scales."® Consequently, our simulations
did not capture precisely how forces are transmitted through this
domain and instead focused solely on force propagation via
knob-hole interactions. We sought to partially address this
limitation through our BCARS analysis of fibrin gels under small
strains, where the oC domain is primarily involved.

Conclusion

Fibrin fibers, with their hierarchical structure and mechanical
properties, are integral to the clotting process. Their behavior
under dynamic forces diverges from their response to static
loading, highlighting the complexity of their mechanical response.
Permanent changes in secondary structure and 3D conformation,
influenced by loading history, significantly impact fibrin’s
mechanical behavior. This understanding enriches our insight
into clot behavior under dynamic blood flow pressure or muscle
contractions, offering valuable perspectives for understanding the
physiological processes and potential therapeutic interventions in
clot-related pathologies.
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