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ABSTRACT

Blood clots are essential biomaterials that prevent blood loss and provide a temporary scaffold for tissue
repair. In their function, these materials must be capable of resisting mechanical forces from hemody-
namic shear and contractile tension without rupture. Fibrin networks, the primary load-bearing element
in blood clots, have unique nonlinear mechanical properties resulting from fibrin's hierarchical struc-
ture. This structure provides multiscale load bearing from fiber deformation to protein unfolding. Here,
we study the fiber and molecular scale response of fibrin under shear and tensile loads in situ using
a combination of fluorescence and vibrational (molecular) microscopy. Imaging protein fiber orientation
and molecular vibrations, we find that fiber alignment and molecular unfolding in fibrin appear at much
larger strains under shear compared to uniaxial tension. Alignment levels reached at 150% shear strain
were reached already at 60% tensile strain, and molecular unfolding of fibrin was only detected at shear
strains above 300%, whereas fibrin unfolding began already at 20% tensile strain. Moreover, shear defor-
mation caused progressive changes in vibrational modes consistent with increased protofibril and fiber
packing that were already present even at very low tensile deformation. Together with a bioinformatic
analysis of the primary fibrinogen structure, we propose a scheme for the molecular response of fibrin
from low to high deformation, which may relate to the teleological origin of fibrin’s resistance to shear
and tensile forces.

Statement of significance

Fibrin networks are the primary load-bearing element in blood clots, which are subject to var-
ious tensile and shear forces. These networks have excellent mechanical properties resulting
from fibrin’s hierarchical structure that accommodates force across multiple length scales, from
fiber deformation to molecular unfolding. By imaging protein fiber orientation and molecular
structure, we find that shear strain causes fiber orientation and molecular packing in fibrin
that appear at much larger strains when compared to uniaxial tensile deformation. Interest-
ingly, shear deformation results in minimal fibrin unfolding, even up to 300% strain, in contrast
to tensile loading. Based on our findings, we propose a model for the molecular response of
fibrin from low to high deformation.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

mechanical strength [1,2]. Fibrin networks are formed by polymer-
ization of polymerization-competent fibrinogen molecules that are

Fibrin is.the three-dimensional (3D) mesh-like, p.rotein networ'k produced when monomeric (soluble) fibrinogen is enzymatically
that comprises the bulk mass of blood clots and gives clots their cleaved by thrombin into fibrin during the clotting cascade [3,4].

This cleavage initiates polymerization of fibrinogen monomers into
a hierarchical 3D fibrin network to prevent blood loss at the

* Corresponding author at: 107 W. Dean Keeton Rd. Stop C0800, Austin, TX78712,
, United States
E-mail address: sparekh@utexas.edu (S.H. Parekh).

https://doi.org/10.1016/j.actbio.2020.12.020

1742-7061/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

wound site [5-7]. In addition to preventing blood loss by forming
a physical barrier, fibrin also provides mechanical stability to blood
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clots. Fibrin clots must be able to sustain mechanical forces such
as muscle and wound contraction (tension) and blood flow (shear)
from various directions during wound healing to avoid additional
hemorrhaging or thrombus formation [8-10].

Blood clots, as well as fibrin networks (or hydrogels), have been
studied extensively using mechanical testing [7-9,11-20]. Similar
to other biopolymers such as actin, collagen, and vimentin, fib-
rin networks and whole blood clots exhibit elastic properties that
show strain stiffening behavior under increasing shear [7,19,21,22]
and tensile [15-17,23,24] loading, meaning fibrin biomaterials
show an increasing elastic modulus with deformation. Such non-
linear elasticity is linked to hemostasis, blood clot stability, and
supportive function for wound healing under dynamic loading en-
vironments [7,8,19,25]. As fibrin is a hierarchical material, with
monomers assembling into protofibrils, protofibrils bundling into
fibers, and fibers entangling into the 3D meshwork, the biome-
chanical properties of fibrin are interconnected from the molecu-
lar level to the fiber level [7,10,26-28]. Therefore, understanding
the mechanics of fibrin networks at the molecular level can pro-
vide fundamental knowledge about the biomechanics of blood clot
stability.

Compared to the number of studies relating macroscopic ma-
terial properties with changes in fibrin at the fiber level (easily
in the hundreds), e.g. fiber diameter, branching, or mesh porosity,
relatively few studies have focused on molecular-scale changes in
fibrin as a function of deformation. In both simulation and exper-
imental studies, fibrin molecules have been shown to unfold un-
der tensile force with the alpha-helical coiled-coil region contribut-
ing the primary resistance to deformation [15-18,24,29]. However,
other experimental work has shown that unstructured «C domains
were directly involved in load-bearing with the coiled-coil regions
playing a somewhat minimal role [28,30-33]. Unfortunately, these
studies were executed in very different experimental geometries,
and the loading regimes are not fully comparable, resulting in an
unresolved debate about how fibrin molecules accommodate me-
chanical loads. Therefore, a study comparing the molecular scale
response of fibrin from small to large deformations in the same ex-
perimental system is needed to help clarify the molecular response
of fibrin to mechanical loads.

Experimental tools used to study the molecular response of fib-
rin include atomic force microscopy (AFM), scanning electron mi-
croscopy (SEM), and spectroscopic techniques. AFM studies have
provided force-extension measurements capable of showing pro-
tein unfolding on fibrinogen monomers in situ. Measurements on
oligomers, even up to single fibrin fibers [17,34,35], measure very
fine mechanics but no longer offer the molecular-level insights
of single-molecule experiments. In SEM, one can visualize single
fibers - also under load [36], but originally hydrated fibrin net-
works are most often dehydrated and fixed, and combining SEM
with in situ mechanical loading is not trivial. Spectroscopic tools
such as Fourier transform infrared (FTIR) and Raman scattering
offer alternative methods to probe structural changes of proteins
using molecular vibrations. These methods can be performed on
3D fibrin hydrogels under mechanical deformation in situ. Litvi-
nov et al. analyzed the Amide I and Amide III vibrational bands
of blood clots under large extensional strains from attenuated to-
tal reflectance FTIR (ATR-FTIR), revealing the coiled-coil region of
fibrin unfolded into B-sheets under large tensile deformation [18].
Similarly, Fleissner et al. used coherent Raman imaging to show the
in situ spatial heterogeneity of «-helices and f-sheets in tension-
stretched fibrin composite hydrogels [23]. Both Litvinov et al. and
Fleissner et al. used tensile (or compressive) loads and only con-
sidered the amide spectral region to resolve «-helix to 8-sheet un-
folding of fibrin molecules.

In this study, we used broadband coherent anti-Stokes Raman
scattering (BCARS) microscopy and custom-built loading devices to
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image fibrin’s molecular vibrational signature under shear and ten-
sile deformations in situ. We analyzed the hyperspectral datasets
in the C-H stretch (2800 - 3000 cm~1), phenyl ring (1000 - 1050
cm~1), and Amide I (1630 - 1700 cm™') regions. Our results show
that shear loading resulted in distinct molecular changes in fib-
rin consistent with increased molecular packing and minimal pro-
tein unfolding, which was only observed above 300% strain. On
the other hand, B-sheet signatures from fibrin unfolding were ob-
served in tension already at 20% strain. Fluorescence images of de-
formed fibrin showed that shear deformation caused substantially
less fiber alignment than tensile deformation at similar strains.
Our results suggest a simultaneous fiber alignment and molecular
packing in fibrin at lower forces, with fibrin unfolding occurring at
higher forces.

2. Materials and methods
2.1. Fibrin network preparation

Fibrin networks were prepared by dissolving fibrinogen (FB I,
Enzyme Research Laboratories) in a buffer solution containing 20
mM HEPES and 150 mM NaCl at pH 74 to make a 20 mg/ml
stock. The fibrinogen solution was mixed with thrombin in the
buffer mentioned above to a final concentration of 1 U/ml, includ-
ing 5mM CaCl, (Human Alpha Thrombin, Enzyme Research Labora-
tories) to obtain a pre-gel fibrin solution. The final fibrinogen con-
centrations used to make fibrin networks were 5 mg/ml for con-
focal microscopy and 5 and 15 mg/ml (to increase signal strength)
for BCARS.

For BCARS microscopy of sheared samples, the pre-gel fibrin so-
lution was placed at the center of a detergent (Micro-90, Sigma)-
cleaned glass slide with a 10 mm circle marked using a hydropho-
bic marker to prevent the pre-gel fibrin solution from spreading.
Three coverslips (20 x 20 mm? with a total thickness of ~ 0.45
mm) were placed at the two sides of a glass slide and used as
spacers for the network. The pre-gel solution was then covered
with a cleaned larger coverslip (24 x 60 mm?, ~ 0.15mm thick).
The entire sandwich was incubated in an oven at 37°C for two
hours to gel. After two hours, two coverslip spacers on each side
were carefully removed without disturbing the network to accom-
modate water evaporation. The sample was further allowed to gel
at 37°C for an additional 4-6 hours. The final fibrin network had
dimensions of ~ 10 mm diameter and ~ 130 pm height as deter-
mined by optical measurements (Fig. S1). The entire preparation
process is shown in Figure S2A and S2B.

For fluorescence and BCARS microscopy of tensed samples, a
pre-gel solution (also 5 and 15 mg/ml fibrinogen) was prepared
and a coverslip (#1.5, 24 x 36 mm?) was coated with PEG g
silane due to PEG’s protein-repelling properties. The coating pro-
cess used was described by Gidi et al[37] as this was optimized
for minimizing fibrinogen adsorption to glass. This coated cover-
slip was placed between the two other coverslips (#1.5, 24 x 36
mm?), as drawn in Fig. S2C. A circle was drawn by a hydropho-
bic marker, and the gel pre-solution was pipetted in the marker
area. Two steel spacers (3 x 15 x 0.5 mm?3) were placed beside
the network to support a top coverslip that provided a flat surface
for transmitted CARS imaging (Fig. S2D).

3. Microscopy
3.1. Confocal fluorescence microscopy

Fibrin morphology (5 mg /| mL) under shear and tensile de-
formation was imaged using a laser scanning confocal microscope

(FV3000, Olympus) with a 60X, 1.1 NA (LUMFLN60XW, Olympus)
water dipping objective lens. Fibrin networks were made with 9:1
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ratio of unlabeled fibrinogen:Alexa 488 labeled fibrinogen (Sigma
Aldrich). For shear testing, a home-built deformation stage was
used during experiments (Fig. S3A), and Z-stacks with 0.5 um step
size were acquired at least 200 pm from the glass surface into the
network. The pinhole on the microscope was always set to 1 Airy
unit. Each acquired stack was processed by Image] (using the “Im-
age reslice” and “Group Z projection commands with “maximum
intensity” option), producing a set of XZ images. Both XY and XZ
images were further analyzed in Orientation] [38,39] for fiber ori-
entation with a 5° bin size. We note that for linear shear, the load-
ing axis changes with shear strains in the XZ plane [40]. For ten-
sion, the same setup was used but in a different configuration (Fig.
S3B). Z-stacks were not acquired in tension.

For thioflavin T (ThT, Sigma) experiments, the dye was prepared
at 100 uM according to supplier’s instructions. The ThT dye was
injected into the sample with a 31-gauge needle to avoid diffu-
sion and transport issues and incubated for 30 min. Afterward, the
ThT solution was wicked away with Kimwipes, and the sample was
washed several times by the same HEPES buffer mentioned in the
fibrin preparation section above. Samples were excited at 488 nm,
and emission was collected from 530 to 580 nm, separate from
fluorescent fibrinogen., and the same PMT gain and laser power
settings were used for all images. Fluorescence intensity counts
are background-subtracted and based on a histogram of intensities
from fiber-traced regions of interest in different images to quantify
the amount of ThT fluorescence on fibers.

3.2. BCARS hyperspectral microscopy

For molecular microscopy, we used the BCARS hyperspectral
microscope that was previously used for fibrin measurements [23].
Briefly, an Nd:YAG microchip laser producing nanosecond pulses (~
30 KHz repetition rate) at 1064 nm and a broadband supercontin-
uum with a spectrum ranging from 1100 nm to 2400 nm (Leukos
CARS, Leukos) was used for excitation. The two beams were fo-
cused by either a 100X, 0.85 NA objective (LCPLN100XIR, Olym-
pus) for shear or a custom-built 60X, 1.1 NA objective (Special Op-
tics) for tension. Different objectives were used due to the dif-
ferent working distances required for the two setups. The signal
was collected in transmission by a 20X, 0.4 NA objective (M-20X,
MKS Newport). The sample was moved to achieve a pixel size of
0.5 x 0.5 um?, and the CCD integration time for each spectrum
with ~ 400 ms integration time maximized signals while avoiding
saturation.

For shear measurements, the fibrin construct (shown in Fig.
S2B) was carefully mounted on the BCARS microscope (See Fig.
S3C). The bottom glass slide was fixed, and the top coverslip was
mounted to an electronic screw (Z825B, Thorlabs). The speed and
acceleration were set as 0.2 cm/s and 0.1cm/s2, respectively. Shear
was applied by moving the top coverslip by Ax relative to the fixed
glass slide and the strain was calculated as % where H was the
height of fibrin network. H was measured using the microscope,
assuming the refractive index of the fibrin network was 1.33 (the
same for water) as described in Figure S1 and Equation S1, S2.
We performed BCARS measurements near the middle of the fibrin
network to avoid edge effects but report strain using the equation
above for simplicity. Before measurements at strains above 100%,
we checked for gel attachment both visually and using an axial
scan to ensure juxtaposed fibrin and glass signals.

For tension BCARS measurements, the fibrin network was
mounted on the BCARS microscope, as shown in Figure S3B. One
end of the network construct was fixed while the other end was
connected to the electronic micrometer. Uniaxial tension on the
network was applied by moving the micrometer (AL), and the
strain was calculated as AL/L where L was the initial gauge length
of the fibrin network. During both shear and tension experiments,
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a spectral signal was collected using BCARS from the bulk network
(at least 50 pm from the glass surfaces) to avoid any effects from
interfacial fibrin on the glass surfaces.

3.3. CARS data processing

BCARS raw spectra were converted into Raman-like spectra for
quantitative analysis, as previously reported in literature [41,42].
BCARS spectra were collected over a range from 700 cm! to 4000
cm~! with an average spectral resolution of 4 cm~!. After phase
retrieval of the Raman line shape, all spectra were normalized by
the most intense vibration of the CH; vibration (2935 cm~! for
tension, and 2970 cm~! for shear) in order to account for scatter-
ing by the sample. For each loading condition, an average spectrum
was calculated by averaging spectra from 81 x 81 spatial positions
in each hyperspectral image. From the spectral data, three analyti-
cal quantities were used for molecular analysis of fibrin: 1) ratio of
the CH; symmetric (2935 cm~!):asymmetric (2970 cm~!) stretch
[43-48]; 2) ratio of the Amide I a-helix (1649 cm™!):B-sheets
(1672 cm~1) [49]; and 3) the ratio of two phenylalanine peaks
(1004 cm~! and 1045cm~!) [50]. The peak widths for integrat-
ing the two CHj stretching peaks were 24 cm~! around the cen-
ter wavenumbers. For the ratio of «-helix to S-sheets, the ranges
for the two peaks were 1645 cm~! to 1655 cm~! and 1669 cm™!
to 1679 cm!, respectively. The two phenylalanine peaks were not
equal in their peak widths, so the widths were 30 cm~! and 54
cm~! for 1004 cm~! peak and 1045 cm~! peak, respectively (See
Equation S3, S4 and S5 for ratio equations).

4. Results

4.1. Shear and tensile strains induce alignment of fibrin fibers at
different strains

We initially observed fibrin morphology changes under me-
chanical deformation - both shear and tension - using confocal
fluorescence microscopy. Freshly prepared 5 mg/ml fibrin networks
showed a porous network, and fibers were distributed isotropically
in both the XY and XZ planes (Fig. 1A and B, 0%). During shear de-
formation, fibrin fiber alignment was detected more strongly axi-
ally (in XZ) compared to laterally (in XY) for all strains. Quanti-
tatively, the histogram of fiber alignment in the XZ plane at 50%
shear showed close to 18% alignment, almost triple that of the 6%
alignment in the XY plane (Fig. 1C and D). The maximum align-
ment in the XY plane reached 14% at 250% strain (above which
this network detached at higher strains) while 30% alignment was
detected in the XZ plane for the same shear strain. Conceptually,
a viscoelastic network under simple shear in the horizontal direc-
tion with a defined gap will tend to build stress on fibers in the XZ
plane. Semiflexible fibers like fibrin rotate according to the stress
direction, which drives the alignment of the fibers along the load-
ing direction in the XZ plane. Such behavior has been shown to be
quantitatively accurate for predicting elasticity and network behav-
ior of semiflexible actin filaments [51].

Under tension, fibrin fibers showed classic uniaxial tensile be-
havior, with elongation in the (horizontal) loading direction clearly
visible in the XY planes (Fig. 2A). Randomly oriented fibrin fibers
started to orient in the stretching direction at strains as low as
20%; alignment was visible in XY images as well as in the orien-
tation histogram, where a strong peak near 0° showed ~ 10% fiber
alignment (Fig. 2B). Further tensile strain resulted in an increased
alignment of fibrin fibers in the stretch direction and a narrowing
of the orientation angular distribution. In addition, fibers started
to pack closer and align nearly parallel to each other at 60% tensile
strain, where the XY alignment reached almost 14%. Tensed fib-
rin samples often fractured at ~ 100% tensile strain. These confocal
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Fig. 1. Confocal fluorescence microscopy of fibrin network under simple shear. Top right image shows the experimental geometry. (A) XY confocal images of fibrin doped
with fluorescent fibrinogen under shear deformation. Each image is maximum intensity projected over 10 um. (B) XZ images of resliced, projected confocal images of fibrin
reconstructed from Z stacks of XY images. White arrows show the loading axis projected into the XZ plane. (C) Histogram of XY fiber orientation angles at increasing shear
strain. (D) Histogram of XZ fiber orientation angles at increasing shear strain. The y-axis for the histograms corresponds to the percentage of fibers out of the total number

of fibers detected binned in 5° steps. Scale bars are 30 um (A) and 20 pm (B).
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Fig. 2. Confocal microscopy of fibrin networks under uniaxial tension. Bottom right image shows the experimental geometry. (A) Single confocal images of fibrin doped
with fluorescent fibrinogen under increasing tensile strain: 0%, 20%, 40%, 60% and 100%. Scale bar is 20 um. (B) Histogram of fiber orientation (with respect to horizon-
tal/loading direction) for images shown in A. The y-axis is the percentage of fibers out of the total number of fibers detected binned in 5° steps.

microscopy results show that fibrin under shear and tensile strain
aligned in the loading direction, as expected, with tensile loading
showing earlier alignment (in XY) - at lower strains - in compari-
son to shear.

4.2. Shear strain causes strongly modulates CH3 and phenyl groups
in fibrin molecules

Following confocal microscopy, we collected information on the
molecular changes in fibrin under shear loads using BCARS vibra-
tional microscopy with an in situ loading device as described in the
methods (see Fig. S3A). BCARS hyperspectral data cubes, consisting
of a vibrational spectrum at each spatial position, were collected
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from fibrin networks prepared similarly to those used for confo-
cal microscopy. We started with shear measurements of 5 mg/ml,
the same concentration as in confocal experiments. We acquired
multiple (N = 5) hyperspectral datasets in increments of 100%
shear strain after waiting 10 minutes upon reaching the desired
strain level, and a representative dataset is shown here (Fig. 3).
The resulting BCARS spectra (Fig. 3B), after retrieval of the Ra-
man features, were analyzed by plotting the histogram of respec-
tive peak ratios (Fig. 3C) to quantify the molecular heterogene-
ity and changes with increasing shear strain. As a starting point,
we mapped the CHs stretching ratio (symmetric CH; /| asymmet-
ric CH3) as a function of shear strain, as shown in Fig. 3A. We
note that the weaker Raman scattering from individual fibers of-
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Fig. 3. BCARS molecular spectroscopic imaging of fibrin under simple shear. (A) A representative set of CHs ratio images of fibrin; intensity values are from Igymmetric cH3
| Tasymmetric cuz ). The images were 20 x 20 pm? with 41 pixels along both x- and y-axis. The same color bar (far right) was used for all CH; ratio images. Percentages
show the amount of shear strain. Scale bar is 5 um. (B) Complete spectral information obtained by averaging 11 x 11 pixels from hyperspectral images of a fibrin network
under different shear strain from 0% to 300% with 100% increase. (C) Histograms of CHs ratios consisted of 1681 spectra for ratio calculations, and the bin sizes were 0.01.

Representative data is shown from N = 5 experiments.

ten makes fiber visualization difficult at low concentrations and
low strain. The CH3 stretching modes originate from side chains of
alkyl amino acids in proteins. The CH3 symmetric stretching (2935
cm~1) refers to all three C-H bond lengths vibrating in phase while
the asymmetric stretching (2970 cm~!) refers to all C-H bonds
lengths changing with different phases. Quantifying the mean of
the CHs ratio histograms (Fig. 3C) with curve fitting (Table S1), we
obtained a mean CHj stretching ratio of 0.90 for unstrained fibrin
that increased to 0.95 at medium strain (100% and 200%) and later
reached ~ 1.16 for highly (400%) sheared fibrin a total increase of
28% over the value at 0% strain. The increased fibrin CHj stretch-
ing ratio with shear strain shows that upon shearing, the symmet-
ric CHs stretching increased, whereas asymmetric CH3 stretching
mode decreased. Unfortunately, the BCARS signal from fibrin at 5
mg/mL was below that needed for reliable quantification of other
important peaks in the phenyl and amide regions, which necessi-
tated a more concentrated fibrin hydrogel. Therefore, we increased
the concentration of fibrinogen to 15 mg/ml final concentration so
phenyl and amide signals were more reliable.

Based on the histogram fits for 15 mg/ml (Table S2), we found
that unstrained (15 mg/ml) fibrin showed a mean CHs stretching
ratio of 0.76 that increased to 0.87 at high strain (250%) and later
reached ~ 1 for extreme strains (400%) fibrin - a 32% increase from
0% strain. While not numerically equivalent with the 5 mg/ml re-
sults, the same trend of increasing CHj stretching ratio with shear
strain suggests consistency of the molecular response between fib-
rin gels made with 5 and 15 mg/ml fibrinogen. Average spectra
from 15 mg/ml hyperspectral datasets (41 x 41 pixels) with gray
boxes show the three regions of interests: phenylalanine peaks,
the Amide I region, and the C-H stretch (Fig. 4B). Ratio histograms
(Fig. 4C, D, E) were plotted, and parameters from Gaussian fits to
all histograms are shown in Table S1.

In both 5 mg/ml and 15 mg/ml fibrin under shear deforma-
tion, the CH; asymmetric stretching vibration (2970 cm~!) was
dominant at low strain, and the CH3 symmetric stretching mode
(2935 cm™!) increased while the asymmetric stretching mode de-
creased with strain, which shows the molecular environment in
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highly sheared fibrin is very different compared to unstrained fib-
rin. Based on confocal XZ images in Fig. 1Bshowing that the net-
work density increased at higher shear strain and established the
connection between molecular packing and C-H stretch resonances
[47], we surmise that the fibrin network became more tightly
packed with increasing shear strain.

Similar to the CHs3 stretching ratio, the phenylalanine peak ra-
tio also changed with increasing shear strain. The phenylalanine
peaks (at 1004 cm~! and 1045 cm~!) represent two complex vi-
brational modes: the former is the symmetric ring breathing mode,
and the latter is the ring C-H wagging mode [50,52]. These two
phenyl modes can change with the molecular environment, indi-
cating how the phenyl rings on amino acid side chains stack during
deformation.

The average spectra (Fig. 4B) show a slight increase in the
phenylalanine peak at 1004 cm~! while the peak intensity at 1045
cm~! decreased more noticeably, resulting in an overall increase
in phenylalanine peak ratio. The histograms for the phenylalanine
peak ratio shifted to higher values with increasing strain, similar
to that of the CHs stretching ratio. Above 200% shear strain, the
fibrin phenylalanine peak ratio started to broaden and increased
substantially (Table S1, Fig. 4C).

The Amide I peak is a well-known indicator of protein sec-
ondary structure [48]. It is a vibrational combination of C=0 and
N-H in amino acid [53], which is sensitive to «-helices, unstruc-
tured loops, and B-sheets, with the peak locations at 1649, 1660,
and 1672 cm!, respectively [48]. However, the signal to noise ra-
tio of Amide I region was low throughout the whole set of spec-
tra such that multi-peak fitting was not stable. Therefore, we inte-
grated the « helix (1643 - 1653 cm~!) and B-sheet (1669 - 1679
cm~1) portions of the spectra and took their ratio, which has been
previously used to quantify changes in protein secondary struc-
tures [18,23,53]. Compared to the other two ratios, the Amide I ra-
tio did not display a clear trend, both increasing and decreasing as
the strain on the network was increased. The ratio increased with
shear from 0% to 50%, 150% to 250%, 250% to 300%, and 350% to
400% but decreased from 50% to 100%, 100% to 150% and 300% to
350%. As for the width, the full width at half maximum (FWHM)
slowly decreased until 350% and increased again at 400%, possi-
bly due to the network detaching from the plates (see Table S1).
We attempted to look for consistent trends in the Amide I ratio by
grouping the Amide I ratios into three strain categories: low strain
(0% to 50%), medium strain (100% to 200%), and high strain (250
- 350%, discarding 400%). For low and medium strain, the aver-
age of the Amide I ratio was 1.16 + 0.08 (mean =+ std. dev), and
the FWHM was 0.400 + 0.031 (mean =+ std. dev). For the high
strain group, we detected a slightly decreased and narrower Amide
I ratio, where the average ratio was 1.07 + 0.1 (mean =+ std. dev)
and the FWHM was 0.385 4 0.028 (mean + std. dev), respectively.
No statistically significant differences were observed for the Amide
I ratio values between the low, medium, and high strain levels.
Across four additional samples (Fig. S6), we saw similarly mini-
mal changes in the Amide I ratio, typically occurring under large
(great than 200%) strain, which suggests that only limited changes
in the fibrin secondary structure under low to medium shear de-
formation.

4.3. Fibrin unfolds under tension in addition to molecular changes
seen in shear

Knowing that the 5mg/ml fibrin network did not show suffi-
cient sensitivity for quantification of the phenyl and amide regions,
we proceeded directly with 15 mg/ml fibrin gels for tension ex-
periments; a representative 5 mg/ml fibrin gel strained in tension
and quantification of the CH3 histogram are shown in the support-
ing information (Fig. S5and Table S3). In the 15 mg/ml tension
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Fig. 5. . BCARS molecular spectroscopic imaging of fibrin under uniaxial ten-
sion.(A) Fibrin CH images from BCARS data (values are integrated intensity from
2800 cm~! - 3000 cm~') from 40 x 40 pm? with 81 pixels along both x- and
y-axis. Strain was applied along the horizontal direction. Percentages show the
amount of nominal tensile strain. Scale bar is 10 wm. (B) Complete spectral infor-
mation obtained by averaging 11 x 11 pixels data points from hyperspectral images
of a fibrin network under increasing tension. Red letters correspond to panels C, D,
and E below. (C, D and E) Histograms showing the phenylalanine, Amide I, and CH3
ratio, respectively. Each group consisted of 1681 spectra for ratio calculation, and
the bin sizes were 0.01 for every ratio. The arrows above the histograms show the
trend of each histogram with increasing strain. Representative data is shown from
N = 5 experiments; additional experiments can be found in Figure S6.

samples, the integrated CH images showed clear fiber morphology
(Fig. 5A), which aligned with strain, similar to that seen in con-
focal imaging. We note that tensile sample preparation included
detachment from a PEG-coated glass support, which inherently re-
quired the application of a variable amount of force for each exper-
iment. Therefore, the “0% strain” refers to 0% strain applied during
our in situ microscopy experiments but does not refer to a “na-
tive” fibrin gel as was used for 0% shear measurements. The 0%
tension fibrin spectrum exhibited a phenyl and the CH region with
the two phenyl modes and two CH3 modes inverted (Fig. 5B, 0%)
compared to the true 0% shear spectrum (Fig. 4B, 0%). We note the
CH; asymmetric stretching mode (2970 cm~!) shoulder was still
visible as a shoulder near the more prominent symmetric stretch-
ing mode (2935 cm~!), suggestive of this state as a continuation
of the response seen in shear. These results demonstrate the sen-
sitivity of the fibrin molecular response to small, transient forces
required to dislodge the sample from its support, which can be
captured by CARS, but were otherwise invisible from fiber level
morphology (i.e., confocal imaging). Upon application of increasing
tensile strains, the mean of the CHs3 stretching ratio increased from
1.4 to 1.6 (Fig. 5E), which follows the trend seen in shear experi-
ments but with much higher values as expected due to the direct
extensional loading and non-volume conserving nature compared
to shear.

The average spectra for fibrin at increasing tensile strains
(Fig. 5B) show that fibrin networks under increasing tensile de-
formation exhibited further spectral changes in phenyl and amide
regions. For phenylalanine ring modes, we only observed the 1004
cm~! peak; the 1045 cm~! peak was already reduced such that
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Fig. 6. . ThT fluorescence from fibrin networks under shear and tensile strain. Images of ThT binding for 0% strain, 70% tensile, and 200% shear strain for (A) 5 mg/
mL and (B) 15 mg/mL fibrinogen networks. The graphs shown in A and B show mean ThT counts from histograms of traced fibers (n=3 independent experiments for each
condition). The detector HV and excitation power were the same for all experiments. Scale bar is 20 pm.* and ** show significant differences with P < 0.05 compared to all

other groups.

it was hidden within the noise, even at 0% strain. Therefore,
the average phenyl ratios were always larger than those in shear
(Fig. 5C). The 1004 cm~! became more prominent with increasing
tensile strain, which was consistent across all (15 mg/ml fibrino-
gen) tensile experiments. Finally, we observed that the Amide I ra-
tio (Iy-nelix‘Ig-sheet) decreased with increasing tensile strain, as ex-
pected. The intensities of Amide I were stronger compared to shear
deformation, and the maximum of the Amide I band consistently
decreased with strain, shifting from 1649 cm~! to 1670 cm™!
(Fig. 5B), showing an increased presence of 8 sheets. This result
is consistent with Litvinov et al. and Fleissner et al. [18,23,49]. At
100% nominal strain, fibrin fibers showed that the average Amide
I ratio decreased by 35% compared to the unloaded case. Overall,
an increase in tensile strain (0% - 100%) not only decreased the
Amide I ratio histogram average value, but also resulted in a de-
creased Amide I ratio histogram width (Fig. 5D, Table S$4), suggest-
ing that protein structure was more homogenous at high strain in
fibrin networks under increasing tensile force.

In summary, the subtle molecular changes observed in the CH;
and phenylalanine peaks in sheared fibrin are hardly discernible
under tension, due to their occurrence at relatively smaller defor-
mations, while changes in the secondary structure are clear in ten-
sion but were not readily seen in shear.

4.4. Thioflavin T staining confirms secondary structural changes
measured in BCARS

As we noticed differential changes in the secondary structure
of fibrin under shear and tensile strains in our BCARS data, specif-
ically the appearance of B-sheet structures, we used the molecular
rotor dye Thioflavin T (ThT) as an additional probe for the pres-
ence of B-sheets in fibrin. ThT is a small molecule known for its
high affinity to amyloid structures, consisting of more than 50%
B-sheet, and has been used extensively to identify B-sheet-rich
amyloid fibrils [54-56]. We measured ThT binding to sheared and
tensed fibrin at both 5 (Fig. 6A) and 15 mg/ml (Fig. 6B) fibrino-
gen concentration. The intensity of ThT per fiber was quantified
by fiber tracing in images for each condition, and the mean val-
ues from histograms were tabulated for comparison. We found a
marginal increase in ThT binding for both 5 and 15 mg/ml fibrin
in shear, indicating a minimal increase in §-sheet appearance with
200% shear strain, which is consistent with our results from BCARS
spectral quantification. Comparing the increase under 200% shear
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strain with that seen for 70% tensile strain shows that the whole
field of view lights up, especially at 15 mg/ml fibrin. Interestingly,
the ~ 10-fold increase in ThT fluorescence between 0% strain and
70% tensile strain was seen for both 5 and 15 mg/ml fibrinogen
concentrations. These results suggest that the application of 70%
external strain in tension leads to a large local increase of 8 sheets
due to increased force on fibrin fibers in the network, consistent
with our CARS data.

5. Discussion

5.1. Analysis of amino-acid specific signals suggest fibrin’s molecular
force accommodation mechanism

Vibrational microscopy of fibrin networks under low and high
shear and tensile deformation allowed us to probe molecular
changes in fibrin in response to low to high forces due to the dif-
ferent deformation modes, which has not been accomplished pre-
viously within a single study. In the vibrational spectra, the CHj
stretching and phenylalanine ring modes showed clear changes
with increasing shear strain from 0 - 300% while the Amide I
mode showed clear changes under tensile deformation. A logical
follow-up question is: what is the origin of these signals? We trace
these signals to the amino acids in fibrin from which they can
arise. Phenylalanine is the only source for the phenyl ring mode
peaks at 1004 cm~! and 1045 cm~!; there are no other aromatic
amino acid side chains in fibrin. The peak at 1004 cm~! is the
symmetric ring breathing mode, and the peak at 1045 cm~! is the
ring C-H wagging mode [50,52,57]. The ring breathing mode in-
creased slightly with shear strain, while the ring wagging mode
decreased more substantially. In tension, the ring breathing mode
became more pronounced with deformation while the ring wag-
ging mode was essentially non-existent even at 0% applied strain,
likely due to the inadvertent perturbations incurred during sample
mounting.

For the CH; stretching, five amino acids in fibrin contain CH;
groups in their side chains: alanine (A) and methionine (M) have
one CH3 while leucine (L), isoleucine (I), and valine (V) each have
two CHs groups. We located targeted amino acids in the fibrino-
gen #3GHG crystal structure [58-60] and highlighted the targeted
amino acids in the protein model (Fig. 7A and B). We also counted
the number of targeted amino acids according to the sequence
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Fig. 7. Targeted amino acid mapping on fibrinogen 3GHG model. (A) The distri-
bution of phenylalanine in fibrinogen. Red, yellow, and green colors correspond to
« helices, 8 sheets, and random coils, respectively. Phenylalanine-containing amino
acids appear blue. 82% of the phenylalanines are in the C-terminal domains, so
an enlarged picture is provided. (B) The distribution of amino acids with CHj side
chains (Alanine, Leucine, Isoleucine, Methionine, and Valine) in fibrinogen. The color
logic was similar to (A), only in (B) CH3 containing-amino acids were colored in
blue. We grouped the amino acids based on their presence in three different re-
gions in fibrinogen: E domain, coiled coils, and C-terminal domains. * in the last
row indicates that «C domains were counted even though they are not shown in
the crystal structure.

for human fibrinogen on Uniprot [61-63], which is summarized in
Fig. 7.

In order to relate the spectral changes in the phenylalanine and
CH3 modes to potential changes in fibrinogen structure, we divided
fibrinogen into three parts: E domains, coiled coils, and the C-
terminal domains, which consists of 8 nodules, y nodules, and «C
domains. Most of the phenylalanine (~82%) is in 8 nodules, y nod-
ules, and «C domains, and only a few phenylalanines are located
in coiled coil and E domains (Fig. 7A, blue). Therefore, when the
phenylalanine peak intensities changed, we can ascribe it as com-
ing from the B nodules, y nodules, and «C domains. Interestingly,
the major phenyl mode changes, with the 1045 cm~! ring wag-
ging mode disappearing, were visible at low and moderate shear
deformation, during without corresponding changes corresopn c in
the Amide I mode . This suggests that smaller forces from moder-
ate shear deformation induce subtle conformational changes in the
C-terminal domains, as the phenylalanine ratio changes (Fig. 7A),
consistent with the concept presented by Houser et al. where the
«C domains were shown to play a larger role in load bearing.

A similar analysis of the CHs-containing amino acids (A, M, I,
L, V) in fibrinogen molecule shows that the E domains, coiled coil,
and C-terminal domains (including «C domain) contain 38, 203,
and 260 CHs groups, respectively (Fig. 8B). In vibrational spec-
troscopy, it is known that the local molecular environment strongly
modifies C-H stretch modes [47,64,65]. C-H stretch modes have
been used to quantify crystallinity and liquid/melt forms in various
materials/chemicals, including n-alkanes [66], polyethylene [67],
fatty acids [47] and lipids [68-71]. As these modes reflect changes
over molecular distances, we speculate that the increasing CHs ra-
tio comes from increased packing of protofibrils within fibers.

As mentioned above, C-terminal domains, particularly the oC
domains, are likely involved in the conformational rearrangements
associated with phenylalanine ring mode changes during shear de-
formation. The C-terminal domains and the coiled-coil region also
contain the vast majority of CHs groups, having 260 and 203,
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Fig. 8. Summary of fibrin strain bearing mechanism. (A) BCARS spectra of Fib-
rin(ogen) in different states.Five spectra were shown from five different states of
Fibrin(ogen): Fibrinogen solution (I), native (unstrained) fibrin network (II), highly
sheared fibrin network (IIl), minimally tensed fibrin network (IV), and largely tensed
fibrin network (V), shown from bottom to top. The three shaded regions show the
C-H stretch, Amide I, and phenylalanine ring modes analyzed in this work. (B) Pro-
posed mechanism for fibrin load bearing. The drawing shows states of strain match-
ing with (A) by the same Roman numerals. (I) Soluble fibrinogen and (II) fibrin
in the native (unstrained) state where the distances between fibers are large, and
«C domains are loose. (IlI/IV) In the high shear strain / low tensile strain states,
«C domains somewhat straighten, and 8 and y nodules deform. (V) In the highly
tensed state, coiled coils in fibrin fibers unfold and undergo secondary structural
transitions from «-helices to B-sheets. Parallel fibers were drawn to illustrate the
concepts.

respectively. Recalling that the Amide I ratio showed consistent
changes in the Amide I ratio and substantially more ThT bound
to fibrin under 70% tension compared to 200% shear strain, we
hypothesize that initial fibrin deformation results in increased C-
terminal domain and coiled-coil packing (during which the CHs ra-
tio changed most significantly) and continued deformation engages
the coiled-coil region in load-bearing (during which the Amide I
region changed most significantly), leading to protein unfolding.

5.2. Molecular changes from highly sheared fibrin are a precursor to
secondary structure changes in tensed fibrin

Evidence for our hypothesis is shown inFig. 8A, which shows a
series of BCARS spectra from a fibrinogen solution, a native (un-
strained) fibrin network, and fibrin networks with various levels
of shear and tensile strain. The fibrinogen solution and native (un-
strained) network appear very similar in all regions of the spec-
tra. The spectra of fibrin under any deformation show larger am-
plitudes due to increased fibrin density in the network. Highly
sheared fibrin and minimally tensed fibrin spectra also look very
similar: the CH3 peak inversion compared to the fibrinogen or
the unstrained network is clear, the presence of the 1004 cm~!
phenylalanine peak appears, and the Amide I shape is very simi-
lar. While these spectra show changes from additional vibrational
modes, such as the Amide III (1260 - 1300 cm~!), methyl bend-
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ing modes (1401 cm~!), CH, deformation (1440 cm~!), and Amide
11 (1550 cm~1) [45-50], we focus here on the phenylalanine, CHj,
and Amide I modes as the information content is duplicative for
the other modes mentioned. Overall, the similarity between high
shear and low tensile strain in CARS spectra shows that fibrin ex-
hibits a similar molecular response under these conditions. At high
tension, the most noticeable change occurs for the Amide I shape.
Therefore, it appears that the molecular changes seen during shear
loading, even up to 300% have already transpired at much lower
strains in tension, likely due to the highly directional loading in
tension along with the minimal perturbations required for sample
mounting. Compared to shear loading, tensile deformation quickly
aligns fibers in the XY plane - 20% tensile strain showed similar
fiber alignment to 150% shear strain.

Our findings are consistent with results from a previous study
on fibrin structure under shear deformation (in the Couette ge-
ometry) using X-ray scattering by Vos et al[21]. In that study,
the authors also found no clear evidence of secondary structural
changes for shear deformation up to 300%. Moreover, they also de-
duced that the increased fiber density under shear was partially
mediated by the «C domain, similar to our deduction based on
the fibrinogen primary structure and in situ CARS data. Because
our experiments span from low to extreme strains in both shear
and tension, we are able to propose a model of molecular fibrin
deformation over different loading regimes (Fig. 8B). Fibrinogen
monomers and native fibrin networks show relaxed «C domains,
undeformed nodules, and comparatively larger distances between
fibers and protofibrils (Fig. 8B I, II). At high shear/low tensile de-
formation, the network shows increased fiber/protofibril packing,
B and y nodule deformation, and «C domain deformation (Fig. 8B
III, IV). Finally, under large tensile deformation, coiled-coil regions
unfold to accommodate additional forces (Fig. 8B, V). This mecha-
nism is consistent with that predicted from molecular simulations
of single-molecule fibrin unfolding [16].

6. Conclusion

In this work, we measured the molecular response of fib-
rin networks to simple shear and uniaxial tensile deformation
with a combination of fluorescence and molecular microscopy in
situ. Shear loading revealed increased fiber density and molec-
ular changes that reflect increased protein packing but very lit-
tle change in secondary structure - up to 300% strain. On the
other hand, tensile deformation showed pronounced changes in
fiber alignment, packing, and secondary structure for strains as low
as 20%. The similarity of the high-shear and low-tension molec-
ular responses suggest that forces applied to fibrin are initially
accommodated by subtle rearrangement and packing of fibrin C-
terminal domains followed by unfolding of secondary structure in
the coiled-coil domain under larger tensile loads. The results of
this study are potentially helpful in the design of hemostatic ma-
terials aimed at replicating the hierarchical molecular response to
deformation of fibrin clots.
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