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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
hemodynamic shear and contractile tension without rupture. Fibrin networks, the primary load-bearing
element in blood clots, have unique nonlinear mechanical properties resulting from their hierarchical
structure, which 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 orientation and molecular changes in fibrin appear at much
larger strains under shear compared to uniaxial tension. Orientation levels reached at 150% shear strain
were reached already at 60% tensile strain, and molecular unfolding of fibrin was only seen at shear
strains above 300%, whereas fibrin unfolding began already at 20% tensile strain. Moreover, shear
deformation 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 fibrinogen primary structure, we propose a scheme for the molecular
response of fibrin from low to high deformation, which may relate to the teleological origin of its

resistance to shear and tensile forces.
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Introduction
Fibrin is the three-dimensional (3D) mesh-like, protein network that comprises the bulk mass of blood

clots and gives clots their mechanical strength [1,2]. Fibrin networks are formed by polymerization of
fibrin molecules that are produced when monomeric (soluble) fibrinogen is enzymatically 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 wound site [5—
7]. In addition to preventing blood loss by forming a physical barrier, fibrin also provides mechanical
stability to blood 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, fibrin 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 that fibrin biomaterials show an
increasing elastic modulus with deformation. Such nonlinear elasticity is linked to hemostasis, blood clot
stability, and supportive function for wound healing under dynamic loading environments [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 biomechanical properties of fibrin are
interconnected from the molecular level to the fiber level [7,10,26-28]. Therefore, understanding the
mechanics of fibrin networks at the molecular level can provide fundamental knowledge about the

biomechanics of blood clot stability.

Compared to the number of studies relating macroscopic material 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
experimental studies, fibrin molecules have been shown to unfold under tensile force with the
alpha-helical coiled-coil region contributing the primary resistance to deformation [15-18,24,29].
However, other experimental work has shown that unstructured aC domains were directly involved in
load-bearing with the coiled-coil regions playing a 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 accommodates mechanical loads.

Therefore, a study comparing the molecular scale response of fibrin from small to large deformations in
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the same experimental system is needed to help clarify the molecular response of fibrin to mechanical

loads.

Experimental tools used to study the molecular response of fibrin include atomic force microscopy
(AFM), scanning electron microscopy (SEM), and spectroscopic techniques. AFM studies have provided
force-extension measurements capable of showing protein 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 networks 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 sifu. Litvinov et al. analyzed the Amide I and Amide III vibrational
bands of blood clots under large extensional strains from attenuated total 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 a-
helices and B-sheets in tension-stretched fibrin composite hydrogels [23]. Both Litvinov et al. and
Fleissner et al. used tensile (or compressive) loads and only considered the amide spectral region to

resolve a-helix to B-sheet unfolding of fibrin molecules.

In this study, we used broadband coherent anti-Stokes Raman scattering (BCARS) microscopy and a
custom-built loading device to image the molecular vibrational signature of fibrin under shear and tensile
deformations in situ. We analyzed the hyperspectral datasets in the C-H stretch (2800 — 3000 cm™),
phenyl ring (1000 — 1050 cm™), and Amide I (1630 — 1700 cm™) regions. Our results show that shear
loading resulted in distinct molecular changes in fibrin consistent with increasing molecular packing and
minimal protein unfolding, which was only observed above 300% strain. On the other hand, -sheet
signatures from fibrin unfolding were observed in tension already at 20% strain. Fluorescence images of
deformed fibrin showed that shear deformation caused substantially less fiber alignment compared to
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.
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Materials and Methods

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 7.4 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, including SmM CaClz (Human Alpha Thrombin, Enzyme Research Laboratories) to obtain a pre-
gel fibrin solution. The fibrin concentrations were 5 mg/ml for confocal microscopy and 15 mg/ml for

BCARS (to increase signal strength).

For BCARS microscopy of sheared samples, the pre-gel fibrin solution was placed at the center of a
detergent (Micro-90, Sigma)-cleaned glass slide with a 10 mm circle marked using a hydrophobic marker
to prevent the pre-gel fibrin solution 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 accommodate 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 um height as determined by optical measurements (Fig. S1).

The entire preparation process is shown in Figure S2A and S2B.

Similarly, for BCARS microscopy of tensed samples, a pre-gel solution (also 15 mg/ml fibrinogen) was
placed on a homemade Teflon plate with a 3 mm wide center ridge that accommodates a coverslip (#1.5,
24x36 mm?) on either side of the ridge such that the profile along the surface was flat. The pre-gel
solution was allowed to spread within a hydrophobic pen-marked rectangular region (10 mm x 20 mm
in width and length, Fig. S2C) and incubated at 37°C for gelation. After two hours, the coverslip-
network-coverslip set was carefully removed from the Teflon plate to minimize sample perturbation, and
a larger coverslip (#1.5 24 x 60 mm?) was used to form a chamber around the bottom of the network.
Two steel spacers ( 3 x 15 x 0.5 mm?) were placed beside the network to support another coverslip on

top that provided a flat surface for transmitted CARS imaging (Fig. S2D).

Microscopy

Confocal fluorescence microscopy
Fibrin morphology (5 mg / mL) under shear and tensile deformation was imaged using a laser scanning

confocal microscope (FV3000, Olympus) with a 60X, 1.1 NA (LUMFLN60XW, Olympus) water
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dipping objective lens. Fibrin networks were made with 9:1 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 um 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 “Image 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]J [37,38] for fiber orientation with a 5° bin size. We note that for linear shear, the
loading axis changes with shear strains in the XZ plane [39]. For tension, 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 pM according to supplier’s
instructions. The ThT solution was added 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. Images were processed by Imagel

to subtract background fluorescence.

BCARS hyperspectral microscopy
For molecular microscopy, we used the BCARS hyperspectral microscope that was previously used for

fibrin measurements [23]. Briefly, an Nd:Y AG microchip laser producing nanosecond pulses (~ 30 KHz
repetition rate) at 1064 nm and a broadband supercontinuum with a spectrum ranging from 1100 nm to
2400 nm (Leukos CARS, Leukos) was used for excitation. The two beams were focused by either a
100X, 0.85 NA objective (LCPLN100XIR, Olympus) for shear or a custom-built 60X, 1.1 NA objective
(Special Optics) for tension. Different objectives were used due to the different 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 maximize signal 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/s?,

respectively. Shear was applied by moving the top coverslip by Ax relative to the fixed glass slide and

the strain was calculated as il—x where H was the height of fibrin network. H was measured using the
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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.

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, a spectral signal was collected using BCARS from the bulk network
(at least 50 um from the glass surfaces) to avoid any unexpected effects from interfacial fibrin on the

glass surfaces.

CARS Data Processing
BCARS raw spectra were converted into Raman-like spectra for quantitative analysis, as previously

reported in literature [40,41]. 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 CH3 vibration (2935 cm! for tension, and 2970 cm™
! for shear) in order to account for scattering 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 analytical quantities were used for molecular analysis of fibrin: 1) ratio of
the CH3 symmetric (2935 cm™):asymmetric (2970 cm™') stretch [42-47]; 2) ratio of the Amide I a-helix
(1649 cm™):B-sheets (1672 cm™') [48]; and 3) the ratio of two phenylalanine peaks (1004 cm™ and
1045cm™) [49]. The peak widths for integrating the two CH3 stretching peaks were 24 cm™ around the
center wavenumbers. For the ratio of a-helix to B-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 details).
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Figure 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 pm. (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 um (B).
Results

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

We initially observed fibrin morphology changes under mechanical deformation — both shear and tension
— using confocal fluorescence microscopy. Freshly prepared fibrin networks showed a porous network,
and fibers were distributed isotropically in both the XY and XZ planes (Fig. 1A and 1B, 0%). During
shear deformation, fibrin fiber alignment was detected more strongly axially (in XZ) compared to
laterally (in XY) at lower strain. Quantitatively, 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 1D). The maximum alignment in the XY plane reached 14% at 250% strain (above which this
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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 direction 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 loading direction in the XZ plane.
Such behavior has been shown to be quantitatively accurate for predicting elasticity and network

behavior of semiflexible actin filaments [50].

Under tension, fibrin fibers showed a classic uniaxial tensile behavior, 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 orientation 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 fibrin samples
often fractured above 100% tensile strain. These confocal microscopy results show that fibrin under shear
and tensile strain aligned in the loading direction, as expected, with tensile loading showing earlier

alignment — at lower strains — in comparison to shear.
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Figure 2. Confocal microscopy of fibrin networks under uniaxial tension. Bottom right image shows
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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 horizontal/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.
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Shear strain causes increased packing of CHs groups in fibrin molecules

Following confocal microscopy, we collected information on the molecular changes in fibrin under shear
loads using BCARS vibrational 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 from fibrin networks prepared similarly to those used for confocal microscopy.
For shear measurements, we acquired multiple (N > 5) hyperspectral datasets in increments of 50% shear
strain after waiting 10 minutes upon reaching the desired strain level, and a representative dataset is
shown here. The resulting BCARS spectra, after retrieval of the Raman features, were analyzed by
plotting the histogram of respective peak ratios to quantify the molecular heterogeneity and changes with
increasing shear strain. As a starting point, we mapped the CH3 stretching ratio (symmetric CH3 /
asymmetric CHs) as a function of shear strain, as shown in Figure 3A. Unstrained fibrin showed a mean
CHs stretching ratio of 0.75 that increased to 0.85 at medium strain (150%) and later reached ~ 1 for
highly (400%) sheared fibrin. The increased fibrin CHs stretching ratio with shear strain shows that upon
shearing, fibrin intensity for the symmetric CHj3 stretching increased, whereas asymmetric CHs stretching
mode decreased. Average spectra from hyperspectral datasets (81 x 81 pixels) with gray boxes show the
three regions of interests: phenylalanine peaks, the Amide I region , and the C-H stretch (Fig. 3B). Ratio
histograms (Fig. 3C, 3D, 3E) were plotted, and parameters from Gaussian fits to all histograms are shown

in Table S1.

The CHs stretching modes originate from side chains of alkyl amino acids in proteins. The CHs
symmetric stretching (2935 cm') refers to all three C-H bond lengths vibrating in phase while the
asymmetric stretching (2970 cm™) C-H bonds length change in different phases. In fibrin under shear
deformation, the CHs asymmetric stretching was dominant at low strain, and the CHs symmetric
stretching mode increased while the asymmetric stretching mode decreased with strain, which shows the
molecular environment in highly sheared fibrin is very different compared to unstrained fibrin.
Histograms (Fig. 3E) of the CH3 ratio (symmetric CHs / asymmetric CH3) from each pixel in the images
show a clear trend of increasing CHs ratio and increasing width of these histograms with increasing shear
strain. Based on confocal XZ images in Figure 1B showing that the network density increased at higher
shear strain and established the connection between molecular packing and C-H stretch resonances, we

surmise that the fibrin network became more tightly packed with increasing shear strain.

10
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Figure 3. BCARS molecular spectroscopic imaging of fibrin under simple shear. (A) A
representative set of CH3 ratio images of fibrin; intensity values are from Isymmetric cH3 / lasymmetric cH3). The
images were 40 x 40 um? with 81 pixels along both x- and y-axis. The same color bar (far right) was
used for all CHs ratio images. Percentages show the amount of shear strain. Scale bar is 10 pm. (B)
Complete spectral information obtained by averaging 81 x 81 pixels from hyperspectral images of a
fibrin network under different shear strain. Red letters correspond to panels C, D, and E below. (C, D
and E) Histograms showing of phenylalanine peak, Amide I, and CHs ratios, respectively. Each loading
group consisted of 6561 spectra for ratio calculations, and the bin sizes were 0.01. The arrows above the
histograms show the trend of each histogram with increasing strain. Representative data is shown from

N > 5 experiments.

Similar to the CHj3 stretching ratio, the phenylalanine peak ratio also changed with increasing shear strain.

The phenylalanine peaks (at 1004 cm™ and 1045 cm™) represent two complex vibrational modes: the

11
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former is the symmetric ring breathing mode, and the latter is the ring C-H wagging mode [49,51]. These
two phenyl modes can change with the molecular environment, indicating how the phenyl rings on amino
acid side chains stack during deformation. The average spectra (Fig. 3B) 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 CH3 stretching ratio. Above
200% strain, the fibrin phenylalanine peak ratio started to broaden and increased substantially (Table
S1, Fig. 3C).

The Amide I peak is a well-known indicator of protein secondary structure [47]. It is a vibrational
combination of C=0 and N-H in amino acid [52], which is sensitive to a-helices, unstructured loops, and
B-sheets, with the peak locations at 1649, 1660 and 1672 cm™!, respectively [47]. However, the signal to
noise ratio of Amide I region was low throughout the whole set of spectra such that multi-peak fitting
was not stable. Therefore, we integrated the a helix (1643 — 1653 cm™!) and B-sheet (1669 — 1679 cm™)
portions of the spectra and took their ratio, which has been previously used to quantify changes in protein
secondary structures [18,23,52]. Compared to the other two ratios, the Amide I ratio 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 with at half maximum (FWHM)
slowly decreased until 350% and increased again at 400%, possibly 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 average of the Amide |
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 £ 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. This suggests that even at high shear strain (up to 350%), only very limited

changes in the secondary structure were observed.
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Fibrin unfolds under tension but is unaccompanied by other molecular changes seen in
shear

We performed similar BCARS hyperspectral imaging experiments for fibrin under uniaxial tension.
Figure 4A shows images of the integrated C-H stretch (2800 cm™ — 3000 cm™) intensity in fibrin from
BCARS hyperspectral data of 0% nominal strain to 100% strain. tensed fibrin. Here, strain values refer
to nominal strain; a small amount of strain applied to the fibrin samples during mounting was inevitable.
Fibrin at 0% nominal strain showed a network of fibers oriented randomly, similar to the confocal images
shown earlier. Similarly, we observed increasing fiber alignment along the horizontal (loading) direction
with increasing strain. At 100% nominal strain, we observed very strong alignment and increased fiber

density in the network.

B
—~ 0.5 ~/v—‘—-'\w""\/\/‘/f\—( 100% — 5 T
< 0.4~ 8% AL . @
%" 0.3 ﬁh_.\w.r\/\/\_//\___ 60% J\N’_ 3 é
E 0.2 _.w-/\w——v-""‘\/\a’u/\—-—— 40% — 2 é
c
= g #*
N I I I I | 0
800 1000 1200 1400 1600 1800 2800 3000
Ramanshift (crn‘l)
:gg : | 20% 250 % 400 1 —A
_ 40% ~ 500 40% < (N - 40%
2 200 — y ——80% 3 —— 60% g 300 — 0%
_‘; i I., .'“I — 80% ‘;’ 150 — — 80% - — 80%
£ 150 | —— 100% 2 — 100% € 200 — ' — 100%
3 100 — 3 100 3 0
© 5 © 5 © 100
0 L N 0 0 : '-[\ A ] |
00 10 20 30 04 08 12 16 16 18 20 22 24
Phenyl Ratio Amide | Ratio CHj, Ratio

Figure 4. BCARS molecular spectroscopic imaging of fibrin under uniaxial tension. (A) Fibrin CH

images from BCARS data (values are integrated intensity from 2800 cm™ — 3000 cm™) from 40 x 40
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um? 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 pm. (B) Complete spectral
information obtained by averaging 81 x 81 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
6561 spectra for ratio calculation, and the bin sizes were 0.025, 0.01, and 0.01 for phenylalanine ratio,
Amide I, and CH3 ratio, respectively. The arrows above the histograms show the trend of each histogram

with increasing strain. Representative data is shown from N > 5 experiments.

The average spectra for fibrin at increasing tensile strains (Fig. 4B) shows that fibrin networks under
increasing tensile deformation exhibited minimal changes in their molecular signature outside of the
Amide I band. The CH3 and phenylalanine peaks appeared almost constant with increasing strain. The
CH3 symmetric stretching mode (2935 cm™) was very strong, and the asymmetric stretching mode (2970
cm™!) was only barely visible as a shoulder beside it, even at 0% nominal strain, which shows that sample
handling in tension experiments already caused changes in network structure that are on par with very
large shear strains. The average CH3 ratio was ~ 2 at 100% nominal tensile strain, which was 2-fold
higher than the in shear at 350% strain. The histograms of the CH3 ratio from tensile-loaded fibrin show
that the average CHj3 ratio value increased from 1.8 to 2 with strain (Fig. 4E). Next, for phenylalanine
ring modes, we only observed the 1004 cm™! peak; the 1045 cm™! peak was hidden within the noise, even
at 0% nominal strain. Therefore, the phenylalanine ratio in tension was highly susceptible to noise; even
so0, the average values at all tensile deformations were ~ 2-fold more than for shear with no clear trend
as a function of increasing tensile strain (Fig. 4C). Finally, we observed that the Amide I ratio (a-helix:f
sheet) changed with increasing tensile strain, as expected. The intensities of Amide I were stronger
compared to shear deformation, and the maximum of the Amide I band changed with strain, shifting
from 1649 cm™ to 1670 cm™ (Fig. 4B), showing an increased presence of P sheets. This result is
consistent with Litvinov et al. and Fleissner et al. [18,23,48]. 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 decreased Amide I ratio histogram width (Fig. 4D), suggesting that protein structure
was more homogenous at high strain in fibrin networks under tensile force. In summary, the subtle
molecular changes observed in the CH3 and phenylalanine peaks in sheared fibrin are hardly discernible
under tension while changes in the secondary structure are clear in tension but were somewhat obscured

in shear.
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Thioflavin T staining confirms secondary structural changes in measured in BCARS
As we noticed differential changes in the secondary structure of fibrin under shear and tensile strains in

our BCARS data, specifically the appearance of B-sheet structure, we used the molecular rotor dye
Thioflavin T (ThT) as an additional probe for the presence 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 [53—-55]. Figure 5A shows ThT
staining of the same fibrin network at 0% and 200% shear strain under identical excitation and detector
settings from confocal microscopy. We observed a slight decrease in ThT signal under high shear
compared to 0% shear, indicating no increased B-sheet structure at 200% shear strain. In tension, on the
other hand, the ThT dye was clearly increased at 75% strain over 0% strain when the excitation and
detector settings were the same for both images (Fig. 5B). In addition, we observed that strained fibers
aligned nearly perfectly (along the loading direction) in the ThT Image. The ThT and BCARS imaging

results are consistent with one another.

A

Figure 5. ThT fluorescence from fibrin under shear and tensile strain. (A) 0% and 200% shear strain
were applied to the same fibrin network. The detector high voltage (HV) and excitation power were kept
the same for both images. (B) 0% and 75 % tensile strain were applied to the same fibrin network. The
detector HV and excitation power were the same for both images. Scale bar is 25 um. The color scale

(in counts) are shown in the bottom-right corner of each image.
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Discussion

Analysis of amino-acid specific signals suggest fibrin molecular force accommodation
mechanism

Vibrational microscopy of fibrin networks under shear and tensile deformation allowed us to probe
molecular changes in fibrin from low to high forces. In the vibrational spectra, the CHs stretching and
phenylalanine ring modes showed clear changes with increasing shear strain. 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 [49,51,56].
The ring breathing mode increased slightly with shear strain, while the ring wagging mode decreased
more substantially. For the CHs stretching, four amino acids in fibrin contain CH3 groups in their side
chains: alanine (A) and methionine (M) has one CH3, and leucine (L), isoleucine (I), and valine (V) each
have two CH3 groups. We located targeted amino acids in the fibrinogen #3GHG crystal structure [57—
59] and highlighted the targeted amino acids in the protein model (Fig. 6A and B). We also counted the
number of targeted amino acids according to the sequence for human fibrinogen on Uniprot [60—62],

which is summarized in Figure 6.

In order to relate the spectral changes, especially those in shear, to potential changes in fibrinogen
structure, we divided fibrinogen into three parts: E domains, coiled coils, and the C-terminal domains,
which consists of B nodules, y nodules, and aC domains. Interestingly, most of the phenylalanine is in
nodules, y nodules, and aC domains, and only a few phenylalanines are located in coiled coil and E
domain (Fig. 6B, blue). Therefore, when the phenylalanine peak intensities changed, we ascribe it as
coming from the B nodules, y nodules, and aC domains. Further support for this assumption comes from
the observation that the phenylalanine peak ratio changes independently of the Amide I band, which
shows that the coiled coil structure is not affected by shear strain, at least until very large strains. This
suggests that smaller forces from shear deformation induce subtle conformational changes in the C-
terminal domains as the phenylalanine ratio changes (Fig. 6A), consistent with the concept presented by

Houser ef al. where the aC domain was proposed to play a large role in load bearing[31].

A similar analysis of the CHs-containing amino acids (A, M, 1, L, V) in fibrinogen molecule shows that
the E domain, coiled coil, and C-terminal domains (including aC domain) contain 38, 203, and 260 CH3-

containing amino acids, respectively (Fig. 6A). In vibrational spectroscopy, it is known that the local

16


https://doi.org/10.1101/2020.07.19.205005
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.07.19.205005; this version posted July 19, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-ND 4.0 International license.

molecular environment strongly modifies C-H stretch modes [46,63,64]. C-H stretch modes have been
used to indicate crystallinity and liquid/melt forms in various materials/chemicals, including n-alkanes
[65], polyethylene [66], fatty acids [46] and lipids [67—70]. As these modes reflect changes over
molecular distances, we speculate that the increasing CH3 ratio in shear comes from increased packing

of fibers relative to another and increased packing of fibrin proteins in protofibrils within fibers.

As mentioned above, C-terminal domains are likely involved in the conformational rearrangements
associated with phenylalanine ring mode changes during shear deformation. These domains also contain
a large number of CHs-containing amino acids (209). Together with the observation that the Amide I
region is reasonably constant until very large shear deformation (~300%), our results indicate that
applying shear strain to fibrin mainly affects C terminal domains. In contrast, with minimal changes in
the CH3 and phenylalanine ratios — but large changes in the Amide I ratio — under tension, where the
force application more directly stretches fibers, we surmise that the coiled-coil region is primarily

modified by tensile loading.
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Figure 6. Targeted amino acid mapping on fibrinogen 3GHG model. (A) The distribution of amino
acids with CHs signal (Alanine, Valine, Leucine, Isoleucine) in fibrinogen. Red, yellow, and green colors
correspond to a helixes, B sheets, and random coils, respectively. Methyl group-containing amino acids
appear blue. We grouped the amino acids based on their presence in three different regions in fibrinogen:
E domain, coiled coils, and C-terminal domains. (B) The distribution of phenylalanine in fibrinogen. The
color logic was similar to (A), only in (B) phenylalanines were colored in blue. Most phenylalanine is in
the C-terminal domains, so an enlarged picture is provided. * in the last row indicates that aC domains

were counted even though they are not shown in the crystal structure.

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

Figure 7A shows a series of spectra from a fibrinogen solution, a native (unstrained) fibrin network, and
fibrin networks with various levels of shear and tensile strain. We observed clear trends in the fibrin

molecular response. The fibrinogen solution and native (unstrained) network appear very similar in all
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regions of the spectra. The spectra of fibrin under any deformation show larger amplitudes 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 similar. While
these spectra show changes from additional vibrational modes, such as the Amide III (1260 — 1300 cm’
1, methyl bending modes (1401 cm™), CH2 deformation (1440 cm™), and Amide II (1550 cm™) [44-49],
we focused here on the phenylalanine, CHs, 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 exhibits 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 have already taken place for samples in our tensile
experiments. We note that in shear experiments, the network was unperturbed prior to sample
measurement; no additional sample handling or disruption was necessary. In tension experiments, we
(gently) removed the network from the Teflon mold and mounted the network construct onto our loading
setup on the microscope. This process, unfortunately, applied some irreversible loading to network,
causing fibers to deform and possibly adhere to one another, as has been shown previously [19].
Therefore, the “0%” tension experiment is almost certainly not a “native” or an unstrained network, and

this is potentially why spectra from 0% tension and 0% strain look so different.

Compared to shear loading, tensile deformation quickly aligns fibers in the XY plane —20% tensile strain
showed similar fiber alignment to 150% shear strain. Tensile deformation stretches fibers from end to
end immediately, whereas the force axis rotates with increasing strain for simple shear. From the CARS
shear data and analysis of the primary structure of fibrinogen, we deduce that changes in the
phenylalanine peaks and the CH3 ratio likely originate from both nodules and aC region within the C-

terminal domains as amino acids move/rearrange and fibers pack more densely.
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Figure 7. Summary of fibrin strain bearing mechanism. (A) BCARS spectra of Fibrin(ogen) in
different states. Five spectra were shown from five different states of Fibrin(ogen): Fibrinogen solution
(D) , native (unstrained) fibrin network (II), highly sheared fibrin network (III), 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) Proposed
mechanism for fibrin load bearing. The drawing shows states of strain matching 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 aC domains are loose. (III/IV) In the high shear strain / low tensile strain
states, aC domains somewhat straighten and B and y nodules deform. (V) In the highly tensed state,
coiled coils in fibrin fibers unfold and undergo secondary structural transitions from a-helices to B-sheets.

Parallel fibers were drawn to illustrate the concepts.
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The interpretation presented here is consistent with results from a previous study on fibrin structure under
shear deformation (in the Couette geometry) using X-ray scattering by Vos et a/ [21]. In that study, the
authors also found no clear evidence of secondary structural changes for shear deformation up to 300%.
Moreover, they also deduced that the fiber density increased under shear partially mediated by the aC
domain. In Figure 7B, we show a model of fibrin deformation, indicating molecular changes in fibrin
with increasing deformation. Fibrinogen monomers and native fibrin networks show relaxed aC domains
and comparatively larger distance between fibers and protofibrils (Fig. 7B 1, 11). At high shear/low
tensile deformation, the network shows increased fiber/protofibril packing, B and y nodules deformation,
and aC domain deformation (Fig. 7B 111,1V). Finally, under large tensile deformation, coiled coil regions
unfold to accommodate additional forces (Fig. 7B, V). This mechanism is consistent with that predicted

from molecular simulations of single molecule fibrin unfolding [16].

Conclusion

In this work, we measured the molecular response of fibrin networks to simple shear and uniaxial tensile
deformation with a combination of fluorescence and molecular microscopy in situ. Shear loading resulted
in increased fiber density and molecular changes that reflect increased protein packing but very little
change in secondary structure — up to 300% strain. On the other hand, the subtle molecular changes with
increasing shear were nearly invisible in tension while pronounced changes fiber alignment, packing,
and secondary structure were observed for tensile strains as low as 20%. The similarity of the high-shear
and low-tension molecular responses suggest that forces applied to fibrin are initially accommodated by
subtle rearrangement 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 artificial wound dressing materials aimed at replicating the mechanical properties of fibrin clots.
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