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Mapping molecular deformation and forces in protein biomaterials
is critical to understanding mechanochemistry. Here we use intra-
molecular Forster resonance energy transfer (FRET) of dual-labeled
fibrin to distinguish molecular conformations of proteins in situ
during mechanical loading. The FRET approach offers increased
spatial resolution compared to our previous vibrational imaging.
By using fluorescence lifetime microscopy (FLIM), we demonstrate
that the combination of FRET and FLIM can probe the molecular
changes in fibrin with high spatial (nanometer) and temporal
(nanosecond) resolution. Our results map changes in fibrin mono-
mer deformation during the macroscopic loading of the fibrin
network, paving the way to directly visualizing the biomaterial
mechanics and structure in cell-ECM scaffolds for the first time.

Fibrin plays an essential role in haemostasis, both as the main
structural element of blood clots and as the scaffold for cell
recruitment in wound healing." At sites of vascular injury,
fibrin forms from its precursor, fibrinogen (FIB), which is
converted to fibrin via thrombin cleavage.> Fibrin monomers
subsequently polymerize into protofibrils and eventually form a
crosslinked network of fibers that supports platelet adhesion
and aggregation and entraps red blood cells.>* During wound
healing, the resulting fibrin network must be strong enough to
withstand the shear and tensile forces from blood flow while
being flexible enough to accommodate large strains from
muscle contraction.’ The biophysical properties of fibrin net-
works are critical factors that determine the functionality of
the blood clot and also minimize the risks of premature clot
rupture and embolism. For instance, fibrin fibers under external
mechanical loads exhibit different orientations, thicknesses,
and molecular structures, which can ultimately regulate the
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downstream biological readouts at the enzymatic and cellular
levels.®® Cellular receptors and enzymes that interact with
fibrin do so via molecular-scale contacts. However, the mechan-
isms connecting physical and molecular changes in fibrin and
downstream biochemical signaling are unclear. Thus, a major
research challenge remains in understanding how mechanical
forces impact the molecular structure of fibrin proteins.

Forster resonance energy transfer (FRET) between fluoro-
phores attached to proteins provides an in situ tool to study
molecular distances, conformation of proteins, and molecular
forces for various applications.’ FRET is a physical process by
which energy is transferred by dipole-dipole coupling from an
excited state donor fluorophore to a ground state acceptor
when appropriate spectral overlap and proximity requirements
are satisfied.'® FRET-based measurements can be used to
resolve intra- and intermolecular distances on the nanometer
length scale within heterogeneous biopolymers such as fibrin
fibers. This technique offers the physical measurement of
molecular distances and forces in response to (macroscopic
or microscopic) external loading. In this study, we have used
the FRET technique to quantify the molecular deformation
of fibrin molecules within a fibrin network as a function of
macroscopic applied strains.

Inspired by work from Vogel and colleagues on fibrino-
nectin,""™"* FIB was dual-labelled with donor (Atto 488) and
acceptor (Alexa 568) fluorophores based on NHS ester reactivity
toward amine groups that are available in FIB (Fig. 1). Fig. S1
(ESIT) shows possible labelling locations, with a concentration
in the  and y nodule domains. Atto 488, with an emission peak
at 520 nm, and Alexa 568, with an excitation peak at 579 nm
were selected as the donor and acceptor for FRET. The integral
overlap between the fluorescence emission spectrum of Atto
488 and the fluorescence excitation spectrum of Alexa 568 is
high enough to induce dipole-dipole coupling (Fig. 1). Mono-
mers were dual labelled with a high density of acceptors and
low density of donors, such that the average donor is substan-
tially quenched by the surrounding pool of acceptors. This
allows, in principle, for a high FRET efficiency between the
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Fig. 1 Quantitative measurement of intramolecular distance as a function
of external loads in a dual-labelled fibrin network with the FRET method.
(a) External forces applied to fibrin cause the structural transitions from
a-helices to B-sheets. (b) The spectrum of Atto 488's emission overlaps
with the excitation spectrum of Alexa 568. When they are in proximity
(less than ~10 nm), the donor (Atto 488) and acceptor (Alexa 568) exhibit
FRET. (c) FIB dual labelling with Atto 488 as a donor and Alexa 568 as an
acceptor and the use of this probe in fibrin networks.

donor and acceptor on a FIB molecule in a fibrin network.
We initially measured the FRET efficiency of dual-labelled
fibrin (DL FIB) as a probe within a fibrin network through
acceptor photobleaching. We empirically determined that a
10% DL FIB + 90% unlabelled FIB mixture achieved the appro-
priate balance between the fluorescence signal for the micro-
scope while minimizing the number of modified monomers in
the fibrin network. In acceptor photobleaching, the intensity of
the donor is enhanced by the depletion of the acceptor via
photo-destruction. Fig. S2a (ESIt) demonstrates that the aver-
age intensity of fibrin fibers within the designated area of the
donor channel is considerably higher after photobleaching of
the acceptor dye, proving the presence of FRET. We also
observed that by increasing the molar ratio of the acceptor to
donor from 1.5 to 4.5 (1.5, 2.5, 3.4, 4.5:1), the FRET efficiency
increases; however, for ratios greater than 3.4, we did not observe a
significant difference in FRET efficiency, which indicates that the
number of acceptors on the FIB molecules had saturated. For all
subsequent experimental studies, we chose the ratio of 3.4:1 as a
compromise between strong FRET and efficient use of dye mole-
cules. To further clarify that FRET was due to intramolecular dual-
labelling, we also formed fibrin gels from the combination of pure
FIB with 10% of singly-labelled FIB Atto 488 and singly-labelled FIB
Alexa 568 (Fig. S2b, ESIT). The combination of singly-labelled FIB
Atto 488 with FIB Alexa 568 showed a FRET efficiency of ~5%,
which is substantially lower than the average of ~48% efficiency
for the fibrin gels formed from 10% DL FIB + 90% unlabelled FIB.
This indicates that the majority of our FRET signal comes from
intramolecular FRET, which provides a distance between the donor
and the acceptor molecules that is shorter than the Forster distance
(< ~6 nm).

With DL FIB as a FRET sensor, we used fluorescence lifetime
imaging (FLIM) to measure quantitative FRET between accep-
tor and donor dyes, in a non-destructive way within at-rest and
strained fibrin networks."® Moreover, because fiber packing
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Fig. 2 Stretching the fibrin network decreases the FRET efficiency.
(a) Intensity contrast images (top) and FLIM images (bottom) obtained
from 0%, 100%, and 160% tensile strain show an increasing trend of mean
lifetime in response to larger tensile strain. (b) Normalized lifetime histo-
grams obtained from 0%, 100%, and 160% tensile strain show a rise in
fluorescence lifetime because of tensile strain. Significant differences
(***p < 0.001) are shown in between using the KS (Kolmogorov—-Smirnov) test.

increases with tensile strain due to volume conservation and
water expulsion,® the fibrin density in the field of view increases
strongly, skewing intensity-based FRET measurements. To measure
FLIM-FRET in situ, we used a simple tensile loading device
(Fig. S3, ESIY) to apply strains on the microscope and measure
the donor lifetime of Atto 488 in the fibrin network at increas-
ing strains. Upon stretching the fibrin networks to 100% and
160% tensile strain, we observed significant fibrin fiber align-
ment along the loading direction in the XY plane (Fig. 2a).
Large tensile deformation in fibrin has been shown to cause
secondary structural changes in fibrin;”"'® however, no studies
have experimentally correlated these structural changes with
physical deformations in the FIB molecule.

In the absence of an acceptor, FLIM images of fibrin showed
a mean lifetime of 3.22 + 0.18 ns (mean =+ standard deviation,
s.d.), near the expected lifetime of Atto 488 in solution.
In contrast, the mean lifetime of DL FIB in unloaded fibrin
fibers was 2.12 4+ 0.65 ns (Fig. 2b). This agrees with our acceptor
photobleaching results showing that the Atto 488 is quenched
by the acceptor (Alexa 568), upon network formation. Applying
100% and 160% tensile strain resulted in decreased FRET and a
corresponding increase of donor lifetime. The increase in life-
time of the donor dye suggests nanometer-scale deformations
in the FIB molecule, which increased the distance between
donor and acceptor fluorophores and decreased FRET. At 100%
and 160% tensile strain, we observed 9% and 15% longer mean
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lifetime values (2.32 £+ 0.47 ns and 2.43 + 0.45 ns for 100% and
160% tensile strain), respectively. At strains below 100%, we did not
observe a significant increase in donor lifetime. This can be
attributed to the minimal alteration in the donor-acceptor distance
or excessive quenching of the donor by acceptor saturation, which
would consequently limit the impact on the donor lifetime.

In addition to increased donor lifetime, we observed a narrower
distribution of lifetime values when the fibrin was stretched,
indicating that the initially heterogeneous, unstrained fibrin
network responded to the tensile strain such that a larger
percentage of fibers exhibited a more homogenous loading
(Fig. 2b and Fig. S4, ESIf). As the donor lifetime changed
in DL FIB under strain, the corresponding energy transfer
efficiency (E): E = 1 — (tpa/tp) (Where 1p, and tp, are the donor
lifetimes in the presence and absence of acceptor) for 100% and
160% strain decreased by 18% and 26%, respectively (E = 0.34,
0.28, 0.25 for 0%, 100%, and 160% tensile strain, Fig. 3a). These
demonstrate the expected trend of decreasing FRET at higher
tensile strain. A normalized, stacked graph was used to show the
heterogenous composition analysis of lifetime in FLIM images
and illustrate how the contributions of subcategories change with
different strains (Fig. 3b). The lifetime shorter than 2.2 ns (high
FRET efficiency subcategories) constituted 45%, 30%, and 21% of
unstretched, and 100% and 160% stretched fibrin, respectively.
In contrast, more than 60% of total pixels at 100% strain showed
lifetime values ranging from 2.2 ns to 2.8 ns, demonstrating the
decrease of the FRET efficiency (as compared with 47% at 0%
strain). Interestingly, we observed a 2.14-fold increase of the
longer lifetime’s subcategory contribution (>2.8 ns) from 100%
to 160% strain, where the coiled coils in fibrin molecules are
known to undergo secondary structural transitions.®

A second observation is the alignment of fibrin fibers with
load and the relation with donor lifetime (Fig. 4a and b).
We used Orientation] to estimate the local predominant orien-
tation (see ESIT).'® The orientational density of local angles
has been plotted in both rectangular and polar coordinates,
showing the expected increased alignment of fibers in the axial
direction (at 0°) by 45% and 55% for 100% and 160% strain
(Fig. 4b). Fig. 2 also indicates that the unstretched fibrin has
well-separated fibers distributed isotropically. The distribution
of lifetimes with fiber orientation was broader before the
tensile strain was applied to the network. An integrative analy-
sis of fiber orientation and donor lifetime provided evidence for
the fibrin strain-bearing mechanism (Fig. 4c). When applying
100% tensile strain on the unstretched fibrin, a visible align-
ment in orientation analysis and a narrower lifetime distribu-
tion with a greater mean value appeared. This likely results
from stretching of the disordered o.C domains that straighten at
much lower strains, as well as secondary structural changes in
the coiled coil region (closer to 100% strain).”'” Further
increasing the tensile strain from 100% to 160% unfolds the
coiled coils and p and y nodule domains in fibrin.'® At a strain
of 160%, the change in fiber orientation was minimal but the
increase of fibrin’s molecular deformation could be monitored
via the increasing fluorescence lifetime (Fig. 4c). Fig. S5 (ESIT)
depicts a larger field of view of donor lifetime at different
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Fig. 3 Characterizing the tensile strain effect on the FRET efficiency.
(a) Bar plot shows the mean fluorescence lifetime for each condition
(error bars, s.d.). All the pairs exhibit significant differences (***p < 0.001
using a two-sided paired t-test). (b) Stacked histogram of the fluorescence
lifetime distribution for each condition. Percentages of each subcategory
are displayed in the figure.

macroscopic strains, showing no obvious spatially dependent
FRET in the network. Our findings are consistent with acceptor
and donor dyes being attached to stiffer nodules or coiled
coil domains rather than flexible «C domains; based on the
amino acid composition (Fig. S1, ESIT), we believe that the dyes
are located in the nodules.

In our previous work, we reported secondary structure transi-
tions in fibrin at 100% strain using BCARS.” These transitions can
be correlated with strain-dependent molecular deformations
observed in FRET measurements here. The proximity of donors
and acceptors on fibrinogen monomers leads to intramolecular
FRET. Donors and acceptors are close enough to induce a shorter
mean donor lifetime in the initially formed fibrin fibers. However,
only after sufficient macroscopic tensile strain is applied, the
alignment, and more importantly, stretching (unfolding) of fibrin
increase the donor-acceptor distance, resulting in increased
donor lifetime and decreased FRET efficiency.'® Interestingly,
we observe a finite FRET efficiency even after 160% strain, which
indicates either incomplete protein unfolding or a limitation of
the FRET sensor’s sensitivity. Protein unfolding could be
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Fig. 4 Characterizing the effect of tensile strain on the local orientation
angle and FIB deformation. (a) Orientation maps of the fibrin network
obtained from dual-labelled 0%, 100%, and 160% tensile strains show an
increasing alignment in response to larger tensile strain. (b) Histogram of
XY fiber orientation angles at increasing tensile strain. Inset, polar histo-
gram of the XY fiber orientation angles. (c) A heatmap of the 2D histogram
of orientation and fluorescence lifetime was obtained from 0%, 100%, and
160% tensile strain. Each pixel in the histogram represents the percentage
of the number of pixels in the image showing a fluorescence lifetime and
an orientation within certain ranges. The solid white line is a contour
enclosing the region with a percentage greater than 2%. Dotted white lines
are the enclosing region from the previous strain for comparison.

suppressed by protofibrils sliding with respect to one another.®
Additionally, the dyes may be localized such that they are sensitive
to molecular deformation of only a certain region of the protein.
We aim to further explore the dye positioning on fibrinogen to
optimize the sensitivity of this deformation sensor.

Previous studies have unveiled the biochemistry and mechan-
ical behaviour of fibrin fibers in networks. These investigations
have provided insights into changes in fiber alignment, packing,
and secondary structure though with limited imaging capability.”"”
By using FLIM-FRET, we can map the impact of macroscopic
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loading on the molecular deformation of fibrin monomers in the
network in a facile way. With the ability to visualize molecular
deformation with fiber-scale spatial resolution of FLIM-FRET, we
hope to relate molecular deformation and strains in whole
blood clots.
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