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a b s t r a c t 

Fibrinolysis is the enzymatic digestion of fibrin, the primary structural component in blood clots. Mech- 

anisms of fibrin fiber digestion during lysis have long been debated and obtaining detailed structural 

knowledge of these processes is important for developing effective clinical approaches to treat ischemic 

stroke and pulmonary embolism. Using dynamic fluorescence microscopy, we studied the time-resolved 

digestion of individual fibrin fibers by the fibrinolytic enzyme plasmin. We found that plasmin molecules 

digest fibers along their entire lengths, but that the rates of digestion are non-uniform, resulting in cleav- 

age at a single location along the fiber. Using mathematical modeling we estimated the rate of plasmin 

arrival at the fiber surface and the number of digestion sites on a fiber. We also investigated correlations 

between local fiber digestion rates, cleavage sites, and fiber properties such as initial thickness. Finally, 

we uncovered a previously unknown tension-dependent mechanism that pulls fibers apart during diges- 

tion. Taken together these results promote a paradigm shift in understanding mechanisms of fibrinolysis 

and underscore the need to consider fibrin tension when assessing fibrinolytic approaches. 

Statement of significance 

We developed a method for interrogating lysis of individual fibrin fibers, enabling the time-resolved ob- 

servation of individual fiber digestion for the first time. Our results resolve longstanding disagreements 

about fibrinolytic processes and reveal previously unknown mechanisms that also play a role. Also, we 

developed the first microscale mathematical model of plasmin-fibrin interaction, which predicts the num- 

ber of plasmin molecules on each fiber and can serve as a framework for investigating novel therapeutics. 

© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Wound healing requires a proper balance of hemostasis and fib- 

inolysis. Coagulation, the final step of the hemostatic process, re- 

ults in the creation of a blood clot containing a fibrin mesh net- 

ork that stems the flow of blood, while the fibrinolytic process 

igests the fibrin fibers composing the network, restoring vascular 

ow. Imbalance in either of these processes can lead to occluded 

lood vessels resulting in pathological conditions including my- 
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cardial infarction and ischemic stroke, which are leading causes 

f death and disability [1] . 

Fibrinolysis is a natural process involving a complicated system 

f promoters and inhibitors [2] . Plasmin, the primary enzyme re- 

ponsible for the digestion of fibrin fibers, is activated from its in- 

ctive precursor plasminogen by either urokinase plasminogen ac- 

ivator (uPA) or tissue plasminogen activator (tPA). 

One clinical approach to resolving an occluded blood vessel is 

o administer enzymes from outside the thrombus in a process 

alled thrombolysis. While recombinant tPA is the standard throm- 

olytic agent used to treat strokes [3] , a phase 1/2a safety study 

as shown potential for using plasmin as a thrombolytic [4] . Clin- 

cal studies have shown a limited time window for the safe ad- 
. This is an open access article under the CC BY-NC-ND license 
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inistration of tPA treatments for stroke (within 4.5 h after symp- 

om onset) [5] , and recanalization of the occluded blood vessel is 

ften not achieved in thrombolytic treatments [ 6 , 7 ]. Thus, there 

s an important need for continued clinical assessments of safe 

hrombolytic approaches as well as basic biology studies to under- 

tand the mechanisms regulating fibrinolysis/thrombolysis. 

In particular, there has been a dearth of studies aimed at elu- 

idating the mechanisms by which fibrin fibers are digested. Fib- 

in fiber polymerization begins when thrombin cleaves specific 

esidues in fibrinogen molecules, converting them to fibrin. Fib- 

in molecules then polymerize into half-staggered, double-stranded 

rotofibrils, which laterally aggregate to form thicker fibers and a 

ranched fibrin mesh. The conversion from fibrinogen to fibrin also 

xposes cryptic plasminogen, plasmin, and tPA binding sites [ 8 , 9 ]. 

owever, once the binding sites emerge, the routes plasmin takes 

o digest the fibers and the structural and biophysical properties 

egulating fiber digestion are unresolved. 

This knowledge gap remains, in part, because most fibrinolysis 

tudies focus on the digestion of fibrin networks/clots and lack the 

patial or temporal resolution to investigate fiber digestion. Pre- 

ious studies have debated whether plasmin digests fibers along 

heir entire length, leading to a uniform decrease in fiber diam- 

ter [10–12] , or whether once the first plasmin molecule begins 

igesting at one site, feedback mechanisms promote direct diges- 

ion across the fiber leading to transverse cleavage [13–17] . A re- 

ent study suggested that fibers may swell during an initial phase 

f lysis as internal fiber associations are cut, after which the fiber 

ragments and is eventually cleaved through [18] . 

Formerly, we introduced the first assay to study the cleavage 

ates of individual fibers, but the assay lacked the spatial resolution 

o investigate mechanisms of fiber digestion [ 13 , 15 ]. In this study,

e present an original approach to studying the mechanisms of 

ndividual fiber digestion using dynamic fluorescence microscopy. 

n our initial experiments we test whether fibers are uniformly 

igested or cleaved at one location and show that each fiber has 

ultiple digestion sites. Next, we investigate the rate of digestion 

t each site and find that certain locations are digested faster than 

thers, ultimately resulting in fiber cleavage at a single location. 

o understand whether our measured number of digestion sites is 

easonable, we use mathematical models to estimate the number 

f plasmin molecules bound to the fiber at any time and find con- 

itions that provide good agreement with experimental data. To 

etermine the reason certain locations on the fiber are digested 

aster than others, we investigate correlations between local fiber 

igestion rates, cleavage sites, and fiber properties such as ini- 

ial thickness. Importantly, we find that fibrin slides longitudinally 

long the fiber during digestion, suggesting that fibers are pulled 

part. We show that inherent fiber tension [ 13 , 15 , 19 , 20 ] likely ac-

ounts for this observation and, therefore, plays an important role 

n regulating fibrinolysis. Taken together, these results resolve long- 

tanding disagreements about fibrinolytic processes, reveal previ- 

usly unknown mechanisms, and expose a need for a dramatic 

hange in considering the role of fiber tension in regulating fib- 

inolytic outcomes. 

. Methods 

.1. Preparing and imaging samples 

Fibrin fibers were polymerized between micropatterned ridges 

easuring 20 μm wide, 10 μm deep, and 20 μm apart as de- 

cribed previously [15] . Aliquots of unlabeled and ALEXA 488- 

abeled human fibrinogen were thawed from –80.0 °C and di- 

uted to 2.0 mg/mL and 0.0308 mg/mL, respectively, using a HEPES 

uffered Saline (HBS; 20mM HEPES, 150 mM NaCl, pH 7.4) and 

laced onto the ridged surface. Human alpha thrombin was added 
2 
o the fibrinogen solution with final concentrations of 0.1 U/mL 

nd 1 mg/mL, respectively, in HBS with 5 mM Ca 2 + , and the so-

ution polymerized for an hour at 37 °C. Plasmin (final concentra- 

ion 0.0 6 6 U/mL) was added to the samples right before imaging 

o initiate fibrinolysis. 

.2. Microscopy 

Samples were placed face up on a Leica DMi8 epifluorescent 

icroscope (Leica Microsystems Inc., Buffalo Grove, IL) and imaged 

ith a 63x oil immersion objective. After the addition of plasmin, 

mages were taken with a Leica DFC90 0 0GT SCMOS 4 Megapixel 

onochrome camera with each image measuring 2048 pixels. Af- 

er the addition of plasmin, images of 211 μm 

2 -sized areas were 

aken every 2.5 s for 10 min, after which all fibers were lysed, lead- 

ng to a maximum time error of ± 1.25 s. 

.3. Image processing 

Fibers were subject to strict exclusion/inclusion criteria for 

nalysis (Supplement Sections A .1–A .5 and Supplemental Figs. 1–

). Images were manually segmented into separate time series, 

ach containing a single fiber. Background noise was subtracted us- 

ng FIJI/ImageJ’s rolling ball method which was not found to sig- 

ificantly alter fiber intensity values [21] . Images were adjusted 

sing FIJI/ImageJ’s “rotate” and “crop” so that fibers were hori- 

ontal and included all fiber signal with an additional 5 pixels 

f either ridge [22] . Processed images were imported into MAT- 

AB (The Mathworks Inc., Natick, MA) as 2D matrices containing 

ber fluorescence intensity values horizontally and vertically dis- 

retized into one-pixel increments. Since fiber intensity correlates 

ith fiber width, the average intensity value of a pixel column was 

reated as apparent fiber width [23] . The apparent width at each 

ocation along a fiber at one time point will be referred to as a 

ross-sectional intensity profile (Supplement Section A.3 and Sup- 

lemental Fig. 2). To look for correlations between fiber properties 

nd for trends between fibers, we normalized each fiber’s intensity 

nd length values (Supplement Section A.6 and Supplemental Figs. 

&7). 

.4. Determining the rate of fiber digestion 

Linear fits were applied to the cross-sectional intensity profile 

alues over time at each location along the fiber using MATLAB’s 

polyfit” function and the resulting slope values correspond to the 

ate of change in cross-sectional intensity at that location. These 

igestion rates were plotted for each location on the fiber, repre- 

enting the rate of change in the apparent fiber width over time 

ersus location ( Fig. 1 ). In MATLAB a spline was fit to digestion

ates and prominent minima of the fit function, interpreted as di- 

estion sites, were found using the MATLAB “islocalmin” function 

Supplement Section A.7 and Supplemental Fig. 8A). 

.5. Mathematical model 

We created a stochastic mathematical model, based on the ex- 

erimental set-up described above, to estimate the time course of 

lasmin diffusion and binding (Supplement Section C). The model 

omain consisted of a fibrin free region through which plasmin 

ould diffuse and four fibrin fibers to which plasmin could bind. 

t each time step, each plasmin molecule had a probability of dif- 

using, binding (if it was near a fiber), and unbinding (if it was 

ound). We recorded the location and bound/unbound status of 

ach plasmin molecule at each time step, which allowed us to 

lot time courses of the number of bound plasmin molecules and 

o calculate the average time it took for plasmin to first bind to 
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Fig. 1. Fiber Fluorescence Intensity and Digestion Rates. (A) Plots showing the av- 

erage cross-sectional fluorescence intensity as a function of time for representative 

locations. Locations of 9 μm and 19 μm are shown, which correspond to the lo- 

cations marked by the orange lines in panel B. Red lines show linear fits to the 

data which allow a quantification of the average rate of change of the fluorescence 

intensity, and hence the average rate of change of fiber diameter. (B) Snapshots of 

the fibrin fiber showing the fluorescence intensity along the fiber at different points 

in time. (C) The average rate of change of fluorescence intensity at every location 

along the fiber. Rate of digestion was calculated at each location as the slope of the 

fluorescence vs time plot at that location (red lines in panel A). (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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ny fiber. We numerically solved a reaction diffusion master equa- 

ion on a lattice using a kinetic Monte Carlo-like algorithm [24–

6] with fixed time steps (Supplement Section C.5). The state of all 

lasmin molecules was updated at each fixed time step. 

The model domain was a 3-dimensional square lattice (Sup- 

lemental Fig. 12A), 4 nodes wide and 60 nodes tall, with lattice 

dges connecting adjacent horizontal and vertical nodes, and with 

ne lattice edge coming out of the plane of the page at each node. 

o best mimic the experimental conditions, the length of each edge 

as 20 μm (corresponding to the length of a fibrin fiber), and 

odes were 0.0727 μm wide (corresponding to the diameter of a 

brin fiber). The bottom four 3-dimensional edges (highlighted in 

ink in Supplemental Fig. 12A), were assumed to be fibrin fibers, to 

hich plasmin could bind. The remaining 652 edges, which we call 

ghost edges", were simply used to demarcate space and were used 

or plasmin diffusion as described below. For simplicity, the model 

onsidered a small 3-D volume that was only 1 edge thick in the 

irection coming out of the page with imposed periodic boundary 

onditions in that dimension (no-flux boundary conditions were 

sed in the horizontal and vertical dimensions). This periodic slab 

f clot was assumed to run between edge midpoints, so the 1-edge 

epth was actually composed of 2 halves of 2 separate edges. 

A fixed number of plasmin molecules (Supplement Section C.4) 

ere randomly uniformly distributed on the ghost edges. For sim- 

licity, we assumed every plasmin molecule was at the midpoint 
3 
f the edge it occupied. At each time step, each plasmin molecule 

ould diffuse to one of its 8 nearest neighbors (Supplemental Fig. 

2B, fewer neighbors if plasmin was on the boundary) with equal 

robability or remain on the current edge, and if the plasmin 

olecule was on an edge containing fibrin, it could bind with 

ome probability. Bound molecules had an unbinding probability 

t each time step, and unbound molecules on a fibrin fiber had a 

inding probability. The model algorithm is outlined in detail in 

upplement Section C.5. 

. Results 

.1. Digestion rates 

We interrogated the digestion rates at every location along the 

ength of the fiber and refer to this as the change in apparent fiber 

idth. Fig. 1 A shows representative plots of the cross-sectional in- 

ensity vs time at two locations fit with the linear trend line whose 

lope is the digestion rate. Fig. 1 C shows the rate of digestion at ev-

ry location along the fiber. Digestion rates are not uniform along 

he fiber length, with some locations changing rapidly (more nega- 

ive), while other locations have very little change in width (value 

loser to zero). This was true for all 60 fibers investigated with this 

pproach. 

.2. Digestion and cleavage sites 

To interrogate trends in fiber cleavage locations we generated a 

istogram of the normalized cleavage site locations ( Fig. 2 A) which 

hows that the cleavage site is not random, and that fibers were 

ost likely to break 20–40% away from the fiber edges. We also 

nvestigated the number of digestion sites along the fiber ( Fig. 2 B 

nd Supplemental Fig. 8) finding a mean number of 14 digestion 

ites with a range of 6–22 sites ( Fig. 2 B). 

.3. Cleavage times 

Every included fiber was digested at multiple locations along its 

ength before being transversely cleaved into two distinct parts. To 

uantify the time it took plasmin to cleave the fiber after arriving, 

e analyzed each frame for any movement in the fiber indicat- 

ng that lysis had begun. Starting with the first frame where any 

ovement/digestion was observed, we then measured the num- 

er of frames until the fiber was cleaved. Using a frame rate 

f 2.5 s/frame, we then converted this into the cleavage time 

or the fiber. Cleavage times (sample mean = 49.782 s, sample 

D = 34.311, n = 178) are fitted by a gamma distribution with 

hape parameter α = 2.956 and rate parameter β = 0.059, es- 

imated simultaneously using the ‘glm()’ function in R [27] . The 

amma distribution, a two-parameter distribution from the expo- 

ential family of distributions, has applications to event waiting 

imes. The exponential distribution is a special case of the gamma 

istribution with a shape parameter α = 1, corresponding to the 

aiting time until the first occurrence of an event at rate β . The 

amma distribution gives the waiting time until the αth event, 

hen each event occurs independently at an exponential rate β . A 

ossible interpretation to this fit by the gamma distribution is that 

leavage is the result of an underlying process, events of which 

ake place independently at a rate of β = 0.059 per second, of 

hich approximately three events ( α = 2.95) must occur before 

leavage itself occurs. The fitted gamma distribution (blue) is su- 

erimposed on the raw empirical density (black) and histogram 

gray) ( Fig. 2 C). To assess the fit visually, we show empirical den-

ity functions for each of twenty simulated datasets sampled from 

he fitted distribution (red curves) ( Fig. 2 C). Cleavage times were 
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Fig. 2. Location of the Cleavage Site, Number of Distinct Digestion Sites and Cleav- 

age Times. (A) Histogram showing the normalized location of cleavage sites of fibrin 

fibers. (B) Histogram showing the number of digestion sites on a single fibrin fiber. 

60 fibers were used for these analyses. Locations were normalized as described in 

Supplemental Section A.6 and Supplemental Figs. 6&7. (C) Histogram showing the 

time taken for fibers to be cleaved (gray), as well as an empirical density function 

(black) corresponding to the continuously measured cleavage times, fitted gamma 

distribution (blue), and empirical density functions calculated for twenty indepen- 

dent samples (each of size n = 178) from the fitted gamma distribution (red). (For 

interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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Fig. 3. Mathematical Model Results. (A) Time course of plasmin binding to fibrin 

fibers. Individual curves show the data for the number of plasmin molecules bound 

to a distinct fiber as a function of time. Simulations (which included 4 fibrin fibers) 

were initialized with 1426 plasmin molecules randomly distributed throughout the 

domain and were repeated 10 times. (B) The time at which plasmin first bound 

to any fiber, as a function of the order-of-magnitude number of plasmin molecules 

used in the simulation (details of plasmin number in Supplement Section C.4). 10 

independent simulations were run for each plasmin amount. Inset is zoomed in ver- 

sion of larger figure. For both 10 3 and 10 4 plasmin molecules, plasmin first bound 

to a fiber within the first second in all 10 simulations. 
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sed for all 178 fibers with the only selection criterion being tran- 

ection of the fiber. 

.4. Mathematical model 

To better understand the number of experimentally identified 

igestion sites, we used our mathematical model to plot the time 

ourse of the number of bound plasmin molecules on 40 distinct 

bers ( Fig. 3 A). After 50 s (the experimental mean cleavage time), 

he model predicts between 5 and 27 bound plasmin molecules, 

ith a mean of 14.25. 

The model was also used to study the mean first passage time 

 28 , 29 ], or how long it takes plasmin to first bind to a fiber

 Fig. 3 B). We find that for model simulations initialized with 10 3 

r more plasmin molecules uniformly distributed throughout the 

omain, the first plasmin binding always occurs within 1 sec- 
4 
nd (Supplemental Figs. 14&15). Reducing the number of plasmin 

olecules results in longer first binding times and more variability. 

.5. Correlations 

We investigated correlations between fiber characteristics and 

igestion rates. First, we find no significant relationship between 

he location of the maximum rate of digestion and the location of 

he cleavage site ( Fig. 4 A). However, the site of the maximum rate 

f digestion and the location of the initially thickest part of the 

ber ( Fig. 4 B) shows a stronger correlation. A weak negative cor- 

elation exists between the maximum digestion rate and the ini- 

ially thinnest part of the fiber ( Fig. 4 C). Intriguingly, the initially 

hinnest part of the fiber never occurs in the middle, but rather in 

he 20% of the fiber closest to either end. 

Additionally, we investigated correlations between fiber char- 

cteristics and the location of the cleavage site. We find very lit- 

le correlation between the initially thickest and thinnest location 

f the fiber and the cleavage site ( Fig. 5 A&B). To investigate the 

mportance of initial fiber width, we created a distribution of the 

ormalized initial fluorescence intensity values at the cleavage site 

f every fiber ( Fig. 5 C). Cleavage sites most often correspond to 

hinner parts of the fiber, which have an initial relative width of 

oughly 20–40% of the maximum. Bins corresponding to the thick- 

st ( > 70%) parts of the fiber are relatively unpopulated. We also 

nvestigated the distance between the cleavage site and the loca- 

ion of the maximum initial fiber width (Supplemental Fig. 10). 

hile Fig. 5 A confirms there is no correlation between cleavage 

ite location and maximum initial intensity, Supplemental Fig. 10C 

dditionally indicates that the relative distance between the cleav- 

ge site location and the location of maximum initial fiber width 

an be quite large. Thus, fibers are likely to be cleaved at thinner 

ites, but rarely the thinnest or thickest location on the fiber, and 

he cleavage sites can be close or far from the thickest part of the 

ber. 
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Fig. 4. Relationships Between Fiber Characteristics and Digestion Rates. (A) Scatter 

plot of the site of most rapid digestion vs the cleavage site. (B) Scatter plot of the 

site of most rapid digestion vs the location of maximum initial intensity. (C) Scatter 

plot of the site of most rapid digestion vs the location of minimum initial intensity. 

60 fibers were used for these analyses. All Pearson coefficients (r) were found with 

a 95% confidence interval. Locations were normalized as described in Supplemental 

Section A.6 and Supplemental Figs. 6&7. 
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Fig. 5. Relationships Between Fiber Characteristics and Cleavage Sites. (A) Scatter 

plot of the site of initial maximum intensity vs cleavage site. (B) Scatter plot of the 

site of initial minimum intensity vs cleavage site. All Pearson coefficients (r) were 

found with a 95% confidence interval. (C) Histogram showing the normalized initial 

intensity at cleavage sites. 60 fibers were used for these analyses. Locations were 

normalized as described in Supplemental Section A.6 and Supplemental Figs. 6&7. 
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.6. Longitudinal fluorescence dynamics 

Next, we analyzed trends in the cross-sectional fiber intensity 

t each location along the fiber during digestion. We observe that 

n the frame before digestion, the minimum in the intensity vs lo- 

ation plot corresponds with the observed cleavage site in the im- 

ges ( Fig. 6 A&B, black curve). In the frame after the cleavage event,

he ends of 52% of fibers appear to form a V-shaped, cone-like pat- 

ern ( Fig. 6 C). This cone-like structure persists for an average of 

3.5 and maximum of 45 s after cleavage. 

In analyzing time-series data ( Fig. 1 B and Supplemental movies) 

t appears that fluorescence intensity slides longitudinally along 

he fiber during digestion with a majority of the sliding occurring 

owards the end of digestion. We tracked the location of peaks in 

he cross-sectional fluorescence intensity profiles over time during 

igestion (representative intensity curves in Fig. 6 A&B) and found 

hat peaks shift over time, to the left and right. We tracked 95 

eaks in 45 fibers over the last ∼20 s of digestion and found 

hat most peaks shifted 1,2 μm but shifts up to 6 μm were ob- 
5 
erved ( Fig. 6 D). Peaks typically shift away from digestion sites 

 Fig. 6 A&B). The initial direction of shifting does not determine the 

verall path of the intensity peak as shown by either green arrow 

n Fig. 6 . 

. Discussion 

The results from this study help to resolve longstanding dis- 

greements on mechanisms of fiber digestion, while also reveal- 

ng new mechanisms that may play dramatic roles in regulating 

brinolysis. Previous studies, primarily utilizing fluorescence and 

canning electron microscopy (SEM), indicated that fibers were 

ransversely cleaved at a single point [ 13–16 , 30 ]. Hence, it was

uggested that the formation of free C-terminal lysines during 

lasmin digestion creates a feedback mechanism, recruiting addi- 

ional plasmin molecules to digestion sites and causing transverse 

leavage at those sites [ 17 , 31 ]. Additionally, geometrical consider- 

tions suggest that plasmin molecules can crawl between binding 

ites on protofibrils, which would also promote transverse cleav- 
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Fig. 6. Structural Evolution of a Representative Fiber. (A) Plot showing traces of the 

average cross-sectional fluorescence intensity for a representative fiber at multiple 

instances in time. Peaks in the traces change locations longitudinally along the fiber, 

termed fluorescence sliding. Two prominent peaks are marked with green arrows 

but are not the only fluorescence sliding occurring. (B) Plot showing a zoom-in of 

the data shown in panel A but looking at the average cross-sectional fluorescence 

intensity for the last 9 timepoints before cleavage. (C) The first frame after a fiber’s 

cleavage shows a cone-like structure, such as the one seen in this representative 

image, in 52% of fibers. (D) Histogram showing the displacement of 95 peaks from 

45 fibers in the last 20 s of their digestion. A negative shift represented a leftward 

movement, and a positive shift represented a rightward movement. (For interpreta- 

tion of the references to colour in this figure legend, the reader is referred to the 

web version of this article.) 
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ge [ 17 , 32 , 33 ]. On the other hand, studies primarily using turbidity

nd atomic force microscopy (AFM) have suggested that the diam- 

ter of fibrin fibers decreases uniformly during lysis due to plasmin 

olecules binding and digesting the fiber radially along its entire 

ength [10–12] . 

Our results indicate that digestion does occur along the en- 

irety of a fibrin fiber, but that digestion rates are nonuniform. The 

pparent digestion rates are actually a result of two phenomena: 

igestion by plasmin and fibrin longitudinal sliding. The loss of 

ross-sectional fluorescence intensity in our experiments ( Figs. 1 A 

 6 A&B) suggests that digestion by plasmin results in the loss of 

olecules or sections of protofibrils as plasmin severs their con- 

ections with the other parts of the fiber. The longitudinal shift- 

ng of the fluorescence intensity along the length of the fiber dur- 

ng digestion ( Fig. 6 A&B) indicates that fibrin molecules also slide 

long the fiber. Both processes result in local thinning of the fiber 

nd contribute to its eventual cleavage. These results validate both 

ransverse cleavage and radial digestion as mechanisms contribut- 

ng to the lysis of fibrin fibers, but also expose their individual 

ncompleteness as comprehensive descriptions of the process. A 

holistic account of the mechanisms of fiber digestion must in- 

lude non-uniform digestion along the length of the fiber by mul- 

iple molecules, digestion across the fiber by individual molecules, 

nd the longitudinal sliding of fibrin. 

Our experimental setup had two advantages over previous stud- 

es, which allowed these insights. First, with respect to previous 

uorescence-based studies of lysis, our time resolution (2.5 s) was 

aster [ 30 , 32 ], allowing us to observe the digestion of single fibers.

n addition, labeling our fibers with Alexa488 provided a more uni- 

orm fiber labeling than previous studies that used fluorescent mi- 

rospheres [ 13 , 15 , 34 ], and likely resulted in less fiber elongation

data not shown). Second, unlike AFM-based experiments, where 

bers are adsorbed to surfaces and sometimes dried and rehy- 

rated [ 10 , 18 ], our fibers were suspended in solution, allowing 

lasmin to digest from all dimensions and fibrin to both leave and 
6 
lide along the fiber during digestion. Adsorption would prevent 

ome of the molecules from leaving the fiber and prevent the slid- 

ng of molecules along the fiber during digestion, which could ex- 

lain why fibers appear to briefly “swell” during digestion in some 

FM experiments [18] . 

The observation of fluorescence longitudinally sliding along the 

ber was surprising and constitutes a previously unknown mech- 

nism during digestion. Sliding often started slowly but became 

ore prominent towards the end of digestion, and typically oc- 

urred as fluorescence signal moved away from digestion sites, in 

ither direction. This sliding of signal clearly indicated that the flu- 

rescently labeled fibrin was changing locations along the fiber. 

his could not be a result of plasmin digesting longitudinally down 

he fiber, or that would result in a loss of fluorescence, as opposed 

o a change in location of the fluorescence signal. Interestingly, 

liding could start one direction, but then move back in another 

irection (left green arrow in Fig. 6 A). Because there are multiple 

igestion sites on the fiber, this is likely the result of competing 

igestion sites within the fiber shifting the distribution of tension 

long the fiber, causing the direction of sliding to change. 

The mechanisms responsible for fibrin sliding likely depend on 

he inherent tension present in fibrin fibers [ 13 , 15 ]. Fibrin fibers

olymerize into a state of tension, although the exact mechanisms 

esponsible for the fiber tension have been debated [ 13 , 19 , 20 ]. The

bservation of cone-shaped ends of cleaved fibers ( Fig. 6 C) is con- 

istent with previously described “splayed ends” observed in EM 

tudies of fibrinolysis [16] and indicates that protofibrils explode 

ackward due to tension after being cut. Recent work indicates 

hat inherent fiber tension plays a predominant role in regulat- 

ng the clearance of fibrin from a region during fibrinolysis [15] , 

nd fluorescence sliding implies that tension regulates the diges- 

ion of individual fibers as well. We propose two possible mech- 

nisms (models) that could account for tension-dependent fibrin 

liding ( Fig. 7 ). 

The first model (protofibril recoil, Fig. 7 A) is an analogy to 

 tensed rope, where, as the strands of the rope are cut, they 

pring backwards, leading to fiber “fraying”. Within a fiber, tensed 

rotofibrils will also spring backwards as they are digested by plas- 

in, which is consistent with the observed cone-shaped fiber ends 

 Fig. 6 C) and would lead to the appearance of fibrin sliding along 

he fiber. SEM images showing a registry of fibrin molecules along 

he fiber [ 19 , 35 ], along with recent polymerization and structural 

odels [ 36 , 37 ], suggest that interactions between molecules along 

he length of the fiber would limit the extent to which a protofib- 

il could move backwards in any single recoil event. We investi- 

ated the distance of individual sliding events between consecutive 

rames (Supplemental Fig. 11), but a clear trend was not present, 

erhaps because a frame rate of 2.5 s could not distinguish molec- 

lar scale events. If the protofibril recoil model is correct, this 

ould constrain models of fiber tension, because sliding (recoil) 

ccurs predominantly towards the end of digestion, and thus ten- 

ion must be present in the fiber until it is fully cleaved. Models 

here tension originates from twisting of protofibrils around the 

ber would suggest that tension is highest at thicker parts of the 

ber and decreases during digestion. 

The second model (molecular stretching, Fig. 7 B) relies on the 

bservation that individual fibrin molecules can unfold under force 

38–41] and assumes that the tension remains relatively constant 

s the fiber is digested. Since inherent fiber tension is distributed 

hroughout the cross section of a fibrin fiber, as protofibrils are cut, 

he tension must be redistributed among the remaining protofib- 

ils, increasing their individual tensions. Eventually the molecular 

ension will be high enough ( ∼100 pN) to unfold fibrin molecules, 

ausing the intact molecules to begin stretching out and resulting 

n the longitudinal sliding of fibrin. 
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Fig. 7. Models for Single Fiber Fibrinolysis. (A) Protofibril recoil model: Protofibrils, which are under tension in fibers, spring backwards as they are cleaved (in green), similar 

to how the strands of a tensed rope spring backward as they are cut. The springing backwards causes the fiber to appear as if it’s being pulled apart. (B) Molecular stretching 

model: Protofibrils are under tension in fibers, and as protofibrils are cut, that tension is spread out across fewer and fewer protofibrils in a fiber cross section. Eventually 

the force on each protofibril is enough to unfold the remaining fibrin molecules (in blue) making up the protofibrils, causing the fiber to slide apart. Here we show cut 

fibrin molecules leaving the fiber, rather than the protofibrils recoiling, to distinguish the mechanisms, but protofibril recoil could also occur concurrently with the molecular 

stretching model shown in panel B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Additional experiments are required to decipher the mecha- 

isms of fibrin sliding and the role of tension in fiber digestion. 

wo ways that fibrin sliding could facilitate more rapid digestion 

re: (1) exposure of previously buried binding/cleavage sites to 

romote digestion of the remaining molecules and (2) clearance of 

brin away from transverse paths across the fiber, thereby remov- 

ng adjacent binding sites which would otherwise “distract” plas- 

in from cutting across the fiber. The protofibril recoil mechanism 

ould result in both exposure and clearance while the molecular 

tretching mechanism would only result in the latter. It is possi- 

le that both sliding mechanisms play a role, for example in the 

arly stages of fiber degradation, the inherent tension in fibers may 

ause protofibrils to recoil away from the digestion sites, while to- 

ards the end of digestion, molecular unfolding could occur. 

Both our experimental and computational results suggest that 

 20 μm-long fiber will have on average 14 distinct digestion sites 

hen exposed to 10 μL of ∼1.43 μM plasmin solution. Addition- 

lly, model results show that at this plasmin concentration, the 

rst plasmin molecule will bind to a fiber within the first second 

f the experiment, which is something that cannot be detected 

xperimentally. The contrast between the experimental observa- 

ion that sites between the fiber middle and edges have a higher 

robability of cleavage ( Fig. 2 A) and the modeling results indicat- 
7 
ng that the first plasmin molecules will randomly bind anywhere 

long the fiber suggests that there may be something about these 

ocations that make them predisposed to being cut. Future experi- 

ents should investigate possible mechanisms for this observation. 

aken together, the modeling data underscore how discretely and 

uickly plasmin can act and provide the most fine-scale informa- 

ion to-date about the timing and action of plasmin on single fiber 

ysis. 

Furthermore, our model is the first microscale model of 

lasmin-fibrin interaction, and it can be used to elucidate other 

actors affecting fibrinolysis, e.g., the impact of plasmin binding 

ate (Supplement Section C.6). Studies like these can be used to 

uggest ideal features of future therapeutics, and when combined 

ith experimental data, to estimate unknown physiological rates. 

oordinated microscale experimental and modeling work can be a 

owerful tool for uncovering mechanisms of lysis that are impos- 

ible to do with experimentation or computation alone. For exam- 

le, coupling our model and experimental data allowed us to esti- 

ate the amount of plasmin (0.0 0 01% of initial amount) that im- 

ediately infiltrates the entire experimental volume when a 10 μL 

roplet containing plasmin is added to an existing 10 μL droplet 

Supplement Section C.4). The work presented here can also be ex- 

ended to study – for the first time at the scale of individual fibers 
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the positive feedback mechanism by which the plasmin degra- 

ation of fibrin exposes additional binding sites for lytic enzymes 

 17 , 32 , 33 ], thereby accelerating lysis. Our single fiber approach has

he potential to uncover significant new information about this 

ositive feedback and its implications for therapeutics. 

Our data also allow a careful investigation into fiber proper- 

ies that may govern digestion rates. The strongest correlation we 

ound was between the most rapid digestion site and the initially 

hickest part of the fiber ( Fig. 4 B). This is likely a consequence of

he observed longitudinal sliding. When fibrin slides away from a 

igestion site, this will give the appearance in fluorescence data 

hat a large amount of fibrin has digested at that location. Thus, 

he larger the initial intensity that slides, the larger the measured 

igestion rate at that location will be. 

At first glance the lack of correlation between the site of 

ost rapid digestion and the eventual cleavage site is surprising 

 Fig. 4 A). This indicates that while the tension dependent fibrin 

liding is important in fiber thinning, additional factors contribute 

o fiber cleavage. Digestion sites occur at all points along the fibers 

Supplemental Fig. 8B). However, the cleavage sites on fibers typ- 

cally occur in thinner parts of the fiber (46/60 fibers are cleaved 

n locations that were in the lower 50% of initial fiber thickness, 

ig. 5 C), but only 2/60 fiber cleavage locations were in the lowest 

0% of the initial thickness. In addition, there was little correlation 

etween the initially thickest or thinnest parts of the fiber and the 

leavage site ( Fig. 5 A&B). 

In these experiments we investigated the digestion of fibrin 

y plasmin, which is important given plasmin’s potential use as 

 fibrinolytic [4] . The concentration of plasmin used ( ∼1.43 μM) 

as similar to physiological plasminogen concentrations (2 μM) 

42] . These concentrations were chosen, in part, to optimize imag- 

ng conditions, allowing fibers to be digested over the course of 

1 min, enabling an observation of the lysis mechanisms while 

imiting the effects of photobleaching (Supplemental Fig. 10). The 

ocal concentration of plasmin next to a fiber is unknown and de- 

ends on the balance of activators and inhibitors, so 1.43 μM is 

easonable. 

While these experiments are an exciting first step toward a 

eeper understanding of mechanisms of fiber digestion, future ef- 

orts should corroborate these results under more physiological 

onditions. For example, initiating lysis with tPA or uPA and plas- 

inogen would enhance our understanding of the role of plas- 

inogen activation during digestion. Moving from a 2-D experi- 

ental lysis model of individual fibers to a 3-D fibrin mesh will 

lso be an important future step as interactions with other fibers 

ill influence the lysis process in vivo [ 15 , 30 ]. There are also many

ther plasma proteins and cells that influence clot formation and 

ysis whose effects on fibrin digestion could be studied using this 

odel. For instance, α2-antiplasmin and thrombin activatable fib- 

inolysis inhibitor (TAFIa) inhibit lysis by either inhibiting plas- 

in or by cleaving plasmin binding sites, respectively [43] . Under- 

tanding how these inhibitors, in addition to the influence of FXIIIa 

rosslinking, affect microscale lysis mechanisms is important. 

The mathematical model, which in its present form only al- 

ows for (un)binding and diffusion of plasmin and does not account 

or cleavage of fibers, can be modified to include lysis and to re- 

ect more physiological conditions. In particular, a version of the 

odel already exists for lysis initiated by tPA [32] , and both the 

PA- and plasmin-initiated lysis models can be modified to include 

nhibitors. Experiments and the mathematical model can be iter- 

tively adjusted and improved to explore further mechanisms of 

ysis under different physiological and pathological conditions. 

Pathological conditions alter fibrinolysis and are important to 

nderstand mechanistically. One particularly relevant application 

n light of the global COVID-19 pandemic is the observation that 

he SARS-CoV-2 spike protein alters clot structure and hinders fib- 
8 
inolysis [44] . Clots from COVID patients also contain “microclots”

ith increased α2-antiplasmin and amyloid deposits [45] . Fibrino- 

en and/or fibrin have been shown to participate in amyloid for- 

ation with other proteins including β-amyloid in Alzheimer’s 

isease [ 46 , 47 ], serum amyloid A [48] , and amylin fibrils in type

 diabetes [49] , often leading to hindered fibrinolysis, perhaps 

ue to decreased binding of plasmin(ogen) [46] or altered clot 

tructures. Fibrin has also been shown to form “plate” or “sheet”

20] structures, the presence of which are increased under amy- 

oidogenic conditions [50] . The experimental approaches described 

erein could help to uncover the mechanisms responsible for aber- 

ant lysis in many of these disorders by observing fiber digestion 

n conditions mimicking these pathological situations. We hypoth- 

size that in amyloidic fibrin fibers, the fibrin sliding mechanism 

ay be altered due to amyloid β-sheet structures locking fibrin 

olecules into place. 

We conclude that studying the lysis of individual fibers reveals 

reviously undiscovered mechanisms of fiber digestion. Fiber lysis 

s a balance of digestion by plasmin and tension-dependent fibrin 

liding. The presence of fibrin sliding was an unexpected mech- 

nism and adds to the growing body of evidence that inherent 

ber tension plays important roles in regulating fibrinolysis [15] . 

he digestion mechanisms revealed in these studies provide a new 

ramework for future biochemical and clinical studies investigat- 

ng factors that alter blood clot digestion. This, in turn, will help 

o unravel the mystery of why up to 20% of clots are resistant to 

hrombolytic treatments [6] and inform the development of next- 

eneration therapeutics. 
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