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ARTICLE

Surface-bound FXIII enhances deposition and
straightness of fibrin fibers
Myra Awan,1 Maya Papez,1 Ankita P. Walvekar,1 Sang-Joon J. Lee,2 Kinjal Dasbiswas,3

and Anand K. Ramasubramanian1,*
1Department of Chemical and Materials Engineering, San Jos�e State University, San Jos�e, California; 2Department of Mechanical
Engineering, San Jos�e State University, San Jos�e, California; and 3Department of Physics, University of California, Merced, Merced, California
ABSTRACT Cross-linked fibrous networks are central to maintaining the structural integrity and functional relevance of
many biological and engineered materials. Fibrin networks are the building blocks of blood clots, mediators of tissue injury
and repair, and synthetic wound sealants. Cross-linking of fibrin fibers is catalyzed by the activated form of transglutaminase
enzyme FXIIIa, which becomes available in plasma but is also readily presented on the surface of activated platelets and mac-
rophages. The contribution of surface-bound FXIIIa to fibrin structure has not been well understood. In this work, we investi-
gated the role of surface-bound FXIIIa on the formation and structure of fibrin fibers from FXIII-deficient plasma by confining
the cross-linking reactions to the surface of microspheres. Quantitative microscopy revealed that cross-linking on FXIIIa-
coated surfaces facilitates fibrin deposition following a sigmoidal kinetics, and that these fibers were straighter, longer,
and more numerous compared with uncross-linked fibers bound to surfaces coated with anti-fibrin antibody. Our results sug-
gest that, by modifying local fibrin density and structure, surface-bound FXIIIa may play a significant role in the mechanobi-
ology of hemostasis and inflammation.
WHY IT MATTERS FXIII is a transglutaminase enzyme that catalyzes the formation of isopeptide bonds, i.e., cross-
links, within and between fibrin fibers. The cross-links increase the mechanical and chemical stability of the fibrin
networks. FXIII is present in plasma and is also expressed on the surface of activated platelets. Here, we used a platelet-
free system and FXIII-deficient plasma to isolate the effect of surface-bound FXIII on the formation and structure of fibrin
networks. We show that, even though cross-linking is limited to the surface, it has a significant impact on the length,
curvature, rate, and amount of fibrin fibers formed in the surrounding environment. These results suggest mechanisms
by which surface-bound FXIII influences the mechanobiology of blood clotting and wound healing processes.
INTRODUCTION

Fibrin is the key structural and functional component of
blood clots, repairing and healing tissues, and also syn-
thetic biopolymer scaffolds for diverse applications
(1,2). Fibrin is a highly extensible, viscoelastic, strain-
stiffening material with tunable properties that are
conferred by its unique, hierarchical structure (3). The
enzymatic release of fibrinopeptides A and B from
fibrinogen by thrombin leads to noncovalent assembly
of half-staggered fibrinogen molecules and the forma-
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tion of protofibrils of �25 nm diameter. The protofibrils
pack by lateral aggregation into fibrin fibers that are a
few hundred nanometers in diameter, where branching
thereof yields a three-dimensional fibrin network. The
network is strengthened by covalent linkages within
and between protofibrils called cross-links (4,5). Before
cross-linking, fibrin polymerization is reversible (6,7).
After cross-linking, the polymerization becomes irre-
versible, and the network a mechanically and chemi-
cally more stable material (8–10). High compliance at
small deformations is ideal for the compaction of fibrin
clots by contractile forces generated by platelets or fi-
broblasts, while high stiffness at large deformations
mitigates damage or rupture due to shear forces of
blood flow or external tensile stress (11).

Cross-links are covalent ε-(g-glutamyl)lysyl isopep-
tide bonds within and between the protofibrils. The
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cross-links are predominantly longitudinal g-g linkages
within a strand, and transverse a-a linkages between
strands. This coupling of constituent protofibrils com-
pacts the fibrin fibers, densifies the network, and in-
creases its mechanical and fibrinolytic resistance
(12,13). Activated FXIIIA2 (notated as FXIIIa (14)) is a
transglutaminase enzyme responsible for the cross-
linking of fibrin fibers (15). FXIII is present in plasma,
and also in platelets and other cells of bone marrow
origin. In plasma, FXIII is present bound to fibrinogen
as inactive zymogen FXIIIA2B2, which is cleaved by
thrombin in the presence of calcium to yield activated
FXIIIa (16).

In contrast, the cellular form of FXIII is present in
the cytoplasm as inactive FXIIIA, which is free from
the B2 subunit and is nonproteolytically activated by
modest increase in intracellular Ca2þ. In response to
activating stimulants, cellular FXIIIa is translocated
to and retained on the outer cell surface, where it par-
ticipates in cross-linking of several substrates
including fibrin (5). Of interest, platelet cytoplasm
carries large quantities of cellular FXIIIa, comprising
3% of their total protein content, at a concentration
up to 150-fold higher than in plasma (17,18). It has
been shown that thrombin/collagen stimulation
translocates FXIIIa to the surface of procoagulant
platelets, where it is retained and remains functional
(19). The procoagulant platelets carry a FXIIIa-rich
“cap” on their surface, which acts as a scaffold for
platelet-driven fibrin fiber formation (20). Cellular
FXIIIa from platelets has been shown to promote
the formation of high-molecular-weight g-dimers and
a-multimers, cross-linking a2-antiplasmin to fibrin,
and stabilizing thrombi (21,22).

The fibrin fibers bound to the platelet surface are crit-
ical to the structural integrity and mechanical proper-
ties of the blood clots (23,24). As the clot forms,
platelets reel the nascent fibrin fibers inward, thus re-
modeling local network architecture, increasing local
fibrin density, and inducing prestress on platelet-bound
fibers (25,26). We have recently shown that inhibition of
plasma FXIIIa alters the nonlinear elastic properties of
clots, causing them to soften at intermediate shear
strain before showing the expected stiffening, where
the softening is due to the easy bending and buckling
of individual FXIIIa-inhibited fibrin fibers (27). The inhi-
bition of FXIIIa also decreased platelet-fibrin interac-
tions leading to a suggestion that fibrin cross-linking
is essential to the transmission of platelet-induced
prestress to the larger clot network (27,28). While these
and other studies have unequivocally established the
importance of fibrin cross-linking on clot properties,
the relative contribution of cellular FXIIIa from platelets
versus plasma FXIIIa to the structure and function of
blood clots has not been well understood. FXIIIa distri-
2 Biophysical Reports 5, 100207, June 11, 2025
bution in clots is expected to be heterogeneous with
higher concentrations in the platelet-rich regions of
the clot. However, the impact of this nonuniformity
due to platelet FXIIIa on fibrin network structure and
mechanics is yet to be ascertained.

Investigating the impact of cross-linking due to
platelet surface-bound FXIIIa on fibrin networks is
complex because 1) spatiotemporal changes occur
in the expression of FXIIIa on activated platelet sur-
faces (19,21), 2) FXIII-deficient human platelets are
not readily available since FXIII deficiency is a rare dis-
order (29), and 3) in FXIIIa-deficient platelets derived
from transgenic mice, other compensatory transgluta-
minases participate in cross-linking fibrin (30). As a
first step toward characterizing the role of surface-
bound FXIIIa on fibrin networks, here we isolate and
examine its effect on fibrin formation and structure.
To circumvent the aforementioned issues, we used
FXIII-deficient plasma and a cell-free model system
consisting of FXIIIa-bound microspheres instead of
platelets. This allows us to isolate the effect of
FXIIIa from confounding variables including expres-
sion of other surface-bound proteins such as fibrin-
ogen, the variations in expression levels of FXIIIa
depending on platelet activation status, mechanical
deformations induced by platelet contractility, and
membrane effects such as the redistribution of
FXIIIa on lipid rafts. We analyzed fibrin cross-linking
using fluorescence and electron microscopy to quan-
tify the kinetics of formation and morphology of the
fibrin fibers, thus providing insights into the role of sur-
face-bound FXIIIa in clot and tissue mechanics.
MATERIALS AND METHODS

Materials

The materials were purchased from the following vendors: 6 mm
carboxylated polystyrene microspheres (2.5%) and storage buffer
from Polysciences (Warrington, PA); rabbit antihuman fibrin-E anti-
body, rabbit antihuman FXIIIa antibody, isotype IgG antibody, human
FXIIIa, and human a-thrombin from Enzyme Research Laboratories
(South Bend, IN); human factor XIII-deficient plasma from Assaypro
(St Charles, MO); Alexa Fluor (AF) 594-conjugated fibrinogen from In-
vitrogen (ThermoFisher, Waltham, MA); tissue factor as prothrombin
(PT) reagent from Dade Innovin (Siemens Healthcare Diagnostics,
Tarrytown, NY); bovine serum albumin (BSA) solution, and calcium
chloride from Sigma (St. Louis, MO); recombinant IL-10 from Pepro-
Tech (ThermoFisher, Waltham, MA); prostaglandin I2 (PGI2) from
Cayman Chemicals; human monocytic cell line THP-1 (TIB-202)
from ATCC (Manassas, VA); ibidi m-Slide VI 0.4 and ibiTreat polymer
coverslip from ibidi (ibidi USA, Fitchburg, WI); 2% glutaraldehyde so-
lution in 0.1 M sodium cacodylate buffer, and 1% osmium tetroxide
solution in 0.1 M sodium cacodylate buffer from Electron Micro-
scopy Sciences (Hatfield, PA); MES buffer from Thermo Scientific
(Waltham, MA). Carbodiimide solution (2%) was prepared by dissolv-
ing the required amount of 1-(3-dimethylaminopropyl)-3-ethyl carbo-
diimide hydrochloride in MES buffer; borate buffer at pH 8.5 was
prepared by adding the required amount of 1 M NaOH to boric



acid. Pierce micro-BCA assay kit was from ThermoFisher (Waltham,
MA).
Methods

Conjugation of antibodies and binding of FXIIIa to microspheres

Five hundredmicroliters of 2.5% carboxylated microspheres in 0.1 M
carbonate buffer were washed with 0.1 M MES buffer three times by
centrifugation for 5 min at 3000 rpm or 950 RCF (IEC Micromax RF
Refrigerated Microcentrifuge, Thermo Fisher Scientific [Waltham,
MA]). The resultant pellet was then reconstituted in 0.625 mL of
0.1 M MES buffer, to which 0.625 mL of 2% carbodiimide was added
dropwise. Following a 20-min mixing period on a rocker, the mixture
was washed three times by centrifugation for 5 min at 3000 rpm.
Finally, the pellet was resuspended in 1.2 mL of 0.2 M borate buffer.
To conjugate antibodies to these washed microspheres, 40 mg of
isotype or anti-fibrin-E or anti-FXIIIa antibody was added, and incu-
bated overnight at room temperature on a rocker. The conjugated
microspheres were separated by centrifugation for 10 min at
3000 rpm, and the supernatant was saved for subsequent protein
determination. To block the unreacted sites on the microsphere sur-
face, the conjugated microspheres were reconstituted in 1.2 mL of
0.2 M borate buffer, supplemented with 50 mL of ethanolamine,
and gently agitated for 20 min. The microspheres were centrifuged
for 10 min at 3000 rpm and resuspended in 1 mL of 10 mg/mL
BSA solution in 0.2 M borate buffer, followed by a meticulous
30-min mixing protocol at room temperature to preclude any
nonspecific binding. The microspheres were centrifuged again for
5 min at 3000 rpm, reconstituted in 0.5 mL of storage buffer, and
stored at 4�C until further use. To bind FXIIIa protein to the micro-
spheres, 50 mL aliquots of both anti-FXIIIa antibody-conjugated
and isotype antibody-conjugated carboxylated microspheres were
incubated for 2 h with 80 mg/mL of FXIIIa (from a stock solution
of 1.25 mg/mL) on a rocker in a light-protected environment at
room temperature. After incubation, the microspheres were sepa-
rated by a 5 min centrifugation at 3000 rpm, and the supernatant
was reserved for protein determination. The microspheres were
washed three times using 10 mg/mL BSA and 0.2 M borate buffer,
and subsequently stored in the storage buffer at 4�C until further
use. Protein content in the supernatant collected after antibody
conjugation or FXIIIa binding was determined using Pierce micro-
BCA assay following the manufacturer's protocols, and the extent
of conjugation was calculated.

Clot formation with microspheres

Human factor XIII-deficient plasma (30 mL) was gently mixed with
1% v/v AF594-conjugated fibrinogen 1.5 mg/mL for 10 min at
room temperature on a rocker in a light-protected environment. To
this plasma, 3 mL of isotype antibody-conjugated-, anti-fibrin-E anti-
body-conjugated-, or FXIIIa-coated microsphere suspension was
added. Clotting was initiated either by adding 20 mM CaCl2 and
0.5 U/mL of thrombin or 1:12,800 dilution of PT reagent containing
200 ng/mL tissue factor, and 30 mL of the mixture was injected into
ibidi m-Slide VI 0.4 channels using an ibiTreat polymer coverslip.

Preparation of platelets and monocytes

Blood was obtained by phlebotomy after informed consent from
healthy volunteers between age 20 and 30 years who did not have
any known chronic cardiovascular conditions or medications known
to alter platelet function (approved by San Jos�e State University IRB
protocol F16134). The platelet pellet was obtained from platelet-
poor plasma after the double centrifugation protocol as described
previously (27). After removing the platelet-poor plasma superna-
tant, the platelet pellet was washed twice with Tyrode's buffer
without calcium, supplemented with 1.25 mg/mL prostaglandin
(PGI2). The platelets were used within 3 h of blood draw. THP-1 cells
were subcultured following the vendor's recommendation and proto-
cols as described previously (31). The cells were activated with
100 ng/mL of IL-10 for 24 h to upregulate the expression of FXIIIa
(32). Anti-FXIIIa-antibody or isotype antibody (120 mg/mL) was
added to the platelet or to the monocyte suspension in FXIII-defi-
cient plasma and incubated for 10min at room temperature. Clotting
was initiated with 0.5 U/mL thrombin and 20 mM calcium chloride.
After 1 h, the clots were fixed as described below.

Visualization of clot microstructure and ultrastructure

To visualize clot structure, the channels containing clots were
placed on a microscope stage and imaged either at 63� magnifica-
tion (DMi8, Leica Microsystems, Deerfield, IL) or at 100� (LSM 700,
Zeiss, Dublin, CA), using oil immersion objectives. After allowing
2 min for thrombin-induced gelation or 5 min for tissue factor-
induced gelation, images were captured at the same location at
1-min intervals for 15 min. This gelation period was essential for
the microspheres to remain stationary due to entrapment. The
three-dimensional image stacks acquired by confocal imaging
were visualized and processed in an Imaris v9.6 (Oxford Instru-
ments, Pleasanton, CA) for normalization using the integrated back-
ground subtraction feature. To visualize clot ultrastructure, clot
formation was initiated as described previously, and 15 mL of the
mixture was spread on an ibiTreat polymer coverslip. After 20 min
of gelation, the clots were fixed for 2 h using 2% glutaraldehyde in
0.1 M sodium cacodylate buffer at a pH of 7.2, washed three times
for 10 min each in 0.1 M sodium cacodylate buffer at the same pH.
The clots were incubated for 2 h in 1% osmium tetroxide in 0.1 M so-
dium cacodylate buffer at pH 7.2, followed by another round of three
washes for 5 min each. The clots were dehydrated by sequential im-
mersion in 35, 50, 70, 80, 95%, and two rounds of 100% ethanol for
10 min each. The dehydrated specimens were then critical point-
dried for 60 min, and mounted onto stubs using conductive carbon
dots. The specimens were sputter coated with gold for a thickness
of 2 nm. The specimens were then loaded onto a stub shuttle
and visualized on a scanning electron microscope at 1 keV
(GeminiSEM 460, Zeiss, Dublin, CA).

Image analysis

Images of clot microstructure and ultrastructure were analyzed us-
ing the various plug-ins available on Fiji ImageJ. The RGB images
were converted to monochromatic images by splitting into separate
channels. The blue and red channels displayed varying fluorescent
intensity values, corresponding to microsphere and fibrin fluores-
cence, respectively. To remove the microsphere from image anal-
ysis, the intensity of the blue channel was subtracted from the red
channel, effectively eliminating the microsphere while preserving
the fibrin intensities. Intensity profiles of fibrin were obtained at
four orthogonal directions around the microsphere, spanning from
the center to the surface, to a distance of 21 mm when fluorescence
intensities have faded down to background values, and averaged.
The exponential decay function with distance, the integral of fluores-
cence intensity, and Hill function were estimated using MATLAB
2024b.

For SEM ultrastructure examination, we employed kappa analysis
using the ImageJ plugin. This approach allowed us to assess curva-
ture, fiber length, and fiber count. Fiber length was calculated as the
length of the section of the fiber between the last attachment point
on the microsphere surface to the first branchpoint outside the
microsphere. The curvature was estimated for the same section.
B-Spline curvature paths were created to trace each fiber on the
microsphere surface, facilitating a complete analysis of its
Biophysical Reports 5, 100207, June 11, 2025 3



FIGURE 1 Fibrin fiber network connected to activatedmacrophage
(A) and platelet (B) surfaces, while treatment with FXIIIa antibody (C
and D) abrogates fibrin interactions with the cell surfaces. Scale
bars, 2 mm.
structural trajectory. The plug-in provided the local (“point”) curva-
ture value along the trajectory of the curve. The entire trace was
divided into 250 equal segments, and the curvature at each of those
points was estimated by the plug-in (33).
Statistical analysis

All microsphere experiments were performed in four to seven inde-
pendent replicates with the microspheres conjugated in three sepa-
rate batches. The platelet and monocyte experiments were
performed in triplicates. Statistical significance was tested using
Student's t-test in Microsoft Excel.
RESULTS

Effect of cellular FXIIIa on fibrin networks

FXIIIa is expressed by cells of bone marrow origin,
including monocytes and platelets (34,35). Functional
FXIIIa levels are shown to be upregulated on the sur-
face of monocytes activated with IL-4 and IL-10 (32).
Abundant FXIIIa has been detected on the surface of
platelets activated with thrombin and collagen (19).
Both macrophages and activated platelets express re-
ceptors (CD11b/18 and CD41/61) that bind to fibrin
(ogen) (36). We examined if FXIIIa expressed on the
surface of platelets and macrophages can cross-link
fibrin bound to these cells. We used FXIII-deficient
plasma to isolate the effect of surface-bound FXIIIa.
We used SEM to visualize the nature of the fibrin
network that is attached to FXIIIa expressed on the
4 Biophysical Reports 5, 100207, June 11, 2025
surface of activated platelets and monocytes. As
shown in Fig. 1, we observed that the fibrin networks
attached to the surface of activated macrophages
and platelets appear to emanate radially in bundles
(particularly on the monocyte surface, as shown by ar-
rows). Such fibers were absent when the monocytes
and platelets were treated with a blocking antibody
against FXIIIa. These results indicate that the cross-
linking of fibrin by FXIIIa expressed on the cell surface
modifies the structure of fibrin networks immediately
adjacent to the cells.
Kinetics of fibrin deposition on FXIIIa-coated and
anti-fibrin E-antibody-coated microspheres

To examine the effect of surface-bound FXIIIa on the
cross-linking of fibrin fibers, we used a cell-free system
that will isolate the effects of cross-linking and pro-
vide ample control and consistency on FXIIIa expres-
sion on the cell surface. We used FXIIIa-coated
microspheres that will mediate fibrin cross-linking on
the surface, and microspheres coated with anti-fibrin
E antibody (anti-fnE-Ab), which binds to the fibrin E
domain but does not cross-link the fibers. As a nega-
tive control, we used microspheres coated with iso-
type antibody to quantify passive interaction. Using
protein measurements in solution and mass balance,
we determined that the microsphere surfaces were
nearly fully conjugated with the antibodies (Fig. S1).
We also used FXIII-deficient plasma to ensure that,
upon activation with thrombin, the cross-linking reac-
tions are restricted to the microsphere surface, and
do not occur in the bulk. We used confocal fluores-
cence microscopy to visualize fibrin fibers near the
microspheres (Fig. 2). As expected, the fibrin fibers
did not interact with beads coated with isotype anti-
body indicating minimal nonspecific interactions. In
contrast, the fibrin fibers were bound to the anti-fnE-
Ab-coated microspheres, as seen by the interaction
between the fibers and the microspheres; and these in-
teractions are uneven in patches as seen by the coloc-
alization of the blue and red fluorescence. The fibrin
fibers appeared to interact more strongly with FXIIIa-
coated microspheres, and the thickness of the fibrin
fibers appeared to be higher and more uniformly
distributed. These qualitative observations suggest
that, similar to those seen on cell surfaces, the fibers
interacting with FXIIIa-coated surfaces also appeared
to emanate as a bundle of fibers.

To understand the biophysical mechanisms of fibrin
cross-linking on FXIIIa-coated surfaces, we monitored
the kinetics of fibrin deposition on FXIIIa- and anti-
fnE-Ab-coated microspheres (Fig. S2). To quantify the
fibrin deposition, we focused on single microspheres
within the field of view. Over the course of 20 min after



FIGURE 2 Fibrin fibers (red) do not interact
with microspheres (blue) coated with isotype
antibody (A) but interacts with microspheres
coated with anti-fibrin E antibody (B) or with
FXIIIa (C). Fibrin fibers are thickly distributed
and wrapped around FXIIIa-coated micro-
spheres. Scale bars, 5 mm.
the initiation of clotting with thrombin and calcium,
fibrin deposition on the microspheres was monitored
from the increase in fluorescence intensity around the
microspheres (Fig. 3, A and B). On comparing fluores-
cence intensities between the two images, it is evident
that fibrin deposition on the anti-fnE-coated surface is
higher at earlier times than the FXIIIa-coated surface.
This may be attributed to the immediate binding of
fibrin to the antibody on the microsphere surface. How-
ever, at the end of the clotting duration, the fluores-
cence intensity on the FXIIIa-coated surface is higher
than on the anti-fnE-coated surface. We averaged the
fluorescence intensities in four different directions
around the microspheres at different time points
(Fig. S3). The fluorescence intensity around the iso-
type-Ab-coated surface was barely higher than the
background intensity far from the microsphere, indi-
cating the minimal nonspecific interaction between
fibrin fibers and the microspheres (Fig. S3). The back-
ground fluorescence intensities in the bulk were sub-
tracted from the fluorescence intensities around
FXIIIa- and anti-fnE-Ab-coated surfaces to obtain the
change in fluorescence intensity only due to fibrin
deposition on the surface. The spatiotemporal changes
in fibrin deposition (Fig. 3, C and D) shows that fibrin
density decreases with distance from the microsphere
surface, and density at any given distance increases as
clotting proceeds. The increase in fluorescence inten-
sity on the surface is significantly higher on the
FXIIIa-coated surface than on the anti-fnE-Ab-coated
surface. The increase in fluorescence due to fibrin bind-
ing to or cross-linking on the surface can be seen over a
distance of �5 mm into the bulk.

To quantitatively define the spatiotemporal dy-
namics of fibrin deposition, we fitted the fluorescence
intensity as an exponential decay function of distance
from the surface, Iðr;tÞ ¼ ISðtÞ e� r=dðtÞ, where ISðtÞ and
dðtÞ represent the fluorescence intensity on the bead
surface, and the characteristic decay length, respec-
tively. ISðtÞ serves as a surrogate measure of fibrin
level on the surface due to binding or cross-linking,
while dðtÞ is the length over which the surface effects
of fibrin binding or cross-linking are felt into the bulk.
As shown in Fig. 3 E, as clotting proceeds, the intensity
on the anti-fnE-Ab-coated surface changes immedi-
ately followed by a modest increase. By contrast the
fluorescence intensity on the FXIIIa-coated surface
is low initially but, upon reaching a threshold level, in-
creases rapidly before saturating, demonstrating over-
all sigmoidal kinetics. The immediate increase in
fluorescence intensity on the anti-fnE-Ab-coated sur-
face is due to the attachment of fibrin polymers as
soon as they are formed, while the sigmoid kinetics
on the FXIIIa-coated surface implies autocatalytic
fibrin deposition. We also estimated the total amount
of fibrin deposited (G) around the microsphere by inte-
grating the area under the fluorescence intensity curve
over an operational threshold of 2 mm from the sur-
face. Fig. 3 F shows that, although the total amount
of fibrin deposited on FXIIIa-coated surface is low
initially, at the end of the clotting period similar
amounts of fibrin deposited on the two surfaces.
This indicates that FXIIIa-catalyzed cross-linking on
the surface is just as effective as the antibody-medi-
ated covalent attachment of fibrin in terms of total
amount of fibrin formed near the surface. Fig. 3 G
shows that, while the decay length for anti-fnE-Ab
changes only modestly, that on the FXIIIa-coated sur-
face decreases with time, indicating the spatially
increasing steepness of the intensity profile. In other
words, as clotting proceeds, the fluorescence intensity
of fibrin close to the cross-linked surface increases
faster than the increase in the bulk. Compared with
Fig. 3 F, since the total amount of fibrin polymerized
is the same in both uncross-linked and cross-linked
cases, Fig. 3 G shows that surface cross-linking in-
creases fibrin deposition closer to the surface than
elsewhere.

To obtain insights into the kinetics of fibrin deposi-
tion on FXIIIa-coated surfaces, we fitted the experi-
mental data on fluorescence intensity on microsphere
surface, ISðtÞ, to a three-parameter logistic function
given by: ISðtÞ ¼ Imax

1þ
�
Imax

Imin
�1

�
e� t=t

; where t is shape

factor (a characteristic timescale for exponential
Biophysical Reports 5, 100207, June 11, 2025 5



FIGURE 3 Kinetics of fibrin formation on mi-
crospheres from FXIII-deficient plasma when
clotting was initiated with thrombin. (A and
B) Time-lapse fluorescence microscopy re-
veals increase in fibrin deposition over
20 min, as visualized using AF594-conjugated
fibrinogen (red) on microsphere surface (blue)
coated with anti-fnE-Ab (A) for FXIIIa (B). The
images are normalized to the background in-
tensities. (C and D) Fibrin intensity variation
with distance from the surface to background
over time on surfaces coated with anti-fnE-Ab
(C) for FXIIIa (D). Time dependence of (E)
maximum fluorescence intensity on the
microsphere surfaces (N ¼ 4 microspheres,
mean 5 SD), (F) total amount of fibrin depos-
ited over a 2 mm distance from the surface,
and (G) decay length of fluorescence inten-
sity.
growth), and Imin and Imax are the minimum and
maximum fluorescence intensities at the initial (t ¼
0) and late times (t /N), respectively. The excellent
fit to the logistic function suggests that fluorescence
intensity on the microsphere surface is governed by
the logistic growth kinetics, dISdt ¼ ISðImax � ISÞ

t Imax
. This equa-

tion implies that fibrin deposition on the microsphere
surface is driven by the binding of fibrin that is already
6 Biophysical Reports 5, 100207, June 11, 2025
deposited on the surface ðIS), to fibrin that is yet to be
deposited from the bulk ðImax � ISÞ, with an apparent
binding rate constant (1=t), which gives the shape fac-
tor of the logistic function. Imax is related to the amount
of FXIIIa available for fibrin cross-linking on the surface.
It should be noted that, although FXIIIa does not irre-
versibly bind to fibrin and its level should remain con-
stant, the cross-linking of fibrin increases the density



FIGURE 4 Kinetics of fibrin formation on mi-
crospheres from FXIII-deficient plasma (A and
B) and FXIII-supplemented plasma (C and D)
when clotting was initiated with tissue factor.
(A and C) Maximum fluorescence intensity on
the microsphere surfaces; (C and D) total
amount of fibrin deposited over a 2 mm dis-
tance from the surface (N ¼ 4, mean 5 SD).
near the microsphere over time, leading to a gradual
decrease in the availability of FXIIIa due to steric hin-
drance. The fibrin deposition curves, G(t), on the micro-
sphere surfaces also follow profiles similar to that
of ISðtÞ.
Kinetics of fibrin deposition in the absence and
presence of plasma FXIIIa

We also monitored the kinetics of fibrin deposition on
the microsphere surfaces using tissue factor as initi-
ator, as a physiologically more relevant case of
in situ thrombin generation. The kinetic profile of fluo-
rescence increase due to fibrin formation shows expo-
nential decay with distance from the microsphere
surface, similar to that of initiation with exogenous
thrombin (Fig. S4). The increase in fluorescence inten-
sity on the microsphere surface coated with FXIIIa
demonstrates a sigmoidal curve (Fig. 4, A and B), but
that on the anti-fnE-Ab-coated surface shows satura-
tion kinetics. Unlike initiation with thrombin, initiation
with tissue factor resulted in a lower start to fibrin
deposition and lower amount deposited on the anti-
fnE-Ab-coated surface. This is due to the initially
limited availability of thrombin, and therefore slower
fibrin polymerization. In addition, although the deposi-
tion starts slow on the FXIIIa-coated surface, the final
fluorescence intensity is 2.5-fold higher on the FXIIIa-
coated surface than on the anti-fnE-Ab-coated
surface. The effect of increase in fibrin on the FXIIIa-
coated surface propagates farther from the surface,
as seen by a 2.5-fold higher fibrin deposition over a
distance of 2 mm from the FXIIIa-coated surface than
from the anti-fnE-Ab-coated surface.

Sigmoidal curves with an initial lag phase, subse-
quent exponential growth, and a final equilibrium
phase that is seen here in FXIIIa-coated microspheres
has also been observed in other systems with a nucle-
ation-dependent elongation model of fibril formation
(37). The shape factor, t, is essentially the time dura-
tion over which ISðtÞ or G(t) increases exponentially,
i.e., smaller t implies that the transition from a low
to a high value occurs in a shorter time. We defined
lag time as ðt50 � tÞ, where t50 ¼ t expðImax =
Imin � 1Þ is the time taken to reach 50% of Imax �
Imin. The values of t for fluorescence intensity and
deposition on the FXIIIa-coated microsphere surface
are nearly similar when clotting is initiated with
thrombin (2.6 5 0.3 min) or with tissue factor
(3.0 5 0.5 min). The respective lag times were esti-
mated to be 2.0 and 8.3 min, which is consistent
with faster fibrin polymerization with thrombin than
with tissue factor. However, the similar t values be-
tween the two cases suggests that cross-linking by
FXIIIa, not fibrin polymerization, limits the rate of
deposition since, as fibrin polymerization proceeds,
more fibrin oligomers and nascent protofibrils get
cross-linked by surface FXIIIa before they are fully
polymerized. Thus, cross-linking effectively controls
fibrin deposition on the surface independently of
polymerization.

The experiments described so far were performed
in FXIII-free plasma to isolate the effect of surface
immobilized FXIIIa on fibrin cross-linking at the
Biophysical Reports 5, 100207, June 11, 2025 7



surface. To examine the impact of FXIIIa in plasma
on modulating the interaction of fibrin with FXIIIa
on surface, we monitored the kinetics of fibrin depo-
sition from FXIII-free plasma supplemented with a
physiologically relevant concentration of 10 mg/mL
FXIIIa using tissue factor as the initiator. As shown
in Fig. S4, the fluorescence intensity decreases
exponentially with distance from the microsphere
surface, although the intensities (even after back-
ground subtraction) were higher than for the case
in the absence of FXIIIa. As Fig. 4, C and D show,
upon supplementation with FXIIIa, fluorescence in-
tensity on anti-FnE-Ab-coated surfaces is drastically
increased and is higher than on FXIIIa-coated sur-
faces. Under these conditions, the total amount of
fibrin deposited on the microsphere surfaces was
also higher on the anti-FnE-Ab-coated surface
compared with the FXIIIa-coated surface. The depo-
sition profiles follow saturation kinetics instead of
sigmoidal kinetics. These results demonstrate that
cross-linking in solution appreciably alters the ef-
fects of cross-linking on a surface presenting FXIII.
Cross-linking in solution increases the avidity of
fibrin E domains in a fiber, which can bind rapidly
to anti-FnE-Ab-coated surfaces, thus resulting in
the most deposition. Cross-linking in solution also
reduces the number of cross-linking sites available
for cross-linking on the FXIIIa-coated surface, thus
resulting in the least deposition. It should also be
noted that the abundance of plasma FXIIIa does
not eliminate the increase in fluorescence intensity
on FXIIIa-coated surfaces, indicating that fibrin
cross-linking reactions still happen on FXIIIa-coated
surfaces.
Characteristics of fibrin fibers on FXIIIa-coated and
anti-fibrin-E-antibody-coated surfaces

Having established distinct differences between the
kinetics and amount of fibrin deposition by binding
and by cross-linking, we sought to distinguish the
characteristics of individual fibrin fibers cross-linked
by FXIIIa on the surface from those that were bound
to the surface by fibrin-E antibody. We examined the
morphology of single fibers connected to the micro-
sphere surfaces using SEM (Fig. S5). Fig. 5 A shows
that fibrin is seen bound to anti-fibrin E-coated sur-
faces as individual fibers. On the microsphere surface,
fibers were sparse, and were connected to the rest of
the network through a few short, single fibers. In
contrast, Fig. 5 B shows that FXIIIa-coated micro-
spheres were more deeply integrated with the sur-
rounding network. Fibrin cross-linked to FXIIIa-
coated surfaces presented as fibers that are long
and continuous, and closely packed like sheets; and
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were connected to the rest of the network through
several long networks of fibers, similar to what is
seen in Fig. 1 on FXIIIa-presenting cell surfaces.
Fig. S6 shows that isotype antibody-coated micro-
spheres were uniformly covered with the fibrin
network. The fibrin fibers appear to follow the contour
of the microsphere (in contrast to Figs. 5 B and S5),
which suggests that interactions are nonspecific due
to volume exclusion. We quantified the morphology
of the fibrin fibers attached to the microspheres. We
observed that 50% more fibers attached when cross-
linked on the surface compared with binding on the
surface without cross-linking (25.50 5 6.11 vs.
17.115 5.5, Fig. 5 C). We also observed that the fibers
cross-linked on the surface were longer than those
bound to antibody-coated surfaces (Fig. 5 D). The fiber
lengths were fit to a lognormal distribution, with the
median length of fibers cross-linked on the surface be-
ing twofold higher than that of fibers bound to the sur-
face (0.88 5 0.01 vs. 1.77 5 0.02 mm, p < 0.05).
Several long fibers with lengths three times more
than the average length of the fibers (�15 mm) were
seen when cross-linked on the surface while no such
long fibers were seen emanating from uncross-linked
fibers bound to the microsphere surface.

To gain insights into the persistence length of the
fibers, we traced the curvature of the fibers attached
to the microsphere surfaces along their arc length.
As shown for representative fibers in Fig. 5, E and
F, the local curvature with larger and smaller
values representing local bending and straightening
of the fibers, respectively. The local curvatures of un-
cross-linked fibers were one or two orders of magni-
tude larger than for cross-linked fibers, indicating
that the cross-linked fibers were a lot straighter.
The distribution of maximum curvatures (95th
percentile) of all fibers shows that the fibers cross-
linked on the surface were much less flexible than fi-
bers that were bound to antibody-coated surfaces
(Fig. 5 G). The uncross-linked fibers show a bimodal
distribution with the smaller mode overlapping with
cross-linked fibers, and another significantly larger
mode indicative of higher tortuosity. As shown in
Fig. 5 H, the local curvature of the cross-linked fibers
was a minimum on the microsphere surface, and it
increases sevreralfold moving farther from the sur-
face as the fibers indicating that the fibers become
more flexible. As shown in the inset of Fig. 5 H, the
local curvature of the uncross-linked fibers attached
to anti-fnE-Ab-coated microspheres also increases
farther from the surface, although the increase is
an order of magnitude larger over a shorter distance
than for the cross-linked fibers. These observations
indicate that the cross-linking reaction on the
surface is sufficient to generate fibers that are



FIGURE 5 Ultrastructure of fibrin fibers
bound to anti-FnE-Ab-coated microspheres
(A) or cross-linked on FXIIIa-coated micro-
spheres (B). Scale bars, 2 mm. Number (C)
and length (D) of fibers connected to the mi-
crospheres (n ¼ 96 and 178 fibers, N ¼ 6 mi-
crospheres, mean 5 SD, p < 0.05 for C). (E
and F) Local curvature of representative fibers
(inset) attached to themicrospheres along the
fiber length. (G) Distribution of maximum local
curvature of the individual fibers attached to
the microspheres. (H) Local curvatures of fi-
bers cross-linked on FXIIIa-coated micro-
spheres or uncross-linked fibers (inset) (n ¼
17).
significantly straighter and longer, which extend for
a few microns into the bulk.
Fibers cross-linked, but not bound, to the surface
span neighboring microspheres

Since the length of fibrin fibers cross-linked on the mi-
crospheres are straighter and a few microns long, we
considered if the cross-linking of the fibers on the
surface may promote interactions between two such
surfaces. In SEM micrographs, we observed several
clusters of FXIIIa-coated microspheres that were en-
meshed in the matrix (Fig. 6 A). The microspheres,
although not in contact with each other, were seen
to be connected by several long individual fibrin fibers
(27 5 9 fibers, 1.62 5 0.76 mm, N ¼ 3 microspheres).
Biophysical Reports 5, 100207, June 11, 2025 9



FIGURE 6 Fibrin fibers cross-linked connect FXIIIa-coated micro-
spheres. Scale bars, 2 mm (A) and 5 mm (B).
The cluster of FXIIIa-coated microspheres appeared to
be truly integrated into the network rather than
passively encapsulated. In contrast, only negligibly
small and short fibrin fibers were seen between clus-
ters of anti-fnE-Ab-coated microspheres (Fig. S7). To
visualize interactions that are located farther than
observable in an SEM, we visualized pairs of FXIIIa-
coated microspheres using confocal microscopy
(Fig. 6 B). Some of the microspheres that were located
at distances of several tens of microns from each
other were connected by fibrin fibers (41.8 5 25.7
mm, N ¼ 3). In addition, these fibers also appear
straight and stretched between the two connecting
microspheres. This observation suggests the possibil-
ity that the presence of FXIIIa on two surfaces sepa-
rated by a certain distance may serve to nucleate
two partially cross-linked protofibrils that laterally
aggregate to grow into continuous fibers.
DISCUSSION

In this work, we have shown that cross-linking of fibrin
fibers only on a surface results in higher fibrin deposi-
tion compared with the binding of uncross-linked
fibers to the surface. Furthermore, cross-linking on
the surface results in a denser fibrin network
composed of straight fibers that may span a few mi-
crons. In other words, FXIII bound to the surface im-
pacts fibrin structure and density far from the surface.

By using a platelet-free system and FXIII-deficient
plasma, we eliminated any influence of time- and
agonist dose-dependent upregulation of fibrinogen
and FXIIIa on the surface of activated platelets, and
that of plasma FXIIIa on fibrin cross-linking, respec-
tively. Since FXIIIa is bound to fibrinogen through the
FXIII-B as FXIIIA2B2 complex, and in our experiments
only FXIIIa is immobilized on the microspheres, fibrin
binds to the microsphere surface. Therefore, fibrin
deposited on the surface is not due to direct attach-
ment but due to the compaction of the protofibrils
that results from cross-linking. As seen in the clot
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microstructure images in Figs. 2 and 6, the impact of
surface cross-linking extends several microns away
from the surface when compared with isotype anti-
body-coated surfaces wherein fibrin fibers do not atta-
ch to the surface and the intensity is the same near the
surface as it is in the bulk (Fig. S2). Furthermore, the
compaction of fibrin fibers due to cross-linking on
FXIIIa-coated surfaces results in more fiber deposition
than due to the binding of uncross-linked fibrin fibers
to the antibody-coated surfaces (38). The sharp
sigmoidal profile in fibrin deposition with time on
FXIIIa-coated surfaces demonstrates an autocata-
lytic-like process: after a slow initial phase of fibrin
deposition by cross-linking, the rate of deposition
quickly accelerates due to the enhancement in the
rates of lateral aggregation to existing cross-linked
protofibril segments. In contrast, the deposition of
fibrin fibers on antibody-coated microspheres showed
immediate binding followed by saturation kinetics. In
this case, the fast binding of fibrin monomers and olig-
omers to the antibody-coated surface rapidly in-
creases the local concentration of these species but
the lack of cross-linking is insufficient for enhancing
the lateral aggregation and compaction of protofibrils.

Although fibrin polymerization and cross-linking re-
actions follow complex multiphasic kinetics, the pub-
lished data on rates of reactions under controlled
settings can provide a conceptual model of how
cross-linking of fibrin fibers on the surface may influ-
ence the growth of the fibers around the surface
(Fig. 7). Both fibrin polymerization and cross-linking
are sequential processes, with similar rates. The prote-
ase thrombin cleaves (kcat/KM � 10 mM–1 s–1) fibrino-
peptide B from fibrinogen (fAB) to yield fibrin-A
monomer (fA), which reversibly self-associates to
form fibrin-A oligomer (39). Thrombin also cleaves
fibrinopeptide A from fibrin-A oligomers at a similar
rate (kcat/KM � 4 mM–1 s–1) to yield fibrin (f) oligomers.
Although not experimentally determined, the nonenzy-
matic association of f oligomers to form protofibrils,
and the extension of protofibrils to form fibers is
estimated to be similar to that of enzymatic
reactions (�1–30 mM–1 s–1) (40). In parallel, the trans-
glutaminase FXIIIa longitudinally cross-links the g
chains in fA and f oligomers relatively rapidly (kcat/KM
� 5 mM–1 s–1) (41), and transversely cross-links a
chains between adjacent protofibrils at a much slower
rate (kcat/KM � 0.007 mM–1 s–1). In our system, since
fibrinogen concentration is �10 mM, the timescale of
fibrin monomer generation is of the order of seconds,
and the generation of protofibrils will be of the order of
minutes, which is consistent with experimental
observation. As thrombin generates fA and f oligo-
mers, the first layer of oligomers and protofibrils are
assembled near the microsphere surface. Since the



FIGURE 7 Amodel for fibrin cross-linking on
FXIIIa-bound surfaces. As fibrin oligomers
and protofibrils are polymerized in solution,
those close to the surface get cross-linked
on the surface on FXIIIa-coated surfaces (A).
The cross-linking straightens the protofibrils
and promotes the aggregation of protofibrils
as they are formed in solution, leading to
increased fiber density on the surface, and
those close to anti-fnE-antibody-coated sur-
face bind to the surface (B). The uncross-
linked protofibrils remain tortuous and aggre-
gate less, thus resulting in less dense fibrin
network.
rate of longitudinal cross-linking within the fiber (g-g
cross-links) is nearly the same as that of protofibril as-
sembly, the first layer of protofibrils gets cross-linked
as soon as they are assembled. In this nucleation
layer, since the cross-linked protofibrils are stiffer,
their more defined spatial orientation may facilitate
the lateral aggregation and further growth. As the pro-
tofibrils are not bound to the FXIIIa-coated surface, the
nucleation layer could be dynamic, i.e., it may be dis-
placed from near the surface by the inward diffusive
flux of a new set of uncross-linked protofibrils. The
mobility of uncross-linked protofibrils to the surface
results in a nucleation-elongation phenomenon akin
to supramolecular, cooperative assembly of tubular
polymers, wherein the first layer of monomers serves
as a nucleation layer for additional monomers to atta-
ch and grow in three dimensions (42). Lastly, the pro-
tofibrils in the nucleation layer get further stabilized
slowly by the transverse a-a cross-links.

Consistent with the fibrin deposition model based
on reaction rates discussed above, the ultrastructure
of the individual fibrin fibers near the microsphere sur-
faces provides insights into the mechanics of un-
cross-linked and partially cross-linked fibers. It has
been shown that cross-linking by FXIIIa increases
the compaction of protofibrils and, by preventing the
protofibrils from sliding past each other, cross-linking
increases the tensile stiffness, contractile stress, and
shear stiffness by two- to threefold (28,38,43,44). We
have recently shown that the lower stiffness of un-
cross-linked fibrin networks is attributable to their
fourfold lower bending stiffness, which allows them
to buckle and bend more readily than cross-linked fi-
bers (27). As shown in Fig. 5, the uncross-linked fibrin
fibers bound to the microspheres coated with anti-
fibrin-E antibody are compliant with low bending stiff-
ness, and are more branched, shorter, and tortuous. In
contrast to these completely uncross-linked fibers,
cross-linking even only a portion of the fibrin fibers
by surface-immobilized FXIIIa decreases the curvature
of the entire fiber segment by more than two orders of
magnitude. The remarkable straightness of partially
cross-linked fibers suggests that these fibers could
have significantly higher bending stiffness than fully
uncross-linked fibers (27,45). In fact, these fibrin fibers
may consist of stiffer (cross-linked) segments close to
the surface that transition into softer (uncross-linked)
segments farther from the surface. The deposition of
long straight fibers connecting two distant platelets
also raises the intriguing possibility of long-range
physical interaction between cells through the fibrin
network (46). Our finding suggests that fibrin cross-
linking may be crucial for cell-cell communication
and platelet mechanotransduction.
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In summary, we have shown that fibrin cross-linking
by surface-bound FXIIIa leads to the formation of
straighter, longer, and a thicker deposition of fibrin
fibers compared with the binding of uncross-linked
fibers to a surface. The kinetics of fiber deposition on
FXIIIa-coatedsurfaces is suggestiveof a localized inter-
action driven by cross-linking-induced compaction.
This results in partially cross-linked fibers, which,
despite not being bound to the surface, span severalmi-
crons. Although the local stiffness of such hybrid fibers
has not been measured experimentally, fiber networks
with spatially varyingstiffnesshavemechanobiological
significance. In blood clots, FXIIIa expressed on the sur-
face of activated platelets cross-links fibrin(ogen)
bound to ⍺IIbb3 receptor, and is likely to strengthen the
fibrin-⍺IIbb3-myosin axis (47). This strengthening may
arise from the locally increased stiffness of straighter
and denser fibers in the immediate vicinity of platelets.
Such fibrin bundles can be efficient in anchoring and
transmitting the contractile forces exerted by the plate-
lets, which are critical in the remodeling of fibrin during
early-stage clot formation (26), late-stage clot contrac-
tion (24), outside-in mechanical signaling (48), and
potentially mechanical communication between plate-
let aggregates (49). By isolating surface-bound FXIIIa
from its counterpart in plasma, we have shown an
important, but often overlooked, biophysical mecha-
nism by which platelet-fibrin interaction may play a sig-
nificant role in the mechanics of blood clots.
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