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Summary
Fibrin is a versatile biopolymer that has been extensively used in
tissue engineering. In this paper fibrin nanostructures prepared
using a technique based on the catalytic effect of fibrin-bound
thrombin are presented. This technique enables surface-attached
thin fibrin networks to form with precisely regulated morphology
without the development of fibrin gel in bulk solution. Moreover,
the influence of changing the polymerization time, along with the
antithrombin III and heparin concentrations on the morphology
of fibrin nanostructures was explored. The binding of bioactive
molecules (fibronectin, laminin, collagen, VEGF, bFGF, and
heparin) to fibrin nanostructures was confirmed. These
nanostructures can be used for the surface modification of
artificial different

applications (e.g. artificial vessels, stents, heart valves, bone and

biomaterials designed for biomedical
cartilage constructs, skin grafts, etc.) in order to promote the

therapeutic outcome.
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Introduction

Fibrin is a natural biopolymer formed in the last
step of the coagulation cascade after the cleavage of
fibrinogen by the catalytic action of thrombin. The
coagulation cascade is a series of complex reactions that
are initiated upon injury or after blood contact with
a foreign material (Schenone et al. 2004). As aresult,

thrombin is generated in the last step of the coagulation
cascade that cleaves fibrinopeptides A and B from
fibrinogen to form fibrin monomers. These monomers
first spontaneously associate into protofibrils in a half-
staggered manner and later form a fibrin network, which
is stabilized through cross-linking by factor XIlla (Ariéns
et al. 2002, Weisel and Litvinov 2013). The fibrin,
together with platelets and entrapped red blood cells,
forms a blood clot that stops bleeding. Moreover, fibrin
plays an important role in the wound healing process
2006). After the establishment of
hemostasis, it functions as a provisional matrix in which
fibroblasts,
smooth muscle cells) can adhere, migrate, proliferate,

(Laurens et al

cells (e.g. leukocytes, endothelial cells,
organize, and perform specialized functions (Shats ez al.
1997, Ugarova and Yakubenko 2001, Yee ef al. 1998).
Fibrinogen is a glycoprotein composed of three
pairs of different peptide chains (Aa, Bp, y) packed into
an elongated shape with two distal D-regions connected
by coiled-coil connectors to a central E-region, where
fibrinopeptides A (FpA) and B (FpB) are located (Weisel
2005). The cleavage of these fibrinopeptides by thrombin
exposes the polymerization sites “A” and “B”, also
known as knobs, that are complementary to sites “a” and
“b”, known as holes, which are permanently present in
the fibrinogen molecule. The noncovalent knob-hole
interactions (A:a and B:b) play a key role in assembling
the fibrin clot (Averett et al. 2008, Litvinov et al. 2005).
The release of FpA precedes FpB in the solution;
however, it has been shown that in localized fibrin
formation, the FpB cleavage is favored (Blombéck and
Bark 2004, Riedel ef al. 2011). Fibrin(ogen) is a very
complex protein that also interacts with other proteins
such as thrombin, tissue plasmin activator, plasminogen,
op-antiplasmin, fibronectin, fibroblast growth factor-2,
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vascular endothelial growth factor, and others (Di Cera
2003, M3jek et al. 2013, Makogonenko et al. 2002, Podor
et al. 2002, Sahni and Francis 2000). The binding of
thrombin to fibrin helps to localize the clot at the side of
the injury. It has been shown, that unlike thrombin in
solution, fibrin-bound thrombin is protected against
inhibition by the heparin/antithrombin III complex.
However, it can be inhibited by direct thrombin inhibitors
such as hirudin (Weitz et al. 1990).

Fibrin is a versatile biopolymer that has been
extensively used in various tissue engineering
applications (bone, cartilage, skin, vascular, nervous,
muscle tissue engineering, etc.) as a biodegradable and
biocompatible scaffold (Bacakova et al. 2016, Eyrich et
al. 2007, Page et al. 2011, Weber et al. 2014, Willerth et
al. 2006, Zhou and Xu 2011). Fibrin is mainly used as an
scaffold and cell
promoting cell growth and differentiation (De La Puente
et al. 2011, Li et al. 2015). Fibrin scaffolds were shown
to support the growth and capillary formation of
endothelial cells (EC), and fibrin gels seeded with EC and

vascular smooth muscle cells (VSMC) created a small

injectable biodegradable carrier

caliber vascular prosthesis (Koroleva et al. 2012, Yao et
al. 2005). Cells interact with fibrin via the specific
peptide sequences present on the fibrin surface (RGD), or
via the extracellular matrix proteins and growth factors
attached to the fibrin (Makogonenko ef al. 2002, Podor et
al. 2002, Sahni and Francis 2000, Yakovlev et al. 2011).
Fibrin contains several RGD sequences that interact with
cells and platelets (Laurens ef al. 2006). Recently, a novel
natural mutation in the RGDF sequence in the coiled coil
of fibrinogen was reported (Riedelova-Reicheltova et al.
2013).
isoleucine made the RGD sequence more visible and

The natural mutation of phenylalanine to

dramatically increased platelet adhesion and aggregation.
The importance of the RGD sequence was shown on
fibrin coated vascular prosthesis crosslinked with RGD
peptide that increased EC attachment (Meinhart et al.
2005).
collagen, fibronectin, or laminin enabled the formation of

In addition, fibrin assemblies coated with
more mature focal adhesions containing vinculin and talin
on the EC membrane, aprecondition of mature
endothelium (Filova et al. 2014).

Fibrin can be shaped into desired three-
dimensional structures, such as blood vessels and heart
valves (Jockenhoevel et al. 2001). However, several
disadvantages limit the real potential of fibrin scaffolds.
The mechanical properties of fibrin are poor and they

often lead to fibrin shrinkage because of the contractile

forces in the scaffold (Jockenhoevel ef al. 2001). Another
disadvantage is the fast degradation of fibrin in the body,
as well as in the tissue culture, due to plasmin and the
proteolytic activity of the cells. Unlike fibrin, synthetic
materials offer better mechanical properties, stability, and
tunable biodegradability. However, they require surface
modifications in order to mediate proper cell-surface
interactions which lead to cell attachment, proliferation,
and maturation (Mi et al. 2014, Place et al. 2009).
Therefore, coating synthetic scaffolds and even porous
3D scaffolds with thin fibrin layers with well controlled
architecture might be a promising approach for cell
colonization of the construct (Filova ez al. 2009, 2014). In
addition, the possibility to functionalize the fibrin
with
biomolecules (ECM proteins, antibodies, heparin, growth

nanostructures various  biologically active
factors, fibrinolysis inhibitors), makes the fibrin surface
coating a great tool to decrease the thrombogenicity of
various biomaterials, guide cells attachment, and increase
proliferation and differentiation of cells. An important
issue of fibrin scaffold is the fast degradation by plasmin,
an attachment of various plasmin inhibitors or the use of
fibrinogen with impaired tissue plasmin activator binding
site (t-PA) could lead to improved performance of the
fibrin coatings (Kotlin et al. 2010). Furthermore, the
technique can be carried out using autologous fibrinogen
isolated from the peripheral blood thus eliminating the
risk of viral transmission during the preparation of the
fibrin coating (De La Puente and Ludefia 2014).

In order to prepare fibrin nanostructures on the
surface, athorough investigation of the architecture is
required. The aim of this study was to extend our
previous observation on surface fibrin formation and to
explore the influence of changing the polymerization
time, and the antithrombin III and heparin concentrations
on the morphology of fibrin nanostructures. In addition,
the binding of various biologically active biomolecules,
known to promote cell attachment and proliferation, on
the fibrin nanostructures was confirmed by surface
plasmon resonance (SPR).

Methods

Materials

The fibrinogen, thrombin, heparin, laminin,
VEGF 165, and bFGF were purchased from Sigma-
Aldrich. The collagen and fibronectin were purchased
and Merck
(ATIII) was

from Calbiochem
antithrombin  III

respectively. The

purchased from
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Chromogenix. All solutions were prepared in the Tris
buffer 0.05M, pH 7.4 with 0.1 mM NaCl and 2.5 mM
CaCl, (TB) filtered through a Millipore 0.22 um filter.

Substrate preparation

The fibrin nanostructures were prepared on
a microscope cover glass. The substrates were soaked for
10 min in a mixture of sulphuric acid and hydrogen
peroxide (2:1), followed by several washing steps in
deionized water, and dried in a flow box. The surface
roughness of the glass was <0.25 nm over 1 pm® scanning
area.

Sample preparation

The microscope cover glass was fixed in a flow
cell (volume~80 pul), in which solutions were subse-
quently exchanged with a syringe at room temperature
(about 25°C) according to a previously published
(Riedel et al.  2009).
a concentration of 5 pg-ml” in TB, was allowed to adsorb

technique Fibrinogen, at
on substrate surfaces for 120 min. Then, the surface was
rinsed several times with TB and treated with thrombin
2.5NIH U-ml" for 15 min and rinsed with TB again.
Finally, a new solution of fibrinogen at a concentration of
200 pug'ml™ containing ATIII or ATIII and heparin (at
different Fibrin
formation was stopped by replacing the fibrinogen

concentrations) was introduced.
solution with TB. The fibrin nanostructures were freeze-
dried and measured with AFM. The thickness of the
fibrin nanostructures was evaluated using a spectroscopic
ellipsometer in a wet and dry state. Thrombin activity
was confirmed by the chromogenic substrate S-2238.

Surface plasmon resonance

SPR based on Kretschmann geometry with
wavelength interrogation (UFE ASCR) was used. The
sensing chips were fabricated on microscope glass slides
by deposition in the vacuum of a thin adhesion chromium
layer (thickness 2 nm) followed by a gold layer (thickness
50 nm). The angle of incidence of the polychromatic
beam was adjusted in order to tune the SPR wavelength
close to Aspr=750 nm. The binding-induced variations in
Aspr Were tracked in time by using dedicated software.
a flow-cell with four chambers (each with a volume of
1 pul) was clamped against the SPR chip surface and the
and fibrinogen+ATIII+heparin
solutions were permitted to flow by using a peristaltic

fibrinogen, thrombin,

pump with a flow rate of 25 ul'min”'. The attachment of
bioactive molecules to fibrin nanostructures was observed

directly in the SPR for 15 min. The concentrations of

individual bioactive molecules were as follows:
fibronectin 100 pg-ml™”, laminin 100 pg-ml”, collagen
type I 100 pug'ml”', VEGF 10 pg'ml”, bFGF 10 pg-ml™,
heparin 1 mg-ml”. All measurements were carried out at

1=25 °C.

Spectroscopic ellipsometer

The ellipsometric data were acquired using
a spectroscopic ellipsometer M2000 (J.A. Woollam Co.,
USA) operated in rotating compensator mode. All
measurements were performed in the wavelength range of
350-1,000 nm with a Xe arc lamp light source and angle
of incidence of 60°. For the measurements in water,
a liquid cell with a volume of V=0.7 ml was used. The
obtained data were analyzed with the CompleteEASE
software.

Atomic force microscopy (AFM)

A Multimode Scanning Probe Microscope —
Nanoscope® IIla with a longitudinal silicon cantilever
OTESPA7 designed for tapping mode in air (160 um,
spring constant 42 N-m”, 1 Qcm Silicon tip with tip
radius 7nm) was used for the AFM measurements.
Freeze dried samples were studied in the tapping mode at
a driving frequency of about 350 kHz and an oscillation
1.4V. The thickness of the fibrin
nanostructures was measured by scratching the surface of

amplitude

the dried samples with tweezers. To avoid damage to the
sample, the scan rate was kept as low as possible. The
images were evaluated using Gwyddion 2.41 data
analysis software (www.gwyddion.net). For each sample,
aseries of images were collected demonstrating the
uniformity of the fibrin nanostructures.

Results and Discussion

The formation of fibrin nanostructures based on
the catalytic effect of fibrin-bound thrombin and the
influence of changing the polymerization time, and the
ATIIl and heparin concentrations are presented. The
technique consists of three different steps: fibrinogen
adsorption, thrombin treatment, and the polymerization of
anew fibrinogen solution that may or may not contain
thrombin inhibitors such as ATIII and heparin (Fig. 1).
The fibrin-bound thrombin upon contact with the
fibrinogen solution initiates the formation of a fibrin
network. The polymerization proceeds in the bulk and
a thick 3D fibrin network is formed when no thrombin
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inhibitors are present. However, when ATIII or ATII +
heparin are present, then they serve to localize the fibrin

substrate
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Fig. 1. Scheme of the technique. 1) fibrinogen adsorption on the surface; 2) thrombin treatment; 3) the initiation of polymerization by
adding a new solution of fibrinogen (A - without any inhibitors, B - with ATIII, C - with ATIII and heparin).

Fibrinogen adsorption and interaction with thrombin

Fibrinogen (5 ug'ml” in TB) was adsorbed on
the surface of a microscope cover glass and treated with
thrombin. The adsorption of fibrinogen was observed in
situ by SPR. The SPR signal reached a saturation plateau
after approximately 120 min. There was no decrease in
the signal after exchanging the fibrinogen solution with
studies,

adsorption was performed from alow-concentration

TB. Based on previous when fibrinogen
(below 20 pg-ml™), a saturated monolayer of fibrinogen
molecules oriented in a side-on manner would form on
the surface (Fig. 1, step 1).

After the formation of the fibrinogen monolayer,
the surface was treated with thrombin for 15 min.
Thrombin catalyzes the enzymatic cleavage of
fibrinopeptides and it also has the ability to bind to fibrin
at two classes of non-substrate sites with low and high
affinity. The high affinity binding site is located in the
fibrinogen vy’ chain variant and it was previously shown,
that the fibrin-bound thrombin remained catalytically
active (Meh et al. 1996). Direct observation of the
thrombin-fibrinogen interaction on the surface was
beyond the

Therefore, the presence of enzymatically active fibrin-

sensitivity of the SPR measurement.

bound thrombin was confirmed spectroscopically by

using the chromogenic substrate for thrombin S-2238.
Thrombin splits off p-nitroaniline (a yellow product)
from the chromogenic substrate and causes an increase in
absorbance at 405 nm. Previous reports showed that
thrombin can be released from the surface into the
solution, where it polymerizes the formation of the fibrin
network in the bulk (Riedel et al. 2009). To avoid the
formation of a three-dimensional fibrin network in the
bulk and to localize the formation of fibrin on the surface,
mechanisms similar to fibrin formation in vivo must be
explored, e.g. the use of ATIII.

Fibrin nanostructure formation

The formation of fibrin nanostructures on the
surface started at the moment when anew solution
containing fibrinogen and thrombin inhibitor was added
to the fibrinogen monolayer treated with thrombin. Well-
developed fibrin nanostructures on a glass surface were
prepared by incubation of the thrombin treated fibrinogen
monolayer with fibrinogen (200 pug-mlI™ in TB) and ATIII
(0.5 U'ml™" in TB) for 60 min. The AFM visualization of
the fibrin nanostructures showed that they consisted of
smaller fibers homogenously covering the whole surface
and of large fibers sparsely distributed over the surface
(Fig. 2). As can be noticed, the large fibers grew from
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smaller fibers on the surface (Fig. 2a, b, c). In addition,
we were able to observe very fine structures of the fibrin
fibers comparable to transmission electron microscopy
data (Weisel et al. 1981). The typical periodic pattern of
the fibrin fibers was resolved using an AFM microscope
(Fig. 2d). An analysis of the periodicity of several areas
revealed that the period was 22.3+1.9 nm. Such an
observation is in good agreement with the TEM
micrographs (Weisel et al. 1981), with a high-resolution
observation done by AFM (Yermolenko et al. 2011), and
by small-angle X-ray scattering studies (Muller and Ferry
1989), where a pattern with a spacing of 22.5 nm was
shown.

Antithrombin 111 and heparin effect
ATHI is inhibitor that
possesses over 90 % of total thrombin inhibition in the

anatural thrombin

blood, therefore ATIII plays akey role in blood
coagulation and in maintaining hemostasis. The influence
of different concentrations of ATIII on the morphology of
fibrin nanostructures was evaluated using an AFM. The
formation of fibrin nanostructures on the surface started
at the moment when a solution containing fibrinogen and
ATIII (at different concentrations 0.1 U~ml’1; 025U ml'l;
0.5 U-ml"; and 0.75 U-ml") was added to the fibrinogen
monolayer treated with thrombin as described earlier, and

the mixture was allowed to polymerize for 15 min. The
formed fibrin nanostructures considerably differed in
their morphology in a concentration dependent manner
(Fig. 3 upper row). The thickest fibers and fibrin network
were formed with the lowest concentration of ATIII
0.1 U-ml”, while only dense surface fibrin nanostructures
the highest

were formed at ATIII concentration

0.75 U-ml™.

Fig. 2. Fibrin nanostructures grown from the surface using
a technique based on the catalytic effect of surface fibrin-bound
thrombin and observed in a dry state by AFM. a, b, c) Details of
fibrin fibers growing from the surface. d) Detail of a fibrin fiber
with a typical periodic pattern of 22.5 nm observed by AFM. The
bar in panels a, b, cis 1 pm.

Fig. 3. The effect of changing the ATIII concentration (upper row) and heparin concentration (lower row) on the morphology of fibrin
nanostructures grown from the surface by catalytic effect of fibrin-bound thrombin on fibrinogen solution containing ATIII (upper row)
or ATIII and heparin (lower row). The bars are 1 pm (upper row) and 500 nm (lower row).
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Heparin is a polysaccharide that has numerous
important biological activities via its interactions with
diverse proteins (Capila and Linhardt 2002). It binds to
ATIII, causing it conformational changes that greatly
accelerate the thrombin inhibition rate (Rosenberg and
Damus 1973). The formation of fibrin nanostructures on
the surface with different heparin concentrations
(0.1-100 pg-ml™) was evaluated after the polymerization
of the fibrinogen solution containing ATIIT (0.5 U-ml™)
and heparin on a surface with fibrin-bound thrombin for
15 min. The lower row of Figure 3 shows that heparin
does not have a significant effect on fibrin formation. It
seems that even at the lowest concentration, heparin was
still present in amolar excess to ATIII. Therefore,
increasing the concentration did not affect the resulting

fibrin structure.

Polymerization time

The fibrin network formation was monitored in
time (after 15, 30, 60, and 120 min) using AFM. The
obtained data demonstrate that the fibrin morphology was
influenced by the time of polymerization. While at
shorter times only loosely packed fibrin nanostructures
with short fibril length were formed on the surface, with
increasing time, the surface becomes coated with thicker
and longer fibers. Moreover, the density of the fibrin
fibrin
homogenously covered the whole surface. The effect of

fibers was increased and the network

polymerization time was less noticeable in the presence
of ATII (0.5U-ml") and heparin (60 pg-ml™) in the
polymerization mixture, whereas in the presence of just
ATIII (0.5 U-ml™) the effect was more apparent (Fig. 4).
fibrin
nanostructures in their native state, an SE measurement

In order to evaluate the thickness of the

was carried out. In addition, the thickness of dry samples
was measured using AFM and SE. Table 1 summarizes
the thickness of the fibrin nanostructures obtained by
AFM and SE. It was noticeable that the thickness
increased with the polymerization time (from 45 nm to
68.6 nm and from 54.3 nm to 84.2 nm) and that higher
values were obtained when heparin was absent. This
observation was in agreement with the morphology of the
fibrin nanostructures obtained by AFM. Moreover, the
values obtained from SE correlated well with the AFM
data.

By using atechnique based on the catalytic
activity of fibrin-bound thrombin, homogeneous fibrin
nanostructures can be prepared on the substrate surface.
In this paper, we chose glass slides as a substrate;
however, the fibrin nanostructures can be prepared on
2009). The
morphology of the fibrin nanostructure can be tuned by
changing the ATIII concentration (less ATIII leads to
thicker fibrin networks) and/or the polymerization time

virtually any surface (Riedel et al

(longer time leads to denser and thicker fibrin networks).
The effect of heparin was negligible.

30 min

15 min

60 min 120 min

Fig. 4. The effect of changing the polymerization time on the morphology of fibrin nanostructures grown from the surface by catalytic
effect of fibrin-bound thrombin on fibrinogen solution containing ATIII and heparin (upper row) or ATIII (lower row). The bar is 1 ym.
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Table 1. The thickness of the fibrin nanostructures measured by a spectroscopic ellipsometer (SE) and atomic force microscopy (AFM).
The fibrin nanostructures were prepared by catalytic action of fibrin-bound thrombin on fibrinogen solution containing ATIII or ATIII

and heparin. The polymerization time was 30 and 120 min.

Polymerization Thickness (SE) Thickness in dry  Thickness in dry
time [min] [nm] state (SE) [nm] state (AFM) [nm]
Fibrinogen + 30 45.0 11.3 10.2
Antithrombin III +
) 120 68.6 20.4 19.0
Heparin
Fibrinogen + 30 543 28.5 20.6
Antithrombin 111 120 84.2 43.4 50.8

Fibrin nanostructures for biomedical applications
The
biomolecules on the fibrin nanostructures was observed

attachment of  various  bioactive
by SPR. The fibrin nanostructures on the SPR chip were
formed by polymerization of a fibrinogen solution
containing ATIII (0.5 U-ml") and heparin (60 pg-ml™).
This type of fibrin nanostructure was chosen in order to
avoid blockage of the SPR tubings. Figure 5 shows the
attachment of fibronectin, laminin, collagen I, VEGEF,
bFGF, and heparin to the fibrin nanostructure observed
by SPR in situ for 15 min. The surface density of the
attached proteins and glycosaminoglycans can be
estimated as: fibronectin-20 ng-cm™, laminin-6.8 ng-cm™,

collagen 1-17.7 ng:em™, VEGF-121 ng-cm™,  bFGF-

40 - bioactive molecules

i TE-I.
VEGF l
E ——— laminin T
c 30 — gollagen | Ve
E —— fibronactin thrombin J-jg
% ”0 eparin ™ l i |
- = -
é | fibrinogen m
£
'g 10418 fibrinogen+ATill=heparin
£ 1
& -
w0
04
0 50 100 150 200 250
Time (min)

103.5 ng-cm™, heparin-20.6 ng-cm™. It should be noted
that the amount of attached proteins on the fibrin
nanostructures can be easily tuned by changing the
adsorption time. This is extremely important especially
when growth factors are used in tissue culture and in
implants, as they may cause adverse reactions such as
growth,
differentiation, and survival (Turner and Grose 2010,

tumor decreased  cell  proliferation,
Verheul and Pinedo 2000). In this paper, we selected
some representative bioactive molecules to highlight the
A plethora of

biomolecules for specific functions can be immobilized in

ease of functionalization. other

analogous fashion.

= b

bFGF |
8- VEGF
laminin
——collagen |
G- —— fibronectin
heparin

bioactive molecules

SPR signal Akgpg (nm)
=

0 ' 10 ' 20

Time (min)

Fig. 5. SPR sensorgram showing: a) the preparation of fibrin nanostructures by the catalytic action of fibrin-bound thrombin on
fibrinogen solution containing ATIII and heparin, and the attachment of bioactive molecules; b) detail on the attachment of biologically
active molecules to the fibrin nanostructure prepared by fibrin-bound thrombin. The arrows indicate the replacement of solutions. TB —
Tris buffer pH 7.4, bFGF — basic fibroblast growth factor, VEGF — vascular endothelial growth factor.

The fibrin nanostructures prepared herein offer  virtually any surface; they are biodegradable and

several advantages for tissue engineering and scaffold  biocompatible; the morphology and thickness can be

modification: the fibrin nanostructures can be prepared on  tuned by changing the polymerization conditions; they
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can be functionalized with various biologically active
biomolecules to promote cell attachment, proliferation,
and differentiation; to decrease thrombogenicity of the
scaffold; to decrease platelet adhesion and aggregation;
etc. Another advantage is that fibrinogen can be easily
isolated from blood plasma, thus providing autologous

material.
Conclusions

This paper evaluated the influence of differing
ATIIT and heparin concentrations and varied

polymerization times on the morphology of fibrin
nanostructures grown by a technique based on surface
fibrin-bound Different
thrombin inhibitors led to various thicknesses and the

thrombin. combinations of
appearance of the fibrin nanostructure. The use of heparin
and ATIII during the fibrin polymerization led to densely
packed fibrin on the surface, while when only ATIII was
used, thick fibrin fibers and networks grew from the
surface and reached up to hundreds of nanometers in
height. As expected, by increasing the polymerization
time, denser and thicker fibrin nanostructures were
formed on the surface. By decreasing the concentration of
ATIII, fibrin formation was accelerated and a thick
network formed within a short time. On the other hand,
the effect of different concentrations of heparin was
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