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This review looks at the use of fibrin in vascular tissue engineering (VTE). Autologous fibrin is one of the most 
affordable biopolymers because it can be obtained from peripheral blood by simple techniques. A description and 
comparative analysis of the methods and approaches for producing fibrin gel is provided. The ability of fibrin to 
promote cell attachment and migration, survival and angiogenesis, to accumulate growth factors and release them 
in a controlled manner, are unique and extremely useful in VTE. Fibrin gels can serve as a three-dimensional 
matrix molded in different sizes and shapes to be applied in a variety of ways, including as a scaffold, coating, or 
impregnation material. Fibrin’s high porosity and biodegradability allows controllable release of growth factors, 
yet fibrinolysis must be tightly regulated to avoid side effects. We discuss the main methods of regulating the rate 
of fibrinolysis, as well as possible side effects of such exposure. Low mechanical strength is the main limitation 
in using fibrin as a scaffold for vascular tissue engineering. Possible options for increasing the strength properties 
of fibrin matrix and evaluating their effectiveness are presented. We propose that unique biocompatibility and 
ideal biodegradation profile of fibrin justify its use as a scaffold material for developing an ideal fully autologous 
small-diameter tissue-engineered vascular graft.
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ВacKGrOunD
Active search for an ideal material to be used in va-

scular tissue engineering (VTE) is continually going 
on. Developed synthetic materials, such as dacron or 
polytetrafluorethylene (PTFE), polyethylene terephtha-
late (PET) are successfully used in large diameter vessel 
reconstruction, however their applicability for creating 
low diameter vascular prostheses (less than 6 mm) is 
low because of intima hyperhrophy and thrombosis due 
to incomplete endothelization, low blood flow velocity 
and mismatch in compliance (vessel diameter and its 
adaptive reactions to arterial blood pressure changes) [1]. 
Lack of effective low diameter vascular grafts facilitates 
the search for innovative strategies, new materials and 
their modifications.

Understanding the significance of normal physiolo-
gical reactions of the vascular wall in the prevention and 
control of thromboses, hyperplasia and inflammation 
created a whole new area in VTE devoted to imitating 
the structure and function of the native arterial wall while 
developing new generation vascular grafts. Among the 
most potentially advantageous approaches in VTE re-
lated to maximal imitation of the extracellular matrix 
(ECM) in combination with biological functionality of 
the product, biogel cell colonization and the technology 
of biodegradable frames should be noted. In these areas 
fibrin presents a special interest for researchers, as it 

possesses a set of unique characteristics which make it a 
practically ideal natural biological material for VTE [2].

Fibrin is formed at the final stage of the coagulation 
cascade and presents a natural biodegradable matrix. Fib-
rin-based biomaterials are ideally biocompatible, possess 
high affinity to various biological surfaces, controlled 
biodegradation by means of fibrinolysis, the biodegra-
dation products of which are non-toxic [3].

Currently fibrin gel is actively used at the clinic for 
hemostatic purposes, closure of the wound surface and 
as a sealant. Search is going on in tissue engineering for 
fibrin matrixes in ophthalmology (sclera [4] and lens [5] 
reconstruction), in neurology (plexus and peripheral ner-
ve reconstruction [6]), in traumatology and orthopedics 
(cartilage reconstruction [7]), during artificial skin de-
velopment [8], etc. Being a natural physiological frame, 
it supports angiogenesis and tissue reparation [9]. Fibrin 
fibers contain cell adhesion sites which create a platform 
for cell adhesion, migration and proliferation, as well as 
conditions for adequate tissue formation [10]. The 3D 
porous structure of fibrin supports cell migration into the 
frame and their vital activity due to nutrient and oxygen 
diffusion into the fibrin frame and waste removal [11]. 
Fibrin is the most available of all polymers. Fibrin gels 
can be easily and promptly obtained from the patients’ 
own blood. Autologous scaffolds formed on its basis do 
not have the risk of transferring various pathogen transfer 
or launching the immune reactions of the organism to 
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a foreign body. The properties and special features of 
fibrin which have crucial significance for VTE will be 
described further in more detail.

MechaniSMS Of fiBrin Gel fOrMaTiOn
Fibrin is a product of fibrinogen polymerization as 

the final stage of the coagulation cascade. Fibrinogen 
is a dimer of glycoprotein which consists of 3 pairs of 
identical chains (α, β and γ). At the first stage active sin-
gle molecules of fibrin monomer are formed, facilitated 
by thrombin, which are capable of polymerization and 
forming fibrin fibers (Fig. 1).

Calcium ions are key co-factors in enzymatic trans-
formation of fibrinogen into fibrin. At this stage fibrin 
is dissolved in 5M urea, therefore it was called soluble 
fibrin.

At the same time thrombin activates factor XIII 
which in the presence of calcium ions (Ca2+) forms late-
ral covalent bindings between D-domains of the fibrin 
monomers. Lateral aggregation of fibrin fibres leads to 
their thickening and enhancement of their resilient and 
non-rigid properties [12]. Fibrin’s general mechanical 
properties are determined by their structural peculiari-
ties at the level of molecules, individual fibers, as well 
as branching of the fibers in the fibrin network [13, 14]. 

Introducing factor XIII in sufficient concentration ena-
bles to obtain fibrin with good mechanical properties 
[15, 16]. High factor XIII concentration also catalyses 
cross-linking of cell adhesion proteins which enhances 
the adhesion properties of fibrin [17].

WaYS Of OBTaininG fiBrinOGen 
PreciPiTaTe anD fiBrin Gel

Autologous fibrinogen precipitate is obtained from 
blood plasma by means of physical and chemical me-
thods. Cryoprecipitation is one of the physical precipi-
tation methods and has been described in many sources. 
However protocols vary largely by freezing time and 
temperature, as well as melting temperature and time 
and the number of freezing-melting cycles. Chemical 
methods include primarily precipitation by means of 
ammonium sulfate and ethanol; their combination is also 
used [18, 19]. Preferable precipitation methods (ethanol, 
ammonium sulfate and cryoprecipitation) vary according 
to data from various sources as the criteria of evaluation 
are also different. In some cases the ethanol method is 
preferable as there is a higher fibrinogen concentration 
in the precipitate and the time required to obtain it is less 
[20]. In other cases cryoprecipitation is called a leader as 
in case of sufficiently high fibrinogen concentration the 

Fig. 1. Schematic diagram of the fibrin polymerization. Thrombin cleaves fibrinopeptides A and B from fibrinogen, after 
which the complementary regions on domains E and Dopen for knob-hole interaction. At this stage, the oligomers lengthen 
and form two-stranded soluble fibrin polymers. XIIIa factor in the presence of calcium ions covalently cross-links the D do-
mains of neighboring fibrin monomers. Factor XIIIa crosslinks or ligates γ-chains more rapidly than α-chains. At this stage, 
the fibrin polymer becomes insoluble and obtain mechanical strength. Further, two-stranded fibrin molecules (protofibrils) 
laterally aggregate to make fibers, the process is enhanced by αC-interactions of D-domains. Elongation and thickening of 
fibrin fibers occurs at the same time with branching, as a result a three-dimensional fibrin network is formed
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Fig. 2. Schematic diagram of fibrinolysis. MT-MMP – membrane-type matrix metalloproteinases; tPA – tissue plasminogen 
activator; uPA – urokinase plasminogen activator; PAI – plasminogen activator inhibitor; D – D-domain; E – E-domain

mechanical properties of the obtained fibrin are higher 
[21], which is related to partial protein denaturation du-
ring addition of ethanol or ammonium sulfate with sub-
sequent formation of incomplete connections between 
fibrin monomers and fibrin clot dyshesion. Therefore 
different technologies for obtaining fibrinogen precipi-
tate are used depending on the final goal.

In the majority of the studies fibrin gel is obtained 
from fibrin precipitate by means of introducing autolo-
gous or commercial thrombin and CaCl2 [22, 23]. Tomo-
mi Hasegawa et al. have developed and presented a non-
thrombin technology of obtaining fibrin from fibrinogen 
[24]. In this case a polymerizing mixture is used which 
has low thrombogenicity as compared to thrombin, and 
during comparison with commercial thrombin does not 
activate an immune response [25].

naTural anD cOnTrOlleD fiBrin 
BiODeGraDaTiOn

Fibrin gels possess the advantage of a fully biode-
gradable polymer with a possibility of regulating the 
speed of degradation. In a normal biological environment 
fibrin fibers are degraded by means of fibrinolysis. In 
the process of fibrinolysis a non-active plasminogen, 
influenced by external (tissue plasminogen activator 
(tPA) and urokinase plasminogen activator (uPA)) and 
internal (XIIa factor, kallikrein) enzymatic activation is 
transformed into plasmin, a proteolytically active enzy-
me [26] (Fig. 2).

Plasmin asymmetrically cleaves fibrin into separate 
fragments: ’early’ large molecule fibribolysis products – 

fragments X and Y, and ’late’ fragments D and E. Fibri-
nolysis facilitates fibrin gel degradation with formation 
of non-toxic products, however the internal instability of 
fibrin is viewed as the main difficulty regarding its use as 
the main frame material or coating for TE constructions 
[27]. Apart from plasmin, various proteases take part in 
fibrin degradation, in particular an important role in this 
process belongs to membrane type matrix metalloprote-
inases (МТ-ММР) [28].

Success in regulating the speed of VTE implantati-
on is directly related to the possibility of regulating the 
speed of fibrinolysis. Under natural conditions fibrin 
decomposes within several days or weeks, the speed of 
fibrinolysis depends on fibrin structure, cross-linking 
features and protease inhibitor content [29]. Long term 
stability and mechanical sustainability of the matrix play 
an important role for the cells which require certain time 
and sufficient frame durability in order to remodel the 
matrix. Fibrin matrixes are gradually substituted by ma-
ture collagen that is synthesized by cells which have 
populated the full thickness and surface of the matrix 
(fibroblasts, EC/EPC and SMC) [27, 30].

In order to control the process of fibrin degradati-
on two approaches are applied: additional transverse 
cross-linking of the fibrin fibers and use of fibrinoly-
sis inhibitors [31]. Additional transverse cross-linking 
of the fibrin fibers is achieved by means of XIII factor 
which, apart from lateral covalent binding between fibrin 
γ- and α-chains, achieves transverse cross-linking with 
the fibrin of such molecules as α2-antiplasmin, TAFI 
(thrombin activated fibrinolysis inhibitor), PAI-2 (type 2 
plasminogen activation inhibitor) which stabilizes the fi-
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brin network and increases the resistance of cross-linked 
fibrin to fibrinolysis [32, 33].

In the course of developing fibrin coatings and frames 
on the basis of fibrin aprotinin is usually used as a pro-
teolytic inhibitor and ε-аminocaproic acid (EACA) as a 
fibrinolytic inhibitor. The issue regarding the influence 
of these inhibitors on cell vital, proliferative and functio-
nal activity is extremely important as it determines the 
effectiveness of collagen synthesis and adequate tissue 
formation. Unfortunately there is no decisive answer to 
this question. There is evidence both of positive influ-
ence of the inhibitors on the vital activity of the cells 
[34] and of unfavourable results [35]. A study by Grassl 
et al. tested a wide range of EACA concentrations and 
absence of impact on collagen synthesis has been shown 
for SMC colonized on the fibrin tubular frame [35]. Op-
posite results have been obtained by Mol et al. [30] in 
whose study use of EACA inhibited ICM formation but 
did not hinder myofibroblast (MFB) proliferation in a 
human vein. These conclusions were based on a histolo-
gical evaluation of tissue constructions after cultivating 
samples in static conditions for 2 to 6 weeks. Collagen 
fibers in the samples with EACA have not been detected 
throughout the cultivation period. Researchers belie-
ve that the inhibiting effect of EACA on collagen fiber 
formation is due to the fact that EACA is a synthetic 
analog of lysine and may play the role of competitive 
residue which blocks covalent cross-linking of the col-
lagen molecules.

Nor does there exist a common opinion among sci-
entists regarding the impact of aprotinin on cell vital 
activity. Both increased MFB collagen synthesis and 
tissue development potentiation have been described 
after increased aprotinin concentration [34], as well as 
the absence of its influence on the formation of ICM by 
the cells, in particular on type IV collagen and laminin 
synthesis [36]. In the opinion of Mühleder et al. [36], 
aprotinin-induced fibrin stabilization leads to a disruption 
in angiogenesis and formation of tubular 3D structures. 
The authors relate the mechanism of this effect to fib-
rinolysis inhibition. Nevertheless, no direct impact of 
aprotinin on the angiogenic properties of EC, as in the 
case of cultivating cells without fibrin the presence of 
aprotinin in the growth medium facilitates angiogenesis 
[37]. The impact of various aprotinin concentrations on 
the vasoreactive (contractility/dilatation) and mechanical 
properties of fibrin-based small diameter TE vascular 
prostheses has been described [38]. According to Swartz 
et al. aprotinin increases the cell colonization density 
and the physico-mechanical properties of TE vessels, 
but only owing to preserving the fibrin matrix structure. 
A diverse impact of aprotinin on vasoreactivity in VTE 
has been noted. On the one hand, it increases the capa-
bility of vasodilatation in VTE, but at the same time it 
decreases the receptor-mediated and non-receptor vaso-
constriction [38].

Such diverse opinions regarding the impact of fibri-
nolysis inhibitors on fibrin properties and cell behaviour 
do not enable to form unanimous conclusions and require 
further comprehensive investigation.

fiBrin aS a cell carrier, OPPOrTuniTieS 
fOr reGulaTiOn Of iTS PrOPerTieS

An important issue in VTE is the development of 
a 3D frame imitating the ICM which would facilitate 
cell adhesion, proliferation, migration and adequate tis-
sue development. Fibrin imitates the ICM and not only 
provides physical support to the cells but also acts as a 
biomimetic niche, inducing biochemical and biophysical 
signals which regulate cellular behaviour. A 3D fibrin 
matrix has a nanometric fibrous structure which includes 
microporosity and macroporosity. The pores provide a 
supply of nutrients to the cells as well as migration and 
colonization opportunity [39]. It is known that fibrin 
supports expansion, migration and proliferation of vari-
ous cell types, including EC [40], EPC [39], fibroblasts 
[41], MFB [11], mesenchymal stem cells (MSS0 [42]. 
The structure and physico-mechanical properties of the 
fibrin gel depend on fibrinogen and thrombin concentra-
tion [39, 43]. In case of low activity or concentration of 
thrombin there is no full separation of A and B peptides 
from the fibrinogen, correspondingly adequate fibrin fi-
bers are not formed and polymerization time is increased 
which impacts the matrix durability significantly. In case 
of sufficient concentration or activity of thrombin the 
size of the pores and permeability of the fibrin carrier 
depends on the concentration of fibrinogen. Thus, in-
creasing fibrinogen concentration within the range of 
5 to 20 mg/ml decreases the size of the pores and the 
permeability of the matrix but increases its durability and 
stiffness [39, 43]. However too small pores prevent cell 
migration into the matrix thickness and have a negative 
influence on their growth and survival capability due to 
decreased permeability and nutrient perfusion. For the 
EC located on the surface of the matrix changes of the 
pore size do not have such a significant influence on 
their vital activity. Therefore depending on the goals and 
purposes the optimal concentration of fibrinogen should 
be selected individually.

Kurniawan et al. have shown that the buffer which 
was previously considered inert has a significant influ-
ence on fibrin self-assembly and gel permeability [44]. 
Buffer agents which control the pH of the media do 
not impact initial assembly of the fibrin monomers into 
protofibrils, however they hinder greatly further lateral 
protofibril association into thicker fibrin fibers. Buffer-
mediated interruption of protofibril binding leads to a 
noticeable decrease in the fibrin network permeability, 
but does not have any significant effect on the elasticity 
modulus [44].

Apart from fibrinogen concentration, fibrin and pH 
of the buffer another factor that influences the structural 
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properties of fibrin is the concentration of calcium ions 
(Са2+). Fibrin gels with fibrinogen end point concentrati-
on 25 mg/ml and above, Са2+ concentration 20 mM and 
pH between 6.8 and 9 possess transparency and stability 
properties [27]. When fibrin components are used outside 
these ranges a cloudy gel is formed which fully degrades 
within several weeks.

An optimal fibrinogen/thrombin ratio enables to ob-
tain fibrin which supports EPC growth and their diffe-
rentiation towards an endothelial phenotype with high 
angiogenic properties [39]. An advantage of the fibrin 
carrier has been noted in comparison with fibronectin. 
It has been shown that EPC viability, differentiation and 
angiogenic properties with fibrin are higher as compared 
to fibronectin. Besides, fibrin can support a larger number 
of cells functionally active for a longer time [39].

Cell distribution and proliferation on the matrixes 
is an important aspect for effective tissue formation. 
It is known that high homogeneity of cell distribution 
determines high ICM protein synthesis [30]. Therefore 
hierarchy and uniformity in cell distribution throughout 
the scaffold volume are of crucial significance. The work 
performed by T. Aper et al. showed [11] that human EC 
and MFB cultures, when colonized onto a composite ma-
trix consisting of fibrin and a polyglactin frame, formed 
a hierarchic structure with a uniform EC monolayer on 
the surface and the MFB penetrating into the thickness 
of the frame correspondingly to the structure of the na-
tive vessel. Migration of the cells while retaining their 
viability, according to data presented by the authors, 
amounts to 519 ± 27 micron. In deeper fibrin layers no 
live cells have been discovered, which is related to in-
sufficient oxygen and nutrient supply. Other research 
found 3D distribution of colonized fibroblasts in fibrin 
within a depth up to 3 mm [30, 45]. The average thick-
ness of a human coronary artery varies between 390 to 
1300 micron; therefore, maximal depth providing for 
MFB viability in a fibrin matrix will enable to create 
a small diameter vessel. Thus, fibrin gel as a cell carri-
er, depending on the cell type, ensures their hierarchic 
and uniform distribution, facilitates free migration and 
proliferation on the surface and within the matrix. This 
will enable to quickly and effectively colonize fibrin 
and form a compact formula. Also, cellular synthesis of 
ICM proteins within the matrix prevents washout of the 
soluble components and provides for ICM maturation 
in a short timeframe.

Good elasticity of fibrin gel is another important 
aspect of its effectiveness as a cell carrier. Elasticity 
determines the functional characteristics of the cells, 
influences the course of angiogenesis, regulates cell mi-
gration and traction force [46]. Fibrin possesses both 
elastic and viscous properties which are directly related 
to displacement deformation. Displacement deformation, 
in its turn, induces the launching of the signal mecha-
notransduction complex which regulates the adaptation 

of the cells to their physical environment. Fibrin fibers 
are exceptionally distensible and elastic [47], which sets 
fibrin advantageously apart from other protein fibers 
[48].

fiBrin aS a DirecT anGiOGeneSiS 
reGulaTOr

In the process of wound healing the fibrin clot not only 
limits blood loss but also ensures release of a number of 
factors which stimulate new blood vessel formation. The 
classic model of wound healing accepts the active role 
of cells which influence the behaviour of other cells by 
means of signal transduction, however at the same time 
a passive role of a basis is assigned to the ICM [49, 50]. 
It has currently been proved that the fibrin matrix takes 
active participation in the regulation of angiogenesis, 
colonization and cell invasion [51].

The matrix structure contains not only cell integrin 
binding sites but also determines the speed and degree 
of the proteolytic degradation of the matrix induced di-
rectly by the cells themselves [52]. The factor regulating 
and controlling EC fibrin colonization and invasion is 
fibrinolysis which in turn is determined by metallopro-
teinase and plasmin system activity [51]. Hemostasis 
and angiogenesis are two interrelated physiological 
processes which act in a balanced and concordant way 
in order to restore microcirculation after vascular dis-
ruption [50]. Directly after the injury it is important to 
prevent excessive bleeding, and effective coagulation 
is needed for this. Starting angiogenesis at this stage is 
unproductive and premature, as newly formed vessels 
are delicate and unstable [53]. Therefore thrombogenesis 
and angiogenesis processes are strictly controlled, and 
angiogenesis is launched only after hemostasis has been 
successfully completed. Proof of direct impact of fibrin 
on angiogenesis is presented in a paper by Hadjipanayi et 
al. [54]. Fibrin binds many pro- and antiangiogenic fac-
tors which are released after coagulation (transforming 
growth factor β (TGF-β), vascular endothelial growth 
factor (VEGF), fibroblast growth factor (FGF), platelet-
derived growth factor (PDGF), platelet factor 4 (PF4), 
thrombospondin 1 (TSP1)) [55], and it also takes part 
in controlled release of these factors and angiogenesis 
regulation. The fine regulation mechanism is closely 
related to fibrinolysis and hemostasis processes. At early 
stages the fibrin clot performs a hemostatic function and 
initiates controlled release of angiogenic inhibitors, at the 
same time it facilitates EC attraction and migration by 
means of chemotactic factors. At the stage of a formed 
fibrin clot and activation of fibrinolytic processes fibrin 
gradually increases the release of proangiogenic factors 
and decreases the release of antiangiogenic ones, thus 
creating conditions for effective angiogenesis.
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fiBrin aS a MeanS Of GrOWTh facTOr 
DeliVerY

Fibrin is an independent cell behaviour regulator. 
In the course of morphogenesis and tissue healing the 
release of growth factors (GF) from the ICM plays a 
key role for the attraction of cells, regulation of their 
distribution zones and signal transfer [56, 57]. In this 
process GF release should be carefully balanced in order 
to achieve proper tissue formation.

Fibrinogen and fibrin are able to bind and retain GFs 
from different groups (PDGF, VEGF, FGF, TGF-β) via a 
heparin-binding domain nonspecifically with high affini-
ty [55, 58]. GFs which are not bound to fibrinogen/fibrin 
are quickly eluted from the fibrin matrix, while those 
which are bound are retained for a prolonged period and 
released slowly. Nonspecific high affinity of fibrin to 
GF plays an important role in damaged tissue restorati-
on, because fibrin acts as a reservoir for the delivery of 
growth factors, facilitating their reparation and healing.

Slowing down of the GF release process may be 
achieved by means of pressing fibrin, which at the same 
time increases frame density and improves the physico-
mechanical properties of the construction [53]. Another 
way of increasing GF content in fibrin is related to the 
use of plasma rich in platelets while manufacturing the 
matrix. Platelets contain a large number of GFs, such as 
PDGF, TGF-b1 and TGF-b2, FGF, VEGF and insulin-
like growth factor (IGF), which stimulate cell prolife-
ration, matrix remodeling and angiogenesis [54]. Use 
of platelet concentrate during fibrin matrix formation is 
an interesting option for tissue healing facilitation [55], 
however it is not suitable for creating vascular prostheses 
as it increases the thrombogenicity of the construction. 
Apart from the physiological ability of fibrin to bind 
and release GF, the fibrin gel/matrix enables to incor-
porate growth factors, bioactive peptides and proteins 
[56] which opens additional opportunities for focused 
differentiation and influence on the vital activity of co-
lonized cells.

The VaSOreacTiViTY Of fiBrin-BaSeD VTe
An ideal VTE graft should adapt to changing condi-

tions of the blood flow, i.e. manifest vasoreactivity. The 
main elements in vasoreactivity are the smooth muscle 
cells which are able to respond to contractile and dilata-
tion stimuli. Owing to contractile properties and proper 
radial location of vascular smooth muscle cells condi-
tions are created not only to increase frame strength and 
stability but also to achieve vasoreactivity for the whole 
construction. Swartz et al. have been studying the proper-
ties of fibrin-based small diamteter VTE colonized with 
SMC and EC [32]. The constriction and relaxation ability 
of VTE have been evaluated after exposure to various 
vasoactive substances on the circular segments of the 
construction. The VTE achieved significant mechanical 
performance and vasoreactivity already after 2 weeks of 

maturation under static conditions. After implantation the 
process of remodeling was continued with an increase in 
mechanical performance and vascular reactivity.

fiBrin increaSeS cell reSiSTance TO Shear 
STreSS

EC play a decisive role in vascular biology and per-
form various functions: serve as a selective permeabi-
lity barrier, take part in thrombogenesis regulation and 
thrombolysis, platelet adhesion, vascular tone modu-
lation, immune and inflammatory response regulation, 
mechanotransduction. EC loss induces local activation 
of a pathophysiological cascade leading to neointimal 
hyperplasia [59]. Therefore formation and support of 
a functional athrombogenic endothelial monolayer is a 
key requirement in VTE development.

Under physiological conditions EC are subject to 
complex mechanical exposure which includes shear 
stress, pressure and radial distention. It is known that 
over 70% of the EC colonized on a synthetic frame are 
washed off within the first 20 minutes after implantation 
and this process is intensified in case the shear stress 
level is increased [60]. Covering the construction with 
adhesive proteins enables the EC to withstand the flow. 
The adhesive proteins used for this include fibronectin, 
collagen, gelatin, whole ICM and fibrin. The most com-
prehensive comparative characteristic of cell retention on 
the surface of a vascular prosthesis covered with various 
types of protein is presented in the work by Chlupáč et 
al. [23]. The researchers studied retention properties for 
human EC on commercial prostheses made from PET 
with type I collagen and similar prostheses additionally 
coated with laminin, fibrin and fibrin/fibronectin. The 
effectiveness of cell colonization after 4 hours of inter-
laminary cultivation under rotation conditions amounted 
to 22–30% of the initially introduced amount and did 
not vary significantly in the prostheses with or without 
coating. After 3 days of maturation in static conditions 
the colonized prostheses were placed into a bioreactor. 
A significant and progressing with time loss of cells was 
observed on the commercial and laminin-coated pros-
theses. Under the same conditions a less significant loss 
of cells was taking place from the surface of prostheses 
coated with fibrin and fibrin/fibronectin, and by 120 min 
even an increase in their number was noted. The resear-
chers relate the increase in the number of EC on a surface 
coated with fibrin or fibrin/fibronectin to the beginning 
of cell proliferation.

Adhesion to fibronectin and fibrin involves integrin 
receptors αvβ3 and α5β1 [61], which play a decisive role 
in adapting EC to hemodynamic efforts; their activation 
launches intercellular signal transfer and a change in the 
expression of genes which activate angiogenesis and 
proliferation [62]. The abovenamed receptors are not 
involved in EC adhesion to collagen and laminin [61], 
which emphasizes the advantage of EC interaction with 
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fibrin in order to form the desired cellular responses. The 
ability of fibrin to retain EC under shear stress condi-
tions does not depend on the type of polymer basis (PET, 
PTFE, ePTFE) nor on the type of fibrin use (as a polymer 
coating or as an independent frame) [63]. Totally fibrin 
scaffolds also enable to obtain high density endotheli-
zation and support the monolayer under physiologically 
significant shear stress conditions [63].

Unfortunately coating of the graft with adhesive pro-
teins (ICM, plasma or fibronectin) apart from improving 
EC adhesion also facilitates platelet adhesion and ag-
gregation and increases the risk of thrombogenesis. As 
compared to whole ICM and gelatin, fibrin demonstrates 
lower platelet activation and adhesion on the surface and 
consequently lower thrombogenesis [64]. Thus, fibrin is 
the material of choice in supporting VTE endothelization 
under pulsing blood flow conditions.

fiBrin MOlDinG
Fibrin polymerization takes place during a certain pe-

riod of time which has its positive aspects in the creation 
of TE constructions. There exist various technologies of 
scaffold manufacturing: mold casting in order to create 
a 3D porous structure and frame saturation for modifi-
cation or for the creation of a fibrin coating.

In the first case fibrin components are poured into the 
desired mold, they are allowed to polymerize and then 
the ready construction is extracted from the form. Due 
to initial fluidity of the component mixture during fibrin 
molding it is possible to obtain precise and complex 
forms, for example valves and complex vessels with side 
branches [65]. The fluidity property enables to saturate 
different types of molds which creates a stable fibrin 
layer on the surface and imparts new desirable proper-
ties to the construction [23]. Moreover, introducing cell 
culture into the suspension or solution before mixing and 
polymerization facilitates uniform cell distribution in the 
inundated matrixes. Owing to the properties of fibrin 
which are extremely favourable for cell colonization 
and further remodeling in the body, technologies for 
manufacturing fibrin small diameter vessel prostheses 
by molding are being actively developed [15].

However using exclusively fibrin as the basis for VET 
encounters the main problem – insufficient mechanical 
performance of the fibrin gels in order to withstand phy-
siological dynamic stress in vivo.

lOW Mechanical PerfOrMance Of fiBrin, 
OPTiOnS fOr PrOBleM SOluTiOn

Commonly used techniques aimed at improving me-
chanical performance of fibrin gels include two areas: 
improving the performance (strength) properties of the 
fibrin itself and creating a frame or hybridization with 
polymers/tissues.

Impacting on fibrin in order to improve its perfor-
mance and durability characteristics includes several 

options: increased fibrinogen and thrombin concentration 
(described above); cross-linking of the fibrin fibres by 
XIIIa factor; densification of the fibrin structure by me-
ans of centrifugal force or compression; colonizing fibrin 
with cells during subsequent maturation in a bioreactor 
or in static mode. In studies aimed at VTE creation both 
separate methods are used as well as a combination of 
several methods [15, 16].

Cross-linking with XIIIa factor not only prevents fi-
brinolysis but also improves the performance characte-
ristics of the fibrin clot. XIIIa factor enables to improve 
the resilience modulus for the fibrin fibers by over 8 
times, and the ultimate resistance by 4.5 times [12, 16].

Improvement of the physicomechanical properties 
of the fibrin clot is to a certain extent facilitated by me-
chanical stimulus during polymerization. After being 
subject to continuously fluctuating forces of sufficient 
intensity a more rigid and durable fibrin matrix is formed 
as compared to similar matrixes which have not expe-
rienced mechanical pressure [66]. Thomas Aper et al. 
have presented a technology of high speed centrifugal 
molding, which enabled to sufficiently improve biome-
chanical stability of the fibrin tubular frames when the 
speed of rotation for the press mold was increased from 
1000 to 1500 rpm [15]. The main principle of centrifu-
gal molding is related to removing excess fluid which 
amounts to over 80% of the fibrin matrix volume; the 
densification of the fibrin clot induced by this facilita-
tes cross-linking of the fibrin fibers. It has been noted 
that isolated centrifugal molding is less effective than a 
combination of similar parameters of centrifugal force 
and XIIIa factor cross-linking. Moreover, introducing 
EC and SMC into the fibrin content along with adding 
XIIIa factor additionally improves the performance of 
the tubular fibrin construction [15].

Colonizing the fibrin construction with fibroblasts, 
SMC and EС facilitates strengthening of the wall by me-
ans of forming cell interactions and ICM protein synthe-
sis. However in order to improve the physicomechanical 
properties after in vitro cell colonization the construc-
tion should undergo a period of maturation under static 
or dynamic conditions. Pulsing flow conditions speed 
up and increase the effectiveness of fibrin construction 
maturation. Conditioning of the fibrin frame colonized 
with fibroblasts under conditions of a pulsing bioreac-
tor improve the performance of the construction within 
7 weeks to the parameters of the native artery [67].

Insufficient durability and rigidity of the fibrin mat-
rixes is closely related to the problem of fibrin shrinkage 
[65]. The impact of the pulsing flow on the cell-colonized 
fibrin construction decreases the percentage of fibrin 
shrinkage [68]. A pulsing flow stimulates expression of 
cytoskeletal proteins, aligns the colonized cells along 
the direction of the flow, and also significantly increases 
ICM protein synthesis and accumulation; this improves 
durability and resiliency properties of the matrix, acti-
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vates remodeling and creates a resistant frame which 
prevents shrinkage [68].

Forming a strengthening fibrin-based polymer frame 
or reinforcing net not only improves durability charac-
teristics but also decreases the period of maturation for 
the fibrin construction. Thus, creation of a quickly de-
grading frame made of polyglycolic acid with poly-4-
hydroxybutyrate on a fibrin basis colonized by MFB 
decreased the preparation time to 4 weeks [69]. After 
4 weeks of in vitro dynamic deformation the mechanic 
properties of VTE obtained indicators comparable to 
those of the internal mammary artery (burst pressure 
level 903 ± 123 mm Hg). A shorter period of preparation 
is described in the case of strengthening the wall of a 
MFB-colonized autologous fibrin vascular prosthesis 
by a polyvinildenfluoride (PVDF) reinforcing net [70]. 
During 2 weeks while the construction was placed into 
bioreactor conditions with physiological flow velocity 
and pressure gradient parameters it was possible to in-
crease the average suture retention durability to 6.3 N, 
and the tensile breaking strength to 236 mm Hg. At the 
same time the fibrin gel matrix showed good tissue de-
velopment and high concordance with native vessels.

Reinforced small diameter fibrin VTE show very pro-
mising results after implantation: high patency, no calci-
fications or aneurysms, signs of active wall remodeling 
(presence of SMC and mature autologous ICM proteins) 
and EC monolayer formation on the inner surface of the 
graft [71].

The electrospinning method is gaining increasing po-
pularity in the making of vascular prostheses. It enables 
to form nanosize fibers and to create a porous frame 
structure. An option has been suggested to create a fibrin 
frame strengthened by an ultrathin fibrous cover made 
of poly-ε-caprolactone (PCL) with the use of electro-
spinning, which enables to get a small diameter vas-
cular prosthesis ready for implantation within 1 week 
[72]. A week after implantation to mice these prostheses 
obtained performance properties similar to those to be 
found in native arteries. Fibrin-mediated cell remodeling, 
stable intima, massive matrix accretion with organized 
collagen layers and elastin fibers were formed already at 
week 4 after implantation. Grafts showed high patency, 
low thrombogenicity and an inclination to calcification. 
This technology has a promising development prospect, 
however further research is required using larger animals 
and increasing the implantation period.

The concept of hybrid scaffolds which combine the 
advantages of natural and synthetic materials is very at-
tractive and is believed to be effective. Creating coatings 
on the surface of polymers and decellularized tissues are 
meant to set up cell adhesion sites and increase biocom-
patibility; in this context a lot of attention is devoted to 
fibrin coating. In this technology form molding and the 
main mechanical stress is borne by the polymer frame or 
the decellularized tissue, and the fibrin coating creates a 

biocompatible layer on the surface which makes cellu-
lar invasion and growth easier. Good penetration power 
of the fibrin gel, good linkage with textured or porous 
surfaces after polymerization enable to use fibrin as a 
coating or for the saturation of frames made from various 
polymer materials or xenogenic tissue [23, 71, 73]. As a 
polymer basis for biomimetic hybrid frames with biolo-
gical properties of fibrin the following are used: porous 
PCL [74], polylactide [71], PET [23], PTFE/dacron [75]. 
In order to retain mechanical properties and improve bio-
compatibility biological composite frames are developed 
on the basis of decellularized arteries covered by fibrin 
gel [73]. It has been suggested to manufacture a hybrid 
frame by applying aerosol fibrin gel on the inner and 
outer surfaces of decellularized arteries with successful 
cell colonization (MFB and EC). In this case the decellu-
larized fibers of the carotid artery are closely interwoven 
with fibrin gel fibers and the layers are firmly bound to 
each other. The obtained hybrid frames / vascular grafts 
and native arteries demonstrate similar physicomecha-
nical properties [73].

Thus densified and reinforced (frame-mounted) fibrin, 
as well as hybrid frame options can be potentially bases 
for creating effective small diameter vascular prostheses.

OPPOrTuniTieS fOr creaTinG fiBrin-BaSeD 
auTOlOGOuS GrafTS

One of the main goals in VTE is the creation of a fully 
autologous prosthesis for small diameter vessels. The 
discovery of vascular EPC enables to obtain pure cul-
tures of autologous EC even from patients with CVDs. 
EPCs can be obtained from the patient’s own peripheral 
blood. An increase in the number of EPCs in response 
to a mechanic vascular damage, hypoxia and ischemia 
expand opportunities for EC recovery from blood which 
presents the most available, continuous and sustaina-
ble source of autologous endothelial colony forming 
cells (ECFCs) [76, 77]. Besides, it is possible to isola-
te colony-forming late outgrowth smooth muscle cells 
(LOSMC) from blood [78, 79], which are necessary for 
colonization of the vascular prosthesis wall.

Aper et al. have been successful in obtaining a fully 
autologous VTE prosthesis by having united all the three 
components: fibrin frame, ECFC and LOSMC [15]. In 
order to get a highly compact fibrin matrix with satis-
factory physicomechanic properties cross-linking by 
XIIIa factor, high speed centrifugal molding, coloniza-
tion with ECFC and LOSMC which had been isolated 
from peripheral blood were used. The construction was 
implanted to sheep for 1 and 6 months. As a result of 
active remodeling of the prosthesis wall after 6 months a 
structure similar to the native artery was formed. Fibrin 
was replaced by newly synthesized ICM proteins, cell 
and capillary ingrowth from surrounding tissue into the 
implanted segments was noted; as a result the biomecha-
nical properties began to correspond to the properties of 
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the native artery. Despite evident success the durability 
properties of the prostheses before implantation did not 
quite correspond to those of the native artery, and one 
of the sheep died from prosthesis rupture in the process 
of the operation. A possible solution could be additional 
introduction of a maturation stage for the colonized fib-
rin construction in the conditions of a bioreactor, which 
would somewhat increase the time for preparing the con-
struction before implantation. Nevertheless the results 
are encouraging and there is hope that functional, fully 
autologous vascular prostheses may be obtained from 
available sources of the patient’s own cells and tissues.

cOncluSiOn
Fibrin is a promising material in VTE. It has a great 

potential for molding which enables to obtain complex 
3D shapes. A fibrin frame possesses unique tools for cell 
adhesion, migration and retention under shear stress; it is 
able to control angiogenesis, to accumulate and gradually 
release growth factors. The opportunity to control biode-
gradation, as well as the morphobiological properties of 
fibrin, enable to select and save the required characteris-
tics. The listed advantages of fibrin in combination with 
availability of the source and lack of immune response 
after implantation make it an ideal frame for developing 
VTE grafts. Fibrin gel possesses an inner potential, lar-
gely exceeding other matrix materials with the exception 
of mechanical durability. Throughout the world search 
for ways of improving mechanical durability of fibrin 
matrixes is going on; in this case hybrid scaffold tech-
nology or fibrin reinforcement may become one of the 
options for solving this problem. Moreover, creation of 
a fully autologous fibrin-based TE vascular prosthesis 
may be possible.
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