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RÉSUMÉ

Morphologie d’un échafaudage fibrine-os obtenu par 
centrifugation simultanée de sang et de matrice os-
seuse

Introduction.  Les technologies actuelles de fibrine 
riche en plaquettes utilisées pour la régénération os-
seuse font généralement appel soit à des matrices fi-
brine-os mécaniquement moins stables mais aux pro-
priétés inductives améliorées, soit à des matrices de 
fibrine plus stables mais difficiles à intégrer pleinement 
à la matrice osseuse. Trouver le juste équilibre entre 
la stabilité de la matrice et l’amélioration de ses pro-
priétés inductives demeure une priorité en médecine 
régénérative.
L’objectif de cette étude  était d’étudier la structure 
de la matrice de fibrine à la surface de la matrice os-
seuse et de déterminer l’effet de différents régimes de 
centrifugation sur la formation d’une matrice biologi-
quement active.

ABSTRACT

Introduction.  Current platelet-rich fibrin technolo-
gies used for bone regeneration typically involve either 
mechanically less stable fibrin-bone scaffolds with im-
proved inductive properties or more stable fibrin scaf-
folds that are difficult to fully integrate with the bone 
matrix. Finding the optimal balance between scaffold 
stability and improving its inductive properties re-
mains a priority for regenerative medicine.
The aim of the study  was to investigate the structure 
of the fibrin scaffold on the surface of the bone matrix 
and to determine the effect of different centrifugation 
regimes on the formation of a biologically active scaf-
fold.
Materials and methods.  Electron microscopic and 
histological studies were performed on fibrin-bone ma-
trices obtained using different centrifugation modes of 
human blood.
Results.  Modification of allogeneic material leads to 
the formation of a well-developed fibrin network with 
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INTRODUCTION

Despite the experience with the clinical use of 
bone grafting materials and the availability of a suf-
ficient amount of approved products1-5, the search for 
ways to further improve their efficacy, safety and reli-
ability continues. One such approach to enhancing 
the osseointegration characteristics of these materi-
als involves physicochemical modification of the bone 
matrix by altering its surface porosity. This process 
ensures an optimal adhesion of the cellular-fibrous 
material to the surface of such biomaterials during 
osteoconduction in the tissue while wound healing 
and osteograft engraftment. In earlier studies2,3, this 
method of modifying bone-plastic materials received 
extensive coverage and approval of transplantation 
results; however, the mechanisms of osteoconduc-
tion of modified bone materials remain insufficient-
ly studied. In addition to modifying the surface of 
the materials themselves, another pressing issue is 
the creation of a unique inductive environment to 
stimulate the regeneration of surrounding tissues. 
One such environment is platelet-rich fibrin (PRF), 
which is the most widely used in medicine and den-
tistry. This material, derived from the patient’s own 
blood, has several significant advantages, including 

enhanced protein release, expression of growth fac-
tors, stimulation of fibroblast proliferation, and 
others6-10. Current methods indicate that the com-
bination of bone-plastic material is predominantly 
achieved using injectable forms of PRF11. This ap-
proach relies on a liquid-consistency, plasma-enriched 
solution in which, although it is possible to fully mix 
the material granules, such a matrix will not be me-
chanically stable.

In contrast, other methods allow to produce 
stronger fibrin scaffolds, such as A-PRF or L-PRF. 
In particular, De Almeida et al. analyzed the tensile 
strength of such fibrin matrices12,13.(ref 13 seems to be 
NOT related to De Almeida) However, despite their 
good mechanical properties, it is not possible to inte-
grate bone-plastic material granules into this type of 
gel-like PRF.

In our opinion, the combination of a bone-plastic 
matrix with a mechanically stable fibrin PRF will en-
sure the stability of such a scaffold during the sinus lift 
technique. Furthermore, due to the presence of growth 
factors, it will stimulate bone tissue regeneration.

THE AIM OF THE STUDY was to investigate the struc-
ture of the fibrin scaffold on the surface of the bone 
matrix and to determine the effect of different 

Matériels et méthodes.  Des études de microscopie 
électronique et d’histologie ont été réalisées sur des 
matrices fibrine-os obtenues par différents modes de 
centrifugation de sang humain.
Résultats.  La modification du matériau allogénique 
conduit à la formation d’un réseau de fibrine bien dé-
veloppé, riche en plaquettes, et s’accompagne d’une 
augmentation de la rugosité et de la porosité de surface. 
Ceci a été confirmé par la particularité de la structure 
nanofibreuse du réseau de fibrine, présente non seule-
ment à la surface de la structure poreuse de la matrice 
osseuse, mais aussi à l’intérieur de ses micropores. 
Ainsi, comparativement aux méthodes existantes, les 
protocoles de centrifugation expérimentaux ont révé-
lé une structure matricielle de fibrine combinant des 
nanofibres plus grossières à un réseau fin et dense, avec 
un nombre plus élevé de plaquettes et de macrophages.
Conclusion.  Le protocole expérimental de centrifuga-
tion en deux étapes allie stabilité mécanique, grâce à la 
structure fibreuse organisée de la fibrine, et propriétés 
inductives, dues à la forte concentration de facteurs de 
croissance et au nombre accru de cellules dans l’écha-
faudage obtenu.

Mots-clés:  matrice osseuse, fibrine riche en pla-
quettes, microscopie électronique à balayage, ostéocon-
duction, ostéoinduction.

a high concentration of platelets, accompanied by an 
increase in surface roughness and porosity. This was 
confirmed by the peculiarity of the nanofibrous struc-
ture of the fibrin mesh, which is present not only on 
the surface of the porous structure of the bone matrix, 
but also inside its small micropores. Thus, compared 
to existing methods, experimental centrifugation pro-
tocols showed a combined fibrin matrix structure that 
combined coarser nanofibers with a fine dense mesh, 
with a higher number of platelets and macrophages.
Conclusion.  The experimental two-stage centrifuga-
tion regimen combines mechanical stability, due to the 
organized fibrous structure of fibrin, with inductive 
properties, due to the high concentration of growth 
factors and a greater number of cells in the resulting 
scaffold.

Keywords:  bone matrix, platelet-rich fibrin, scanning 
electron microscopy, osteoconduction, osteoinduction.

List of abbreviations:
SEM – scanning electron microscopy
PRF – platelet-rich fibrin
VEGF-A – vascular endothelial growth factor
PDGF-AA – platelet-derived growth factor
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centrifugation regimes on the formation of a biologi-
cally active scaffold.

MATERIALS AND METHODS

Morphometric and enzyme-linked immuno-
sorbent assay (ELISA) analyses of fibrin matrix 
samples and plasma f luid were performed at the 
Ivano-Frankivsk National Medical University, 
Ukraine, from 2023 to 2025. Scanning electron 
microscopy of fibrin-bone matrix samples was per-
formed at Ivan Franko National University of Lviv, 
Ukraine. All samples for the study were obtained 
by centrifugation of venous blood (n=60) from pa-
tients aged 30 to 45 years, as part of planned jaw 
bone augmentation surgeries using PRF, which were 
performed at the Ivano-Frankivsk National Medical 
University. The patients’ venous blood was collected 
in the morning at the same time of day, immediately 
before the planned surgery. All patients were practi-
cally healthy, without any bad habits or concomitant 
pathology, in particular without any pathological con-
dition of bone tissue, oral mucosa, or general somatic 
diseases. The exclusion criteria were pregnancy and 
patients taking medications that could directly or 
indirectly affect blood clotting processes, its cellular 
composition, and biochemical properties.

The study was performed in accordance with 
the principles of the Helsinki Declaration on the 
Protection of Human Rights, the Council of Europe 
Convention on Human Rights and Biomedicine. 
The study protocol was approved by the Local Ethics 
Committee of Ivano-Frankivsk National Medical 

University (protocol no. 138/23, dated 24.10.2023). 
Written informed consent was obtained for the study, 
as well as for the collection and processing of patients’ 
data. Fibrin-platelet concentrates, namely L-PRF, 
A-PRF, I-PRF, Sticky Bone, were prepared accord-
ing to the standard protocol for the preparation of 
PRF concentrates. The experimental centrifugation 
regimes developed by the authors included 2500 rpm 
(12 minutes), 3000 rpm (3 minutes) (Experimental A) 
and 2000 rpm (12 minutes), 2500 rpm (3 minutes) 
(Experimental B) (these experimental centrifugation 
regimes are detailed in Patent No 156181, published 
22.05.2024). The centrifugation speed and time were 
calculated based on the radius of the centrifuge ro-
tor and derived directly from the g-index (relative 
centrifugal force – RCF). The fibrin-bone scaffold 
was prepared by simultaneous centrifugation of the 
bone-plastic material and bone tissue. Such matrices 
were prepared according to a protocol developed by 
the authors, which included extraction of blood into 
a vacuum tube, placing a filter that was developed by 
the authors and composed of biocompatible titanium 
Ti-6Al-4V (Patent No 152966, published 03.05.2023), 
in conjunction with the bone-plastic material (Fig. 1).

The fibrin matrix and fibrin-bone scaffold frag-
ments, measuring 1×1 mm and prepared using the 
method described above, were fixed in a 2.4% glutar-
aldehyde solution in phosphate buffer (pH=7.4) for 24 
hours at 4°C, after which they were passed through 
a series of alcohols of increasing concentration (50- 96 
abs. ethanol). The fragments were then freeze-dried 
using the critical point bypass method in liquefied 
CO

2
 in a Samdri-780A apparatus (USA) (Fig. 2).

Fig. 1. General view of the fibrin-bone scaffold obtained by simultaneous centrifugation of the 
bone-plastic material granules and the patient’s blood: a – appearance in the test tube immediately 

after centrifugation; b – preparation of the fibrin-bone scaffold for implantation into the bone defect.

a b
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The specimens were prepared with meticulous 
care and subsequently mounted on microscope slides 
using an electrically conductive adhesive, and then 
coated with a layer of chemically pure aluminum 
(999 grade) to ensure the electrical conductivity of 
the entire micro-specimen. The prepared specimens 
were analyzed using a JEOL-25M-T220A scanning 
electron microscope (SEM) (Tokyo, Japan) with an 
accelerating voltage of 20-25 kV at various magnifica-
tions in the backscattered electron mode. The con-
centrations of the growth factors VEGF-A (Vascular 
Endothelial Cell Growth Factor) and PDGF-AA 
(Platelet-Derived Growth Factor) were determined 
in fractions obtained under various centrifuga-
tion conditions: L-PRF, A-PRF, I-PRF, Sticky Bone, 
in accordance with the standard protocol and the 
Experimental A and Experimental B protocols de-
veloped by the authors. The liquid plasma fraction 
obtained by squeezing from the fibrin clot was then 
subjected to an enzyme-linked immunosorbent assay 
(ELISA), a process which was performed according to 
the standard protocol as per the instructions using 
an ELISA kit. The optical density (OD) of each well 
was determined at a wavelength of 450 nm using an 
ER500 microplate reader.

Since the mechanical stability of the fibrin-bone 
scaffold is influenced not only by the structure of the 

fibrin fibers but also by their quantity, the ratio of 
the liquid plasma fraction to the gel-like fibrin was 
determined based on the following criteria: the vol-
ume of the liquid plasma fraction (mL) (determined 
by collecting the liquid plasma fraction immediately 
after centrifugation), volume of the gel-like fraction 
(cm³) (determined in a test tube immediately after 
centrifugation), the volume of the liquid fraction 
of the pressed portion (mL) (determined by collect-
ing the liquid plasma fraction obtained immediately 
after pressing the gel-like fraction), followed by the 
determination of the area (mm²) of the pressed po-
lymerized fibrin clot. The analysis of this ratio was 
performed based on a determined standard 8 mL 
of blood volume and considering the six main cen-
trifugation modes we have selected, without the ad-
dition of bone-plastic material granules. To count 
the amount of cells in the fibrin matrix, the histo-
logical examination of the fibrin preparations was 
additionally performed. For this purpose, following 
centrifugation, the fibrin matrix was placed in a 10% 
solution of neutral formalin (pH 7.0), followed by de-
hydration in a series of ascending alcohols, toluene, 
and a toluene-paraffin mixture (1:1), and paraffin (at 
37°C). Serial paraffin sections measuring 4–6 μm in 
thickness were prepared using a sliding microtome. 
The histological sections of the fibrin matrix were 
stained using standard methods, namely with hema-
toxylin and eosin, and according to the Mason and 
Romanovsky-Giemsa methods.

The statistical analysis of the numerical data 
was performed using Microsoft Excel 2019 software 
(Microsoft Office 2019 (Microsoft). All the quanti-
tative data obtained in the study corresponded to 
the normal type of distribution according to the 
Shapiro-Wilk’s W test, and therefore the interval 
(M±m) was used to represent their central tendency: 
arithmetic mean (mean) ± standard error. To assess 
the reliability of the observed differences in the re-
sults obtained in comparison with the control group, 
the parametric t-test (Student’s test) was applied. 
The reliability of the difference in qualitative data 
between the comparison groups was determined ac-
cording to the results of calculating the Chi-squared 
test with Yates’s correction for continuity. A value of 
p<0.05 was considered to be probable.

RESULTS

Prior to an analysis of the fibrin-bone scaffold, 
we have first determined the ratio of the liquid plas-
ma fraction to the gel-like fibrin (Table 1).

The comparative analysis of the ratio of liquid 
plasma fraction to gel-like fraction demonstrated that 
the largest area of the resulting fibrin matrix was 

Fig. 2. General view of the apparatus for drying 
using the method of avoiding critical point transition 

in a CO₂ environment.
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observed when using experimental protocols, particu-
larly the Experimental A protocol. The largest amount 
of organized fibrin was also observed in the L-PRF, 
A-PRF, and Experimental B protocols, as evidenced 
by the indices of the pressed liquid fraction and the 
resulting fibrin area after pressing. The largest volume 
of the liquid plasma fraction included in the fibrin 
scaffold was observed in the I-PRF and Sticky Bone 
centrifugation protocols. In our opinion, the fact that 
the area of the resulting fibrin scaffold is 5-6 times 
smaller under these protocols indicates a significantly 
lower amount of polymerized fibrin, which directly 
affects the lower mechanical stability of such a scaf-
fold compared to previous centrifugation modes. 
Despite the total volume of the gel-like fraction of 
blood plasma obtained under different centrifugation 
modes did not differ significantly from one another, 
the mechanical stability of the fibrin scaffold, particu-
larly its tensile strength, can only be confirmed when 
using the Experimental A and Experimental B pro-
tocols, as well as the L-PRF and A-PRF protocols. 

The performed analysis of the effect of biocompatible 
titanium Ti-6Al-4V on fibrin scaffold formation re-
vealed a statistically significant (p<0.05) decrease to 
0.28±0.014 mL in the volume of the liquid plasma 
fraction formed immediately after centrifugation, ac-
companied by an increase in the area of the extruded 
fibrin scaffold up to 456±15.27 mm².

The surface of the bone-plastic material speci-
mens treated with autoplasma-enriched with plate-
let-rich mass using the authors’ method has exhibited 
a spongy, fine-mesh microstructure (Fig. 3). At high 
magnifications, an organized fibrin network is visu-
alized within the microporous structure of the bone 
matrix during its simultaneous centrifugation with 
the patient’s blood (Fig. 4).

SEM-images of the untreated bone graft surfaces 
used as controls revealed a smoother surface without 
the additional fibrillar reticular components observed 
in the method developed by the authors. Calcification 
deposits in such preparations not integrated with fi-
brin, in the form of particles or granules, were found 

Table 1. Comparative analysis of the ratio of the liquid plasma fraction 
to the gel-like polymerized fibrin fraction

Centrifugation modes
Indices of the ratio of the liquid part of plasma to gel-like fibrin

Volume of liquid plasma 
fraction (ml)

Volume of gel-like plasma 
fraction (cm3)

Pressed liquid plasma 
fraction (ml)

Clot parameters:
area (mm2)

L-PRF control 1.42+0.032*† 2.62+0.042† 0.68+0.025*† 273.1+5.61*†

A-PRF control 1.54+0.040*† 2.42+0.033*† 0.42+0.026*† 264.5+4.99*

i-PRF control 2.62+0.029*† 2.70+0.042† 2.64+0.019*† 54.2+3.010*†

Sticky bone control 2.74+0.032* 2.52+0.063† 2.46+0.040*† 40.3+2.32*†

Experimental A 1.26+0.018* 2.60+0.052* 0.32+0.018* 322.4+8.28*

Experimental B 2.72+0.029* 1.82+0.068* 0.84+0.046* 242.9+11.33*

Notes: 1. * – p<0.05 when comparing the control and Experimental A blood fractions and between the Experimental A and 
Experimental B blood fractions.
2. † – p<0.05 when comparing the control and Experimental B blood fractions.

Fig. 3. A general perspective of the surface of an allogeneic graft modified with autoplasma-enriched 
with platelet-rich plasma under centrifugation conditions Experimental A and Experimental B. Method: SEM; 

accelerating voltage 10 kV; original magnification: a×1,500, b×3,500; scale bar: a=10 μm, b=5 μm.

a b
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in large quantities on the surface of the preparation. 
At the same time, SEM-images consistently exhibited 
a fine-scale roughness and lamellar structure of the 
surface accompanied by wide flocs (Fig. 5a) in the 
calcified areas of the specimens (Fig. 5b).

Following the application of autoplasma en-
riched with platelet-rich plasma according to the 
I-PRF and Sticky Bone protocols, a slight difference 
in the surface structure of the matrix was observed 
in comparison to that of the previous preparations 
obtained using the two modes developed by the au-
thors – Experimental A and Experimental B. Thus, 
in addition to platelet clusters, lamellar structures – 
flocs – were also detected (Fig. 6).

The significant calcification determined by 
us was clearly evident as raised plaques or nodules, 
small bright particles, or granules on the surface of 

the specimen (Fig. 7a). These features delineated ir-
regular surface cavities associated with calcific depos-
its, which were frequently observed. It is noteworthy 
that SEM images revealed the presence of broad 
honeycomb-like structures, which were arranged in 
a planar pattern on the surface of the bone matrix. 
It is of particular importance that calcified deposits 
frequently accumulated in or around such surface 
voids (Fig. 7e).

During our study, we discovered that when the 
bone matrix and the patient’s blood are subjected to 
simultaneous centrifugation, the formation of a na-
nofibrous fibrin structure occurs not only on the sur-
face of the porous structure of the bone matrix but 
also within its fine micropores. This particular type 
of nano-assembly forms a continuous fibrin-bone scaf-
fold, which is more stable in terms of its mechanical 

Fig. 4. SEM micrograph of a biograft showing a densely organized fibrin network (a) with organized fibrin fibers 
within the micropores of the allogenic bone matrix (b) under centrifugation conditions Experimental A and 

Experimental B, together with bone-plastic material. Method: SEM; accelerating voltage 20 kV; 
original magnification: a×1,500, b×3,500; scale bar: a=10 μm, b=5 μm.

Fig. 5. SEM-images of the surface of a xenomaterial showing distinct lamellar structures (a) and a fine-grained surface 
(b). Method: SEM; accelerating voltage 20 kV; original magnification: a×1,500, b×500; scale bar: a=10 μm, b=50 μm.

a

a

b

b
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properties than that produced by classical Sticky 
Bone protocols (Fig. 8).

It is precisely on such nanoporous surfaces that 
cells can attach after implantation, particularly osteo-
blasts derived from autologous bone, which initiate the 
process of graft osteoinduction with the participation 
of growth factors and neoangiogenesis from platelets.

It is also believed that a porous surface is one 
of the key factors contributing to the success of os-
teoconduction and osteointegration processes in the 
bone matrix. The method of combining autologous 
platelet-rich plasma with subsequent coating with 
a formed fibrin mesh is a type of substrate-based meth-
od. Therefore, it was performed an analysis of the po-
rous structure of the matrix both before and after the 

formation of the fibrin mesh. This analysis revealed 
a significant difference, particularly regarding the 
honeycomb structure of the bone matrix, which had 
a significantly more porous and looser surface (Fig. 
9a, b, and Fig. 11), especially when compared to bone 
not modified with fibrin. Concurrently, a certain dif-
ference in the fibrin modifications of various types of 
bone matrix surfaces was noted, which can be either 
smooth-and-rough with integrated fibrin fibers (Fig. 
9a), or a surface with adhesion of a large number of 
cellular elements, in particular platelets, on the walls 
of a honeycomb-like fine-rugose structure (Fig. 9b), 
or the bone matrix is covered by a dense, organized 
fibrin network (Fig. 10 a, b, c), on the fibers of which 
fixed platelets are detected (Fig. 11 b).

Fig. 6. SEM-image showing many fixed blood cells among lamellar structures – flocs (1) on the material surface after 
application of autoplasma enriched with platelet-rich mass obtained by centrifugation according to the I-PRF and Sticky 
Bone protocols (a) and individual activated platelets (b, c, d). Method: SEM; accelerating voltage 20 kV; original magni-

fication: a×1,500, b and c×5,000, d×3,500; scale bar: a=10 μm, b and c=5 μm, d=50 μm.

a b

c d
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Fig. 7. SEM-image of the bone matrix surface obtained by means of simultaneous centrifugation of the bone matrix and 
the patient’s blood. The presence of a large number of platelets (b) and mineralized material around the honeycomb-like 
pores should be noted (c, d). Method: SEM; a—accelerating voltage 25 kV, b—25 kV; original magnification: a ×500, b, 

c, e ×3,500; scale bar: a = 50 μm, b, c, e = 5 μm.

e

a b

c d
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Fig. 8. SEM-micrograph showing the surface of the bone matrix (1). Note the presence of a fine fibrin network (2) 
embedded in the honeycomb-like openings and pores of the bone matrix (1) following simultaneous centrifugation of the 
patient’s blood and bone according to the protocols. Method: SEM; accelerating voltage 20 kV; original magnification a, 

b×1,500 scale bar=10 μm, c×3,500 scale bar=5 μm.

Fig. 9. SEM-images of fibrin-modified bone matrix surfaces with a smooth-rough surface and an integrated fibrin ma-
trix (a) and a honeycomb-like fine-rough structure (b) obtained by the simultaneous centrifugation of the patient’s bone 

and blood. Method: SEM; accelerating voltage 25 kV; original magnification: ×500; scale bar=50 μm.

a b

a

c

b
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An analysis of the structure of the fibrin-bone 
matrix shown in Fig. 10 reveals a significant differ-
ence between the organization of fibrin nanofibers 
themselves and the organized, dense network (Fig. 10 
a, b, c, d) within the fibrin-bone scaffold obtained 
by simultaneous centrifugation of the patient’s bone 

and blood, compared to the chaotic, loose structure 
resulting from plasma-based mixing using classical 
protocols (I-PRF and Sticky bone) (Fig. 10 e). Overall, 
the surface microtopography of the bone matrix 
after treatment with autologous plasma-enriched 
platelet-rich mass acquires a loose cellular structure 

Fig. 10. SEM-images of the surface of the fibrin-bone matrix obtained by the simultaneously centrifuging the patient’s 
bone and blood (a, b, c, d) and the use of the I-PRF and Sticky Bone protocols (e). Method: SEM; accelerating voltage 20 

kV; original magnification: a×500, b, e×5,000, c×3,500, d×7,500; scale bar: a=50 μm, b, c, e=5 μm, d=1 μm.

e

a b

c d
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(Fig. 11), on the fibers of which a large number of 
cells, in particular platelets, are detected (Fig. 11b, 
12), which may in some way influence growth factors 
and neoangiogenesis, the concentrations of which we 
determined in the results of enzyme-linked immuno-
sorbent assay (Table 2).

The results of the performed immunoenzymatic 
assay indicated a statistically significant difference 
between growth factor concentrations and the cen-
trifugation protocol. Thus, when comparing VEGF-A 
concentrations, a statistically significant difference 
was observed between L-PRF, A-PRF, and I-PRF, 
Sticky Bone, Experimental A, and Experimental B. 
Specifically, the concentration of VEGF-A factor in 
the Experimental A and Experimental B centrifuga-
tion protocols was 2- and 3-fold higher, respectively, 
than the level of the same factor in the L-PRF and 
A-PRF protocols. However, no significant difference 
in VEGF-A concentration was observed between 
Experimental A, Experimental B, and I-PRF, Sticky 
bone, nor was there a significant difference between 
the two experimental methods.

A detailed analysis of PDGF-AA growth factor 
concentrations revealed a slightly different trend. 
Compared to the Experimental A and Experimental 
B centrifugation protocols, the lowest growth factor 
concentrations were observed in the I-PRF and Sticky 
Bone groups, with the latter being significantly lower 
than those in the experimental groups. However, 
a significantly higher concentration of PDGF-AA was 
observed in the L-PRF centrifugation mode. A com-
parison among the control groups indicated a sig-
nificantly higher concentration of L-PRF and A-PRF 
compared to I-PRF and Sticky bone.

The results of the enzyme immunoassay dem-
onstrate a clear correlation with the data from SEM. 
Specifically, the concentration of PDGF-AA growth 
factor obtained under the Experimental A and 
Experimental B centrifugation modes corresponds to 
the concentration in the L-PRF and A-PRF protocols, 
which also form a mechanically stable and strong fi-
brin matrix. This fact is confirmed by the structure 
of the fibrin fibers, namely the formation of a dense, 

tightly interwoven fibrin network that is integrated 
with the bone matrix. Conversely, the reduced concen-
tration of this factor in the autologous plasma we’ve 
obtained from I-PRF and Sticky Bone corresponds to 
a looser and more disordered fibrin structure.

By contrast, the elevated concentration of 
VEGF-A factor found in Experimental A and 
Experimental B are consistent with the characteristics 
of I-PRF and Sticky Bone. However, in the latter two 
modes, the fibrin mesh structure is looser, and the 
scaffold is less mechanically stable in comparison to 
Experimental A and Experimental B. Consequently, 
in the two-step centrifugation modes Experimental 
A and Experimental B, it was possible to achieve an 
optimal balance between mechanical stability, struc-
ture, and growth factor concentration.

At the same time, in our opinion, it is impera-
tive to acknowledge that in PRF, the expeditious re-
lease of growth factors can result in a singular peak 
concentration, while a prolonged release can result 
in a different concentration, which is important for 
osteointegration. The initial peak concentration of 
growth factors may be present in the liquid frac-
tion of blood plasma, directly isolated from the fi-
brin matrix (Table 2), while another concentration 
of growth factors, reached over a more prolonged 
release period, may be directly related to the num-
ber of cells integrated into the fibrin-bone scaffold. 
This phenomenon may be associated with the num-
ber of platelets, which have been observed to directly 
influence the PDGF-AA growth factor. Additionally, 
the concentration of the VEGF-A growth factor 
may be affected by the number of other blood cells, 
particularly macrophages and granulocytes (neutro-
phils). Specifically, the number of platelets detected 
in I-PRF was 21,897±143.5 per 1 mm², which was 
slightly lower than 24,567±141.3 (A-PRF) per 1 mm². 
The highest number of platelets (118±6.4 in each 
field of view, averaging at least 36,650±180.5 plate-
lets per 1 mm² of the preparation) was observed in 
preparations made using the Experimental A and 
Experimental B technologies. Similarly to plate-
lets, the highest concentration of macrophages and 

Table 2. Concentration of growth factors in blood plasma under different centrifugation conditions

Growth fac-
tors

Protocols for the preparation of saturated platelet concentrates

L-PRF
control

A-PRF
control

I-PRF
control

Sticky bone
control Experimental A Experimental B

VEGF-A
pg/mL 48.96± 9.69*† 67.19± 14.14*† 117.95± 26.69 97.16± 13.00 109.22± 13.35 165.14± 42.06

PDGF-AA 
pg/mL 91.37± 0.57† 84.63± 4.51 71.51± 6.29 65.17± 4.55* 86.64±3.65 78.35±4.44

Notes: 1. * – p<0.05 when comparing the control and Experimental A blood fractions and the Experimental A and 
Experimental B blood fractions. 2. † – p<0.05 when comparing the control and Experimental B blood fractions.
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granulocytes (neutrophils), calculated as one cell per 
1 μm² area, were also observed in the Experimental 
A (ranging from 94.64±5.41 μm² to 48.74±2.24 μm²) 
and Experimental B (ranging from 85.66±3.75 μm² 
to 52.06±2.42 μm²) protocols. Statistically significant 
(p<0.05) decreases in cell numbers were observed in 
the fractions obtained under the L-PRF centrifuga-
tion conditions (from 107.46±5.01 μm² to 69.46±3.30 
μm²), A-PRF (from 237.19±11.54 μm² to 122.09±8.16 
μm²), I-PRF (from 801.80±17.80 μm² to 194.80±4.75 
μm²), and Sticky bone (from 781.96±19.96 μm² to 
186.56±4.99 μm²). Therefore, considering the above 
indices, it can be concluded that although the con-
centration of VEGF-A factor is also high in the 
control protocols I-PRF (117.95±26.69 pg/ml) and 
Sticky bone (97.16±13.00 pg/ml), a more rapid peak 
release may predominate here, unlike Experimental 

A (109.22±13.35 pg/ml) and Experimental B 
(165.14±42.06 pg/ml). In the latter two, in addition 
to high concentrations of this factor, a significantly 
greater number of cells was also observed, which may 
result in a more prolonged release of this factor.

The optimal organization of the fibrous-bone 
structure of such a fibrin-bone matrix obtained using 
the Experimental A and Experimental B protocols, 
combined with the optimal concentration of inductive 
components, in our opinion, will contribute to better 
mechanical stability of the scaffold we obtained and 
effective osteoconduction and osteoinduction when 
this osteofibrin mass is introduced into the surgical 
field, for example during sinus lifting. In contrast, the 
use of the standard I-PRF and Sticky Bone protocols 
resulted in the formation of a less stable scaffold, al-
though they yielded high concentrations of VEGF-A 

Fig. 11. SEM-images of the surface of a xenograft bone following treatment with autoplasma enriched with platelet-rich 
plasma (a) and fixed platelets (b) during simultaneous centrifugation of bone and blood. Method: SEM; 

accelerating voltage 20 kV; original magnification: a×3,500, b×10,000; scale bar: a=5 μm, b=1 μm.

Fig. 12. Presence of cellular elements in the interfibrillar spaces of the thrombin network. Method: SEM; 
accelerating voltage 20 kV; original magnification: ×1,500; scale bar: a=5 μm.

a

a

b

b
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factor. It is confirmed by microscopic analysis, in 
which the surface appeared not as an organized mesh 
but as loose, fine, needle-like structures (Fig. 10e).

The performed microscopic analysis enabled the 
identification of to four major types of fibrous fibrin 
network structures depending on the centrifugation 
protocols (Fig. 13).

The analysis of the fibrin matrix structure (Fig. 
13 a, b) revealed the formation of a coarse-fibrous 
scaffold with uneven fibrin fiber thickness, which 
was characteristic of the A-PRF and L-PRF centrifu-
gation protocols. In contrast, a looser and more disor-
dered structure (Fig. 13c) corresponded to the I-PRF 
and Sticky bone centrifugation modes, which corre-
lated with the ratios of the liquid plasma fraction to 
the gel-like polymerized fibrin fraction (Table 1). It 
was under these centrifugation conditions that the 
smallest area of organized fibrin was observed, with 

the liquid plasma fraction predominating. Although 
in the Experimental A and Experimental B proto-
cols (thinner fibrin fibers predominated in the fibrin 
structure, unlike in A-PRF and L-PRF), their organi-
zation consisted of a very fine, dense fibrin network, 
which was not observed under any centrifugation 
mode (Fig. 13d). It was also observed that the same 
organized fine fibrin network was present in the mi-
cropores of the bone matrix (Fig. 8c).

DISCUSSION

The results of our studies suggest that the hybrid 
fibrin fiber structure we’ve obtained using Protocols 
Experimental A and Experimental B (Fig. 13d) may, 
in our opinion, play an important role in the forma-
tion of bone tissue in the implantation site of such 
a fibrin-bone matrix. The specific type of hybrid 

Fig. 13. General view of the fibrin mesh obtained under different centrifugation conditions. SEM-micrographs 
show four types of microfibrillar structures: (a) – corresponds to type A-PRF, (b) – corresponds to type L-PRF, 

(c) – corresponds to type I-PRF and Sticky bone, (d) – corresponds to the Experimental A and Experimental B modes 
(1-fibrous structure; 2-fine fibrin network covering the fibrous structure). Method: SEM; accelerating voltage 20 kV; 

original magnification: a×3,500, b×10,000; scale bar: a=5 μm, b=1 μm.
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microstructure we obtained, which combined both 
thicker fibers and a fine, dense network, may be as-
sociated with the two-stage, variable-speed centrifu-
gation protocol (Experimental A and Experimental 
B). The low speed during the initial centrifugation 
stage, in conjunction with an extended duration, 
may have facilitated the formation of a fine fibrin 
mesh and thicker fibers, whereas the higher speed 
over a short period during the second stage may have 
formed thicker fibers and influenced their ultimate 
remodeling.

Regarding the influence of other factors on the 
structure of the fibrin network, the answer may lie 
in their direct effect on the mechanism of fiber for-
mation itself. Consequently, during clot formation, 
fibrinogen is converted into thrombin resulting in 
the formation of fibrin monomers. These monomers 
then assemble into protofibrils, which subsequently 
combine to form fibrils. The fibrils, in turn, form 
fibers that constitute the spatial network itself, with-
in which fiber cross-linking occurs via factor XIIIa. 
Overall, this is a highly mechanosensitive process 
(milliseconds-seconds, nanoscale). Therefore, it logi-
cally follows that several factors during the centrifu-
gation process itself can influence this phenomenon, 
namely speed, time, centrifugal force, and a certain 
range of vibration. The latter can lead to disorganiza-
tion of polymerization (chaotic collisions of mono-
mers) and disruption of linear fibril growth, which 
ultimately affects fiber thickness and the breakdown 
of initial (weak) bonds. In the early stages, hydrogen 
and hydrophobic interactions predominate. These 
bonds break easily even under minor mechanical 
disturbances, resulting in a less ordered network. 
Disruption to cross-linking can also occur due to 
factor XIIIa, since the cross-linking requires stable 
fiber geometry, whereas vibration causes constant 
micro-displacement, resulting in a reduced number 
of covalent cross-links. This can lead to lower me-
chanical strength, a factor that is particularly criti-
cal for the integrated bone matrix. Another factor to 
be considered is the degree of fibrin adhesion to the 
surface of the bone matrix granules, since fibrin must 
penetrate the pores and “adhere” to the matrix, while 
vibration has been shown to reduce contact time and 
may disrupt the “anchoring” of the fibers, potentially 
resulting in a mechanically unstable fibrin-bone ma-
trix. As indicated by other authors, the potential im-
pact of vibration on the fibrin network state has been 
a subject of research14. Specifically, Dohan Ehrenfest 
et al., in their comparative analysis of different op-
erating modes on various centrifuges, found that 
vibration affected the structure of fibrin fibers and 
reduced their thickness; however, vibration did not 
completely destroy the formed network14.

Consequently, mechanical vibration does not di-
rectly disrupt the molecular bonds of fibrin; however, 
it significantly alters the kinetics of its polymeriza-
tion, thereby disrupting the formation of protofibrils 
and their spatial organization. This phenomenon may 
be accompanied by a decrease in the density of the 
network due to a reduction in the thickness of fibrin 
fibers, insufficient covalent cross-linking, and a pos-
sible deterioration in fibrin adhesion to the surface 
of bone-plastic material granules; these factors col-
lectively reduce the biomechanical stability of the 
formed scaffold. In another option, the properties of 
fibrin may change during centrifugation; when, with 
minimal vibration or none at all, in the presence of 
densely packed bone matrix granules, which may also 
influence fibrin polymerization, thin and long fibers 
with high density, good cross-linking (factor XIIIa), 
and deep integration into the bone matrix with im-
proved biomechanical strength may form.

Centrifugal force, velocity, and a specific range 
of vibration over a certain period of time can, in 
some cases, actually remodel the fiber structure in 
the desired direction, which is also consistent with 
the model of two-stage and simultaneous centrifuga-
tion of blood with fine bone granules (Experimental 
A and Experimental B). During the simultaneous 
centrifugation of blood and bone-plastic material, 
the vibration transmitted to the material granules 
can locally influence the organization of fibrin fibers 
around individual granules, forming a fine mesh of 
fibrin fibers on the surface of the bone matrix and 
within its microscopic pores (Fig. 8 and Fig. 10 a, b, 
c, d). On the one hand, this may provide additional 
mechanical stability to the bone matrix granules 
themselves within the fibrin scaffold. Conversely, 
the presence of such a fine fibrin mesh within the 
micropores (Fig. 8c) may potentially facilitate the 
deposition of protein components that are essential 
for bone formation. This will significantly increase 
the contact area between the newly formed bone tis-
sue and the matrix, thereby providing additional me-
chanical retention of the implanted bone matrix with 
the newly formed bone tissue. There was performed 
an analysis of the structure and organization of fibrin 
in combination with bone under standard processing 
protocols using I-PRF and Sticky Bone (Fig. 10e), and 
after simultaneous centrifugation of bone material 
granules and blood it revealed the significantly bet-
ter organization and integration of fibrils with the 
bone matrix in the latter approach (Fig. 8 and Fig. 
10a, b, c, d).

Another factor that influenced the formation of 
the fibrin mesh, in our opinion, could be due to the 
presence of granules of bone-plastic material during 
centrifugation, which may have acted as a catalyst for 
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the formation of a significantly larger amount of po-
lymerized fibrin. The formation of a greater amount 
of polymerized fibrin could also have been influ-
enced by the presence of a Ti-6Al-4V titanium alloy 
filter, which is used during the simultaneous cen-
trifugation of bone-plastic material and blood. This 
fact is confirmed by the negligible quantity of liquid 
plasma (0.28±0.014 mL) that was formed immediately 
after centrifugation, in contrast to conventional PRF 
(1.54±0.040 mL). The influence of titanium on the 
fibrin structure is also noted by Mustafa et al15, who 
demonstrated that the fibrin matrix exhibited a dens-
er network and a more organized structure during 
centrifugation, in contrast to centrifugation in a glass 
tube. The authors attribute this peculiarity is associ-
ated with the better biocompatibility and hemocom-
patibility of titanium in comparison to glass.

Our comprehensive review of the scientific lit-
erature also indicated the use of platelet-rich fibrin 
to improve the outcomes of dental implantation, par-
ticularly to enhance the stability of dental implants5. 
Consequently, the further refinement of technologies 
for producing fibrin scaffolds with programmed oste-
oconductive and osteoinductive properties represents 
a distinct and very important area of scientific re-
search in this field. In particular, consistent with the 
findings of other researchers16, a discernible correla-
tion was identified between the centrifugation speed, 
the quantity of cellular components, and the configu-
ration of the fibrin mesh. The fibrin-bone scaffold 
obtained under the corresponding two-stage centrif-
ugation regimes (Experimental A and Experimental 
B), is in our opinion, fits the optimal model of an 
osteoconductive and osteoinductive matrix. The 
initial stage of low-speed centrifugation enables the 
isolation of the required amount of VEGF-A factor 
for the rapid release, a feature also observed in the 
I-PRF and Sticky Bone protocols. By contrast, the 
second stage, which is performed at a higher veloc-
ity, in our opinion, affects the quantity and quality 
of polymerized fibrin, which retains a significantly 
larger number of cells for a more prolonged release of 
VEGF-A and PDGF-AA growth factors. It has been 
established that different modes of fibrin-bone ma-
trix preparation result in different structures of the 
fibrin scaffold and different concentrations of growth 
factors. This is attributable to the varying content of 
platelets and other blood cells in the loops of the fi-
brin mesh formed on the surface of the bone matrix 
under different centrifugation conditions, which is 
consistent with the findings of other authors1,2,4,16. 
Such a difference in microstructure, in our opinion, 
serves as the morphological basis for explaining the 
effective osseointegration of the fibrin-bone scaffold 
formed using the authors’ method upon implantation 

into a bone defect as evidenced in our previous stud-
ies17, and confirms the feasibility of this modification 
method prior to implantation into autogenous bone. 
The micro- and nanofibrous structure of the scaffold 
obtained under the two-stage centrifugation regimes 
(Experimental A and Experimental B), combined 
with a high concentration of growth factors, is, in 
this study, deemed to be the optimal solution for the 
bone integration process. The method of forming 
a fibrin-bone scaffold enriched with growth factors is 
a type of subtractive method.

CONCLUSIONS

When bone-plastic material and the patient’s 
blood are subjected to simultaneous centrifuga-
tion, in accordance with the experimental protocols 
that have been developed in our study, a fine fibril-
lar structure forms not only on the surface of the 
bone matrix, but also within its porous structure. 
The experimental two-stage centrifugation regimen 
developed combines mechanical stability, due to the 
organized fibrous structure of fibrin, with inductive 
properties, due to the high concentration of growth 
factors and a greater number of cells in the resulting 
scaffold.

Centrifugation regimes significantly influence 
the morphology of the fibers themselves, the concen-
trations of growth factors, and the number of cells 
in the fibrin matrix. The interrelationship between 
the presence of a filter made of biocompatible tita-
nium Ti –6Al-4V and a small volume of the liquid 
plasma phase formed immediately after centrifuga-
tion, creates optimal conditions for the formation of 
a fibrin-bone scaffold with a higher concentration of 
growth factors and improved mechanical stability of 
the fibrin scaffold.
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