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This work presents composite coatings based on a copolymer of vinylidene fluoride with tetrafluoroethylene
(VDF-TeFE) and hydroxyapatite (HA) for flexible intramedullary nails (FIN). The effect of the proportion of
VDE-TeFE (100-25% wt.) on physicochemical and biological properties of the composite coatings was investigat-
ed. It was shown that a decrease of VDF-TeFE in the coating hinders its crystallization in 3 and y forms which have
piezoelectric properties. The decrease also reduces an adhesive strength to 9.9 4 2.4 MPa and a relative elonga-
tion to 5.9 & 1.2%, but results in increased osteogenesis. It was demonstrated that the composite coatings with
35% VDF-TeFE has the required combination of physicochemical properties and osteogenic activity. Comparative
studies of composite coatings (35% VDF-TeFE) and calcium phosphate coatings produced using micro-arc oxida-
tion, demonstrated comparable results for strength of bonding of these FINs with trabecular bones (~530 MPa). It
was hypothesized that the high osteoinductive properties of the composite coatings are due to their piezoelectric

Hydroxyapatite properties.

© 2017 Published by Elsevier B.V.

1. Introduction

The work of doctors Prevot, Lascombes, and Metaizeau to optimize
fixation of bone fragments in fractures of the femoral shaft, brought to-
gether the advantages of external and internal fixation in the method
later dubbed Elastic Stable Intramedullary Fixation (ESIF) [1]. The tech-
nique is based on the introduction of pre-curved flexible intramedullary
nail (FIN) into the intramedullary canal of the injured bone (Fig. 1a). In
this way, a FIN, being in a mechanically stressed state, fixes a broken
bone at three sites providing four types of fixation: bending, axial, trans-
lational and rotational [2]. Due to such advantages as the absence of
damage to the epiphyseal plate, the preservation of contact between
the muscle and the bone and the absence of significant blood loss, the
method allows rapid consolidation of the fracture with minimal compli-
cations [3].

The combination of the ESIF method with a circular external fixator
such as the Ilizarov [4] (Fig. 1b), reduced the Healing Index for lengthen-
ing the tibia in patients with Ollier's disease from 25 to 12 days [5]. This
method also reduced the likelihood of complications in the forearm
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extension [6] and correction of deformities in patients with
melorheostosis [7].

It had been established that calcium phosphate coatings (CaP) on
implants stimulate the attachment and differentiation of bone marrow
multipotent mesenchimal stem cells (MMSC) into the osteoblasts [8,
9]. This effect can be used to produce bone tissue on the FIN surface in
the intramedullary canal and increase bone mineralization and strength
[10]. FINs with CaP coatings augment the fixation stability of bone frag-
ments and accelerate the repair of tibial shaft fractures [11]. They are
also used for the prevention of secondary orthopedic complications in
children with X-linked hereditary hypophosphatemic rickets [12].

Thus, the micro-arc oxidation (MAO) method is used to create CaP
coatings on the surface of the FIN. Such CaP coatings, which have high
porosity and a high surface area, are soluble in physiological fluids, sat-
urating the implantation site with calcium and phosphorus, and also
possess high osteoinductive and osteoconductive properties [13]. One
of the main disadvantages of these coatings is their low elasticity, caus-
ing delamination and destruction of the coatings due to significant
bending deformations which the FIN undergoes during both the im-
plantation and the operation. Another disadvantage of these coatings
is that they can form only on the surface of the gate metal group (Ti,
Zr, Nb, etc.) [14], which significantly reduces the clinical capabilities of
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Fig. 1. Implantation scheme of FIN for classic ESIF (a) and ESIF combined with a Ilizarov
frame (b).

the combined method, as the osteosynthesis often requires the use of
stainless steel [15-17].

Thus, improved clinical outcomes and the expansion of using the
combined osteosynthesis technique for various indications are associat-
ed with the creation of elastic CaP coatings on the FIN surface which are
made from different materials. Such coatings have to produce bone tis-
sue effectively in the intramedullary canal.

Bone tissue is a natural composite material of inorganic (Hydroxyap-
atite, HA) and organic (fibrillar protein - collagen) phases. Composite
bone structure provides a unique combination of strength, elasticity
and porosity [18]. In addition, bone is an electrically active structure in
which electric potentials arise during deformation as well as exposure
to electromagnetic fields [19]. Bone tissue exhibits piezoelectric (for-
ward and reverse effect) [20,21], ferroelectric [22] and electrokinetic
properties [23]. It is believed that under in vivo conditions the dominant
mechanism of electrical activity in bone is due to electrokinetic process-
es, and electrical potentials generated by bone are, by nature, streaming
potentials [24]. It is well accepted in the literature that for the most ef-
ficient bone formation, the properties of artificial substrates must be
as close to the natural bone properties as possible [25]. Thus, the most
effective coating for FINs is a composite, having a full set of required
structural, chemical, and electrical properties. The use of piezoelectric
materials can create composites providing an electrostimulating effect
on the bone production as a result of the mechanical action on the com-
posite [26].

The stimulating effect of an electric field on bone tissue formation
has a direct and indirect nature. The direct effect is through exposure
on intracellular components, such as ions, growth factors and receptors,
and the indirect effect is due to change in protein conformation [27]. It is
known that exposure to an electric field causes a redistribution of free
calcium cations (Ca3) in an extracellular and intracellular matrix,
which stimulates the galvanotaxis of cells [28]. Direct electric fields
are assumed to mobilize Ca?>* and Mg?* towards the cathode or nega-
tively charged surface, causing apatite formation, which can become a
scaffold for bone formation by osteoblasts [29]. Since some extracellular

matrix proteins play multiple critical roles in cellular attachment, more
adhered proteins on the surface could improve cellular adhesion and
outgrowth. Electrical stimulation could result in more favorable confor-
mational changes in fibronectin, which facilitates the adsorption of
more proteins onto the biomaterial [30]. Electric fields aggregate
charged ions and macromolecules in the bone interstitial fluid, which
results in enhanced osteoblast activity [31,32]. Piezoelectric composites
do not require the implantation of electrodes or batteries (which ex-
cludes the possibility of accumulation of the products of electrolysis in
the tissue) and do not need external sources of energy to stimulate
bone formation [26].

The development of piezoelectric composites for bone tissue regen-
eration is the subject of study amongst many research groups around
the world. Two main directions in the development of this research
can be identified. The first is directed at using piezoelectric materials
with high piezoelectric coefficient values (as the inorganic phase). Cur-
rently, the most studied materials are based on barium titanate (BT,
BaTiO3) [33-36], composites of BT with HA [37-40], as well as compos-
ites of BT with biodegradable polymers [41,42] and polymer piezoelec-
tric materials [43-45]. The possibility of using such piezoelectric
materials as lithium niobate (LiNbO3) [46,47], potassium and sodium ni-
obate ((KyNa,)NbOs) [48] and composites based on them [49] is under
investigation. One of the factors limiting the use of inorganic piezoelec-
tric materials for bone tissue regeneration is the risk of forming toxic
ions and complexes [50,51], which may provoke adverse tissue reac-
tions during a prolonged operation of the implant in vivo. The second di-
rection is using piezoelectric polymer materials as the organic phase of
the composite material [52-54]. Poly(vinylidene fluoride) (PVDF) and
its copolymers with trifluoroethylene (VDF-TrFE) and tetrafluoroethyl-
ene (VDF-TeFE) are the most electroactive polymers [55]. Previously, it
was shown that the films and nonwoven materials of PVDF in the 3-
phase can be used in active tissue engineering [56], because this phase
promotes the differentiation of mesenchymal stem cells into osteoblasts
[57-59] and accelerates the regeneration of bone tissue [60,61].

The ferroelectric and piezoelectric properties of PVDF occur because
of dipole moments, which are perpendicular to the polymer chain axes,
arising from significantly higher electronegativity of fluorine atoms, as
compared with the hydrogen and carbon atoms [62,63]. However, the
use of PVDF as an active composite for FIN coating is limited by its low
adhesion. Increasing the adhesion usually requires the coating to be
formed at temperatures above the melting point of PVDF, which leads
to the formation of a paraelectric phase [64].

It is known that the introduction of >7 mol% of TeFE into the molec-
ular structure of PVDF causes crystallization from the melt phase into
the electrically active (ferroelectric) phase [65-69]. Thus, the direct
crystallization from the melt into ferroelectric phase allows the use of
the VDF-TeFE copolymer for the development of electrically active com-
posite coatings for FIN. The VDF-TeFE copolymer is a non-toxic, biocom-
patible polymer [70,71], highly soluble in organic solvents such as
acetone, methyl ethyl ketone, butyl acetate and ethyl acetate at room
temperature [72,73]. This reduces the risk of rejection of the implant
and simplifies the technological process of forming a composite
material.

The aim of this work was to obtain a composite coating material
which is based on a copolymer of VDF-TeFE and investigate its structure
and properties, in vitro and in vivo, depending on the amount of bioac-
tive filler. It also aims to provide a comparative assessment of the ability
of FINs with the developed composite coating to stimulate the regener-
ation of bone tissue in ESIF conditions and compare new coatings to the
uncoated metal FINs and FINs with bioactive ceramic coating produced
by micro-arc oxidation (MAO) technology. Within the framework of
comparative studies, uncoated metal FINs and FINs with bioactive ce-
ramic coating produced by MAO technology were used as negative
and positive controls respectively. Selection, as a positive control of
FINs with bioactive ceramic coating produced by MAO, is due to their
proven high clinical efficacy.
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Fig. 2. SEM images of the samples surface (at different magnifications) with pure VDF-TeFE (a), 50% (b), 35% (c) and 25% (d) of VDF-TeFE.
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2. Materials and methods
2.1. Preparation of the composite material

Composite coatings were produced using 6% solution of a random
copolymer of VDF-TeFE containing 20 mol% of TeFE (HaloPolymer,
Russia) in an organic solvent mixture of 20 wt% acetone and 80 wt%
ethyl acetate. Preparation of a copolymer VDF-TeFE solution was carried
out in a sealed reactor at room temperature and constant stirring until a
homogeneous clear solution is formed.

HA powder and ethyl acetate (50/50 wt%) were placed in sealed
glass container and the powder was dispersed in ethyl acetate using ul-
trasonic unit (Sapphire 5M, Russia) for 8 h. The VDF-TeFE copolymer so-
lution was added to the resulting dispersion so that the weight amount
of the VDF-TeFE copolymer in the composite was 50%, 35% and 25% all
by wt%. The resulting mixture was further treated for 12 h using an ul-
trasonic device at power setting 150 W (Sapphire 5M, Russia).

2.2. Formation of the composite coating

Formation of the composite coating was performed in two layers by
using a pneumatic spray nozzle 4 Minijet (Sata, Germany) with diame-
ter set to 1 mm, air pressure to 1.4 atm and the distance between the
spray gun and the substrate to 20 cm.

The first layer (primer layer) coating was formed from 6% of a ran-
dom copolymer of VDF-TeFE solution. After application of the primer
layer the sample was placed in a chamber oven and heated to 200 °C
at 2° per minute rate, followed by ageing for 30 min. The second layer
of the dispersion of the HA powder in a copolymer of VDF-TeFE solution
is when applied to the 200 °C heated sample. After the application of the
second coat the final formation of the composite material was per-
formed by heating to a temperature of 220 °C at 10° per minute then
ageing for 30 min, cooling to 100 °C temperature at a rate of 2° per min-
ute and ageing for 4 h and finally hardening in distilled water at 30 °C.

321 stainless steel was used for the substrate plates. To increase the
adhesion the plate surface was roughened before application using co-
rundum blasting, and then sequentially washed with trichloromethane
(CHCls3) and ethanol (C,Hs0H) to remove contaminants.

2.3. Investigation of composite coatings

Morphology of composite coatings was investigated using scanning
electron microscopy (SEM, Quanta 400 FEI, USA). Prior to SEM the sur-
face of coating was covered with a thin layer (~30 nm) of gold, using a
magnetron sputtering system SC7640 (Quorum Technologies Ltd., UK).
Morphological characteristics of the coatings were measured using the
software Image ] 1.38 (National Institutes of Health, USA).

A study of open porosity of the composite coatings was performed
using hydrostatic weighing method described in [74,75]. For the
study, on the surface of the titanium disks with a diameter of 10 +
0.1 mm and a height of 1.5 &+ 0.1 mm the composite coatings were
formed as described above.

Open porosity of the composite coatings (P) was calculated using

Eq. (1)

la la a a
p — (Mie=md) = (M =m) 3005, (1)
(mg,—mg) — (my.—my)

where m!{- is the mass of coated saturated disc weighed in air, m¥ is the
mass of uncoated saturated disc weighed in air, mg is the mass of coated
dry disc weighed in air, m§ is the mass of uncoated dry disc weighed in
air, mc is weights' mass that balances coated disc immersed in liquid,
and m; is weights' mass that balances uncoated disc immersed in liquid.

Isopropyl alcohol (Ecos-1, Russia) was used as the saturation liquid.
Before measurement the composite coatings were dried in an oven
(Labtech, Russia) at 115 + 5 °C until constant weight was achieved. To
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Fig. 3. Contact angles and porosities (insert) of the coatings vs the amount of the
copolymer VDF-TeFE (with B-spline fitting as solid line).

saturate pores in the coatings the sample was placed into a container
with isopropyl alcohol and incubated for three days. Analytical balance
(Gosmetr, Russia) was used for the porosity study.

The elasticity of the composite material of 70 4 10 pm thickness was
investigated with bending device (Gradient-Techno, Russia) in accor-
dance with ISO 1519. For the elasticity measurements the coatings
were formed on the substrate plate (120 x 35 x 0.3 mm) made of stain-
less steel 321 as described above. The elasticity index of the coatings
was selected as the smallest diameter of the rod, bending around
which did not lead to mechanical failure, or delamination of the com-
posite coating.

Adhesion of the composite coatings were studied according to ISO
13779-4 “Implants for surgery - Hydroxyapatite - Part 4: Determination
of coating adhesion strength”. The coatings for this study were formed
on the substrate plate (40 x 20 x 2.5 mm) so that the total area of the
coatings was 284 4+ 7 mm. A steel plate (40 x 20 x 2.5 mm) without
coating was then glued to the coating using Scotch-Weld 2214-NMF
(3M, USA). The plates were then pressed together at 0.14 + 0.01 MPa
and placed in an incubator at 90 °C for 48 h. Studies were conducted
using the testing machine Instron 3369 (Instron, UK) at a crosshead
speed of 2.5 mm per minute.

Surface wettability was measured using a contact angle meter (Easy
Drop, Germany). 3 pl of milli-Q water was placed on the coatings and
the measurement was taken after 1 min.

It is known that direct observation of ferroelectric properties (ED
hysteresis loop) for the PVDF and its copolymers is possible in the elec-
tric field strength of 40 mV/m [76], which requires obtaining homoge-
neous samples without defects to avoid electrical breakdown [77]
[78]. The composite material used in this study contains a significant
number of defects resulting from the introduction HA particles into
the polymer structure, which reduces its dielectric strength. Ferroelec-
tric properties of PVDF and its copolymers are determined by the con-
formation of macromolecules and as a result by its crystalline
structure [79,80]. There are three main PVDF polymorphs (¢, 3, 7y). -
Phase is characterized by a monoclinic lattice in which chain (TGTG™)
conformation have opposite dipole moments, so in general it is

Table 1
Mechanical properties of composite coatings.

VDF-TeFE copolymer Adhesive strength, Elongation, Elasticity index,
amount, wt% MPa % mm

100 42+ 18 3.6 £24 1

50 212+ 36 353+ 5.6 1

35 154+ 1.8 163 + 45 2

25 99 +24 59+12 3
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Fig. 4. DSC curves of the investigated samples.

nonpolar. y-phase contains a weakly polar cell with a chain (T5GT3G-)
conformation. 3-phase is the most electroactive and is characterized
by orthorhombic lattice with polar cell in which the chain has a planar
zigzag (TIT) conformation [62,63]. The presence of polymorphic confor-
mations and crystal structures typical of the paraelectric and ferroelec-
tric phases allows to determine their presence, using techniques such
as DSC, XRD and FITR [81].

Differential scanning calorimetry (DSC) (SDT Q600, TA Instruments)
was used to determine the heat of fusion (AHp,) and thermal transi-
tions, such as the Curie temperature (T.) and the melting temperature
(Ty), in composite materials. At the Curie temperature a unique solid-
solid phase transition takes place before melting when the VDF-TeFE
transforms from a ferroelectric (piezoelectric) to a paraelectric (non-pi-
ezoelectric) state. The calculated heat of fusion (AHp) for the composites
can be found as [82]:

AHp = OmAHj T, (2)

where AHp= AHpR" ~ TF is the measured heat of fusion of the film of
the copolymer VDF-TeFE and w,, is the copolymer weight proportion
in the composite.

The change of the degree of crystallinity of the composite material
compared with the theoretical value (AX.) was calculated as:

_ AHpy

AXe = AHj,

3)

The crystal structure of the coatings was investigated using X-ray
diffraction analysis (XRD) (Shimadzu 6000, Japan). The samples were
exposed to a monochromatic Cu Ko (1.54056 A) radiation. The acceler-
ating voltage and the beam current were set to 40 kV and 30 mA respec-
tively. The scanning angle range, scanning step size and signal collection
time were 10-55°, 0.02° and 1.5 s respectively. The average size of the

Table 2
Calculated and measured heat of fusion of the materials.

crystals (I.) was calculated using the Debye-Scherrer equation:

-—2 o)

cosby/ 32 —p32 7

where A is the wavelength of the incident radiation, (3 the width of the
reflection at half height, 3, is the broadening reflex of the apparatus, 6
is the angle of diffraction and k = 0.9.

The conformation of macromolecules was investigated by Attenuat-
ed Total Reflectance (ATR) Fourier Transform Infrared spectroscopy
(FTIR) (Tensor 27, Bruker) with ATR attachment (PIKE MIRacle, Bruker)
on the crystal ZnSe was used. Investigations were carried out in the

spectral range of 500-2000 cm™ ' with a resolution of 2 cm™".

24. Cell adhesion and viability

The study of cell adhesion and viability was conducted using
adipose-derived multipotent mesenchymal stem cells (MMSC). MMSC
were collected from healthy donors and immunophenotyping with
flow cytometer GuavaEasyCyte6 (Millipore, USA) using CD19, CD34,
CD45, CD73, CD90 and CD105 monoclonal antibodies (BD, USA) as pre-
viously described [83].

The viability of cells on the coatings surface was studied using flow
cytometry with Guava Easy Cyte 6 (Millipore, USA) after cell incubation
on the surface for 72 h. The cells were detached from the surface with
0.5% solution of trypsin-EDTA (Sigma Aldrich, USA), centrifuged for
10 min at 716g, resuspended in 1 ml of the culture medium and stained
with Annexin V-FITC Apoptosis Detection kit (Sigma Aldrich, USA). For
detection Annexin V— Propidium lodid —, Annexin V+ Propidium
lodid + and Annexin V + Propidium lodid — were used for live, necrotic
and apoptotic cells respectively.

The effectiveness of cell adhesion to the coatings was evaluated by
fluorescent microscopy (Axio Observer, Carl Zeiss, Germany) as de-
scribed earlier [84]. The effectiveness of cell adhesion was assessed by
the number of adherent cells visible in ten fields of view of the micro-
scope with the average normalised to 1 mm?.

The study was performed according to Helsinki declaration and ap-
proval was obtained from the local Ethics Committees in Almazov Fed-
eral Medical Research Centre. Written informed consent was obtained
from all subjects prior to fat tissue biopsy. All tests were made in
triplicate.

2.5. Ectopic osteogenesis test

To study the ability of composite materials to produce bone tissue in
an in vivo system well known ectopic bone formation test [85] was
used. For this test titanium disks with diameter 10 4+ 1 mm were coated
with the composite material as described above. On the formed coating
the bone marrow, washed carefully by minimal essential medium
(DMEM) (Sigma-Aldrich, USA) from the femur of mice CBA/Calac,
was applied in vitro as described in [86]. Investigations were carried
out on 24 CBA/CaLac mice in compliance with the principles of humane
treatment of laboratory animals set out in [87]. In this study 16 animals
were used for the implantation and eight animals served as bone mar-
row donors.

VDEF-TeFE copolymer
amount, wt%

Measured heat of fusion of the composite
material AHyy, J/g

Calculated heat of fusion of the composite
material AHgy, J/g

Change in crystallinity compared with the
theoretical value AX,

100 313 31.3
50 10.1 15.8
35 6.0 10.9

25 45 7.3

1

0.64
0.55
0.62
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The samples were incubated for 45 min at 37 °C in culture medium
consisting of 95% DMEM (Sigma-Aldrich, USA) and 5% fetal bovine
serum (Sigma-Aldrich, USA) to adhere the bone marrow. To determine
the area covered by the bone marrow tissue each sample was
photographed (PowerShot A 630, Canon) and the tissue area (um?)
measured processing digital images with the program Image J 1.38 (Na-
tional Institutes of Health, USA).

The sample was then implanted under the etherisation into the lat-
eral subcutaneous pocket of the animal venter and the wound sutured.
After 45 days the animals were sacrificed using the overdose of ether
anaesthesia. Disks were explanted and the surface area occupied by
the formed tissue determined as described above. Then implants were
soaked in neutral formalin for 24 h to fix the formed tissue lamellae.
After fixation, the samples were decalcified with 10% EDTA. Then the tis-
sue lamellae were removed from the implants surface, dehydrated and
embedded in paraffin for producing histological sections as usual tech-
nique. The cross thin (5-10 um) sections were deparaffinised and
stained with hematoxylin and eosin. To determine the type of tissue
formed on the surface of the implant stained tissue sections of the mid-
dle part of the lamellae were examined histologically by standard meth-
od of light microscopy (Axioskop 40, Carl Zeiss, Germany). Formed bone
tissue with or without bone marrow was considered in histological sec-
tions as a positive outcome of the ectopic osteogenesis test.

2.6. Comparative studies of the morphological features of the process of
regeneration of bone tissue around the implanted FIN

Comparative experimental studies of the morphological features of
the process of regeneration of bone tissue around the implanted FIN
was performed on the in vivo in adult dogs. For this purpose, inclined
holes with 3 mm diameter communicating with the bone medullary
canal were formed with an awl in the proximal tibial metaphysis of a
cortical bone. Through the hole the FIN was introduced into the medul-
lary canal. The proximal end of the FIN was folded into a loop and is lo-
cated under the fascia. After the FIN implantation soft tissues were
sutured.

4 weeks after the implantation FINs were removed by pulling on the
loop with dynamometer (DEPZ-1D-1U-1, Russia), measuring the re-
quired force. Calculation of FINs pull-off force (P) was carried by the
equation:

F

Pl (5)

where Fis the breakout force, L is the length of the FIN and d is the diam-
eter of the FIN.

After the removal of FINs portions of the bone metaphysis were
sawed longitudinally and transversely, fixed in 10% neutral formalin
and embedded in celloidin for histological studies. Histo-topographic
sections were stained according to Masson's trichrome staining method
as described in [88]. The study of reparative regeneration of bone tissue
was performed by light microscopy using a microscope “Nikmed-5"
(LOMO, Russia). For processing histological preparations hardware
and software complex “DiaMorph” (Russia) mounted on a large re-
search photomicroscope (OPTON, Germany) was used.

Studies were conducted on 9 adult dogs with the principles of hu-
mane treatment of laboratory animals set out in [87]. As a control, the
steel K-wire without coating and titanium FIN with an osteoinductive
coating made by MAO technology were used. Electrolyte solution
based on phosphoric acid (H3PO,4) with density (p = 1.0824 g/ml)
with 80 g/l of calcium carbonate and 70 g/l of HAP was used to produce
MAO coatings. Coating formation was carried out using a pulse current
for 5 min. The current had the pulse time of 50 psec, pulse repetition
rate of 100 Hz, initial current density of 0.2 A/mm? and end voltage of
300V [89].
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Fig. 5. XRD spectra of the investigated samples.

2.7. Statistics

The statistical analysis was performed in Statistica (StatSoft, Dell)
software using Mann-Whitney test. The differences between groups
were considered significant at a significance level of p < 0.05.

3. Results and discussion

Fig. 2 shows SEM images of the samples at different magnifications.
At smaller magnifications, VDF-TeFE copolymer film has an appearance
of a uniform smooth surface with low porosity (Fig. 2a). At significant
magnifications, randomly distributed contrasting fibrillar structures
with a length of 1.1 & 0.3 um and a width of 0.19 4 0.04 um, are visible
on the surface. Previously, the formation of fibrillar structures in the
annealed non-oriented films of the copolymers VDF-TeFE and VDF-
TrFE was observed by several authors [90-92], and is associated with
the formation of crystalline regions of the electrically active 3-phase
formed in the film during high-temperature annealing.

Increasing the amount of HAP powder in the composite material
causes a change in the structure of the composite material surface.
When the amount of VDF-TeFE is 50% by weight, micro-relief in the
form of “hills” and “valleys” with smooth rounded edges is apparent
on the surface of the composite material (Fig. 2b). On the surface of
the hills are particles of HA probably covered with a thin film of VDF-
TeFE copolymer with numerous breaks (Fig. 2b). The open porosity of
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Fig. 6. FTIR spectra of samples.



E.N. Bolbasov et al. / Materials Science and Engineering C 75 (2017) 207-220 213

Table 3

Cytotoxic results of the samples tested using flow cytometry, X + SD.
Viability Cell control ~ VDF-TeFE = VDF-TeFE VDEF-TeFE VDF-TeFE
indicators 100% 50% 35% 25%
Viable, % 925+ 0.3 914 +08 908+14 909+17 915+20
Necrosis, % 34+03 37407 47407 35+ 06 33+1.0
Apoptosis, % 2.6 0.2 20+04 22401 31+04 28 £0.1

the composite material was <8%, and most likely due to the porosity of
HA particles.

Reducing VDF-TeFE copolymer concentration in the composite ma-
terial to 35% leads to the formation of a significant number of
macropores with an average diameter of 130 + 75 pm (Fig. 2c). At the
base of the macropores there are smaller micropores with an average
diameter of 3.1 4 0.8 um, with HA particles extruding from the compos-
ite surface (Fig. 2c) with an overall porosity of 26 + 4%.

Further reducing the VDF-TeFE copolymer concentration to 25% in-
creases the size of the micropores of the composite material to 153 +
26 pm (Fig. 2d) and micropores to 8.5 4+ 4.7 um (Fig. 2d). The porosity
of the composite material increased to 67 4 8%. Significant number of
HA particles, loosely associated by polymer material, was observed on
the surface of the composite material (Fig. 2d).

Results of the wettability study with distilled water on the coatings
are shown in Fig. 3. The water contact angle of with the copolymer
VDF-TeFE film was 100 + 4°.

The high value of the contact angle, and as a consequence, the high
hydrophobicity of the coating is due to the high electronegativity of
fluorine atoms, which is a distinct feature of fluorinated polymer mate-
rials [80]. Reducing the VDF-TeFE copolymer concentration in the com-
posite material to 50% leads to a decrease in the contact angle to 85 + 3°,
which is the result of a uniform topography and the presence of HAP
particles on the surface of the composite [93]. Further reducing the

VDEF-TeFE copolymer concentration to 35 and 25% leads to an increase
in the contact angle to 111 4 2° u 138 4 4°. The increase in the contact
angle of the coatings has a strong relationship with the increase in their
porosity (Fig. 3 inset). It has been previously shown that porous surfaces
have substantially higher contact angle values [94]. Thus, a significant
increase in the contact angle of the composite material, with a decrease
in the proportion of the hydrophobic copolymer VDF-TeFE, is likely due
to an increase in the porosity of the composite coatings.

The parameters describing mechanical properties of the composite
coatings are shown in Table 1. In the study of adhesion of composite ma-
terials, cohesive destruction of the coatings was observed, which indi-
cated a high adhesiveness of the samples. The composite copolymer
containing 50 wt.% VDF-TeFE had the greatest strength, elongation
and elasticity of all the composite materials. Increasing the HA amount
resulted in a significant decrease in a cohesive strength and elongation,
which is associated with an increase in the porosity of the coatings and
the deterioration of ties between the HA particles due to the decrease in
the amount of VDF-TeFE copolymer.

Low levels of strength and elongation of the pure VDF-TeFE coatings
are likely linked to their low surface energy and roughness which signif-
icantly hinder the formation of adhesive bonds between the epoxy and
the fluorinated plastic surface.

Fig. 4 presents DSC curves for the samples. In the DSC curve for the
coating derived from a pure VDF-TeFE polymer solution, there are two
overlapping intense endothermic effects, first near 132 °C and the sec-
ond around 143 °C. The first endothermic effect corresponds to the
Curie transition and the second effect corresponds to the melting of
the copolymer VDF-TeFE. This curve is characteristic of VDF-TeFE copol-
ymer samples with a high 3 ferroelectric phase proportion [95]. The
curves for HA powder and the composite materials both have a weak
endothermic effect in the region of 108-115 °C due to the removal of
weakly bound water. Increasing the amount of HA in the composite ma-
terial reduces the heat of fusion of the composite materials, and the

Fig. 7. Fluorescence microscopy of the surfaces of samples with adhered cells for pure VDF-TeFE (a), 50% VDF-TeFE (b), 35% VDF-TeFE (c) and 25% VDF-TeFE (d). Arrows marked 1 and 2

point to pores and DAPI stained nuclei.
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Table 4
The number of adherent cells on the sample surface, X 4 SD.

Sample VDF-TeFE VDF-TeFE VDF-TeFE  VDF-TeFE
100% 50% 35% 25%
Amount of adipose-derived 5947 337.4£30° 290 4 20° 318 4 26"

MMSC on 1 mm? of the surface

* p < 0.05 significance level from VDF-TeFE 100%.

degree of crystallinity of the copolymer VDF-TeFE is smaller than the
calculated value (Table 2). This indicates a negative influence of the
HA powder on the process of copolymer VDF-TeFE crystallization. The
decrease in the degree of crystallinity, with an increase in the amount
of inorganic fillers in the fluorocarbon ferroelectric polymers, was
noted previously [96-98].

Increased the amount of HA in the composite material also leads to
the appearance of an endothermic effect near 115 °C and a shifting of
the endothermic effect corresponding to the Curie transition to lower
temperatures, which indicates a disruption of the crystal structure of
the electrically active 3-phase of the VDF-TeFE copolymer.

Fig. 5 shows XRD diagrams of the samples. On the XRD diagram for
the pure VDF-TeFE copolymer, an intense reflection is observed at
near 19.4°, corresponding to crystallographic planes (110,200) of an
electrically active 3-phase [99]. On the XRD diagram for HA powder,
there are a few intensive peaks: 26.0° (002), 31.9° (211), 32.3° (112),
33.1° (300), 34.2° (202), 39.9° (310), 46.8° (222) and 49.6° (213), as
well as weak peaks: 21.8° (200), 23.0° (111), 28.2° (210), 35.6° (301),
39.3° (212), 42.1° (311), 43.9° (113), 45.6° (203), 50.7° (321), 51.4°
(410) and 52.2° (402), which correspond to the structure of HA
(Cay0(PO4)s(OH),).

The increase of the HA amount in the composite material results in a
decrease in the size of the crystals (I) in the 3-phase of the plane
(110,200) (Fig. 5, insert). A shift of the 3-phase reflection to lower 26
angles with an increase of HA indicates a decrease in the density of
the crystal lattice packing in the direction of a and b axes [100]. The in-
crease in the intensity of reflection at 18.9° (corresponding crystallo-
graphic plane (020) of the ry-phase) and the intensity of the halo at
18° (corresponds to the paraelectric a-phase) with a decrease in the in-
tensity of the reflection at 19.4° indicates the increase of a 7y electrically
active phase and a paraelectric a-phase with an increasing proportion of
HA in the composite material. Thus, XRD studies confirm the difficulty of
crystallization of the copolymer VDF-TeFE as the electrically active 3-
phase in the presence of HA, which is similar to the conclusion of DSC
studies.

Infrared spectra of the samples are shown in Fig. 6. There are several
absorption bands characteristic of conformations of macromolecules
with electrically active properties at 840 cm™ !, 880 cm™', 1328 cm ™!
(TIT - chain conformation) and 822 cm™ ! (T5GTsG - chain conforma-
tion) for the coating of the pure copolymer VDF-TeFE [67,101]. Addi-
tionally, present in the spectrum are bands at 617 cm~! and
925 cm™ !, characteristic of TGTG - chain conformation with paraelectric

properties [67,102]. Thus, the polymer chains are present in the initial
polymer film in all three conformational phases, but the presence of a
strong absorption band at 840 cm™ !, characteristic for molecule frag-
ments with long trans sequences, leads to the conclusion that the pre-
ferred conformation of the polymer molecules in the film is the most
electrically active (TTT) chain conformation.

The increase in HA amount in the composite material results in the
appearance of absorption bands in the spectrum at 560 cm™ !,
600cm ™! (v,P037,4),630 cm ™! (vibration mode OH ™), the wide shoul-
der at 1024 cm~" (PO®~,), and bands at 1090 cm~"' (¥5P0>~4) and
963 cm™ ! (¥;PO®74) [103,104]. The presence of characteristic absorp-
tion bands at 840 cm ™!, 880 cm ™!, 1328 cm !, 822 cm™ !, 617 cm ™!
and 925 cm~! indicates the presence in the composite copolymer
VDF-TeFE macromolecules of all three polymorphic conformations.
The absence of new absorption bands, as well as the absence of shifts
of characteristic absorption bands at 1058 cm™!, 1156 cm™',
1395 cm™ ! and 1430 cm™ !, characteristic of the VDF-TeFE copolymer,
suggests the absence of significant changes in the chemical copolymer
structure during the formation of the composite material.

3.1. In vitro biology study

Table 3 presents the study of cytotoxicity of the samples using flow
cytometry, indicating high levels of biocompatibility.

The cytotoxicity results (Table 3) revealed no significant differences
in the number of viable cells and of necrotic and apoptotic cells cultured
on coatings of the pure copolymer VDF-TeFE and on composite coatings
with different amounts of HA. Thus, the research confirms the absence
of cytotoxicity for the VDF-TeFE copolymer of and the composites
with different HAP amounts.

Fig. 7 presents images of DAPI labeled cells on the surface of the coat-
ings. The film of the pure copolymer VDF-TeFE has a low cell adhesion
ability (Fig. 7a, Table 4), because it has a low roughness and a low sur-
face energy, impeding cell attachment [91]. Low levels of cell adhesion
to unpolarized PVDF samples were previously observed [59].

The increase of the HA amount of the composite material to 50% in-
creases the number of adhered cells by >5 times (Fig. 7b, Table 4) com-
pared with the control sample. This is associated with an increase in the
hydrophilicity and surface roughness of the composite coating. Note-
worthy is the fact that the formation of cell agglomerates on the surface
of the composite material containing 50% of copolymer of VDF-TeFE is
probably due to the presence of areas where HA particles extrude
from the surface of the composite material; thus creating better condi-
tions for cell attachment compared to the rest of the surface. Reduction
of the VDF-TeFE copolymer to 35 or 25% does not lead to a significant in-
crease in the number of cells adhered to the surface (Table 4). However,
reducing the VDF-TeFE copolymer amount leads to changes in the adhe-
sive structure of the cells on the surface of the composite materials
(Fig. 7 c-d). Cells preferentially adhere around the pores of the compos-
ite material, not penetrating into them, probably because of poor liquid
penetration into the internal pore space of the coatings.

Table 5
Effect of the tested samples on the geometric and histological characteristics of tissues growing subcutaneously from the bone marrow during the ectopic osteogenesis assay, X + SD
(S.EM).
The samples Bone marrow Tissue lamellae properties
studied, (initial levels before (after implantation)
n = 4ineach implantation)
group . - - "
Area, Area, % of initial Histological composition
mm? level
100% VDF-TeFE 6.9 4+ 1.0 (0.5) 133 4109 (54) Connective (Fig. 8, Panel a) and adipose (Panel b) tissues
50% VDF-TeFE 6.2+ 1.2 (0.6) 206 + 142 (71) Bone with marrow (Fig. 8, Panel ¢) in 3 cases; connective tissue in 1 case (Panel d)
35% VDF-TeFE 4.8 +£ 1.6 (0.8) 162 4 124 (62) Bone tissue with bone marrow (Fig. 8e,f)
25% VDF-TeFE 6.1 4+ 1.5(0.8) 123 4+ 102 (51) Bone with marrow (Fig. 8, Panel g) in 3 cases; thin bone lamella with connective tissue in 1 case

(Panel h)

4 = the number of samples tested; statistical differences (P < 0.05) between all groups were not significant according to Mann-Whitney's U test.



E.N. Bolbasov et al. / Materials Science and Engineering C 75 (2017) 207-220 215

Thus, as expected, an increase in the HA amount in the composite
material is a key factor which leads to increased adhesion properties
of the composite material for multipotent stem cells.

Because remodeling of bone occurs through the activation of os-
teoblasts located in the zone of damage, as well as through attraction
of mesenchymal cells and their subsequent differentiation into oste-
oblasts, the anatomical location, fixing type, state of the implant bed

and surrounding tissue, and biological properties of the latter all
have a major impact on the processes of osteoconduction [105]. Spe-
cifically, having a good blood supply to the fracture site providing in-
flow of mesenchymal cells is key to the formation of high-grade bone
[106,107].

The disk samples coated with bone marrow and implanted subcuta-
neously, meet the requirements of having a significant number of

Fig. 8. Histological sections of tissue lamellae, grown on pure VDF-TeFE (a and b), 50% VDF-TeFE (c and d), VDF-TeFE 35% (e and f), 25% VDF-TeFE (g and h) in mouse subcutaneous test.
Connective (a,d) and adipose (b) tissues only, bone tissue with bone marrow cells (c, e-g) and fibrous connective tissue (h) are shown. Hematoxylin - eosin staining. Arrows marked 1, 2

and 3 point to bone, marrow and fibrous connective tissue in lamella composition respectively.
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Table 6
Pull-off force for various FINs.

Pull-off
force, N
n=4

Steel FIN without coating 140 £20 356 + 10
Titanium FIN coated using MAO technology 258 + 36 529 + 30
Steel FIN with the composite coating 230 +£23 557 +10

Type of FIN Separation tension, MPa

adipose-derived mesenchymal cells and a good blood supply. Therefore,
the test of ectopic bone formation simulates the conditions of FIN in the
medullary canal well.

Visual inspection of the site of implantation surrounding the disks
with the test coatings showed no signs of inflammation, hypersensitiv-
ity or tissue sensation in all groups. Implants were surrounded by a thin

stromal capsule, which had a slight grip to the surface of the samples
and could be easily removed. Tissue lamellae were universal for the
samples (16 out of 16 samples) with the tissue area increasing to
123-206% of the corresponding initial values of bone marrow area
(Table 5). This increase suggests the benefit of the coatings on promot-
ing adhesion and bone marrow proliferation on the surface of implants.

Histological analysis of the tissue lamellae grown on the surface of
the pure copolymer VDF-TeFE demonstrated connective (Table 5,
Fig. 8a) and adipose (Table 5, Fig. 8b) tissues only. Whereas on the sur-
face of composite coatings a formation of bone tissue with bone marrow
(Table 5, Fig. 8¢, e-g) and connective tissue (Fig. 8h) was observed in 11
out of 12 cases (92%) of composites. Therefore it can be concluded that
tested samples promote adhesion and cell proliferation on the surface of
implants under constant biomechanical cyclic loads caused by move-
ment of muscles and the skin of laboratory animals. Since the initial
values of bone marrow area did not differ statistically, the area of the

Fig. 9. Formation of a bone tissue envelope around the FIN and its dependence on the surface architecture. Light microscopy of histostructural bone envelope organization for stainless steel
Kirschner wires (a), titanium wire with CaP coating produced with MAO technology (c), stainless steel wire with a composite coating (e), where Fbt and Bt indicate fibrous tissue and
trabecular bone respectively. Scanning electron microscopy of the surface architecture for stainless steel Kirschner wires (b), titanium wire with CaP coating produced with MAO

technology (d) and stainless steel wire with a composite coating (f).
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tissue lamellae and the type of the tissue formed on the surface of the
implants was caused by the physicochemical characteristics of the
coatings.

It is known that the histological conduction is an important but not
sufficient condition for the ectopic bone formation. The decisive role
in the process of bone formation plays physical and chemical properties
of the implant, such as the presence of CaP and the topology of the sur-
face of the implant [108-111].

Nevertheless, no statistical increase in the area of tissue lamellae was
detected for the groups tested (Table 5). Probably, the roughness and
CaP amounts in the pure copolymer VDF-TeFE and its composites have
no critical role for cell adhesion and tissue conduction process. Vice
versa, the lack of these physical and chemical features hinders the dif-
ferentiation of cells into osteogenic direction that was estimated by his-
tological composition (Table 5).

Indeed, composite coatings containing 50% VDF-TeFE in 75% of cases
(3 out of 4) were characterized by bone and bone marrow growth on
the surface of samples (Table 5, Fig. 8c). One tissue lamella with
vascularized loose irregular connective tissue on the surface of the sam-
ple can be classified as a failure of implantation (Table 5, Fig. 8d).

Tissue lamellae on the surface of coatings containing 35% VDF-TeFE
were formed of bone and bone marrow (Table 5, Fig. 8e, f). Tissue lamel-
lae on the surface of coatings containing 25% VDF-TeFE showed growth
of bone tissue into the porous structure of the composite material
(Fig. 8g). Some thin bone lamellae with weak bone marrow were cov-
ered with thick layers (20-40 um) of fibrous connective tissue
(Fig. 8h). The development of a bone through cartilage stage (endo-
chondral ossification) is required for remodeling of hematopoietic tis-
sue from the hematopoietic stem cells. Another way is the formation
of bone without bone marrow by stromal stem cells, bypassing the
stage of cartilage, by ossification of connective tissue [112]. Probably,
it assumes bone formation in 25% cases (Table 5) on 25% VDF-TeFE coat-
ings by means of ossification of connective tissue mainly.

Our research has shown that composite coatings containing 35%
VDF-TeFE probably are optimal due to the combination of beneficial
physico-chemical and biological properties. In particular, they have
high flexibility, sufficient adhesive strength to nailing in the spongy
bone tissue and possess rough surface topography providing a high bio-
logical activity. At the same time the polymeric binder is in crystalline
phases with ferroelectric properties which promote the high biological
activity of these composite coatings on the surface of the metal FIN.
Given the constant influence of mechanical stresses from the bone and
surrounding muscle it can be expected that the composite coating con-
taining 35% VDF-TeFE will contribute to osteoinductive and
osteoconductive processes not only due to the active filler, but also
due to its ferroelectric properties.

One of the common ways to assess osteoinductive and
osteoconductive properties of implants for orthopedics and
traumatology is a test developed by Nakamura [113,114]. The test re-
lates the value of the effort necessary for the separation of the implant
from bio active surface of the bone bed with its osteoinductive and
osteoconductive capacity. Results of bond strength studies of various
FINs with bone tissue are presented in Table 6.

Studies demonstrated that the steel FIN with a smooth surface has
the smallest pull-off force (Table 6). Microporous CaP layer formed on
the surface of the titanium FIN produced >130% increase in the value
of pull-off force compared to the uncoated FIN. Steel implants with
the bioactive composite ferroelectric coating with 35% VDF-TeFE copol-
ymer amount demonstrated adhesion to the bone tissue comparable to
that for titanium FIN coated using MAO technology. The significant dif-
ference in bond strength indicates high osteoinductive properties of the
composite coating formed on the steel FIN which is confirmed by histo-
logical examination of the tissue around the FIN.

Fibrous tissue layer is formed to a thickness up to 2 mm around
the uncoated steel FIN, which isolates the surface of FIN. The forma-
tion of bone envelope occurs on the periphery of the fibrous ring and

is characterized by depleted trabecular network. Thus, the use of the
uncoated steel FIN is histologically characterized by distant osteo-
genesis (Fig. 9a). Because the anatomical placement of all FINs is
characterized by optimal conditions of circulation and a high level
of mesenchymal cells capable of differentiating into osteoblasts, the
low osteoinductive properties of the uncoated steel FIN are due to
the lack of surface conditions necessary for the attachment and pro-
liferation of mesenchymal cells. These conditions are low roughness,
the lack of CaP, and possible diffusion of the implant corrosion prod-
ucts into the surrounding tissue.

The titanium FIN coated with CaP using MAO technology is charac-
terized by the absence of the fibrous tissue ring around the FIN. Young
bone of trabecular structure was formed around titanium FIN which is
fused with the endosteal surface of the medullary canal (Fig. 9b). For-
mation of the bone tissue of dense trabecular structure indicates high
osteoinductive properties of CaP coatings obtained by MAO technology,
which confirm the earlier literature results [14]. High osteoinductive
properties of these coatings are due to the microporous structure relief
reminiscent of the structure of the young bone, which facilitates the ad-
hesion of mesenchymal cells. Typically, CaP coatings produced by MAO
technology contain a significant amount of readily soluble calcium
phosphates that induces the differentiation of mesenchymal cells into
osteoblasts, and the absence of toxic corrosion products is a powerful
factor stimulating osteogenesis process.

The histological picture around a stainless steel FIN with a composite
coating that contains 35% VDF-TeFE (Fig. 9c) is comparable to the histo-
logical picture around the titanium FIN with CaP coating manufactured
by MAO technology. Bone tissue of a dense trabecular structure adheres
to the surface of the FIN without a fibrous tissue layer. Formation of the
bone tissue of a dense trabecular structure indicates high osteoinductive
properties of the coating.

Undoubtedly, high osteoinductive properties of FINs with composite
coating, as is the case with the titanium FIN, are largely due to the rough
surface of the coating. On the other hand VDF-TeFE copolymer film acts
as a “primer” layer forming the coating that protects the metal in FIN
from corrosion and blocks the exit of potentially toxic products into
the surrounding tissue. However, it should be noted that on the surface
of the composite coating the amount of calcium and phosphorus ions,
needed for osteogenic differentiation, is less as, firstly, the biologically
active filler in this case is highly crystalline HAP whose solubility in
physiological media is significantly lower than the amorphous calcium
phosphate on the surface of the titanium FIN, and, secondly, the concen-
tration of the ions is less because the coating material is a composite.

Given the anatomical location of the implant and the continuous
mechanical loading on FINs it is hypothesized that high osteoinductive
properties of the composite material are largely due to the piezoelectric
properties of the polymeric binder, a significant part of which is crystal-
lized in the electrically active (3- and y-phases even for high amount of
HA in the composite. Most likely mechanical stresses acting on the FIN
cause continuous changes in its surface potential which is a powerful
factor in promoting osteoinduction. This fact is confirmed by literature
where the in vitro system demonstrated better adhesion of osteoblasts
to the surface of PVDF film under mechanical stimulation [115]. Other
research determined the optimal proportion of the electrically active
(3-phase as well as the osteogenic differentiation of MMSC in the pres-
ence of ferroelectric non-woven materials, even in the absence of calci-
um phosphate [57].

It should be noted that a further significant increase in clinical poten-
tial of FINs with composite coating is possible by using fast dissolving bi-
ologically active calcium phosphates as filler, such as amorphous
calcium phosphate, tricalcium phosphate, carbonate-substituted hy-
droxyapatite, etc. Probably substantial reserves of increasing clinical po-
tential of piezoelectric biologically active composites are in optimizing
electrical properties of the piezoelectric binder in particular the use of
additional “positive” or “negative” polarization during the formation
of the composite material and further optimization of the crystal
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structure by optimizing the process parameters such as heating and
cooling modes. A significant potential to increase biological activity is
also in the modification of the surface of a composite material to in-
crease the surface hydrophilicity [116-118], which will improve the ad-
hesion properties to the surface of cells and tissues.

4. Conclusion

The paper demonstrated the possibility of creating osteoinductive
composite materials for use as a coating for flexible intramedullary
nails. The effect of the amount of VDF-TeFE on the structure and proper-
ties of osteoinductive composites was investigated. It was shown that a
decrease in the amount of VDF-TeFE in the coating increased the poros-
ity of the composite material, but reduced the cohesive strength and
elasticity of the coating. Increasing the HA amount in the composite ma-
terial resulted in VDF-TeFE copolymer crystallization into predominant-
ly B and vy electroactive phases. An ectopic bone formation assay
demonstrated that the composite materials are non-toxic and have
the ability to produce bone. The stimulatory effect of the coatings for
the formation of young bone in a trabecular structure, which fills the
volume of medullary canal, was established. The effect allows an in-
crease in the total volume of bone tissue, and as a result, an elevation
of the strength of cortical bones. The prospects of the use of the
osteoinductive coatings in the ESIF technique were demonstrated.
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