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Abstract 

A comparative study of flexible intramedullary nails (FIN) used for lengthening of long 

tubular bones in children is presented. It has been found that the presence of calcium phosphate 

coating obtained by micro-arc oxidation or a composite coating based on a copolymer of 

vinylidene fluoride with tetrafluoroethylene and hydroxyapatite on the surface of FIN 

significantly enhances the formation of bone regenerate in the area of osteotomy during limb 

lengthening by combined osteosynthesis. The investigation of physico-chemical properties of 

FIN with calcium phosphate coating obtained by micro-arc oxidation demonstrated that 

improved bone tissue formation is due to favourable conditions for adhesion, proliferation, and 

differentiation of MMSCs into osteoblasts on the coating surface. Composite coatings stimulated 



the formation of bone tissue only in vivo, mainly due to the piezoelectric properties of the 

copolymer of vinylidene fluoride with tetrafluoroethylene. 
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1. Introduction 

Deterioration of the environmental situation, primarily in industrialized countries, and 

rising frequency of genetic diseases provoke an increase in the number of patients and the 

severity of orthopaedic pathologies associated with congenital shortening and deformities of the 

limbs. The limb shortening, progressing as a person develops, leads to pathological changes in 

the entire biomechanical system. For example, overloading a healthy limb and skewing of the 

pelvis cause the development of pathologies associated with deformations and dislocation of the 

healthy hip, leading to a decrease in the quality of life. Thus, the restoration of the limb length 

allows solving not only the problems of orthopaedic and biomechanical recovery, but also the 

problem of social rehabilitation and patient's integration into society. 

For congenital limb length discrepancy the correction of pathology in the affected 

segment and functionally related elements of the biomechanical system could be done only 

through surgical interventions. A major contribution for solving this problem was made by 

outstanding orthopaedic surgeon G.A. Ilizarov, who developed the methods of surgical treatment 

based on distraction osteogenesis [1,2]. 

The recent development of G.A Ilizarov method resulted in development of combined 

osteosynthesis. In this approach, the external fixation devices and thin (up to 2.5 mm) flexible 

intramedullary nails (FIN) implanted into medullary canal of the tubular bone are used [3,4]. The 

circular external fixator allows to achieve the high stability of the bone fragments positioning. 

FIN located in the anatomical zone with multipotent cells depot and a good blood supply, allows 

to control the histogenesis aimed at bone tissue production. 

The unique anatomical location of FIN makes it one of the key elements of the combined 

osteosynthesis. FIN properties largely determine the clinical success of the limb lengthening. 

Therefore, research in the field of FIN development aimed to shorten the duration of external 

osteosynthesis, to reduce incidence of postoperative complications, and to find new indications 

for the combined surgical technique is relevant. The aim of our study was to develop various FIN 

types for applying in limb lengthening, and comprehensively investigate their properties. 



2. Materials and methods 

For the study, three types of FIN were used. The first type is stainless steel Kirschner FIN 

without coating (Steel implant). Owing to their good mechanical properties, sufficient 

biocompatibility and relatively low cost steel FIN are used in clinical practice for the treatment 

of fractures and lengthening of long tubular bones in children [5,6].  

The second type is titanium Kirschner FIN with calcium phosphate coating formed using 

micro-arc oxidation (МАО coating). The use of such a FIN for the treatment of long tubular bone 

fractures enhances mineralization and strength of bone [7]. This type of FIN can be used to 

correct deformations caused by hereditary genetic changes (imperfect osteogenesis) [8]. 

The third type is stainless steel Kirschner FIN with composite coating based on VDF-

TeFE co-polymer and hydroxyapatite (HA) (Composite coating). This promising FIN type has 

good physical and mechanical properties owing to the steel base and high ability to produce bone 

tissue due to the composite coating [9]. 

2.1 Coating formation and characterization 

The calcium phosphate coating was formed on the surface of titanium FIN by micro-arc 

oxidation using pulsed current of positive polarity. The rectangular shaped impulses with 

frequency of 50.0 Hz and duration of 10 ms in an electric spark condition were applied. The 

formation of coatings was carried out under the constant stirring of electrolyte at a temperature 

of 25 ± 5 ˚С. A rate of rise of the pulse voltage amplitude up to the 200 V was 3 V/s with the 

treatment at 200 V lasting for 30 min. The electrolyte was prepared by dissolving calcium oxide 

(CaO) (Ekros, Russia) and HA (Ca10(PO4)6(OH)2) powder in the orthophosphoric acid (Ekros, 

Russia; ρ = 1.0550 g/ml). CaO was added until the supersaturated state while HA was added at a 

concentration of 10 g/l.  

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 (C3H6O) (Ekros, Russia) and 80 wt% ethyl acetate (C4H8O2) (Ekros, Russia). HA 

powder and ethyl acetate (50/50 wt%) were placed in sealed glass container and the powder was 

dispersed in ethyl acetate using ultrasonic unit (Sapphire 5M, Russia) for 8 h. The VDF-TeFE 

copolymer solution was added to the resulting dispersion so that the weight amount of the VDF-

TeFE copolymer in the composite was 35% by wt. The procedure of coating formation on a FIN 

surface was previously described by us in [10]. 



Morphology of the implant surface was investigated using scanning electron microscopy 

(SEM, Quanta 400 FEI, USA). Prior to analysis the coating surface was covered with a thin layer 

(~ 30 nm) of gold, using magnetron sputtering system SC7640 (Quorum Technologies Ltd, UK). 

Morphological characteristics of the coatings were measured using the software Image J 1.38 

(National Institutes of Health, USA). 

The study of implant surface elemental composition was conducted by energy dispersive 

analysis (EDS analysis system Genesis 4000, EDAX). The calculation of the semi-quantitative 

elemental composition was carried out by the method of three corrections for the average atomic 

number, absorption, and fluorescence. 

The investigation of coating chemical composition was performed by Attenuated Total 

Reflectance (ATR) Fourier Transform Infrared spectroscopy (FTIR) (Tensor 27, Bruker) with 

ATR attachment (PIKE MIRacle, Bruker) using ZnSe crystal. Investigations were carried out in 

the spectral range of 2000–500 cm−1 with a resolution of 2 cm−1. 

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 Kα (1.54056 

Å) radiation. The accelerating voltage and the beam current were set to 40 kV and 30 mA 

respectively. The scanning angle range, scanning step size and signal collection time were 10 – 

55°, 0.02° and 1.5 s respectively. 

The water contact angle of the implant surface was measured using Easy Drop-100 

optical goniometer (Krüss, Germany). The studies were carried out using the "sitting" drop 

method. For the study, a 3 μl drop of deionized water was placed on the surface of the implant 

and after 1 min the contact angle was measured. All the data are represented as the averages and 

standard deviations of the measurements taken at seven different spots on the surface of the 

respective sample.  

Open porosity of the coatings (P) was calculated according to the method described in 

[11,12], using equation 1: 
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where 𝑚𝑚𝑑𝑑𝑑𝑑
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uncoated saturated disk weighed in air; 𝑚𝑚𝑑𝑑𝑑𝑑
𝑙𝑙  – mass of the coated dry disk weighed in air; 𝑚𝑚𝑑𝑑

𝑙𝑙 – 



mass of the uncoated dry disk weighed in air; 𝑚𝑚𝑑𝑑𝑑𝑑
𝑙𝑙  – mass of weights, that balances coated disk 

mass immersed in liquid; 𝑚𝑚𝑑𝑑
𝑙𝑙  – mass of weights, that balances uncoated disk mass immersed in 

liquid.  

Isopropyl alcohol (C3H8O) (Ekros, Russia) was used as a saturation liquid. Prior to 

investigation coated disks were dried in an oven (Labtech, Russia) at 100 ± 5 °С until the 

constant weight. To saturate pores in the coating sample was immersed in isopropyl alcohol for 

three days. Study was conducted using analytical balance (Gosmetr, Russia) equipped with a 

device for hydrostatic weighing. 

The elasticity of the coatings on the model implant surface was investigated with bending 

device (Gradient-Techno, Russia) according to ISO 1519 “Paints and varnishes - Bend test 

(cylindrical mandrel)”. 

The roughness of the implant surface was studied using contact profilometer Talysurf 5-

120 (Tailor-Hobson, Англия) according to ISO 25178 “ Geometrical product specifications 

(GPS) — Surface texture: Areal – Part 601: Nominal characteristics of contact (stylus) 

instruments”. 

The study of coating adhesion strength to the model implant surface was carried out using 

a testing machine Instron 3369 (Instron, UK) according to ISO 13779-4 "Implants for surgery – 

Hydroxyapatite – Part 4: Determination of coating adhesion strength". 

In order to study coating degradation, model implants were incubated in an isotonic 

sterile sodium chloride solution (ESKOM, Russia) during 7 days at 37 оС. The concentration of 

ionized calcium and the pH of the solution were measured using Konelab60i (Konfab Scientific 

Research Institute, USA) automatic analyser according to KonelabTM/T Series protocols. 

2.2 Multipotent mesenchymal stem cell adhesion 

The study of cell adhesion was conducted using adipose-derived multipotent 

mesenchymal stem cells (MMSCs) as described previously.  

To analyze the cell adhesion and attachment, focal adhesion vinculin was studied using 

fluorescence microscopy. Samples with cells after 72 h of incubation were discarded from the 

medium. The cells were washed with PBS and fixed with 4% paraformaldehyde for 20 min. 

Cells were permeabilised using Triton X-100 and rinsed with PBS, then blocked with 10% goat 



serum in PBS for 30 min at room temperature, and incubated with anti-vinculin antibody 

(Thermo Scientific) at 1:200 dilution for 2 h. After 3 PBS washes cells were incubated with 

Alexa Fluor 488 goat anti-mouse IgG (H+L) (Invitrigen) at 1:200 dilution for 1 h at room 

temperature in the dark. The cells were washed three times in PBS (5 min each) and stained with 

4′,6-diamidino-2-phenylindole (DAPI) for nuclear visualization. Finally, the cells were washed 

and viewed using Carl Zeiss Axio Observer fluorescence microscope. Images were collected and 

processed with Zen Software. Cells were recalculated as their number per mm2. The study was 

performed according to Helsinki declaration and approval was obtained from the local Ethics 

Committees in Almazov National Medical Research Centre. Written informed consent was 

obtained from all subjects prior to fat tissue biopsy. All tests were made in triplicate. 

2.3 Ectopic osteogenesis test  

In vivo investigation was carried out on 45 Balb/c mice in compliance with the principles 

of humane treatment of laboratory animals set out in [13]. In this study 30 animals were used for 

the implantation and 15 animals served as bone marrow donors. The samples were incubated in 

vitro with syngeneic bone marrow and implanted under the etherisation into the lateral 

subcutaneous pocket of the animal venter as described previously [10]. After 45 days formed 

bone tissue with or without bone marrow was considered in histological sections of grown tissue 

lamellae as a positive outcome of the ectopic osteogenesis test on the surface of samples tested. 

To determine the type of tissue formed on the surface of the implant stained tissue sections of the 

middle part of the lamellae were examined histologically by standard method of light 

microscopy (Axiosсop 40, Carl Zeiss, Germany). 

2.4 Investigation of limb lengthening 

Experimental studies of limb lengthening by combined osteosynthesis were carried out on 

24 mongrel dogs aged from 1 to 3 years, with an average weight of 18.2 ± 1.7 kg. All the 

surgical interventions were performed under general anaesthesia with a sodium thiopental 5% 

solution. In all groups, the fixators comprised two distal circular rings and two proximal rings. A 

percutaneous osteotomy of the fibula and an osteoclasia of the tibia were performed in the 

middle third of the diaphysis. The two intramedullary nails curved about 40° along the entire 

length were introduced after the osteotomy. Their free ends were cut several millimetres outside 

the bone and bent to approximately 90° so as to prevent intraosseous migration of the 

intramedullary nails [14]. There were no differences in external frame application between 

groups.  



All the dogs received the same postoperative care and the same feeding. They were 

allowed to walk with no limitations during all the experimental study including distraction phase, 

fixation phase and even immediately after frame removal. Studies were performed in compliance 

with the principles of humane treatment of laboratory animals [13].  

Radiographic control (VEP X Technology Premium VET, Spain) was used to evaluate 

the course of the distraction osteogenesis. The following parameters were measured in the X-ray 

images: the height of diastase, the height of the proximal and distal bone regenerates, the height 

of the median enlightenment zone ("growth zone"), and the diameter of the distraction regenerate 

in the projection of the "growth zone". 

2.5 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 р<0.05.  

3. Results 

Images of the surface (at different magnification), EDS spectra, and water wetting of steel 

FIN, FIN with MAO coating, and FIN with composite coating are shown in Figure 1. 

The surface of the steel implant (Fig. 1a) is homogeneous with typical metallic luster. A 

network of chaotically located grooves with a width of 3.0 ± 1.4 μm is observed on the surface. 

The grooves appear due to the impact of abrasive particles during the polishing of the implant. 

The MAO coating has uniform grey-coloured surface (Fig. 1b). At a significant 

magnification it is possible to notice that surface has microporous structure formed by spherical 

globules sintered to each other with an average diameter of 4.9 ± 2.5 μm. At the bottom and 

walls of the globules there are pores with an average diameter of 1.1 ± 0.3 μm. 

The composite coating has white-coloured surface with a complex spatial organization 

(Fig. 1c). A significant amount of macropores with an average diameter of 94 ± 28 μm is 

observed. In macropores, micropores with a diameter of 11.8 ± 3.4 μm could be seen. The walls 

of the pores are formed by hydroxyapatite particles with a diameter of 21 ± 6 μm, bound together 

by a VDF-TePE copolymer. 



EDS spectra of implant surfaces are shown in Figure 1 (insets). Steel implant without 

coating contains iron, chromium and nickel (Fig. 1a) at a ratio characteristic for stainless steel 

(Table 1). 

The MAO coating consists of titanium, oxygen, calcium, phosphorus and carbon (Table 

1). A significant amount of titanium and oxygen in the coating is due to the formation of an 

intermediate layer of titanium dioxide between the calcium phosphate coating and the metal 

substrate [15]. The MAO coating is calcium deficient, which is typical for coatings obtained by 

the micro-arc oxidation method [16,17]. A high content of carbon in calcium phosphate coatings 

formed by micro-arc oxidation was also observed by the authors in [18,19]. 

The composite coating contains elements from both polymer binder (VDF-TeFE) and 

biologically active mineral filler (hydroxyapatite): carbon, fluorine, calcium, phosphorus and 

oxygen. The ratio of calcium to phosphorus is higher than in hydroxyapatite of stoichiometric 

composition (1.67). It is typical for apatites derived from biogenic raw materials and is caused by 

anionic and cationic substitutions in the crystal lattice of hydroxyapatite [20]. 

The infrared spectra of coatings are shown in Figure 2. The absorption bands in MAO 

coating spectrum are broadened (Fig. 2). The intensive band in 1250-850 cm-1 region 

corresponds to asymmetric and symmetric stretching of P–O bond. A number of absorption 

bands characteristic for PO4
3- bending is observed at 600 – 520 cm-1 (Fig. 2 inset). A broad band 

at the 810-720 cm-1 corresponds to asymmetric and symmetric stretching of P-O-P moiety [21]. 

The absorption bands characteristic for OH group are observed at 630 – 620 cm-1 [22]. The band 

at 657 cm-1 corresponds to titanium oxide (TiO2) in the rutile form [21]. There is a group of 

bands with low intensity at 1456-1412 cm-1 characteristic for CO3
2- stretching [23]. 

In the composite coating spectrum (Fig. 2) there are absorption bands characteristic for 

the VDF-TePE copolymer, which macromolecules are in conformations with ferroelectric 

properties: 1328 cm-1, 880 cm-1, 840 cm-1 (TTT – conformation); 822 cm-1 (T3GT3G- - 

conformation) [24,25]. The presence of the intense band characteristic for polymer molecules 

with long trans sequences at 840 cm-1 indicates that electrically active (TTT) conformation is 

predominant [26, 27]. The absorption bands corresponding to stretching and bending of PO4
3- 

moiety could be found at 1026 cm-1, 1090 cm-1, 963 cm-1, 600 cm-1, 563 cm-1, and 520 cm-1 

[22,23]. 

XRD spectra of FIN are shown in Figure 3. In the XRD spectrum of the steel implant 

(Fig. 3) there are two intense peaks in the region of 43,7o and 43,7o corresponding to austenite 



phase. A slight reflection at 44,5o corresponds to the ferrite phase. The observed phase 

composition is typical for stainless steels doped with nickel, since the presence of nickel in an 

amount of 8-10% in the alloy stabilizes the austenite phase [26]. 

In the XRD spectrum of titanium implant with MAO coating (Fig. 3) there is a halo in the 

20-33o region formed by overlapping reflections of titanium dioxide (TiO2) in the anatase form, 

titanium hydroxides H2Ti3O7, calcium phosphates β - Ca2P2O7, titanium phosphates TiP2O7 and 

calcium titanium phosphates CaTi4(PO4)6 [27,28]. 

A broad peak at 19.3° corresponding to VDF-TePE copolymer is observed in the XRD 

spectrum of implant with composite coating [29,30]. A number of reflections at 25,0°, 31.7°, 

32.1°, 32.9°, 34.1°, 39.9°, 46.8° and 49.6° corresponding to (Ca10(PO4)6(OH)2) in a highly 

crystalline state [31] could also be found. The presence of an intense peak at 19,3° indicates that 

polar β phase with ferroelectric properties is predominant in VDF-TePE copolymer. 

The water contact angle of steel implant surface (Fig. 1a) is 82 ± 5o, which is a typical 

value for the polished surface of stainless steel applied for the implants production [32]. MAO 

coatings are hydrophilic (Fig. 1b) with the water contact angle of 24 ± 4o. The enhanced 

wettability of the coating is due to significant amount of polar hydroxyl groups on its surface. 

They appear as a result of the plasma arc and electrolyte interaction accompanied by the 

inclusion of the decomposition products of the electrolyte components into the coating structure 

[33]. 

The composite coating (Fig. 1c) is the most hydrophobic among studied materials with 

water contact angle of 111 ± 5o. It is caused by a lack of sufficient functional groups on its 

surface. The VDF-TeFE copolymer has high thermal stability in the oxidizing atmosphere and 

low free surface energy due to its chemical composition [34]. In addition, the developed porous 

surface of the composite coating prevents the water droplet from spreading [35,36]. 

The physico-mechanical properties of the coatings are presented in Table 2. The 

thickness of the MAO coating is 25 ± 5 μm, which is typical for coatings obtained by this 

method [17,37,38]. 

 

 



The further growth of the coating is limited due to increase in the ohmic resistance of the 

emerging film. Coating thickness augmentation is possible by increasing the oxidation voltage. 

However, an increase in the coating thickness of more than 40 μm leads to a significant decrease 

in its physico-mechanical properties, primarily adhesion and elasticity [39]. 

The thickness of the composite coating is 180 ± 20 μm. In this case, the production 

method does not limit the coating thickness augmentation. The developed surface structure of the 

composite coating results in high roughness. Both thickness and roughness contribute to the 

higher porosity of the coating (Table 2). Composite coating has lower adhesion strength to the 

base in comparison with MAO coating. The higher adhesion strength of the MAO coating could 

be explained by the high temperature of its formation [15] and smaller thickness [40]. 

The differences in coatings elasticity (Table 2) are caused by their internal structure. In 

the composite coating, the plastic polymer interlayers located between the hydroxyapatite 

particles contribute to maintaining the integrity of the coating under the action of tensile and 

compressive forces. The mechanism of MAO coatings formation, associated with the process of 

quenching high-temperature plasma with a water electrolyte, leads to the formation of ceramic 

structures with high internal stresses and high defectiveness, which significantly reduces their 

ability to withstand deformations. 

The dynamic of ionized calcium release to an isotonic sterile sodium chloride solution 

and the pH of the extracts are shown in Table 3. It was found that MAO coatings are the most 

soluble among the studied materials. A more than 5 fold increase in the ionized calcium 

concentration in the extract was observed during MAO coating dissolution comparing to the steel 

implant and pure solvent (Table 3). The dissolution of composite coatings resulted in a 1.7-2 fold 

increase in the ionized calcium concentration in the solution. 

After 7 days of implant dissolution the pH of all the studied extracts was close to neutral 

(Table 3). Dissolution of the composite coating did not lead to a significant change in the pH 

indicating the low solubility of the coating. A slight decrease in the pH of the extract after the 

MAO coating dissolution could be explained by the traces of orthophosphoric acid present in the 

formed coatings, as well as saturation of the extract with the coating dissolution products. In case 

of a steel implant, the change in pH is due to the formation of iron hydroxides, as a result of 

corrosion processes on the implant surface. 

Multipotent mesenchymal stem cell adhesion 



Images of multipotent mesenchymal stem cells on the surface of model implants are 

shown in Figure 4. 

On the surface of the steel implant (Fig. 4a), the cells are well visualized with clearly 

detected borders. Cells have single sites of focal adhesion to the surface. The average cell density 

is 113 ± 24 cells/mm2. The cells had a low binding strength to the implant surface since even a 

slight move made cells to detach. Thus, according to the classification described in [41], the 

second type of cell adhesion is observed on the surface of the steel implant. 

On the surface of model implant with MAO coating (Fig. 4b) the cells spread evenly on 

the entire area. The cells are flattened out and have a moderate number of focal adhesion sites to 

the implant surface. Thus, it could be concluded that cells actively proliferate on the coating 

surface. The average cell density is 117 ± 12 cells/mm2 and does not vary significantly from cell 

density on the steel implant surface.  

The highest average cell density of 136 ± 11 cells/mm2 was observed on the surface of 

the model implant with a composite coating (Fig. 4c). The cells are predominantly located in the 

pores of the coating. Since the coating was rough and had high fluorescent background the cell 

cytoplasm visualization was hindered. The observed cells are mostly spindle-shaped. The cells 

with cytoplasm localized around the nucleus could also be found. The absence of flattened cells 

with focal adhesion sites indicates that cell adhesion mainly appears in areas where 

hydroxyapatite particles are present on the surface. 

Thus, according to the obtained results MMSCs better adhere to the surface of the 

implant with MAO coating. On implants with a composite coating, the cells adhere 

predominantly in the pores of the coating, slipping off the crests. Steel model implants do not 

provide the necessary conditions for MMSC attachment.  

Ectopic osteogenesis test 

Visual inspection of disc implantation site showed no signs of inflammation or tissue 

sensation in all the studied groups. Implants were surrounded by a thin stromal capsule slightly 

gripped to their surface and being easily removed. Tissue lamellae were observed on the surface 

of implants with MAO coating and composite coating, whereas on the surface of steel implant 

tissue lamellae were absent. The absence of tissue lamellae on the steel implant surface might be 

explained by a low binding strength between the cells and the surface. Low adhesion resulted in 

cell slipping off the surface as a result of surrounding tissues influence on implant. 



Histological analysis of tissue lamellae grown on the surface of the model implant with 

MAO coating demonstrated osseous lacunae with red bone marrow in ~80% of cases (Fig. 5а). 

Whereas in 20% the formation of connective tissue with muscle fibers and thin bone lamellae 

was observed (Fig. 5b). 

On the surface of the model implant with composite coating the formation of osseous 

lacunae with red bone marrow and tissue ingrowth into the coating pores was observed in 90% 

of cases. In other 10 % histological analysis demonstrated bone lamellae surrounded by 

connective tissue (Fig. 5c). 

The results show that implants with MAO coating and composite coating demonstrated 

the greatest ability to form bone tissue in the ectopic osteogenesis test. Steel implants have not 

shown any significant osteoinductive properties. Our research has shown that composite coatings 

containing VDF-TeFE probably are just as well or better Ca-P coating formed by widely used 

MAO [42]. Both coatings due to the different combination of beneficial physicochemical and 

biological properties of Ca-P materials. Both coatings due to the different combination of 

beneficial physicochemical and biological properties of Ca-P materials could be optimally 

applied forward to the diverse directions of bone engineering in clinics for example, a diversity 

of osteosynthesis (extra- or intramedullary, transosseous) and endoprosthesis replacement.  

Investigation of limb lengthening 

During the study we did not observe any migration of the implants relative to the 

proximal fragment of the tibia, secondary transverse or angular displacement of the bone 

fragments. In order to assess bone regeneration the X-ray images were taken at end of distraction 

period (28 days), in 14 days of fixation period and in three weeks after the frame removal 

(Figures 6 - 8). When the steel FIN was used for the limb lengthening the size of the cross 

section of the bone fragments did not differ significantly from the size of the cross section of the 

bone regenerate in 28 days of distraction period (Fig 6b). Bone regenerate was characterized by a 

low density and low longitudinal striation. The height of the bone regenerate formation zone was 

5-7 mm. The "cloud-like" structures were observed in the bone regenerate in half the cases. The  

periosteal structures on adjacent bone fragments, up to 1 mm thick, were observed. In 14 days of 

the fixation period (Fig 6c), the size of the cross-section of the bone regenerate did not increase 

and still did not differ from the size of the cross-section of the bone fragments. Nevertheless, 

radiological signs of bone union were observed: cortical continuity and disappearance of central 

fibrous zone. The shadows of periosteal structures up to 3 mm thick were observed on the bone 



fragments. In 21 days after frame removal (Fig 6d), an increase in the cross-section of the bone 

regenerate in comparison with the cross-section of bone fragments was observed. The shadows 

of periosteal structures up to 3 mm thick were observed on the bone fragments. The structure of 

bone regenerate was characterized by considerable longitudinal striation. 

Thus, the structure of the distraction regenerate formed during the limb lengthening by 

combined  technique uniting Ilizarov fixator and stainless steel FIN was almost the same as the 

structure of the distraction regenerate observed in conventional limb lengthening procedures [2]. 

At the same time, the limb lengthening by combined osteosynthesis allowed to shorten the time 

of the distraction regenerate formation and bone union more than 2 times in comparison to 

conventional method. It was achieved by the reduction of height of the bone regenerate 

formation zone. 

Radiographic control revealed accelerated new bone formation in experimental 

lengthening by Ilizarov device and FIN with MAO coating and composite coating. To prevent  

premature consolidation of bone fragments, the mean distraction rate was increased from 1.0 to 

1.5 mm/day from the 7th to the 14th day of distraction phase, and then up to 2.0 mm/day in the 

period from the 15th to the 21st day of distraction phase. The height of the central bone 

regenerate zone varied from 2 to 3 mm. In application of FIN with MAO coating, the structure of 

bone regenerate had a significant optical density in 28 days of distraction period (Fig 7b). The 

height of the bone regenerate formation zone was 1-2 mm. Trabeculae crossed the central bone 

regenerate zone. Shadows of the periosteal structures up to 7 mm long were observed on 

adjacent bone fragments. The length of the cross-section of the bone regenerate was 4-5 mm 

higher than the length of the cross-section of bone fragments. In 14 days of the fixation period, 

complete consolidation of bone fragments in the bone regenerate formation zone was observed: 

cortical continuity and disappearance of central fibrous zone (Fig 7c). Periosteal structures of 5 

to 7 mm length were observed on the bone fragments. The length of the cross-section of the bone 

regenerate was 5-7 mm higher than the length of the cross-section of bone fragments. In 21 days 

after frame removal (Fig 7d), the new bone with a homogeneous structure and significant optical 

density was observed. The cortical bone thickness increased up to 1-2 mm. The length of the 

cross-section of the bone regenerate was 6-8 mm higher than the length of the cross-section of 

adjacent bone fragments. 

In application of FIN with composite coating, the structure of bone regenerate had an 

increased optical density in 28 days of distraction period (Fig 8b). Shadows of the periosteal 

structures up to 3 mm long were observed on the bone fragments. The length of the cross-section 



of the bone regenerate was 1,5-2 mm higher than the length of the cross-section of bone 

fragments. Central bone regenerate zone was intersected by trabeculae. In 14 days of the fixation 

period, the bone union was observed (Fig 8c). The length of periosteal structures increased up to 

3-4 mm.  In 21 days after frame removal (Fig 8d), the new bone with a homogeneous structure 

and significant optical density was observed. The cortical bone thickness increased up to 1-2 

mm. The length of the cross-section of the bone regenerate was 2-3 mm higher than the length of 

the cross-section of adjacent bone fragments. 

Thus, in all the studied groups the consolidation of bone fragments occurred in the 14 

days of the fixation phase. By the bone union, cortical continuity and disappearance of central 

regenerate zone were observed. After the frame removal, there were no cases of deformity or 

fracture of lengthened bone in all experimental series. Bioactive coating of the FIN significantly 

activated bone regenerate formation in experimental tibial lengthening. It should be noted that 

the most pronounced reparative osteogenesis was observed in application of FIN with MAO 

coating. 

4. Discussion. 

It is known that such properties of the implant surface as wettability, chemical 

composition, crystal structure, solubility, morphological features, etc. influence the polarization 

of cells, the change in their morphology, the spatial orientation of cytoskeleton components, and 

the organization of intracellular transport [43]. Thus, the response of cells and tissues to the 

implant is determined by the physical and chemical properties of its surface [44]. 

Recall, the steel FIN were unable to produce bone tissue in the ectopic osteogenesis test. 

In addition, they have low stimulating effect on bone regenerate formation during limb 

lengthening by combined technique. Both results are primarily due to the surface properties of 

this type of FIN. The smooth surface of the implant prevents cell adhesion, whereas the absence 

of chemical compounds stimulating differentiation of MMSCs into osteoblasts significantly 

reduces the osteogenic properties. A slight enhance of bone regenerate formation during limb 

lengthening by combined osteosynthesis using steel FIN in comparison with classical G.A. 

Ilizarov method is caused, apparently, by intensification of bone marrow mechanotransduction 

under the influence of FIN [45]. 

The conducted studies demonstrate that the presence of bioactive coating on FIN surface 

significantly activates the formation of distraction regenerate, in the direction from the FIN to the 

endosteum. In this case, the longitudinal trabeculae quickly bind to a single mass of bone tissue, 



appearing as a uniform shadow with increased optical density in the X-Ray images (Figure 7-8). 

At the same time, we suppose that the reasons of bone tissue formation in the regenerate zone are 

different. 

In case of using FIN with MAO coating the developed surface structure of the coating 

stimulates MMSCs adhesion and differentiation into osteoblasts in vitro as well as the formation 

of the bone tissue in vivo [46]. For example, the investigation of the surface roughness influence 

on the osteoinductive properties of dental titanium implants revealed that the optimum value of 

the Ra is 1-2 μm [47]. Thus, the optimum roughness of MAO coating (Table 2) and its 

microporous structure, resembling the structure of young reticulofibrous bone tissue, stimulate 

the adhesion of MMSCs [38]. 

The wettability of the implant surface is determined by chemical composition, presence 

of functional groups, and topology [48] and largely influences the process of osseointegration of 

the implant [49]. The surface of amorphous calcium phosphate coating obtained by micro-arc 

oxidation is characterized by a high concentration of polar functional groups appeared as a result 

of exposure to high temperature in the plasma channel, which results in its high hydrophilicity. It 

is known that surface wettability influences the osseointegration process [50]. In particular, 

hydrophilic surfaces have better ability for osseointegration, since they provide favourable 

conditions for interaction of the implant with biological fluids and cellular elements [51]. Thus, 

the enhanced osseointegration of FIN with MAO coating is caused by their hydrophilicity. 

As the studies show, MAO coating is formed by amorphous calcium titanium phosphates, 

which have high solubility in model biological fluids. The high dissolution capacity of these 

coatings results in the high concentration of calcium at the implantation site. It is known that 

calcium-sensing receptors are expressed on the MMSCs membrane, regulating their homing and 

differentiation. A sufficient amount of calcium in the implantation site could trigger the process 

of MMSCs differentiation into osteoblasts and the formation of new bone tissue [52]. Thus, the 

high ability of MAO coatings to enhance bone tissue formation is caused by their high solubility. 

The absence of toxic products of implant corrosion stimulates this process. 

The comparative studies show that the physicochemical properties of the composite 

coating differ from the corresponding physicochemical properties of MAO coating. Unlike MAO 

coating, composite calcium phosphate coating is formed by a chemically inert polymer binder 

and has few functional groups on the surface, which results in high water contact angle. 



Low concentration of the released ionized calcium after composite coating dissolution is 

due to the high stability of crystalline hydroxyapatite in biological fluids [53]. It prevents the 

saturation of implantation site with calcium ions and hinders stem cells differentiation into 

osteoblasts [54]. 

Considering the anatomical location of the implant and the presence of the electrically 

active crystal phases in the composite coating we assume that its ability to enhance 

osteoinduction in vivo is due to the piezoelectric properties of the VDF-TeFE copolymer binder. 

The mechanical tension acting on the bone through the surrounding tissues is transferred to the 

implant, causing changes in the electrical potential of its surface. In turn, the electric fields 

induced by the surface influence the surrounding tissues, stimulating osteogenesis. The previous 

results support this hypothesis. In particular, it was demonstrated that osteoblasts better adhere to 

the surface of a polyvinylidene fluoride film under mechanical stimulation [55]. Also, the 

possibility of MMSCs osteogenic differentiation in the presence of nonwoven materials with 

piezoelectric properties even in the absence of calcium phosphates was shown [56,57]  The 

formation of young bone tissue around uniaxially stretched films of polyvinylidene fluoride was 

observed during the wrapping of long tubular bones [58], as well as during implantation into 

bone tissue . In addition, the primer layer of the composite coating formed on the implant 

protects the latter from corrosion, reducing the yield of toxic products in surrounding tissues [9] . 

Thus, the enhancement of FIN with MAO coating is associated with the improvement of 

their physicochemical properties, primarily thickness and elasticity, to prevent delamination and 

damage of the coating as a result of rod deformations during implantation. The other 

development direction is the improvement of MAO methods used for the formation of coatings 

on the surface of stainless steel FIN. 

An increase of the clinical potential of FIN with composite coating based on VDF-TeFE 

copolymer is associated with the use of rapidly dissolving calcium phosphates as biologically 

active filler, facilitating the saturation of the implantation site with calcium and phosphorus ions, 

for example, amorphous calcium phosphates, calcium phosphate glasses, tricalcium phosphate, 

etc [59–61]. It is also possible to optimize the electrophysical properties of the VDF-TeFE 

copolymer, in particular, using an additional "positive" or "negative" polarization of the implant 

surface [62] or by optimization of the polymer crystal structure selecting the appropriate 

technological parameters of coating formation [63,64]. The modification of the composite 

coating, for example, in magnetron discharge plasma, will allow to increase the hydrophilicity of 

the implant surface [65].  



4. Conclusion 

It was found that the presence of calcium phosphate MAO coating or composite coating 

based on VDF-TeFE copolymer and hydroxyapatite on the surface of FIN significantly enhances 

their ability to form bone regenerate in the area of osteotomy during limb lengthening by 

combined osteosynthesis. The analysis of FIN physico-chemical properties allows to propose 

different mechanisms for stimulating bone tissue regeneration depending on the type of coating 

used. 

The enhanced bone tissue regeneration in case of using FIN with MAO coating is 

associated with the optimal roughness, wettability and chemical composition of the surface, 

providing favourable conditions for adhesion and differentiation of MMSCs into osteoblasts in 

vitro and in vivo. Since the surface of the composite coating based on VDF-TeFE copolymer and 

hydroxyapatite did not provide sufficient conditions for cell attachment, proliferation and 

differentiation, the enhanced osteoinduction was observed only in vivo. Thus, in this case the 

piezoelectric properties of VDF-TeFE copolymer had a key role in stimulating the 

osteoinduction. 
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Fig. 1. SEM images, EDS spectra, and water wetting of the FIN surface: a – steel implant, b – 

MAO coating, c – composite coating. 

 

  



 
Fig. 2. FTIR spectra of MAO and composite FIN coatings. The spectrum of the MAO coating in 

the 650-500 cm-1 region is shown in the inset.  

 

  



 
Fig. 3. XRD patterns of investigated FIN 

 

  



 

 

 
 

Figure 4. Images of the adipose-derived multipotent mesenchymal stem cells on the surface of 

the studied model implants: a – steel implant, b – implant with MAO coating, c – implant with 

composite coating. Images obtained by fluorescence microscopy. The cell cytoplasm (vinculin) 

is visualized in green (Alexa Fluor 488); the nuclei are visualized in blue (DAPI). 



 

  

  

  

Fig. 5. Histological sections of tissue lamellae, МАО coating (a-b), Composite coating (c-d) 

coatings in mouse subcutaneous test. Hematoxylin – eosin staining. 



    
Fig 6. Experimental lengthening with stainless steel FIN: a – Ilizarov fixator and intramedullary 

nails in place, osteotomy of tibia and fibula; b – radiograph taken in 28 days of distraction 

period (end of distraction period); c – radiograph taken in 14 days of fixation period; d – 

radiograph taken in 21 days after frame removal. 

 

  



    
Fig 7. Experimental lengthening with MAO coating FIN: a – Ilizarov fixator and intramedullary 

nails in place, osteotomy of tibia and fibula; b – radiograph taken in 28 days of distraction period 

(end of distraction period); c – radiograph taken in 14 days of fixation period; d – radiograph 

taken in 21 days after frame removal. 

 

  



 

    
Fig 8. Experimental lengthening with composite coating FIN: a – Ilizarov fixator and 

intramedullary nails in place, osteotomy of tibia and fibula; b – radiograph taken in 28 days of 

distraction period (end of distraction period); c – radiograph taken in 14 days of fixation period 

(complete bone consolidation); d – radiograph taken in 21 days after frame removal. 

 

  



Table 1. Element composition of the implant surface. 

 

Implant type 
Element content, at. % 

С O F P Ca Ti Fe Cr Ni Ca/P 

Steel implant – – – – – – 69.6 18.6 9.9 – 

MAO coating 18.9 27.4 – 17.7 7.3 28.6 – – – 0.4 

Composite 

coating 
37.4 14.3 20.6 10.1 18.2 – – – – 1.8 

 

  



Table 2. The physico-mechanical properties of the coatings. 

Implant type 

Coating 

thickness, 

μm 

Surface 

roughness Ra, 

μm 

Porosity, % 
Adhesion 

strength, MPa 
Elasticity, mm 

Steel implant  - 0.3 ± 0.1 - - - 

MAO coating 25 ± 5 1.4 ± 0.3 16 ± 3 % 21.1 ± 4,3 6 

Composite 

coating  
180 ± 20 3.8 ± 1.3 26 ± 6 % 16.8 ± 2.2 2 

 

  



Table 3. The dynamic of ionized calcium release to an isotonic sterile sodium chloride solution 

and the pH of the extracts. 

 

Implant type 

Concentration of 

Са2+, µМ/ml 
pH 

Me(Q1-Q3) 

Steel implant  75 (70-80) 7.14 (6.91-7.32)* 

MAO coating 425 (225-450)* 7.20 (7.16-7.25)* 

Composite coating  130 (130-140)* 7.30 (7.30-7.30) 

Control solution 75 (70-80) 7.31 (7.29-7.32)* 

 

  



Table 4. Effect of the tested samples on the geometric and histological characteristics of tissues 

growing subcutaneously from the bone marrow during the ectopic osteogenesis assay in 

mice, Me (Q1;Q3) 

 
The coatings 
studied, n=10  
in each group 

The 
incidence 
of tissue 
lamella 
outcome 

The 
incidence   
of bone 

formation 

Bone  marrow 
(initial levels 

before 
implantation ) 

Tissue lamellae properties 
(after implantation) 

% % Area, 
mm2 

Area, 
% of initial 

level 

Histological 
composition 

Stainless steel 
316L 

0 0 5.7 
(4.9-6.0) 

0 - 

МАО coating 100 90 
5.0 

(2.6-6.8) 
 

132* 
(128-171) 

Bone with 
marrow (Fig. 
5a) in 8 cases; 

connective 
tissue with 

muscular fibers 
and thin bone 
lamella (Fig. 
5b) in 2 cases 

Composite 
coating 100 100 

 
4.5 

(2.9-6.1) 
 

 
159* 

(124-205) 
 

Bone tissue 
with bone 

marrow in 9 
cases (Fig. 5c); 
bone lamella 

with connective 
tissue in 1 case 

(Fig. 5d) 
10 - the number of samples tested; * - statistical differences (P<0.05) with  stainless steel and 
TiO2 coating were significant according to Mann–Whitney’s U-test. 


