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Abstract 

The properties of thin calcium-phosphate coatings formed by radio-frequency magnetron 

sputtering of a solid target made from hydroxyapatite on the surface of the thermoplastic 

copolymer of Vinilidene Fluoride and Tetrafluoroethylene (VDF-TeFE) were investigated. 

Atomic force microscopy energy dispersive analysis and optical goniometry showed that 

deposited calcium-phosphate coatings change significantly the morphological, electrical, 

chemical, and contact properties of the surface of the initial polymeric substrates. These 

modified surfaces widen the scope of medical application of the thermoplastic copolymer. 
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thin calcium-phosphate coatings, wettability, surface roughness, surface potential. 

Highlights:  

 - A method for surface modification of the thermoplastic copolymer of Vinilidene Fluoride 

and Tetrafluoroethylene using radio-frequency magnetron sputtering of hydroxyapatite target is 

proposed. 

- It is demonstrated that the thermoplastic copolymer of Vinilidene Fluoride and 

Tetrafluoroethylene surface becomes hydrophilic as the result of the modification. 

- It is shown, using atomic force microscopy that the surface potential biases into positive 

value field and the surface roughness parameters increase as the result of the modification. 

- In-vitro testing has not found bio-toxicity of investigated surfaces.   

1. Introduction 

Fluorinated polymer materials are ubiquitous in modern medicine and are used in implants 

[1], membranes [2], coating of intravascular stents [3], the composite coatings [4], and the 

scaffolds for regenerative medicine [5, 6]. A central role in the interaction of fluorinated polymer 

material with living tissues is played by its surface properties. Critical characteristics of the 

surface of medical products are the roughness parameters, wettability of the surface by various 

liquids and electrical properties [7-9]. Therefore many research groups take part in the surface 

modification of fluorocarbon plastics to improve its biocompatibility [10, 11]. The focus of our 

study is copolymer of Vinilidene Fluoride and Tetrafluoroethylene (VDF-TeFE) and its surface 

modification. The structural chemical formula of the VDF-TeFE is shown in Fig 1. 

 

[(-CF2CF2-)m(-CF2CH2-)p]n 

Figure 1. The structural chemical formula of the copolymer of Vinilidene Fluoride and 

Tetrafluoroethylene (VDF-TeFE). 

 

The future of application of this polymer in medicine is based on a range of properties such 

as high chemical resistance, good mechanical properties and biological inertness [12]. It is also 

important that the polymer is dissolvable in the low toxic organic solvents such as acetone, 
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methyl ethyl ketone, butyl acetate and ethyl acetate [13]. Modification of the polymer surface 

was carried out by deposition of thin CaP coatings with radio-frequency magnetron sputtering.  

The method of high frequency magnetron sputtering (RFMS) is based on the sputtering of 

material in vacuum due to the bombardment of the target surface with the working gas ions 

(usually argon) which are formed in the abnormal glow discharge plasma when a magnetic field 

is applied [14]. It is known that the CaP coatings formed by RFMS on metal substrates stimulate 

the attachment and proliferation of osteogenic cells on the surface thus providing high 

biocompatibility [15]. 

2. Materials and methods 

The VDF-TeFE copolymer was deposited on plates of pre-polished 321 stainless steel with 

dimensions of 20 × 20 mm. Thin polymer coating was formed on one side of the plate from 2% 

solution of a copolymer VDF-TeFE in a mixture of organic solvents with composition 20% 

acetone, 20% ethyl acetate, 40% cyclohexanone and 20% butyl acetate (by mass). Preparation of 

VDF-TeFE copolymer solution was carried out in a hermetic reactor at 50°C temperature with 

constant stirring to obtain a homogeneous transparent solution. The solution was then cooled to 

room temperature and deposited on the metal plate by pneumatic spraying method. The samples 

were then placed in a chamber furnace, where final molding of the polymer coating was 

conducted under the following conditions: heating to temperature of 35°C at a rate of 1 degree 

per minute, followed by exposure at 35°C during 4h, heating to temperature of 70°C, followed 

by exposure at 70°C during 4h, heating to temperature of 200°C at a rate of 1 degree per minute, 

followed by exposure at 200°C during 2 hours. After the completion of the thermoforming of the 

polymer coating the samples were removed from the oven and cooled to room temperature under 

room conditions. The coatings thickness, determined with the Talysurf 5 (Tyler-Hobson, 

England) profilometer with the method of "step", was 1.9 ± 0.2 µm.  

The polymer surface was modified with RFMS of hydroxyapatite solid target produced by 

the technology described in [15]. The "Cathode 1M" device, that allows forming thin CaP 

coatings on different materials (metals, ceramics, and polymers), was used to modify the surface. 

High-frequency magnetron source supplied by high frequency (HF) generator with a maximum 

power of 4 kW and operating frequency of 13.56 MHz was placed in the vacuum chamber of the 

device. We used the following technological conditions: vacuum in the chamber was 5×10
-5 Pa, 

working pressure of Ar - 3×10
-1

 Pa and specific radio frequency (RF) power of about 20 W/cm
2
. 

Several groups of samples were prepared to study the properties of the modified VDF-TeFE 
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polymer surface. The surface samples of the control group I had polymeric coating with no 

surface modification. The samples of the group II had surface modification duration of 10 

minutes, the group III - 20 minutes, the group IV - 40 minutes, and the group V - 60 minutes. 

3. Research methods 

The study of the chemical composition of the modified polymer surface was carried out by 

energy dispersive spectroscopy analysis (EDS) method on the scanning electron microscope 

(ESEM Quanta 400 FEG from FEI) with integrated EDS-analyzer (EDS analysis system Genesis 

4000, S-UTW-Si (Li) detector). Determination of the chemical composition was carried in a low 

vacuum mode with the pressure in the microscope chamber of 60 Pa. In order to increase the 

resolution of the microscope, the accelerating voltage of 15 kV was used (twice as high as the 

excitation energy of the K- lines of Ca, the heaviest analyzed element). The distance between 

the electron source and the samples was 10 mm; the angle between the detector and the samples 

was 35°. The method of three corrections: in the average atomic number, absorption and 

fluorescence was used for semi quantitative calculation of the chemical composition of the 

coating. 

Sample’s surface research was carried out using scanning electron microscopy (ESEM 

Quanta 400 FEG) in a low vacuum without deposition of conductive coatings in order to avoid 

distortion of the morphology of the investigated coatings. Investigation of the surface 

topography, phase contrast, and the potential distribution on the surface was carried out on the 

atomic force microscope (AFM) «Solver-HV» (NT-MDT) using the Kelvin method [16-17]. The 

measurements were conducted in air at room conditions in tapping mode using two-pass 

technique. The NSG11 cantilevers with needle tip curvature radius of 10 nm and dopant 

concentration of 5×10
20

 cm
-3 were used for experiments. The AFM images were processed using 

the Gwiddion 2.25 software package. The surface relief, phase contrast and the surface potential 

were built for all investigated groups of samples. The scanning area was set at 5×5 µm, 1×1 µm, 

10×10 µm surface roughness parameters were determined as the mean arithmetic deviation of 

the surface profile Ra; the profile irregularity height over ten points Rz; the maximum height Pt 

of the profile roughness; the average maximum depth of roughness valleys Rvm; the average 

maximum height of roughness peaks Rpm; the mean value of the surface potential Um; the 

maximum value of the surface potential Umax; and the minimum value of the surface potential 

Umin. Wettability of the modified polymer coatings was studied with the «Easy Drop» device 

(Krüss) with method of "sit" drop by measuring the contact angle of a liquid drop with volume of 



5 

 

3 μl placed onto the investigated surface. Measurements of the wetting boundary angle (the 

contact angle) were carried out one minute after placing the liquid on the surface. In order to 

avoid contamination of the surface and distortion of measurement results, measurements of the 

contact angle were carried out immediately after surface modification. Glycerin and water were 

used as the wetting liquids. The total surface energy, it’s polar and dispersion components were 

calculated with the Owens-Wendt-Rabel-Kaelble (OWRK) method [18-19]. 

Preliminary sample’s surface toxicity research was carried out using toxicity analyser (AT-

05, ZAO “MBK-INVEST”). Toxicity was assessed by comparing mobility of the suspension 

culture of motile cells in the control solution to that in the test solution.  Solution of glucose (4g) 

and Trisodium citrate (1g) in distilled water (100g) was used as the control solution. Test 

solutions were prepared by incubating the surface samples each in 20 ml of the control solution 

in thermostat for 24 h at 37±2°С. Samples for the incubations were prepared from plates of pre-

polished 321 stainless steel with dimensions 10×10×0.5 mm. Both surfaces of the sample were 

coated as describe for the samples of Group I, and then one of the surfaces was modified as 

described for the samples of Groups II-V. The suspension culture of motile cells was prepared by 

placing granules of liquid nitrogen cooled bovine semen each into a test tube with 0.4 ml of 

control solution preheated to (40±2)°С. After thawing, the content of all test tubes was 

thoroughly mixed together and yielded a stock solution of the suspension culture of motile cells. 

For testing toxicity 0.1 ml of the stock solution was placed with ?? 20 ml of the control and test 

solutions, which was then transferred onto 25 μl rectangular cells of 200 μm thickness. The 

mobility of the sperm suspension was then measured at regular time intervals until mobility in all 

samples was close to zero. Weighted average of the mobility (tav, in arbitrary units) for each 

sample was calculated using equation (1): 
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where mi is the mobility value at the i-th time interval. Toxicity index was then calculated using 

equation (2): 
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are weighted average of the mobility for the test and control samples. The surface 

sample was considered non toxic if its toxicity index was in the range of 70-120% [20]. 
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4. Results and discussion 

Table 1 presents the results of investigation of the chemical composition of the polymer 

surface carried out by EDS.  These results show that the basic elements of sputtering target, 

namely Ca, P and O, are determined for all groups of samples with modified surface regardless 

of the modification duration.  

Table 1. Chemical composition of CaP coatings assessed using EDS analysis. 

Group number 
Element’s content in the CaP coating, % Ca/P 

C O F Si P Ca Fe Ni Cr  

I 52.67 1.85 8.65 0.31 0 0 26.3 3.07 7.15 
- 

II 42.01 1.84 8.41 0.51 0.42 0.28 33.27 4.16 9.09 
0.66 

III 11.05 2.75 6.43 0.60 0.99 0.82 55.43 7.17 14.76 
0.83 

IV 9.12 9.25 2.53 0.42 7.88 9.29 43.94 5.32 12.24 
1.18 

V 8.73 12.27 1.5 0.41 11.29 14.21 36.67 4.58 10.4 
1.25 

 

The total content of calcium, phosphorus and oxygen on the surface becomes greater with 

increase in the duration of the modification process (see Fig. 2), indicating the growth of grains 

of calcium phosphates, their merging and enlargement which leads to formation of the calcium 

phosphate film (see Fig. 3). In Fig. 2 peaks of Fe, Cr, Ni and Si are due to the steel substrate. 

These results demonstrate the increase in the ratio Ca/P with increasing deposition time. 

This relationship is probably due to the following factors: an increase in the intensity of the 

decomposition of phosphorus compounds as the result of RF discharge plasma and increase in 

the substrate temperature during deposition, causing escape of phosphorus into the pumping 

system, which was also noted in [21]; the phosphorus being knocked out from growing film due 

to bombardment by the high-energy particles [22]; Ar pressure fluctuations during the deposition 

process [23]. The presence of oxygen in the coatings of the group I, detectable by EDS, may be 

due to the presence of a polymer film formed by the residual impurities of high-boiling organic 

solvent (butyl acetate, and cyclohexanone). 
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Figure 2. EDS profiles of the surfaces formed after various durations of the 

modification process. 

Fig. 4 shows AFM images of relief (a), maps of the potential distribution (b) and the phase 

contrast (c) of the surface of the group I samples. The analysis of AFM images of the surface 

topography (see Fig 4) shows that the surface of the VDF-TeFE polymer coating is a 

homogeneous film which is formed by polymer globules of elongated ellipsoids with the 

dimensions of 1.02 and 0.71 nm.  The surface of the polymer coating formed on a metal 

substrate has a negative surface potential relative to the ground, which is associated with the 

electret properties of VDF-TeFE polymer [24-25]. Some areas of the surface have the potential 

shifted to positive relative to the mean by 0.25 V on average. The uneven distribution of surface 

potential on the dielectric polymer material was observed by the authors of [17]. Our studies 

show that areas of the positively shifted potential correspond to regions with distinct phase 

contrast and relief. Perhaps this is due to the fact that these areas are parts of the polymer that are 

in different crystal forms, corresponding to modern ideas about the structure of the VDF-TeFE 

copolymers [13].  

Surface modification of polymer coating results in a significant change in its morphology, 

which is due to the impact on the surface of the plasma, which contains a large number of 

electrons, ions and radicals. The impact of plasma leads to the degradation of the polymer chains 

with the formation of low molecular weight degradation products. On the other hand the impact 

of the plasma leads to the formation of polymeric material on the surface of various functional 

groups of calcium phosphates, which are centers of crystallization of calcium phosphates, and 

the further growth of CaP coating [26, 27]. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

Figure 3. SEM image of the surface of samples of groups I (a), II(b), III(c), IV (d), V 

(e). 
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Figure 4. AFM images of the surface samples of the group I: a - relief, b - map of the 

distribution of the potential, c – the image of the phase contrast. The scanning area is 5 

× 5 µm. 
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Figure 6.   AFM images of the surface samples of the group V: a - relief, b - map of 

the distribution of the potential, c – the image of the phase contrast. The scanning 

area is 5 × 5 µm. 

   

а b с 

Figure 5.  AFM images of the surface samples of the group II: a - relief, b - map of 

the distribution of the potential, c – the image of the phase contrast. The scanning 

area is 10 × 10 µm. 
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AFM images of surface topography of samples of group II (see Fig. 5) show that in the 

initial stages of formation of thin film of CaP, it represents a conglomerate consisting of 

individual grains of size about 0.3 μm, completely covering the polymer layer, which is 

confirmed by the phase contrast image. The process of increasing the modification time is 

accompanied by grain growth of calcium phosphates, increase in size and merge to form islet 

structures (Fig. 3 b-d). Notably, increasing the modification time shifts the surface potential to 

positive values (Fig. 5, 6). Thus, by varying the time of the surface modification, there is a 

possibility of controlling the surface potential of the coating. This result demonstrates that the 

method of RFMS allows creating special surfaces suitable for the study of cell behavior on 

surfaces with different electric potential. 

Higher magnifications AFM images (Fig. 7) ascertain that grains of the CaP film are 

positively charged and change the negative surface potential of the original polymer coating to 

the region of positive values (Table 2). Perhaps this is due to the fact that the CaP coating is a p-

type semiconductor with a large band gap of about 4 eV [28]. In [29] it was found that 

nanostructure of the surface of calcium phosphate has a high defect rate, and that the defects are 

the centers of the electron-hole capture, which can carry an electrical charge. Due to different 

mobility of electrons and holes these localized charges may be involved in the formation of 

electrical double layer and change the surface potential. 

   

а b с 

Figure 7.   AFM images of the surface samples of the group V: a - relief, b - map of 

the distribution of the potential, c – the image of the phase contrast. The scanning 

area is 1 × 1 µm. 

 

Table 2. The dependence of substrate potential on the duration of modification of the polymer 
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coating. 

Group 

number 

The mean value of the 

surface potential Um, V 

The minimum value of the 

surface potential Umin, V 

The maximum value of 

the surface potential 

Umax, V 

I -1.2443 -1.3626 -1.0861 

II -0.6036 -0.9021 -0.3263 

III -0.4481 -0.4884 -0.3704 

IV 0.0817 -0.1222 -0.1873 

V 0.2290 0.0541 0.0315 

 

Table 3 presents the results of measurement of surface roughness of the samples of the groups 

I – V obtained using the software package Gwiddion 2.25. Basing on these data it can be 

concluded that the modification of the polymer coating by RF-magnetron sputtering leads to a 

change of the surface topography so that the surface roughness increases. This is due to two 

factors: 1) the influence of the plasma abnormal glow discharge on the coating polymer surface, 

which leads to erosion of the polymer surface; 2) the formation and growth of calcium 

phosphates spherulites which are centers of growth and crystallization of thin CaP films. It must 

be noted that the change of roughness parameters of the polymer coating is not linear with the 

duration of modification. For short-duration modification the roughness parameters increase and 

reach a maximum value at the 40 minutes duration. Due to longer RF-magnetron sputtering 

duration, a decrease of roughness parameters is observed, which, in our opinion, may be 

associated with consolidation and merging of calcium phosphates grains, which is evident in Fig. 

3. The phenomenon of increasing of polymer surface roughness after modification can be used to 

stimulate the attachment and proliferation of cells such as bone marrow [30].  

Table 3. Roughness parameters of the samples. 

Group 

number 

The mean 

arithmetic 

deviation of the 

surface profile 

Ra, nm 

The height 

of  profile 

irregularity 

over ten 

points Rz, 

nm 

The maximum 

height Pt of 

the profile 

roughness, nm 

The average 

maximum 

depth of 

roughness 

valleys Rvm, 

nm 

The average 

maximum 

height of 

roughness 

peaks Rpm, 

nm 

I 20.8 65.4 133.7 39.9 38.4 
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II 27.1 112.3 142.5 47.9 51.6 

III 312 141.9 164.3 70.9 59.7 

IV 78.0 318.1 418.9 170.1 157.8 

V 52.6 205.0 341.3 123.8 102.1 

 

Fig. 8 shows images of water drops (top row) and glycerol (bottom row) placed on the surface 

of the samples of groups I, II and V.  

The analysis of data of the wettability of the samples presented in Table 4 leads to conclusion 

that the simultaneous influence of the abnormal glow discharge plasma and formation of the thin 

CaP film lead to a significant change of the contact properties of the VDF-TeFE copolymer, the 

hydrophobic polymer surface becomes hydrophilic after modification. At the same time 

hydrophilicity of modified samples (groups II – V) changed nonlinearly with duration of 

modification. Samples of the group III (20-minute treatment) had maximum hydrophilicity and 

ones of the group V (60-minute treatment) had minimum hydrophilicity. One possible 

explanation for the hydrophilic properties of the coatings of groups II and III is the increased 

concentration of electronegative ions of calcium phosphates (PO4
-
)3 (Table 1). The high 

concentration of electronegative ions of calcium phosphates has a tendency to attract positively 

charged ends of water molecules. Further increasing the duration of CaP coating leads to a 

decrease in the ratio Ca/P (Table 1) and the relative amounts of negatively charged ions (PO4
-
)3 

compared with the number of positively charged calcium ions, which leads to an increase in 

contact angle. 
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Figure 8. Images of liquid drops on the surface placed on samples 

a - group I, b - group II, c - group V, top row - water, bottom row - glycerol. 

 

Table 4. The contact angles and surface energy of the samples. 

Group 

number  

Contact angle 

of water θ, 

degrees 

Contact 

angle of 

glycerol θ, 

degrees 

Free surface 

energy , 

mJ/m
2 

Dispersion 

component 


d
, mJ/m

2 

Polar 

component 


p
, mJ/m

2 

I 100.7±1.2 99.7±1.2 12.1±1.4 3.4±0.6 8.7±0.9 

II 19.2±1.2 24.6±1.3 70.2±1.7 12.4±0.5 57.8±1.2 

III 10.2±1.1 15.4±1.2 72.7±1.3 14.3±0.7 58.4±0.6 

IV 41.9 ±1.1 42.5±1.4 55.9±1.5 11.9±0.6 44.1±0.9 

V 67.3±1.6 85.0±1.3 57±2 0.45±0.19 56±2 

 

The calculation of the surface free energy (Table 4) was carried out by the OWRK method. 

The free surface energy values for groups II-V display progressively increasing values compared 

to control samples of the group I due to increase in the polar and dispersion components. The 

growth of the dispersion component for groups I-IV can be explained by the increase of surface 

roughness parameter [31]. The growth of the polar component can be explained by the increase 

of the number of polar groups, the electric charge and the free radicals appearance in the process 

of the modification of the polymer surface with the abnormal glow discharge plasma and ion 

sputtering target [32-33]. 

Overall, it appears that the most favorable for applications related to the regeneration of bone 

tissue are surface coatings of groups I and II that promote attachment, proliferation and 
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differentiation of osteoblasts. This assumption is based on studies of wettability of the surface 

and the dependence of cell adhesion. Accordingly, Redey et al. [34], studying the behavior of 

osteoblasts, came to the conclusion that for the attachment of osteoblasts more hydrophilic 

surfaces are preferred. Spriano et al. [35] showed that the optimal distribution of fibroblasts was 

observed in the hydrophilic surface compared to hydrophobic. 

Some scholars point to the dependence of the adsorption of proteins on the surface on its 

contact properties. The phenomenon of adsorption of proteins on the surface of the material is 

important, because the adsorbed proteins are a kind of trigger, starting the genetic program 

responsible for the processes of attachment, differentiation of osteoblasts and calcification, in 

which receptors are involved [36]. As a result, the hydrophobic surface, which are capable of 

greater absorption of proteins, tend to inhibit cell adhesion [37]. Thus, the coating of group I can 

be used in biomaterials to achieve low cell adhesion, such as needed in thrombotic resistant 

vascular stents, which, along with a high degree of surface cleanliness also require a negative 

surface potential. It is known that satisfying all these requirements ensures reliable operation of 

intravascular stents and reduces the likelihood of repeated surgical interventions [38].  

The results of toxicity studies of samples of coatings obtained using cultures of motile cells 

are shown in Table 5.  

 

 

 

 

 

Table 5. The index of the toxicity of modified samples of extracts derived from samples of the 

modified groups I - V 

Group 

number  

Acceptable value % Index of 

toxicity %  

Tolerability of 

toxicity value 

I 70-120 88.4 pass 

II 70-120 90.2 pass 

III 70-120 95.2 pass 
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The modified samples showed no toxicity in-vitro and, thus, are potential candidates for use 

in medical applications. Thus, the results of the biocompatibility test of thin calcium-phosphate 

coatings produced by magnetron sputtering of hydroxyapatite coincide with previous results of 

other research group [39-40]. However, it must be stressed, that in accordance with international 

standard ISO 1099315 a number of other tests need to be employed to establish surface’s 

biocompatibility. These tests depend on the application and the specifics and scope of the 

medical application in which coatings of groups I-V could be used. These tests are the subject of 

future studies. 

5. Conclusions 

In this paper a method for modification of the surface of the copolymer of Vinilidene 

Fluoride and Tetrafluoroethylene using RF-magnetron sputtering of hydroxyapatite is proposed. 

The change in chemical composition, roughness parameters and potential contact surface 

properties was achieved after the formation of a thin CaP film while the abnormal glow 

discharge plasma was applied to the surface of the polymer.  

Preliminary toxicity studies using in vitro cultures of motile cells demonstrated high 

biocompatibility of the coatings.  

The proposed surface modification technique can be used to create coatings which, for 

example, facilitate the attachment and proliferation of osteogenic cells in order to create implants 

in orthopedics and traumatology.  

Unmodified polymer surfaces have shown potential for their use as coatings with low 

adhesion of cells, such as required in thrombotic resistant vascular stents. 
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