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Abstract: Copolymer solution of vinylidene fluoride with tetrafluoroethylene (VDF-TeFE) was used
for electrospinning of fluoropolymer scaffolds. Magnetron co-sputtering of titanium and copper
targets in the argon atmosphere was used for VDF-TeFE scaffolds modification. Scanning electron
microscopy (SEM) showed that scaffolds have a nonwoven structure with mean fiber diameter
0.77 ± 0.40 µm, mean porosity 58 ± 7%. The wetting angle of the original (unmodified) hydrophobic
fluoropolymer scaffold after modification by titanium begins to possess hydrophilic properties.
VDF-TeFE scaffold modification by titanium/copper leads to the appearance of strong antibacterial
properties. The obtained fluoropolymer samples can be successfully used in tissue engineering.

Keywords: electrospinning; scaffold; fluoropolymer; plasma modification; titanium; copper; methicillin-
resistant St. aureus; antibacterial activity

1. Introduction

Copolymer of vinylidene fluoride with tetrafluoroethylene (VDF-TeFE) has high
chemical and thermal resistance, ability to dissolve in organic solvents [1] and piezoelectric
properties [2]. The use of materials with piezoelectric properties leads to stimulation of
bone growth and differentiation of nerve cells [3]. Due to this, biocompatible piezoelectric
fluoropolymers are actively used in the manufacture of tissue-engineered scaffolds [4].

The electrospinning method is actively used in polymeric scaffold production for
tissue engineering needs [5]. Electrospinning materials are characterized by relatively high
mechanical properties and biocompatibility. This is due to the possibility of manufacturing
fibers from 10 nm to 10 µm [6], with extremely high surface area [5] and the ability to
imitate the topology of extracellular matrix [7].

Despite this, Electrospun VDF-TeFE scaffolds are hydrophobic and unable to nega-
tively affect the number of pathogenic bacteria, which limits their use in tissue engineer-
ing. Application of drug loaded scaffolds can stimulate the growth of antibiotic-resistant
pathogenic bacteria. The advantage of using metals as an antimicrobial agent is their ability
to negatively affect the number of bacteria with antibiotic resistance [8].

It has previously been shown that the magnetron sputtering of copper allows to
preserve the original morphology and surface structure of the nonwoven fluoropolymers
and makes it possible to impart antimicrobial properties [9,10]. Compared to chemical
vapor deposition and plasma electrolytic oxidation, modification by magnetron sputtering
can produce high-quality metal containing films [11–13].

Nevertheless, copper has toxic [14] and hydrophobic properties [15]. To increase the
wettability and biocompatibility of polymeric scaffolds, plasma modification by titanium is
used [16].
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Magnetron co-sputtering can be used to create composite coatings which consist of
several metallic components. Thin films of copper and titanium formed by magnetron co-
sputtering have hydrophilic and strong antibacterial properties [17]. Scaffold modification
by mixed flows of copper and titanium could potentially possess antibacterial and high
wetting properties.

The aim of this work is the manufacture of VDF-TeFE scaffolds, modified by copper
and titanium, which will have antibacterial properties against methicillin-resistant St.
aureus (MRSA) for tissue engineering needs.

2. Materials and Methods
2.1. Fabrication of VDF-TeFE Scaffolds

Fluoropolymer scaffolds were formed from 5% solution of VDF-TeFE (Galopolymer,
Moscow, Russia) in acetone (C3H6O, Acrus, Moscow, Russia) by the electrospinning method
on installation NANON-01A (MECC Co., Fukuoka, Japan). The folowing technological
modes of installation were used: voltage and distance between collector and needle 20 kV
and 150 mm, respectively; cylindrical collector 100 mm in diameter and 200 mm in length;
collector rotation speed 200 r/min, and flow rate of polymeric solution 6 mL/h.

To increase the tensile strength, VDF-TeFE scaffolds were placed in a drying oven at
normal atmospheric pressure at 130 ◦C for 12 h.

2.2. Plasma Modification of VDF-TeFE Scaffolds

VDF-TeFE scaffolds were modified in the installation (Figure 1) [18] by using mag-
netron co-sputtering of copper (Cu, 99.95%) and titanium (Ti, 99.95%) targets. During the
modification, the following materials and conditions were used: circular Ti and Cu targets
with 90 mm in diameter and 8 mm in height, argon as working gas (Ar, 99.998%), operation
pressure 0.3 Pa.
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Figure 1. Photos of magnetron installation (a) and its vacuum chamber with loaded samples (b).

The technological modes of VDF-TeFE scaffolds plasma modification are shown in
Table 1.

Table 1. Magnetron modification modes of vinylidene fluoride with tetrafluoroethylene (VDF-TeFE)
scaffolds by titanium and copper.

Modification Modes
(Samples)

Discharge Power, W Current, A Modification
Time, minCu Ti Cu Ti

100 Ti - 750 - 1.5 32.6
Ti/Cu 1 65 750 0.15 1.5 26.6
Ti/Cu 2 130 500 0.30 1.1 29.3
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Co-sputtering of copper and titanium targets were provided by the unipolar power
supply units APEL-M-5PDC (JCS “Applied Electronics”, Tomsk, Russia) with 100 kHz
frequency and 70% duty cycle.

Modes of plasma modification were chosen for deposition of metallic films with the
same thickness onto metallic plates (used as the reference substrate). The thickness of thin
metallic films was evaluated on a quartz thickness gauge Mikron-5 (Izovak, Minsk, Belarus).
It was shown that the mean thickness of all deposited thin films was ~200 ± 30 nm.

2.3. Characterization of VDF-TeFE Scaffolds
2.3.1. Scanning Electron Microscopy

The morphology of VDF-TeFE scaffolds was investigated on a JCM-6000 Plus instru-
ment (Jeol, Akishima, Japan) by method scanning electron microscopy (SEM). Scaffold
surface images were taken at 1000× magnification. To increase the electrical conductivity
of samples, a thin golden layer was deposited on the VDF-TeFE scaffold surfaces using
a SmartCoater device (Jeol, Akishima, Japan). Surface porosity and fiber diameters were
estimated using the ImageJ 1.48 program (National Institute of Health, Washington, DC,
USA) with plug-in DiameterJ v1.018 (National Institute of Standards and Technology,
Gaithersburg, MD, USA).

2.3.2. Energy Dispersive X-ray Spectroscopy

Elemental composition of VDF-TeFE scaffolds was studied by energy dispersive X-ray
spectroscopy (EDAX) on a JCM-6000 Plus instrument (Jeol, Akishima, Japan). The collected
data of the elements’ concentration was corrected using ZAF corrections. Accelerating
voltage of the beam was 15 kV, beam current 1 nA, and sample analysis mean time ~130 s.

2.3.3. Wettability

The contact angle values were measured by sessile drop method on a DSA-25 set up
(KRÜSS, Hamburg, Germany). Droplets of deionized water (2 µL) were placed in different
locations on the scaffold and images were captured after 1 min disposition of each drop.

2.3.4. Mechanical Properties

Mechanical properties of the VDF-TeFE scaffolds were evaluated on an Instron 3343
instrument (Illinois Tool Works, Glenview, IL, USA) with an Instron 2519-102 sensor (Illinois
Tool Works, Glenview, IL, USA). The traverse speed was set at 10 mm/min, the sample
size was 30 × 10 mm, and the length of the sample testing area was 10 mm.

2.3.5. Antibacterial Activity

For the testing of antibacterial ability of obtained scaffolds, the standard JIS L 1902/ISO
20,743 “Determination of Antibacterial Activity of Antibacterial Finished Products (Tex-
tiles)” was used [10]. Antimicrobial activity was investigated against methicillin-resistant
St. aureus (MRSA) strain AATCC 43300.

The calculation of the antibacterial activity indicator (R) was carried out according to
the formula:

R = 100 × (C − A)/C (1)

where A is the number of bacteria isolated from inoculated modified by plasma samples
incubated over time; and C is the number of bacteria isolated from the control samples
immediately after inoculation.

2.4. Statistical Analysis

Statistical data processing was performed using the OriginPro® 2019 program (Origin-
Lab, Northampton, MA, USA). Differences in fiber diameters and wettability were eval-
uated using the Mann-Whitney U test. The differences were statistically significant at
p < 0.05.
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3. Results
3.1. Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy

SEM images at 1000× magnification, histograms of fiber diameter and EDAX spectra of
VDF-TeFE scaffolds modified by magnetron plasma by copper and titanium are presented
in Figure 2.

Figure 2. SEM images, fiber diameter histograms and energy dispersive X-ray spectroscopy (EDAX) spectra of: (a) Pristine
(unmodified VDF-TeFE scaffold); (b) Ti; (c) Ti/Cu 1; (d) Ti/Cu 2.

VDF-TeFE scaffolds have a characteristic nonwoven structure. Scaffolds consist of
numerous chaotically interlaced polymer threads. Plasma modification of scaffolds in
various modes allows the preservation of the pristine surface morphology.

EDAX spectra have shown that pristine scaffolds consist of carbon (C), fluorine (F)
and oxygen (O). The peak of gold at 2.1 keV is also observed. After plasma modification,
the titanium (Ti) and copper (Cu) peaks with high intensity are revealed.

Mean surface porosity and fiber diameter of VDF-TeFE scaffolds modified by mag-
netron co-sputtering of titanium and copper target are demonstrated in Table 2.

Table 2. Surface porosity and fiber diameter of plasma modified VDF-TeFE scaffolds.

Sample Surface Porosity, % Fiber Diameter, µm

Pristine 58 ± 7 0.76 ± 0.37
100 Ti 61 ± 6 0.75 ± 0.38

Ti/Cu 1 62 ± 6 0.79 ± 0.37
Ti/Cu 2 55 ± 9 0.78 ± 0.32
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The pristine scaffold has porosity 58 ± 7% and mean fiber diameter 0.76 ± 0.40
µm. Magnetron plasma modification of fluoropolymer scaffolds by titanium and tita-
nium/copper allows the maintenance of the porosity values and fiber diameters of the
pristine scaffold.

Values of the elements atomic concentration and their ratio in VDF-TeFE scaffolds
modified by titanium and copper are presented in Table 3.

Table 3. Elements atomic concentration and ratio of plasma modified VDF-TeFE scaffolds.

Sample
Elemental Concentration, atom. % Elemental Ratio

C O F Ti Cu C/O Ti/Cu

Pristine 55.1 5.6 39.3 - - 10.4 -
Ti 36.8 20.7 34.3 8.2 - 1.8 -

Ti/Cu 1 37.4 15.8 29.2 10.3 7.3 2.4 1.4
Ti/Cu 2 43.1 12.0 31.0 5.8 8.1 3.6 0.7

After plasma modification of VDF-TeFE, the content of carbon and fluorine decreases,
the content of oxygen increases and the elements titanium and copper are observed.

The pristine sample has extremely high C/O ratio. Modification of fluoropolymer
scaffolds by titanium strongly decrease (by 5.8 times) the C/O ratio. Modification in modes
Ti/Cu 1 and Ti/Cu 2 decrease the C/O ratio by 4.3 and 2.9 times, respectively.

3.2. Wettability

The results of the contact angle measurements of VDF-TeFE scaffolds modified by
plasma magnetron discharge are presented in Figure 3.
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The wetting angle of the pristine sample has a value of 122 ± 2◦, and after plasma
modification by titanium, the contact angle of the VDF-TeFE scaffold decreases to 44 ± 5◦,
which indicates the imparting of hydrophilic properties. Modification by modes Ti/Cu 1
and Ti/Cu 2 leads to insignificant decrease in the water contact angle to 109–113◦.

3.3. Mechanical Properties

Stress-strain curves and mechanical characteristic values of plasma modified VDF-
TeFE scaffolds by copper and titanium are shown in Figure 4 and Table 4, respectively.
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Table 4. Mechanical properties of plasma modified VDF-TeFE scaffolds.

Sample Tensile Strength,
MPa

Relative Elongation,
%

Young’s Modulus,
MPa

Pristine 11.8 ± 0.8 226 ± 16 13.6 ± 0.9
Ti 12.0 ± 0.4 230 ± 18 15.3 ± 2.1

Ti/Cu 1 11.6 ± 0.5 218 ± 24 13.2 ± 0.3
Ti/Cu 2 12.6 ± 0.7 214 ± 22 15.1 ± 1.1

The stress-strain curves are almost straight until the maximum tensile stresses are
reached.

The pristine sample has a tensile strength of 11.8 ± 0.8 MPa, relative elongation
226 ± 16% and Young’s modulus 13.6 ± 0.9 MPa. Plasma modification by titanium and
titanium/copper allowed the preservation of the mechanical values of the pristine VDF-
TeFE scaffold.

3.4. Antibacterial Activity

Photographs of Petri dishes containing MRSA, number of bacteria and antibacterial
activity indicator (R) of VDF-TeFE scaffolds are presented in Figure 5 and Table 5.

Table 5. Results of antibacterial activity assessment.

Sample Number of Bacteria, CFU/mL R, %

Pristine (6 ± 0.5) × 106 -
Ti (5.2 ± 0.9) × 106 13

Ti/Cu 1 (5.6 ± 0.6) × 105 91
Ti/Cu 2 (2.7 ± 0.8) × 105 96
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Ti/Cu 2.

Pristine and Ti modified scaffolds do not negatively affect the number of MRSA,
indicating the absence of antibacterial properties. In the samples modified with tita-
nium/copper, the number of bacteria was less than 90% compared to the original sample.
This indicates the strong antibacterial activity of VDF-TeFE scaffolds modified by Ti/Cu.

4. Discussion
4.1. Influence of Plasma Modification by Ti/Cu on Morphology, Wettability and Mechanical
Properties of VDF-TeFE Scaffolds

We have shown earlier that plasma modification by magnetron co-sputtering of
nonwoven materials from VDF-TeFE allows the maintenance of the original fiber diameter
and mechanical properties [9]. This is the reason for the preservation of the morphology
and surface structure, as in the pristine sample.

It was noted that the modification of synthetic polymer scaffolds with titanium by
magnetron co-sputtering makes it possible to increase the surface wettability and impart
hydrophilic properties [16]. A decrease in contact angles for VDF-TeFE scaffolds modified
by Ti/Cu in comparison with the pristine sample by ~10◦ are associated with the presence
of titanium on the surface and with the hydrophobic nature of copper.

An almost straight stress-strain curve shape was found in [19], where mechanical
properties of a fluoropolymer membrane manufactured by the electrospinning method
were researched. The retention of mechanical properties may be due to the fact that during
the plasma treatment of scaffolds only subsurface fibers are modified, while the fibers
located deep in the volume of the scaffold remain intact [9].

4.2. Influence of Plasma Modification by Ti/Cu on Elemental Composition of VDF-TeFE Scaffolds

A significant decrease in the C/O ratio after plasma modification is primarily associ-
ated with a significant increase in the oxygen content. The surface of VDF-TeFE scaffolds
becomes chemically active after modification. Therefore, when scaffolds are removed from
the vacuum chamber of the plasma co-sputtering unit, their surface begins to absorb oxygen
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from the air which leads to the formation of oxygen-containing chemical compounds [20].
Compounds of copper, titanium and carbon with oxygen appear most likely [9].

The smaller sample C/O ratio modified only with titanium in comparison with the
Ti/Cu 1 and Ti/Cu 2 samples is due to the high oxygen content. With a decrease in the
Ti/Cu ratio in modified scaffolds, C/O also increases. These factors indicate a more active
absorption of oxygen by the titanium-modified surface than by modified Ti/Cu. Perhaps
this is because titanium reacts more actively with oxygen than copper.

The presence of oxygen in the pristine sample is associated with placing the scaffold
in a drying oven without evacuating the atmosphere, facilitating the interaction of oxygen
from the air with carbon from the polymer.

4.3. Influence of Plasma Modification by Ti/Cu on Antibacterial Properties of VDF-TeFE Scaffolds

It is known that plasma modification of VDF-TeFE scaffolds with copper makes
antibacterial properties possible. Modification of scaffolds with mixed flows of titanium
and copper does not prevent antibacterial properties in copper. The higher index of
antibacterial activity in the Ti/Cu 1 sample as compared to Ti/Cu 2 is associated with the
higher concentration of copper on the surface.

5. Conclusions

Electrospun VDF-TeFE scaffolds were modified by magnetron plasma discharge by
titanium and titanium/copper. Plasma modification does not affect the morphology
and mechanical properties of VDF-TeFE scaffolds but changes the elemental composition.
Modification of fluoropolymer scaffolds by titanium makes it possible to impart hydrophilic
properties. The contact angle for the Ti sample is 44 ± 5◦. Pristine scaffold modification by
mixed Ti/Cu flows reduces the water contact angle by ~10◦. Modification by Ti/Cu allows
scaffolds to have strong antibacterial properties. The amount of MRSA on Ti/Cu scaffolds
is 90% less than on pristine scaffolds.

Due to the presence of antibacterial properties (Ti/Cu 1, Ti/Cu 2) and hydrophilicity
(Ti sample), obtained scaffolds can be successfully applied in tissue engineering. The
creation of a scaffold with hydrophilic and antibacterial properties will be the subject of
further research.

Author Contributions: Conceptualization. A.D.B.; methodology. E.N.B., S.I.T.; investigation. A.D.B.,
M.I.L., D.V.S.; writing—original draft preparation. A.D.B.; writing—review and editing. S.I.T.;
supervision. S.I.T.; funding acquisition. S.I.T. All authors have read and agreed to the published
version of the manuscript.

Funding: Financially supported by Tomsk Polytechnic University Competitiveness Enhancement
Program project VIU-SEC B.P. Veinberg-196/2020 (S.I.T.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The authors are grateful to the Resource Centre “Materials Science Shared
Center” part of the “Tomsk Regional Common Use Center (TRCUC)” of Tomsk State University for
providing measurements and Olga Bakina for conducting antibacterial activity study, which was
performed according to the Government research assignment for ISPMS SB RAS, project FWRW-
2021-0007.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bolbasov, E.N.; Stankevich, K.S.; Sudarev, E.A.; Bouznik, V.M.; Kudryavtseva, V.L.; Antonova, L.V.; Matveeva, V.G.; Anissimov,

Y.G.; Tverdokhlebov, S.I. The investigation of the production method influence on the structure and properties of the ferroelectric
nonwoven materials based on vinylidene fluoride—Tetrafluoroethylene copolymer. Mater. Chem. Phys. 2016, 182, 338–346.
[CrossRef]

http://doi.org/10.1016/j.matchemphys.2016.07.041


Technologies 2021, 9, 5 9 of 9

2. Fang, X.-Q.; Liu, J.-X.; Gupta, V. Fundamental formulations and recent achievements in piezoelectric nano-structures: A review.
Nanoscale 2013, 5, 1716. [CrossRef] [PubMed]

3. Li, C.; Liao, C.; Tjong, S.C. Electrospun polyvinylidene fluoride-based fibrous scaffolds with piezoelectric characteristics for bone
and neural tissue engineering. Nanomaterials 2019, 9, 952. [CrossRef] [PubMed]

4. Nunes-Pereira, J.; Ribeiro, S.; Ribeiro, C.; Gombek, C.J.; Gama, F.M.; Gomes, A.C.; Patterson, D.A.; Lanceros-Méndez, S.
Poly(vinylidene fluoride) and copolymers as porous membranes for tissue engineering applications. Polym. Test. 2015, 44,
234–241. [CrossRef]

5. Hasan, A.; Memic, A.; Annabi, N.; Hossain, M.; Paul, A.; Dokmeci, M.R.; Dehghani, F.; Khademhosseini, A. Electrospun scaffolds
for tissue engineering of vascular grafts. Acta Biomater. 2014, 10, 11–25. [CrossRef]

6. Lannutti, J.; Reneker, D.; Ma, T.; Tomasko, D.; Farson, D. Electrospinning for tissue engineering scaffolds. Mater. Sci. Eng. C 2007,
27, 504–509. [CrossRef]

7. Wang, X.; Ding, B.; Li, B. Biomimetic electrospun nanofibrous structures for tissue engineering. Mater. Today 2013, 16, 229–241.
[CrossRef] [PubMed]

8. Noyce, J.O.; Michels, H.; Keevil, C.W. Potential use of copper surfaces to reduce survival of epidemic meticillin-resistant
Staphylococcus aureus in the healthcare environment. J. Hosp. Infect. 2006, 63, 289–297. [CrossRef] [PubMed]

9. Badaraev, A.D.; Koniaeva, A.; Krikova, S.A.; Shesterikov, E.V.; Bolbasov, E.N.; Nemoykina, A.L.; Bouznik, V.M.; Stankevich, K.S.;
Zhukov, Y.M.; Mishin, I.P.; et al. Piezoelectric polymer membranes with thin antibacterial coating for the regeneration of oral
mucosa. Appl. Surf. Sci. 2020, 504, 144068. [CrossRef]

10. Badaraev, A.D.; Nemoykina, A.L.; Bolbasov, E.N.; Tverdokhlebov, S.I. Magnetron plasma modification by co-sputtering copper
target of electrospun fluoropolymer material to possess bacteriostatic properties. Mater. Today Proc. 2020, 22, 219–227. [CrossRef]

11. Kelly, P.; Arnell, R. Magnetron co-sputtering: A review of recent developments and applications. Vacuum 2020, 56, 159–172.
[CrossRef]

12. Ur Rehman, Z.; Heun Koo, B.; Choi, D. Influence of complex SiF62−Ions on the PEO coatings formed on Mg–Al6–Zn1 alloy for
enhanced wear and corrosion protection. Coatings 2020, 10, 94. [CrossRef]

13. Ur Rehman, Z.; Heun Koo, B.; Jung, Y.-G.; Lee, J.H.; Choi, D. Effect of K2ZrF6 concentration on the two-step PEO Coating
prepared on AZ91 Mg Alloy in Alkaline Silicate Solution. Materials 2020, 13, 499. [CrossRef] [PubMed]

14. Gaetke, L. Copper toxicity, oxidative stress, and antioxidant nutrients. Toxicology 2003, 189, 147–163. [CrossRef]
15. Ogwu, A.A.; Bouquerel, E.; Ademosu, O.; Moh, S.; Crossan, E.; Placido, F. An investigation of the surface energy and optical

transmittance of copper oxide thin films prepared by reactive magnetron sputtering. Acta Mater. 2005, 53, 5151–5159. [CrossRef]
16. Bolbasov, E.N.; Maryin, P.V.; Stankevich, K.S.; Kozelskaya, A.I.; Shesterikov, E.V.; Khodyrevskaya, Y.I.; Nasonova, M.V.; Shishkova,

D.K.; Kudryavtseva, Y.A.; Anissimov, Y.G.; et al. Surface modification of electrospun poly-(l-lactic) acid scaffolds by reactive
magnetron co-sputtering. Colloids Surf. B Biointerfaces 2018, 162, 43–51. [CrossRef] [PubMed]

17. Wojcieszak, D.; Kaczmarek, D.; Antosiak, A.; Mazur, M.; Rybak, Z.; Rusak, A.; Osekowska, M.; Poniedzialek, A.; Gamian, A.;
Szponar, B. Influence of Cu–Ti thin film surface properties on antimicrobial activity and viability of living cells. Mater. Sci. Eng. C
2015, 56, 48–56. [CrossRef] [PubMed]

18. Sidelev, D.V.; Bleykher, G.A.; Bestetti, M.; Krivobokov, V.P.; Vicenzo, A.; Franz, S.; Brunella, M.F. A comparative study on the
properties of chromium coatings deposited by magnetron co-sputtering with hot and cooled target. Vacuum 2017, 143, 479–485.
[CrossRef]

19. Xiong, J.; Huo, P.; Ko, F.K. Introduction I Fabrication of ultrafine fibrous polytetrafluoroethylene porous membranes by electro-
spinning. J. Mater. Res. 2009, 24, 2755–2761. [CrossRef]
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