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A B S T R A C T

A new antibacterial coating has been synthesized to modify implants with prolonged release of a medicinal
antibacterial component (ciprofloxacin). Condensed in vacuum, the products of electron beam dispersion of PVC
were used as one of the components of the target. It is shown that the repeated action of the electron flow on
condensed destruction products of PVC is accompanied by the formation of poly-conjugated structures devoid of
chlorine. Thermal treatment of the hydrocarbon layer (500 °C) leads to the formation of graphite-like structures
and polyene fragments up to 8 units in length. The antibacterial coating (PVC2-ciprofloxacin) is formed by the
action of a low-energy electron flow on a mechanical mixture of ciprofloxacin and condensed PVC destruction
products. It is shown that in comparison with the antibacterial layer PU - ciprofloxacin, the proposed coating is
characterized by a higher resistance to abrasion. The PU - ciprofloxacin layer is completely worn out after
17 cycles. The worn-out areas of the proposed coating after 17 and 25 wear cycles are 47% and 53% respectively.
Heat treatment of the coating, including standard sterilization, does not affect the kinetics of the release of
ciprofloxacin from the hydrocarbon matrix. Unlike the PU layer - ciprofloxacin, the prolonged release (sustained
release) of ciprofloxacin in PVC2-ciprofloxacin is not ensured by intermolecular interaction but by the me-
chanical containment (confinement) of ciprofloxacin using a hydrocarbon matrix. Microbiological studies
showed high antibacterial activity of the proposed composite layer in relation to P. aeruginosa and E. coli. The
activity was maintained after abrasive coating treatment for 24 h.

1. Introduction

Nosocomial infection is a cause of serious postoperative complica-
tions, which in some cases may lead to the death of a patient [1–6]. The
control of its consequences requires significant financial costs. Acute
infections occur, in prosthetics, when the implants are introduced into
the human body.

Currently, the main directions of the fight against bacterial adhesion
and the subsequent formation of biofilms on the surfaces of the im-
plants are formulated [1,2,5]. The most effective way of preventing
postoperative complications is to use coatings maintaining a prescribed
concentration of antibacterial substance near the implant surface for a
long time. There are a number of requirements to these coatings, such

as, biocompatibility, self-cleaning, programmable release of the drug
component, strong adhesion to the implant surface, resistance to
abrasion by soft tissues, etc. The deposition of antibacterial drugs onto a
metal implant is not effective, since it may lead to bacterial resistance
[5]. This is caused by the inability to maintain the drug concentration
above the minimal inhibitory (MIC) for a particular microorganism
near the implant surface over a long period of time.

The water-soluble (e.g., PEG) or biodegradable (e.g., polyactide)
antibacterial polymeric coatings possess a good self-cleaning function,
and can prolong release of the drug component, protect metal nano-
particles from leaching and reduce their cytotoxicity [7]. Physical
processing methods, e.g., plasma make it possible to give the polymer
coatings the surface energy necessary to stimulate the processes of
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tissue regeneration [8]. They make it easy to control the structure and,
hence, the kinetics of the release of the drug component. The dis-
advantage of polymer coating systems is the low wear resistance and
weak adhesion with metal surfaces, which probably leads to a rapid loss
of coatings during the implant introduction into the body. One should
note that all medical devices must undergo the obligatory standard
procedure of thermal sterilization before being introduced into the
body. This heat treatment may lead to notable structural changes of
polymeric coating and thus the properties as well.

Carbon coatings (e.g., DLC) are characterized by high adhesion
strength to metal surfaces, wear resistance and biocompatibility [9–11].
Only particles of metals (silver, copper, zinc, etc.) may be act as anti-
microbial components of DLC coatings [9–13]. These metals are po-
tentially toxic for cell cultures [1,3,5]. DLC coatings cannot be used as
layers with programmable release of the drug component.

Many researchers have pursued various ways to deposit thin layers
based on the advantages of carbon and polymer coatings. In particular,
one of the methods for preparing such coatings is presented previously
[6]. However, this technology cannot be effectively used to modify
implants in a wide range of sizes and shapes because of the complexity
and multi-stage processes.

The electron-beam polymers dispersion allows the formation of thin
antibacterial layers with prolonged release of the drug component
[7,14,15]. The plasma pre-treatment of metal substrates provides
strong adhesion of coatings with the substrates.

In the work presented, the method of electron-beam formation of
antibacterial coatings characterized by high adhesion and wear re-
sistance is proposed. It is suggested to use mix condensed products of
electron-beam dispersion of polyvinyl chloride PVC with medicinal
compound as a target material. The deposited layer structure is midway
between the structure of the polymer hydrocarbon and the DLC layers.
Thus, the advantages of both polymer antibacterial layers and carbon
layers can be preserved.

2. Methodology of the experiment

2.1. Methodology of forming coatings

The coatings were formed from the active gas phase generated by
the action of a low-energy electron beam with 800–1600 eV energy and
0.01–0.03 A/cm2 density on the target material in a vacuum. The initial
pressure of the residual gases in the vacuum chamber was≈4 · 10−3 Pa.

The composite coatings were deposited from the gas phase formed
by the action of electron beam on mechanical mixtures of PVC1 and
ciprofloxacin powders, as well as polyurethane and ciprofloxacin in a
1:1 weight ratio.

It should be noted that it is not possible to obtain a homogenous
composite coating using the initial PVC powder. This is due to the fact
that the process of electron-beam deposition of a coating, based on PVC,
is implemented only after a deep dehydrochlorination of the polymer.
This prevents the generation of the gas phase simultaneously containing
the destruction products of all the components of the mixture target.

The article deals with the coatings of the same effective thickness.
The effective thickness (which was 0.5 μm) of the formed layers was
controlled directly during the deposition by means of a quartz thickness
gage (QCM).

The substrate temperature at the coatings deposition corresponded
to room temperature.

2.2. The material of coatings and substrates

The powder of polyvinyl chloride (Mw~62.000; Mn~ 35.000;
Aldrich), polyurethane (PU, Desmopan 385) and ciprofloxacin (KRKA,
Slovenia) was used as a target material.

The material of the coating deposited from volatile products of PVC
dispersion (PVC1) was used as a target subjected to re-electron-beam

dispersion for the purpose of producing PVC2 coatings. The production
of PVC1 was performed in two stages. At the first stage, during the
action of the electron flow on the PVC powder, a coating on glass
substrates was deposited. At the second stage, the formed layer was
scraped off.

The substrates for deposition of the coatings based on PVC2 were
quartz plates (obtaining UV–Vis spectra), NaCl plates (IR spectroscopy
studies), silicon (100) single crystal plates (XPS studies), titanium plates
50× 50×0.5mm (antibacterial studies, wear resistance studies),
aluminum plates Ø 5mm (antibacterial studies).

2.3. Features of the heat treatment of the formed coatings

The coatings were heat-treated in vacuum (10 Pa) and in air at
120 °C, 220 °C temperature for 60 and 120min. Some coatings were
annealed in vacuum at 500 °C for 120min. The temperature range
(120÷ 220) °С is used for thermal sterilization of medical devices,
implants in particular. Heat treatment at a pressure of< 10 Pa is not
possible. Heating the coating in high vacuum conditions is accom-
panied by decomposition of a thin layer and its transition to the gas
phase.

2.4. Structure and morphology studies

The thermogravimetric analysis was carried out with DTG-60
(Shimadzu) under nitrogen atmosphere. The heating rate was 10 °C/
min. The mass of the test material was 3mg.

The molecular structure of the coatings was investigated on Vertex-
70 (Bruker) using a standard transmission thermocell. PVC1 was ana-
lyzed using the method of multiple frustrated total internal reflection
(MFTIR). The scanning was performed in the range of 4000–500 cm−1

with a resolution of 4 cm−1. A band of stretching vibrations of CeH
bonds in CH2 groups (2920 cm−1) was taken as an internal standard
band. The optical density of the band 2920 cm−1 linearly depends on
the layer thickness. The values of the optical densities of the analyzed
bands were correlated with the absorbance of the internal standard
band. The degree of oxidation of a thin layer was assessed in relation to
the band of stretching vibrations of carbonyl groups C]O (1730 cm−1)
[16].

The UV–Vis spectroscopic studies were performed using a Cary-50
(Varian) spectrophotometer using a standard transmission thermocell.

The chemical composition of the deposited layers was determined
by the XPS method. The measurements were done on a PHI Quantera II
Scanning XPS Microprobe spectrometer using an Al Kα source of
monochromatic X-rays (hν=1486.6 eV). The analysis results were
processed using the OriginPro software package.

2.5. Microbiological studies

The antibacterial activity of the coatings was studied for the fol-
lowing microorganisms:

Pseudomonas aeruginosa ATCC 27853–0.5 μg/ml minimum in-
hibitory concentration (MIC) of ciprofloxacin 0.5 μg/ml (certified
value);

Escherichia coli ATCC 25922–0.008 μg/ml minimum inhibitory
concentration (MIC) of ciprofloxacin (certified value).

Initially, the titanium plates with a deposited coating were placed in
cylindrical containers (80mm diameter), coatings up, with addition of
35 g of glass beads (3 mm diameter) and 100ml of bidistilled water
(Fig. 1). The containers were incubated in Biosan ES-20 orbital shaker-
incubator at 35 °C and 120 rpm for 1, 4 and 24 h. After treatment, each
sample was rinsed with distilled water and sterilized by air: 160 °C
temperature, 60 min. At the second stage, the sterile titanium plate was
placed, coating up, in a Petri dish containing 20ml of frozen Müller-
Hinton agar (MHA). 18ml of melted and cooled down to 45 °C MHA
was poured by a pipette dispenser onto the plate surface as a second
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layer (the calculated height of the MHA layer above the plate surface is
2 mm, the volume of MHA above the plate surface is 5 cm3) and held at
room temperature until the complete solidification of the medium.
After that, the cups were dried with a partially opened lid for 15min at
35 °C. From the daily cultures of P. aeruginosa ATCC 27853 and E. coli
ATCC 25922, grown on a dense nutrient medium (Nutrient agar, Hi-
Media), bacterial suspensions with 0.5 McFarland absorbance were
prepared in a sterile isotonic sodium chloride solution. The dishes with
the plates were divided into 2 equal sectors with a marker, the sus-
pensions of P. aeruginosa ATCC 27853 and E. coli ATCC 25922 were
applied with a tampon (one in each sector) onto the surface of the
second MHA layer. The dishes were incubated for 18 h at 35 °C, after
which the presence and nature of the microorganisms' growth were
evaluated in the projection of the plates.)

2.6. Kinetics of ciprofloxacin release out of the coating

The kinetic features of ciprofloxacin leaching from the composite
layer were established by placing quartz substrates (1.5× 0.5 cm) with
the deposited coating in an isotonic aqueous NaCl solution (0.9%,
100ml). The substrates placed into the solution were kept in a ther-
mostat at a temperature of 36.6 °C. Before measurement, the solution
was vigorously shaken for 1min. Then the substrates were removed and
dropped into distilled water. The drying was carried out in a stream of
warm dry air. A change in the absorbance of the ciprofloxacin band was
recorded with the spectrophotometer. The kinetics features of cipro-
floxacin release from the composite layers based on PVC2 and poly-
urethane were comparatively analyzed. Particular attention was paid to
the study of the effect of preliminary heat treatment of coatings on their
ability to prolong the release of ciprofloxacin.

2.7. Study of the wear resistance of coatings

The abrasion resistance of the formed coatings was evaluated using
a reciprocating tribometer. The load is 60 g, the length of the abraded
area is 17mm. The indenter was a steel ball (5 mm diameter), on which
two layers of calico were fastened. Before attrition, the indenter was
wetted in a 0.9% aqueous solution of sodium chloride (NaCl). This test
pattern simulated the case of interaction of the coating with soft tissues
of a body. After abrasion, the samples were scanned. The area of worn-
out portions was analyzed using ImageJ software. The number of
complete abrasion cycles (17 and 25) was selected based on preliminary
studies, taking into consideration the features of the software package.

3. Results and discussion

3.1. Results of differential scanning calorimetry

Two periods of intensive mass loss were observed in thermogravi-
metric curves of PVC powder in Fig. 2. At the indicated time intervals,
the processes of dehydrochlorination and the subsequent thermal de-
struction of the formed conjugated system take place [17–19]. The

initial noticeable decrease in polymer mass was observed near 300 °C,
with the subsequent one near 450 °C. The thermogravimetric curve of
the condensed products of PVC electron-beam decomposition lacks the
areas of intensive mass loss. Heating is accompanied by a smooth
change in the mass of the sample. The change in the weight of the
sample becomes noticeable at a temperature just slightly above 200 °C.

On the DTA curve of the PVC1 there are no pronounced endothermic
peaks. Meanwhile, the endothermic peaks for the initial PVC powder
are the most pronounced. The presence of two peaks is due to a two-
stage character of the polymer thermal decomposition. The heating of
the PVC1 is followed by the appearance of a noticeable exothermic peak
near 110 °C and a number of weakly pronounced exothermic bands
ranging from 110 to 500° С. The blurriness of exothermic bands may be
caused by endothermic decompositions. The total heat balance is
shifted toward exothermic processes. The described character of the
thermally initiated reactions causes the convex appearance of the DTA
curve (Fig. 2b). It should be noted that the presence of exothermic
bands in the range of 310–365 °C is characteristic for the PVC powder as
well. The exothermic reactions are the result of the chemical interaction
of unsaturated bonds with the formation of a cross-linked structure. For
PVC, such reactions are only possible after the dehydrochlorination.
The cross-linking reactions increase the heat resistance of the organic
layer. So, for the PVC powder in the temperature range of 365–435 °C
the mass change of the sample is not fixed.

Based on the calorimetric studies, a number of preliminary con-
clusions may be drawn: 1) dehydrochlorination reactions are not pe-
culiar to PVC1; 2) heat treatment of the destruction products initiates
exothermic processes of their cross-linking. The latter conclusion is
obvious and confirmed by a large number of publications on dehy-
drochlorination reactions of PVC.

3.2. Results of IR spectroscopy studies

In the wave number range of 20,000–4000 cm−1, there are two
absorptive peaks at 18,500 cm−1 and 15,500 cm−1 correlated with the
absorption in cis-(CH)x and trans-(CH)x unsaturated regions respectively
(Fig. 3) [20]. For PVC1 powder, the absorbance at 18,500 cm−1 is the
most pronounced as compared to that of a PVC2 thin layer. There are a
number of other bands (dotted lines in the spectrum), which cannot be
unambiguously correlated with the absorption of polyene fragments of
linear macromolecules. The presence of these bands in the IR spectrum
indicates the interaction of unsaturated fragments with each other
(cyclization, cross-linking reactions).

The IR spectrum of PVC1 exhibits high-intensity absorption at 700
and 740 cm−1. In the absence of a band at 700 cm−1, the absorption at
740 cm−1 may be due solely to the absorption of CeH out-of-plane in
cis [20]. The simultaneous appearance of the two absorption bands in
the IR spectrum is an indicator of the presence of aromatic fragments in
the organic compound. According to Bellamy's data [16], the absorp-
tion at 700 and 740 cm−1 is due to out-of-plane deformation vibrations
of CeH bonds in monosubstituted benzene compounds. The conjuga-
tion of double bonds with benzene rings is manifested by absorption
near 3030 cm−1 and 1600 cm−1 [16]. In the PVC1 spectrum there is
absorption near 3019 and 3050 cm−1, which is probably ascribed to the
vibrations of CeH groups in the trans and cis regions, respectively [20].
The absorption at 1590 cm−1 indicates the presence of aromatic rings.
The absorption at 814 cm−1 is attributed to cis CeH out-of-plane de-
formation vibrations, while the absorption at 940, 965 and 1020 cm−1

results from trans CeH out-of-plane deformation vibrations. The pre-
sence of low-intensity absorption bands at 630 and 607 cm−1 (CeCl) in
the IR spectrum indicates the incomplete original PVC dehydro-
chlorination process [16].

In the IR spectrum of PVC2, all the absorption bands noted for PVC1

are present in the wave number range of (4000–600) cm−1. Meanwhile,
the absorption at 740 and 700 cm−1 is not the most intensive, but
pronounced enough. A qualitative difference of the IR spectrum of the

Fig. 1. Scheme of washing samples with a deposited coating before micro-
biological studies.
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PVC2 from the spectrum of the PVC1 is the absence of absorption bands
of CeCl bonds, as expected.

One should note that the method of electron-beam dispersion makes
it impossible to form coatings based on high-molecular compounds with
aromatic structures (polystyrene, polyethylene terephthalate, etc.). The
aromatic fragments are easily detached from the chemical compounds
by the electron beam and removed by a vacuum pumping system. The
formation of aromatic structures is thereupon implemented only di-
rectly on the substrate.

The heat treatment of the coatings in vacuum and in air leads to a
decrease of unsaturated bonds (absorbance at 3019 and 3050 cm−1)
(Table 1). This decrease becomes more pronounced when the annealing
temperature rises. The quantitative determination of the temperature
influence on the aromatic fragments is difficult. The decrease in the
absorbance at 3019–3050 cm−1, and the decrease in the overall un-
saturation level, may also be associated with the decrease in the content

Fig. 2. Results of thermal studies: а – PVC powder; b – the powder of condensed products of electron-beam PVC decomposition (PVC1).

Fig. 3. Results of IR studies of PVC1 (a) and PVC2 (b).

Table 1
Results of IR spectroscopy studies.

Material and treatment type Wave number, cm−1

3019 3050 989 965 940 814

PVC1 0.154 0.118 0.093 0.159 0.176 0.546
PVC1+ annealing 500 °С (1 h) 0.103 0.098 0.056 0.051 0.114 0.198
PVC1+ annealing 500 °С (2 h) 0.426 0.531 0.104 0.382 1.693
PVC2 0.147 0.134 0.025 0.017 0.089
PVC2+ annealing 120 °C 0.132a

0.140
0.132
0129

0.032
0.016

0.024
0.011

0.104
0.052

PVC2+ annealing 220 °C 0.095
0.116

0.115
0.113

–
0.011

– –
0.025

a Numerator: the results obtained at annealing in air; denominator: in va-
cuum.
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of aromatic structures.
It should be noted that the temperature influences may promote

unsaturated bonds occurrence. This is illustrated by the example of
high-temperature heat treatment (500 °C) of PVC1. In this case, the
growth of unsaturation is caused by the decomposition of the hydro-
carbon molecules, which is consistent with the results of thermal ana-
lysis and the theory of thermal cracking of hydrocarbons.

Heat treatment of PVC2 initiates the interaction of double un-
saturated bonds with each other and air oxygen exerts a noticeable
effect on the ratio of carbonyl to CH2 groups (Table 2). A consequence
of such interactions at temperatures up to 200 °C is a decrease in the
overall unsaturation level and the appearance of carbonyl groups.

3.3. Electron spectroscopy

Linear polyenes have a strong electronic absorption band that shifts
to the long-wavelength region with increasing conjugated double bonds
[18]. The polyenes containing no> 7 conjugated C]C bonds have
absorptive capacity in the UV region, and polyenes with a longer chain
(n≥ 8) – in the visible region [21].

The electronic spectrum of PVC2 has a pronounced absorption band
at 267 nm (Fig. 4), which may be related to the length of the polyene
fragment [21]. It is worth noting that the assignment of individual
maxima in the electronic spectrum of PVC to polyenes of certain length
is rather approximate. In particular, it is necessary to take into con-
sideration that trans-isomers absorb at longer wavelengths than cis-
isomers [21]. According to the IR spectroscopy, both trans- and cis-
isomers exist in the deposited hydrocarbon coatings.

In the electronic spectra of heat-treated PVC2 coatings, the

absorption band shifts from 267 nm to 282 nm, together with an ab-
sorption at 345 nm. The heating initiates the formation of extended
polyene fragments with a length of up to 8 units. We note that the
annealing medium has no significant effects on the position of the ab-
sorption bands.

3.4. XPS studies

The chemical composition of the formed PVC2 layers was studied by
decomposition of the C1s band into individual peaks (Fig. 5). The bands
at 282.6, 283.5, 284.3 and 285.1 eV correspond respectively to the
CeSi bond [22], the sp1 hybridized state of carbon atoms, CeC (sp2

hybridization)/CeH bonds, and CeC (sp3), CeH bonds [23,24]. The
bands corresponding to the absorption of aromatic rings coincide with
the individual bands of this set [25]. A high content of sp-carbon atoms
(69–82%), observed in XPS results, indicates that the formed PVC2

coatings are poly-conjugated structures. Low-temperature treatment
reduces the proportion of sp-carbon atoms, and also increases the
proportion of sp2-carbon atoms. Thus, thermally initiated interactions
of double bonds with one another are followed by the formation of
graphite structures. This is in full agreement with the IR spectroscopy
results (Table 1).

Thin coatings are susceptible to oxidation in air without additional
thermal initiation. O1s spectrum of a thin layer can be decomposed into
three bands: 532.5, 531.3 and 530.1 eV due to CeO, C]O and the
oxidation of the graphite component of a thin layer [26–28]. The heat
treatment leads to a redistribution of a thin near-surface layer of
oxygen-containing groups, so that the amount of carbonyl groups de-
creases with increasing annealing temperature. The occurrence of C]O
groups is accompanied by a destruction of the main carbon chain of the
coating. In addition, low-molecular compounds can easily be evacuated
by a vacuum system. It is noticeable that CeCl bonds were not detected
in the coatings by XPS technology.

3.5. AFM studies

The PVC2 coatings are characterized by developed morphology
(Fig. 6). Developed morphology can contribute to the mechanical
fixation and retention of the antibacterial component on the layer
surface.

3.6. Kinetic features of drug component release

Fig. 7 shows the kinetic features of the ciprofloxacin release from
composite coatings. It should be noted that the coating of ciprofloxacin
is completely dissolved in aqueous medium.

The curve of the kinetic dependence of the ciprofloxacin release
from the composite layer has two linear sections. The relatively fast
period of ciprofloxacin release (the first 330min) gives way to a slower
one. Similar feature was revealed previously [7]. PVC2 organic matrix
promotes a continuous and relatively even release of ciprofloxacin from
the composite layer. The composite polyurethane layer is not char-
acterized by such a smoothed release of ciprofloxacin. This difference is
due to the low amount of polar groups in PVC2. The emergence of a
strong intermolecular interaction between the polyurethane and ci-
profloxacin is the main contribution to the abrupt changes in the con-
centration of drug in the thin layer. Strong intermolecular interaction
prevents not only the uniform release of the antibacterial component,
but also its subsequent transition to an isotonic solution (biological
medium). The surface layer of the coating can easily absorb the mole-
cules of the drug component. Gradual swelling and subsequent de-
struction of the polyurethane layer in the aqueous medium is accom-
panied by a formation of new surfaces. This reduces the uniformity of
the ciprofloxacin release.

The annealing of composite coatings, as a rule, results in a sig-
nificant decrease in optical absorbance of ciprofloxacin in IR spectrum.

Table 2
The impact of annealing parameters on D1730/D2920 value.

Coating D1730/D2920 (С=О/СН2)

PVC2 0.026
PVC2+ annealing 120 °С (1 h) 0.107/0.041
PVC2+ annealing 220 °С (1 h) 2.122/0.060
PVC2+ annealing 500 °С (2 h) −/1.110

Note – in air/in vacuum.

Fig. 4. Effect of heat treatment (200 °C) of the coatings based on PVC2 on their
electronic spectra: 1 – without heat treatment; 2 – heat treatment in air; 3 – heat
treatment in vacuum.
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Thus, low-temperature treatment, as the process of medical steriliza-
tion, is capable of initiating the destruction of the organic matrix, which
has not been taken into consideration in most published scientific pa-
pers. The annealing medium of the PVC2 coating, unlike the PU coating,
does not influence the kinetic features of ciprofloxacin release. Heat
treatment of thin layers helps smoothing the kinetic curves of

ciprofloxacin release. This is caused by the influence of heat treatment
on the structure of the coating. It should be noted that the release of
ciprofloxacin from the heat-treated PU layers occurs step-like. This
limits the use of such coatings to maintain a predetermined con-
centration of the antibacterial component near the surface of the im-
plant.

3.7. Microbiological studies

The results of microbiological studies of PVC2 – ciprofloxacin
coatings are shown in Fig. 8.

The coating, that was not abrasive-treated, suppressed the growth of
both reference strains in the medium in the projection of the plate and
away from it (5 mm for P. aeruginosa and at least 12mm for E. coli). The
differences in the size of the growth inhibition zones are explained by
the different sensitivity of the control strains to ciprofloxacin (MIC of
ciprofloxacin 0.5 μg/ml for P. aeruginosa and 0.008 μg/ml for E. coli).

The abrasive treatment resulted in the decrease of the ciprofloxacin
concentration in the coating, which was manifested by the decrease in
the size of the growth inhibition zone of E. coli around the plate, which
is down to 7mm after 4-hour treatment and 5mm after 24-hour

Fig. 5. XPS of PVC2 (a), PVC2 annealed in vacuum for 2 h at 220 °C (b), 500 °C (c).

Fig. 6. AFM image of PVC2 coating: a – topography mode; b – phase contrast.

Fig. 7. Kinetics of change in ciprofloxacin concentration in the coatings of PVC2 – ciprofloxacin (A) and PU – ciprofloxacin (B) after prolonged exposure to isotonic
solution: 1 – without heat treatment; 2 – annealing in air; 3 – annealing in vacuum.
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treatment.
The concentration of the antibiotic after 24-hour abrasive treatment

was insufficient to inhibit the growth of P. aeruginosa on the medium
surface in the projection of the plate. Thus, taking into account the MIC
values of the control strains and the volume of the nutrient medium
under the plates' surfaces (distribution volume), the release of cipro-
floxacin was>0.1 μg/cm2 for the initial coating, and from 0.0016 to
0.1 μg/cm2 for the coatings subjected to abrasive treatment of various
durations.

The zones of growth inhibition of microorganisms by coatings PVC2

– ciprofloxacin and PU – ciprofloxacin are presented in Fig. 9. The
concentration of the antibiotic in the coatings is the same. The inhibi-
tion zone of Staphylococcus aureus growth on PU – ciprofloxacin coating
is less pronounced than on the PVC2 – ciprofloxacin. The result confirms
earlier conclusions about the influence of intermolecular interaction on
the kinetics of ciprofloxacin release.

3.8. Features of coatings abrasion

The PVC2 coating is characterized by an increased resistance to
abrasion as compared to a thin layer on PU. Thus, after 17 and 25 wear
cycles of the polyurethane layer, the area of worn-out areas (without
coating) is 8.5% and 21% of the total area of the friction path. A thin
PVC2 layer did not wear out under similar wear cycles modes.
Composite coatings exhibit significantly lower wear resistance as
compared to single-component layers. The PU – ciprofloxacin layer is
completely worn out after 17 cycles. The worn-out areas of the PVC2 –
ciprofloxacin coating after 17 and 25 wear cycles are 47% and 53%,
respectively. The use of PVC2 matrix significantly increases wear re-
sistance of the antibacterial layer.

4. Conclusions

Electron-beam exposure to PVC initiates dehydrochlorination pro-
cesses. Condensed in a vacuum, the products of PVC destruction contain
practically no chlorine. The repeated action of electron flow on the
condensed dispersion products is followed by a poly-conjugated struc-
ture formation, which is completely free of chlorine.

Heat treatment of a coating based on PVC2 initiates the exothermic
interaction processes of double unsaturated bonds. The consequence of
these interactions is the formation of graphite-like structures and
polyene fragments with a length of up to 8 units. The impact of the
temperature may manifest itself not only in reducing the content of
unsaturated bonds, but it also may promote their occurrence. This
process takes place under conditions of high-temperature heat treat-
ment (500 °C). In this case, the growth of unsaturation is caused by
destruction of the hydrocarbon layer.

Continuous heat treatment in the air is followed by a noticeable
oxidation of the hydrocarbon coating.

The PVC2 – ciprofloxacin layers, as compared with similar PU –
ciprofloxacin layers, are characterized by a much more even release of
the drug component into aqueous media. They have a higher resistance
to abrasion as well.

The annealing medium PVC2, unlike the coating based on PU, does
not affect the kinetic features of ciprofloxacin release. Heat treatment of
thin layers helps to smooth the kinetic curves of ciprofloxacin release.

Coatings based on PVC2 may be effectively used to form anti-
bacterial layers with prolonged release of the drug component on the
implants surfaces.
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