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Abstract
DLC:Si and DLC:N (diamond-like carbons doped with Si or N) functional layers in different configurations are deposited on 
polyurethane (PU) for bioengineering applications using CCP (capacitively coupled plasma) discharge generated in the PE 
CVD (plasma-enhanced chemical vapor deposition) system. Scanning electron microscopy (SEM) observations show that the 
obtained single and multilayers are continuous and well adherent to the substrates, but they differ in surface morphologies. 
DLC:Si layers form granular-like outer surfaces, while DLC:N ones a mosaic structure of plain areas. Topography analyses by 
atomic force microscopy (AFM) and optical profilometry reveal that Si-doped layers are characterized by significantly higher 
surface roughness (Ra ca. 5 nm) in comparison to N-doped layers (Ra ca. 0.3 nm) and also higher values of profile roughness 
parameter  Rz (up to 32 μm vs. about 13 μm). Energy-dispersive X-ray spectroscopy (EDS) analysis indicates the homogenous 
chemical composition of the layers. DLC:N layers, are characterized by significantly higher polar component of surface free 
energy (up to ca. 5.0 mJ/m2). DLC:Si layers exhibit higher values of diiodomethane contact angle (up to ca. 90°) compared 
with DLC:N layers (up to ca. 55°). The attenuated total reflectance Fourier transform infrared spectroscopic measurements 
(ATR-FTIR) of the layers reveal that the addition of silicon to the DLC structure increases the content of terminal  CHn bonds 
(n = 1, 2, 3) as well as beneficial Si–H and Si–CHn bonds, which significantly reduce the internal stresses in the layers. Both 
DLC:Si and DLC:N layers exhibit no cytotoxic effects using the human osteoblast-like cell line and human keratinocytes.
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1 Introduction

Polymers are an interesting group of engineering materi-
als, which, due to their attractive properties, for example 
a quite good chemical resistance, low weight as well as 

biocompatibility, are used in tissue engineering and regen-
erative medicine [1]. This group includes, among others, 
polyethylene (PE), polyetheretherketone (PEEK), polycapro-
lactone (PCL) and polyurethane (PU). Despite the numerous 
advantages of polymers, there is a need to improve their use-
ful parameters (e.g., surface hardness, tribological proper-
ties, biocompatibility, antibacterial activity), which can be 
achieved by modifying their surface [2]. Therefore, special 
surface treatment methods are widely used to enhance cell 
compatibility and promote cell proliferation as well as to 
improve the physicochemical properties of PUs. These tech-
nologies are often based on plasma discharge, deposition of 
functional layers, and other chemical reactions and processes 
under low pressure (vacuum) conditions [3, 4].

The application of the plasma treatment or plasma chemi-
cal processes leads to generating high-energy species, such 
as radicals, ions or molecules, which (depending on the 
chemical composition) involves surface reactions, surface 
activation and modification. These processes can modify 
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polymeric material, including polyurethane, to obtain bio-
medical material, for example they can lead to obtaining 
functional layers based on the DLC (Diamond-like Carbon) 
structure [5]. Fundamental study on polymer surface modi-
fications using plasma processes was performed by Friedrich 
et al. [6], Mwale et al. [7], Ohl et al. [8], Oehr [9], Martinu 
et al. [10] and Yasuda [11].

DLC layers have wide-ranging properties, such as low-
to-high hardness, smooth surface morphology, low friction 
coefficient, chemical inertness, wear resistance and biocom-
patibility. Various DLC structures are characterized by dif-
ferent relations of  sp3 and  sp2 bonds, which provide specific 
properties of this type of layers [12, 13]. The relatively high 
content of  sp3 carbon hybridization guarantee very good 
mechanical properties, Young’s modulus around 300 GPa, 
a hardness over 17 GPa and a coefficient of friction below 
0.05. In the case of DLC coated polymer substrates, their 
mechanical and tribological properties are very difficult to 
evaluate due to the effect of the substrate. The physical and 
mechanical properties of the modified surface depend on the 
type of substrate, deposition method, the thickness of the 
layer as well as the precursors used, etc.[14]. For example, 
the hardness values of DLC deposited on the elastomer is ca. 
0.1 GPa, whereas that deposited on the Si substrate is in the 
range of 6–17 GPa [15]. Lackner et al. reported that DLCs 
deposited on thermoplastic polyurethanes are characterized 
by hardness values in the range of 0.1–5.0 GPa, depending 
on the used gas mixture as well as the pressure in the reactor 
[16]. Due to the high hardness of DLC layers, such coatings 
are commonly used in implantology, especially in hip joint 
implants [17, 18].

Futhermore, a DLC structure can be modified using dif-
ferent atoms in the plasma process, i.e., Si, N, Ag, O or 
Ti. Some of them impart antibacterial properties, e.g., the 
addition of silicon (DLC:Si) above a concentration of 16% 
at. [19, 20]. For instance, the research conducted by Hauert 
et al. confirmed that 21% at. content of silicon in the result-
ing structure ensured good antibacterial effects [21]. Impor-
tantly, some studies [22, 23] indicate that the presence of 
atomic groups in DLC structures containing Si and/or N 
atoms leads to internal stress reduction. In addition, such 
DLC layers should be characterized by the simultaneous 
non-cytotoxic effect allowing for the biological applications.

DLC layers on a PU substrate were obtained by the PE 
CVD method, inter alia, by Matsumoto et al. [5]. The result-
ing structures were characterized by poor adhesion strength; 
however, is was demonstrated that PU pre-treating in an oxy-
gen plasma can significantly improve adhesiveness. At the 
same time, these layers did not show any cytotoxicity. In 
turn, the study conducted by Morozov et al. [24] proved that 
the surface activation of the polyurethane in the nitrogen 
plasma created the conditions for the growth of the carbon 
coating (using pulsed magnetron sputtering of a graphite 

target) in the form of separate islets. The diameter and height 
of the latter depended on the technological parameters and 
increased from ca. 1 µm and ca. 10 nm, respectively. Thus, 
the treatment resulted in a granular structure and an increase 
in roughness. These types of layers were characterized by 
good adhesion to the PU substrate, and in this case with the 
processing time, the surfaces became more homogeneous. 
Generally, the current state of art indicates that adhesion of 
DLC layers to polymeric materials is quite weak. Therefore, 
it is necessary to improve the adhesion strength between 
the layers and polymeric substrates. This can be achieved 
by argon and/or oxygen plasma treatment of a polymer sur-
face or by inter-layer deposition [5]. To obtain well adher-
ent DLC layers to the PU substrates, a novel technological 
solution is based on the deposition of DLC:Si and DLC:N 
multilayers taking advantage of individual properties of each 
layer. It is assumed that the presence of Si in the DLC struc-
ture favors a stronger bonding between the PU surface and 
DLC layer due to chemical interaction. Such surface layers 
should be more resistant to delamination and external defor-
mation. The physicochemical and biological properties of 
the resulting materials make them suitable for bioengineer-
ing applications. As well, the addition of N and Si atoms to 
the diamond-like carbon structure is beneficial, because it 
leads to a decrease in the value of internal stresses inside 
the obtained coatings as well as in their hardness. This was 
observed by Ray et al. [22] and Sharifahmadian et al. [25].

In this paper, the PE RF CVD (plasma-enhanced radio 
frequency chemical vapor deposition) method using a 
capacitively coupled plasma (CCP) was applied to modify 
the surfaces of the polyurethane substrates. The processes 
carried out under plasma chemical conditions included an 
etching of PU surface using  Ar+ ions, and obtaining (in 
the next stage) DLC layers doped with Si or N atoms, 
in various configurations. The pretreatment based on  Ar+ 
plasma etching was used to obtain not only the appropri-
ate roughness of the polyurethane surface, but such treat-
ment can also guarantee antibacterial properties and blood 
compatibility, as proved by Alves et al. [26]. In this work 
we also applied the etching process with the application 
of argon ions to activate the PU surface by purification 
and removal of contamination (chemical and biological) as 
well as to increase surface roughness to improve adhesion 
of the deposited layers.

Unmodified and modified PU substrates were precisely 
characterized by scanning electron microscopy (SEM), 
energy-dispersive spectroscopy (EDS), atomic force 
microscopy (AFM) and optical methods as well as infra-
red spectroscopy (IR) to investigate the atomic structure of 
the obtained coatings. Additionally, the contact angle and 
surface free energy (SFE) of the tested samples were exam-
ined. The biological activity in vitro against the MG-63 and 
HaCaT cell line was evaluated by the Alamar Blue assay.
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2  Materials and methods

2.1  Samples preparation and surface treatment

The polyurethane substrates (Sigma-Aldrich) used in this 
study were prepared as regular shaped samples (width/
length/height—5/10/5, mm). According to the EDS analysis, 
the average chemical composition of this material was 84.2 
at. % carbon, 13.6 at.% oxygen and 2.2 at.% nitrogen. Before 
the plasma modification, the PU samples were polished 
using SiC grinding papers of various gradations, in succes-
sion #320, #800 and #1000 µm, with water cooling. Subse-
quently, the polymeric substrates were chemically purified 
using an ultrasonic bath (Fisher Scientific) in isopropanol 
 (C3H8O, p.a.) for 15 min. Surface modification of PU sub-
strates was carried out with the application of the PE RF 
CVD system (Elettrorava S.p.A., Italy), using a capacitively 
coupled plasma (radio-frequency discharge of 13.56 MHz, 
300 W). All plasma processes (plasma etching and layers 
deposition) on PU substrates were performed without sub-
strate heating due to the relatively low thermal resistance 
of polyurethane. The plasma was generated between two 
electrodes (cathode–anode as parallel plates) at a distance 
of 20 mm; see Fig. 1.

Plasma chemical processes in the RF reactor, for the given 
technological conditions during layers deposition, increased 
both electrodes temperatures up to ca. 45 °C. The plasma 
etching process was applied using  Ar+ ions at an argon flow 
rate of 75  cm3/min, a pressure in the chamber of 53 Pa and 
10-min times for each of the modified series. The etching 
process was carried out with the power of 8 W plasma to 
minimize the negative influence of the temperature increase 
on the PU surface, which causes surface degradation. This 
process was supposed to remove possible adsorbed gases 
(e.g., oxygen) from the surface and activate the substrate 
before the processes of obtaining layers.

In the conducted research, after plasma etching of PU 
substrates, five independent depositions (J_1− J_5) of 
DLC:N and/or DLC:Si layers on the substrate surface were 
carried out for 30 min in the case of each layer. The first 
three series (J_1−J_3) included the preparation of single-
layer coatings: 1) DLC:Si (J_1), 2) DLC:N with different 
content of  N2 in the gas mixture (J_2, J_3). In the case of 
Si-doped DLC layers, the reaction mixture included methane 
 (CH4, 8 sccm flow, purity 99.9995%), silane  (SiH4, 8 sccm 
flow, purity 99.9999%), and argon (Ar, 80 sccm flow, purity 
99.999%) as working gas. For N-doped DLC layers, the pro-
cess was carried out in the  N2/CH4/Ar atmosphere, for gas 
flow values of 80/8/8 (in sccm) for J_2 series and 80/10/10 
(in sccm) for J_3 series, respectively. Samples of series J_4 
and J_5 were double layer built of an inner and an outer 
layer. In the case of series J_4, the inner layer was DLC:N 
and the outer layer was DLC:Si, while in series J_5 the inner 
layer was DLC:Si and the outer layer was DLC:N. In the 
case of double-layer coatings (J_4 and J_5), the parameters 
of the technological conditions for obtaining layers were 
based on those for the series J_1 and J_2.

The layers deposition for all the experimental series was 
carried out under a pressure of the gas mixture in the cham-
ber of 80 Pa and RF power density of 0.5 W/cm2. In addi-
tion, the unmodified reference series (J_0, after etching in 
argon plasma) was examined to evaluate the influence of 
the applied types of surface modifications on the selected 
physicochemical and biological properties of polyurethane.

2.2  Surface characterization

The microstructure and chemical composition of the tested 
samples were investigated using scanning electron micros-
copy (NOVA NANO SEM 200, FEI, USA) with energy-
dispersive X-ray (EDX) spectrometry analysis. When light 
elements (i.e., C, N and O) were detected, the accelerat-
ing voltage value of 5 kV was applied. The thickness of 
the obtained layers was determined on cross sections of the 
tested samples during SEM observation. Furthermore, the 
surface topography was investigated using a Bruker Multi-
Mode VIII atomic force microscope working in the Tapping 
Mode (semicontact mode) and equipped with antimony-
doped silicon tips with nominal radii of 8 nm and canti-
levers with a nominal spring constant of 40 N/m and the 
resonance frequency of 300 kHz. Additionally, to quantify 
the roughness of the tested samples, their surface profiles 
were carried out using an optical profilometer (confocal pro-
filometry, AltiSurf520, Altimet). FTIR-ATR (Fourier trans-
form infrared-attenuated total reflectance) spectroscopy on 
a Bio-Rad FTS60 V device (USA) was applied to examine 
the chemical structure of the polymer surface. The spectra 
were measured within 400 ÷ 4000 cm−1, 275 scans and reso-
lutions of 4 cm−1.

Fig. 1  Scheme of the RF CVD system used for surface modification 
of PU substrates



 K. Kyzioł et al.

1 3

751 Page 4 of 13

The contact angle and surface energy measurements were 
calculated using the sessile drop technique performed on a 
DSA10Mk2 (Kruss) analyzer. The wettability and surface 
energy measurements were analyzed using ultrahigh-qual-
ity water (UHQ—water produced with the use of UHQ-PS, 
Elga, UK) and diiodomethane (Aldrich, Germany) droplets 
with a volume of 0.2 μl. The SFE values were calculated 
using the Owens–Wendt theoretical model. The parameters 
were carried out in five independent measurements for each 
of the tested samples.

2.3  Cytotoxicity

The human osteoblast-like MG-63 cell line (ATCC: CRL-
1427™) and human keratinocytes HaCaT (ATCC: PCS-
200–011™) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM) (Immuniq, Poland) with phenol red and 
supplemented with 10% fetal bovine serum (FBS) and 1% 
of streptomycin/penicillin (Gibco-BRL, Life Technologies, 
Germany). Both cell lines were incubated at a constant tem-
perature of 37 °C incubator with a humidified atmosphere 
of 5%  CO2.

The cytotoxic effect of PU substrates, both the unmodi-
fied one and those after the deposition of DLC:N and/or 
DLC:Si layers on MG-63 and HaCaT cells, was performed 
using the colorimetric test of viability (Alamar Blue assay) 
as described above [27]. Briefly, the cells were seeded at a 
density of 50 × 104 cells suspended in 1 ml of culture media 
onto each of the samples placed inside 24-well microplates. 
All samples were previously sterilized under UV radiation 
for 30 min. The culture plates were cultured in a 37 °C incu-
bator for 72 h. Every 24 h the medium was changed for a 
fresh one. After 72 h the cells were washed with PBS and 
incubated with a resazurin sodium salt solution (25 µM in 
PBS) for 4 h at 37 °C in the dark. The fluorescence, associ-
ated with the cellular metabolic activity, was measured at 

605 nm (excitation wavelength 560 nm) with a multimode 
microplate reader (Infinite 200 M PRO NanoQuant, Tecan, 
Switzerland). The cytotoxicity was given as a percentage of 
the viable cells treated with the coated polyethylene samples 
relative to the untreated control cells.

In addition, the cell morphology was visualized with a 
fluorescence microscope (Olympus IX51, Japan) with an 
excitation filter of 470/20 nm. The cells were stained with 
fluorescein diacetate (viable cells) and propidium iodide 
(dead cells). At least five viewing fields containing ca. 100 
cells each were analyzed. The images of the tested cells after 
the treatment with the investigated samples were taken using 
an inverted microscope equipped with a reflected fluores-
cence system (Olympus IX51, Japan).

3  Results and discussion

The aim of this work was to deposit DLC:Si and/or DLC:N 
single and double mixed functional layers on plasma-etched 
PU substrates and evaluate the surface morphology, topog-
raphy, chemistry and wettability, as well as biocompatibility 
of the resulting layers.

3.1  Morphology and topography analyses

The SEM images of outer surfaces of the studied materi-
als are shown in Fig. 2. The analysis of samples J_1−J_5 
revealed that the deposited layers were continuous, well 
adherent to the substrates and exhibited different surface 
morphologies depending on the type of modification. The 
DLC:Si layers formed granular-like outer surfaces, while 
the DLC:N ones mosaic structures of plain areas, clearly 
visible in the case of layers deposited on PUs. In these 
cases, the DLC:N layers reflected the morphological fea-
tures of the substrate surfaces. However, in the case of J_5 

Fig. 2  The SEM images of 
the studied PU surfaces: 
J_0 unmodified, J_1 after 
DLC:Si deposition  (SiH4/
CH4/Ar = 1/1/10), J_2 after 
DLC:N deposition  (N2/CH4/
Ar = 10/1/1), J_3 after DLC:N 
deposition  (N2/CH4/Ar = 8/1/1), 
J_4 after DLC:N and DLC:Si 
deposition, J_5 after DLC:Si 
and DLC:N deposition
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series, the outer DLC:N layer due to its quite slow growth 
exhibited morphological surface features of the underly-
ing DLC:Si layer. In sample J_4, after deposition of the 
nitrogen-doped DLC layer and the silicon-doped DLC layer, 
a higher smoothness of the surfaces in the microscale was 
observed. The thin inter-layers, such as DLC:N, are capable 
of efficiently improving temperature durability during fur-
ther processes as well as the deposition of the next layer (in 
this case of DLC:Si) in the RF reactor, even for substrates 
showing high thermal expansion [28]. This fact presumably 
corresponds to the observed results of a distinctly smoother 
polyurethane surface after plasma modification (the J_4 
series) in the micrometer scale compared to the J_5 series, 
without a DLC:N interlayer.

Interestingly, analysis of the surface of the samples using 
atomic force microscopy revealed the nanometric scale of 
the resulting structures (Fig. 3).

In detail, the AFM images of the modified substrates 
showed granular-like structures, which in the case of the 
DLC:Si coatings are composed of agglomerated clusters 
(Fig. 3, sample J_1). A similar effect was also observed in 
the case of series J_4 and J_5 for which one of the layers is a 
DLC:Si layer. The agglomerated structure was also observed 
by Zhang et al. [29], who obtained an DLC:Si structure on 
monocrystalline silicone (100) with the clusters that were 
not an effect of the rough surface of polyurethane. Leal et al. 
[30] obtained DLC:N structures on the same substrate and 
the investigations proved that increasing the concentration 
of nitrogen in the gas mixture from 40 to 60 vol% caused 
an increase in the roughness. In our research, the concen-
trations of nitrogen in the gas mixture were 83 vol% (J_2) 
and 80 vol.% (J_3). In these cases, the surface roughness 
(Ra) was really low, 0.352 and 0.328 nm, respectively. How-
ever, the significant increase in the roughness parameters 
was observed in the multilayer coatings, whose topography 

was connected with the outer DLC:Si or DLC:N layer. More 
details concerning the surface roughness values of all the 
samples, the size of grains and the layer thicknesses are pre-
sented in Table 1 and Fig. 4.

The cross-sectional morphology of the double-layer sam-
ple J_5 is presented in Fig. 4. It can be clearly seen that the 
DLC:N outer layer is ca. 3.8 µm thick and the DLC:Si inner 
layer is ca. 4.7 µm thick. Because the time of deposition 
of both layers was the same, 30 min, this result indicates 
that the DLC:N layer growth rate was slower in compari-
son to the layer doped with nitrogen. A similar relationship 
was observed for the sample J_4 (Table 1). In this case, the 
DLC:Si outer layer is ca. 4.7 µm thick and the DLC:N inner 
layer is ca. 3.8 µm thick. Additionally, Fig. 4 also partially 
showed granular-like top surface morphology of the pre-
sented sample.

The roughness of the obtained monolayers differed 
depending on the element, which was doped into the struc-
ture. The roughness  (Ra value) of the DLC doped with 

Fig. 3  The AFM images (3D) 
of the selected PU surfaces: J_1 
after DLC:Si deposition  (SiH4/
CH4/Ar = 1/1/10), J_2 after 
DLC:N deposition  (N2/CH4/
Ar = 10/1/1), J_3 after DLC:N 
deposition  (N2/CH4/Ar = 8/1/1), 
J_4 after DLC:N and DLC:Si 
deposition, J_5 after DLC:Si 
and DLC:N deposition

Table 1  The grain size, surface roughness (Ra) and layer thickness 
(d) of the modified PU with the obtained coatings; Ra—data based on 
AFM measurements

* The thickness of the DLC:N and DLC:Si layers was ca. 3.80 µm and 
ca. 4.60 µm, respectively
** The thickness of the DLC:Si and DLC:N layers was ca. 4.70  µm 
and ca. 3.85 µm, respectively

Series Grain size (nm) Ra (nm)* d (µm)
Small Large

J_1 49 ± 16 176 ± 37 4.125 ± 0.065 4.45 ± 0.35
J_2 – – 0.352 ± 0.013 3.77 ± 0.12
J_3 – – 0.328 ± 0.072 3.85 ± 0.10
J_4 46 ± 19 266 ± 91 5.040 ± 0.110 8.40 ± 0.55*

J_5 49 ± 22 238 ± 60 9.130 ± 0.840 8.55 ± 0.45**
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silicon is almost 12 times higher than that of the structures 
doped with nitrogen. What is noteworthy, our research 
shows that it is possible to control the surface roughness of 
the obtained structures in multilayer systems. Deposition 
of DLC:Si in both samples J_4 and J_5 was performed 
under the same plasma conditions. Importantly, depending 
on the order of DLC:Si layer deposition, in the case of J_5 
the observed surface roughness was almost twice as high 
as that for the J_4 series. This is very important for the 
osteointegration of an implant with bone tissue, since the 
osteointegration process depends on the surface roughness 
in both the nano and a larger scale [4]. Relatedly, the study 
was supplemented by an analysis of the surface profile of 
the resulting samples using an optical profilometer. The 
investigation confirmed that the highest value of the  Rz 
parameter (32.338 ± 3.692 µm) was observed in the case 
of J_5 series, while the lowest value (12.582 ± 4.341 µm) 
for the J_2 series. The selected stereometric graphs of the 
tested surface samples are presented in Fig. 5.

An analysis of the chemical composition (Fig. 6) of the 
tested samples confirms that the obtained coatings consisted 
of C, N, O and Si elements, depending on the chemical com-
position of the gas mixture used in the plasma processes 
in the PE reactor. In the case of the J_1 series (with the 
DLC:Si coating), silicon was incorporated into the structure 
to ca. 35 at.%, while nitrogen (for the J_2 and J_3 series) 
in the DLC:N structure was incorporated to ca. 9.5 at.% and 
0.2 at.%, respectively. These differences in nitrogen content 
were also confirmed by the IR-ATR technique (vide infra, 
Fig. 7a). The lower content of nitrogen in sample J_3 was 
probably caused by a higher RF power value in the plasma 
processes, as well as a lower  N2 content in the gas mixture. 
In the case of J_4, the thickness of DLC:Si layer was above 
1 µm and the nitrogen content in the obtained coatings was 
out of the range of EDS analysis.

In the modified substrates after the plasma processes, 
a relatively high content of oxygen atoms, ca. 30.5 at. %, 
5.2 at. %, 7.8 at. %, 28.3 at. %, 23.0% at. for samples J_1 
to J_5, respectively, with reference to ca. 13.5 at.% for the 

Fig. 4  The cross-sectional images (SEM) of the selected modified substrate (J_5) after the plasma processes, DLC:Si  (SiH4/CH4/Ar = 1/1/10) 
and DLC:N  (N2/CH4/Ar = 10/1/1) layer deposition: a magnification 1000×, b magnification 2600×

Fig. 5  The surface topographies of the tested PU surfaces: J_2 after DLC:N deposition  (N2/CH4/Ar = 10/1/1) and J_5 after DLC:Si  (SiH4/CH4/
Ar = 1/1/10) and DLC:N  (N2/CH4/Ar = 10/1/1) deposition
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unmodified substrate (J_0) was observed. The growth of 
oxygen concentration after the plasma treatments is strongly 
affected by the creation of polar oxygen groups, which was 
also concluded by Novotná et al. [31]. In the case of J_1, J_4 
and J_5 series (all with a DLC:Si layer), oxygen appeared 
in the EDS analysis (up to ca. 30 at. %), probably as a result 
of adsorption of this element after the coating deposition 
process under ambient air conditions or the presence of 
oxygen in voids/microcracks existing in highly roughed 
surfaces of these samples. In the case of other series, with 
only the DLC:N layers (J_2 and J_3), this effect was not 
observed (oxygen atoms up to ca. 8 at. %). Another possible 
explanation of relatively high concentration of oxygen was 
attributed to the surface oxidation of the modified substrates 
after the deposition process, also observed by Batory et al. 
[32]. This corresponds to the presence of the Si–O atomic 
groups in the IR spectra (vide infra, Fig. 7) and is probably 
caused by a very high binding energy for Si–O (ca. 532 eV), 
compared to the value for C–H (ca. 338.5 kJ/mol) and Si–H 
(ca. 298.7 kJ/mol) [33]. Therefore, it can be concluded that 
Si–H bonds are less stable than C–H bonds, which also 

Fig. 6  The chemical composition (average values ± 0.1 at.%) of 
the tested PU surfaces: J_0 unmodified, J_1 after DLC:Si deposi-
tion  (SiH4/CH4/Ar = 1/1/10), J_2 after DLC:N deposition  (N2/CH4/
Ar = 10/1/1), J_3 after DLC:N deposition  (N2/CH4/Ar = 8/1/1), J_4 
after DLC:N and DLC:Si deposition, J_5 after DLC:Si and DLC:N 
deposition

Fig. 7  a The IR-ATR spectra of PU substrates after layer deposi-
tion: J_1 after DLC:Si deposition  (SiH4/CH4/Ar = 1/1/10), J_2 after 
DLC:N deposition  (N2/CH4/Ar = 10/1/1), J_3 after DLC:N deposi-

tion  (N2/CH4/Ar = 8/1/1), J_4 after DLC:N and DLC:Si deposition, 
J_5 after DLC:Si and DLC:N deposition and b deconvolution of the 
bands in the range 450 cm−1–1200 cm−1 for the selected IR spectra
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confirms the benefits of incorporation of oxygen into the 
DLC:Si structure.

3.2  FTIR‑ATR analysis

The atomic structure of modified polyurethane surface was 
analyzed using the FTIR-ATR method, and the obtained 
results are shown in Fig. 7a, b.

In general, during plasma processes (etching, grafting 
polymerization, layers deposition, etc.) the design of pre-
cisely determined functional surface coatings for many 
substrates, including polymeric [34, 35] is possible. The 
reordered IR spectra of modified PU substrates represent 
the two groups of obtained coatings, without the DLC:Si 
layers (J_2 and J_3 series, a smaller value of absorption 
peaks) and with the DLC:Si layers (J_1, J_4 and J_5 series, 
a higher value of absorption peaks). In the case of the only 
DLC:N layers (J_2 and J_3 series), two relatively weak 
(about two times lower in comparison with the IR spec-
tra for the other experimental series) spectra bands (with 
a maximum at 2963 cm−1 and 2873 cm−1) were observed 
and attributed to asymmetric and symmetric stretching 
vibrations in the  CH2 group, respectively. The bandwidth 
means that they contained different types of C–H bonds, 
such as  Csp3–Hn (−CH=, −CH2−, −CH3), and  Csp2–Hn 
(C=CH, C=CH2). These vibrations are typical of DLC 
structures and correspond to C–H asymmetric and symmet-
ric stretching vibrations [18, 36]. For the J_2 series, in the 
range of 1580 cm−1 to 1680 cm−1, C=C and C=N bonds 
can be noticed [37], which in the case of J_2 can also be 
attributed to NH and  NH2 bonds vibrations (in the energy 
range 1500 cm−1−1600 cm−1) [38]. In the case of the next 
modification (with the DLC:Si layer deposition), new spec-
tra lines were observed. The spectra were dominated by 
different atomic groups containing Si atoms, in the range 
450 cm−1−1162 cm−1 (see Fig. 7b). The peak at 611 cm−1 
may be assigned to the C–H bending vibrations and the 
peak at 681 cm−1 (as well as 863 cm−1) probably corre-
sponds to the Si–H wagging bonds [39]. Relatively strong 
bands observed at ca. 703 cm−1 as well as at 1032 cm−1 
and 788 cm−1 are attributed to the Si–CH3 and Si–(CH3)2 
stretching vibrations, respectively [38]. The band observed 
at 919 cm−1 is assigned to the Si–N stretching vibrations 
[38]. The spectra lines at 1006 cm−1 and 1108 cm−1 corre-
spond to the Si–CH2 deformation modes and the Si–O–C or 
Si–O–Si bonds, respectively [40]. Additionally, the strong 
peak centered at 2104 cm−1 (assigned to the Si–H group 
[39]) and the peak at 1250 cm−1 (assigned to the Si–CH3 
atomic group [38, 41]) were observed. In the case of the J_4 
and J_5 series (after the DLC:Si and DLC:N deposition in 
various configurations), the relatively strong spectra lines are 
centered at 3369 cm−1. These absorption phenomena may 
be assigned to the NH and  NH2 groups (in the energy range 

3300 cm−1−3400 cm−1) and also confirmed by a spectra 
line at ca. 1350 cm−1 [33, 41]. On the other hand, in this 
range of energy, i.e., 3200 cm−1−3400 cm−1, especially in 
the case of modification with the DLC:Si layers, deposition 
spectra lines may be assigned more probably to the O–H 
groups. Additionally, the high value of oxygen content in 
the cases of J_1, J_4 and J_5 (between ca. 22 and 35 at. 
%) is presumably related to the vibrations in the Si–O in 
Si–O–Si groups, which was assigned also to the 1034 cm−1 
spectral line [38]. Our previous study [27, 42] confirmed that 
in the case of polymeric substrates modified with DLC:Si 
layers, the high dissociation energy of the Si–O bonding 
equal to 798 kJ mol−1 resulted in a significant increase in the 
mechanical resistance of the modified surface. All the modi-
fications of the PU substrates also resulted in the appear-
ance of a spectra line for 1642 cm−1 that is assigned to the 
vibrations in the C=C and C=N groups [43, 44]. It can be 
concluded that DLC:Si layers are formed more readily, with 
higher growth rate, on the PU substrate than DLC:N layers 
and the obtained IR spectra showed much higher intensities 
of spectral lines for the  CHn groups (n = 1, 2 and 3, in the 
energy range ca. 2850–3000 cm−1). In addition, obtaining 
the DLC:Si layer in the first step of surface modification is 
beneficial for the growth of subsequently deposited DLC:N 
layer (J_5 series) on the PU substrate, compared to the J_2 
or J_3 series (modified by a single DLC:N layer). In the 
case of the J_5 series (after DLC:Si and DLC:N deposi-
tion), a strong increase in the number of Si–(CH3)2 groups 
were observed. This effect is probably related to the surface 
roughness value (Ra ca. 9 nm) of modified PU, which is 
almost twice as high as in the case of J_2 series (Ra ca. 
5 nm).

3.3  Contact angle and SFE analysis

Unmodified polyurethane is a hydrophobic material and 
is characterized by hydrolytic and enzymatic degradation. 
Therefore, surface modifications of these substrates are par-
ticularly important for practical biomechanical applications. 
In the case of biomedical applications, one of the significant 
surface parameters is wettability, as a hydrophilic surface is 
responsible for cell adhesion and biocompatibility [45]. On 
the other hand, a hydrophobic surface is characterized by 
better antibacterial properties as regards bacteria reluctance 
required to create a biofilm [46]. The wettability determined 
by the value of the water contact angle is an important vari-
able for the antibacterial character of the resulting layers and 
allowing the formation of the biofilm. Figure 8a shows the 
measured values of water diiodomethane contact angles for 
all the studied series (J_0-J_5).

All the series were characterized by water and dii-
odomethane contact angles in the range from ca. 65 to 
120 degrees. An increase in the contact angle values was 
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observed for all the tested series after the deposition of the 
DLC-based structures, apart from the J_2 series (with the 
resulting DLC:N layer with the highest content of nitrogen 
in the DLC structure, ca. 9.5 at.%)—Fig. 8a. A significantly 
higher increase was observed for diiodomethane apart from 
the samples J_2 and J_3. As regards the J_3 series water 
contact angle has a higher value in comparison to the J_2 
series. It can be explained by the difference in chemical 
composition, i.e., a higher amount of nitrogen in J_2, and 
the difference in atomic structures of the surfaces of both 
series with single DLC:N layer. Significantly, the modifi-
cations containing the DLC:Si layers exhibited the highest 
hydrophobic properties for the two liquids, i.e., water and 
diiodomethane. Such layers containing Si tended to increase 
the water contact angle, i.e., becoming more hydrophobic. 
A similar effect was confirmed by Ahmed et al. [47]. Wet-
tability may thus play an important role in increasing human 
serum albumin adsorption on the DLC:Si film surface, 
because a more hydrophobic surface reduces its interaction 
with water molecules, allowing for more direct contact with 
the protein. On the other hand, a more hydrophilic surface 
would promote its interaction with water, and thus increase 
the adsorption layer [48]. Figure 8b shows the results of the 
surface free energy values obtained for the tested samples, 
including the polar and dispersive components of the SFE. 
A significant decrease in the surface free energy after the 
modification using the silicon-doped DLC structure (the 
J_1 series) as well as including the multilayer systems (the 
J_4 and J_5 series) in relation to the unmodified PU was 
observed. For both experimental series, the total (ɣtot.) and 
polar (ɣp.) components of the surface free energy had similar 
values, the polar component not exceeding ca. 0.5 mJ m−2. 

Additionally, in the case of J_2 and J_3 series (after DLC:N 
layers deposition only), we observed an increase in the polar 
component SFE as a result of the incorporation of the polar 
functional groups without significantly changing (or with 
a small decrease) the dispersive component of the SFE. 
The highest value (ca. 5.0 mJ m−2) of γp. was noted for the 
DLC:N layers in the J_2 series deposited at the Ar/N2/CH4 
ratio in the gas mixture of 8/80/8. Most importantly, in these 
cases the tested surfaces had the lowest roughness values (Ra 
below 0.355 nm). It can be concluded that the total SFE of 
modified PU substrates with Si-doped DLC layers decreased 
significantly, whereas only the deposition of the N-doped 
DLC layers on the PU substrate resulted in the highest 
γtot. value and the lowest contact angle value. This should 
improve the biocompatibility of the studied polymeric sub-
strates. Based on the performed research, we concluded that 
the DLC-based coatings deposited on PU substrates can be 
used for an increase of surface wettability as well as improv-
ing cell adhesion, depending on the applied processes in 
the reactor (Si or N doping of the DLC structure, layers in 
various configuration). The processes with DLC:Si layers 
deposition provide a granular-like surface morphology that 
favors surface hydrophobicity. This is consistent with the 
activation of polymer surface with the application of the Ar 
or  O2 gas atmosphere that does not lead to the creation of 
the polar groups and increased hydrophilicity. These results 
can be explained by the reorganization of the PU surface 
during plasma etching and newly deposited DLC-based lay-
ers. The increase in the SFE polar component accompanied 
by the lower contact angles is observed only when DLC:N 
layers are obtained. The above-mentioned physicochemi-
cal properties are the result of low Ra parameters (up to ca. 

Fig. 8  The water and diiodomethane contact angles a and the surface 
free energy (γtot.—total, γd.—dispersive part, γp.—polar part) values 
b of unmodified PU substrates: J_0 unmodified, J_1 after DLC:Si 
deposition  (SiH4/CH4/Ar = 1/1/10), J_2 after DLC:N deposition  (N2/

CH4/Ar = 10/1/1), J_3 after DLC:N deposition  (N2/CH4/Ar = 8/1/1), 
J_4 after DLC:N and DLC:Si deposition, J_5 after DLC:Si and 
DLC:N deposition
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0.3 nm) of the obtained DLC:N structures of J_2 and J_3 
series and the presence of the C–H and C–N groups on the 
polymer surface.

3.4  Cytotoxicity study

The influence of PU substrates modified under plasma con-
ditions using DLC-based layers (doped Si or N atoms) on the 
viability of human osteoblast-like cells (MG-63) and human 
somatic cells (keratinocytes, HaCaT) was monitored in vitro 
during 72 h under a fluorescence inverted microscope. 
Selected images of MG-63 treated cells with the unmodified 
and modified polyurethane for 72 h are presented in Fig. 9.

The cells were stained with fluorescein diacetate (FDA) 
and propidium iodide (PI) indicating viable and dead 
necrotic or late apoptotic cells, respectively. No morpho-
logical changes in the cells were seen in the case of all the 
tested samples. No significant changes in the mitochondrial 
shape and size, and no apoptotic bodies were observed 
after the incubation with the PU substrates modified under 
plasma conditions using the DLC-based layers (doped Si or 
N atoms).

The Alamar Blue assay, a quantitative indicator of the 
proliferation of cells, revealed no significant reduction in 
the cell growth after the treatment with the tested samples. 
The observed surviving reduction was not higher than 12% 
for all the modifications (Fig. 10).

The highest cytotoxic influence on the MG-63 cell viabil-
ity was observed for the J_3 series after the modification 
using the DLC:N layers deposited at the Ar/N2/CH4 ratio in 
the gas mixture of 10/80/10 (ca. 11%), whereas, in the case 
of HaCat cells, the cytotoxicity did not exceed (ca. 12%) 
for the same series of the tested samples. The cytotoxicity 
and cell morphology analyses using the osteoblast cell line 
MG-63 and human somatic cells (HaCat) showed that PU/
DLC-based layers are suitable materials for cell growth and 
differentiation.

The proposed coatings (DLC:N and/or DLC:Si in vari-
ous configurations) on the PU substrates are less cytotoxic 

than the DLC:N:Si layers previously studied by us and 
those deposited on titanium alloy [49]. The latter coatings 
influenced the viability of treated MG-63 cells, decreas-
ing the cell surviving fraction even up to ca. 29% (modi-
fication “C” after the nitriding process and DLC:N:Si 
deposition). It can be concluded that the application of 
the DLC:Si and DLC:N layer systems resulted in a lower 
cytotoxic effect than the addition of N and Si atoms to the 
DLC structure during coating deposition.

Fig. 9  The human osteoblast-like MG-63 cells after 72-h incuba-
tion on polyurethane: J_1 after DLC:Si deposition  (SiH4/CH4/
Ar = 1/1/10), J_2 after DLC:N deposition  (N2/CH4/Ar = 10/1/1) as 

well as J_5 after DLC:Si  (SiH4/CH4/Ar = 1/1/10) and DLC:N  (N2/
CH4/Ar = 10/1/1) deposition; the live (green) and the dead (red)

Fig. 10  The relative growth rates of MG-63 and HaCaT cells 
assessed by the Alamar Blue test and expressed by the surviving 
fraction (S/S0%) after 72 h of incubation on the tested samples: J_0 
unmodified, J_1 after DLC:Si deposition  (SiH4/CH4/Ar = 1/1/10), 
J_2 after DLC:N deposition  (N2/CH4/Ar = 10/1/1), J_3 after DLC:N 
deposition  (N2/CH4/Ar = 8/1/1), J_4 after DLC:N and DLC:Si depo-
sition, J_5 after DLC:Si and DLC:N deposition. The values are repre-
sented as mean ± SD of three individual experiments
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4  Conclusions

The obtained DLC:Si and/or DLC:N single and multilayers 
on the surface of polyurethane were continuous and exhib-
ited good adherence to PU substrates. They were character-
ized by an amorphous structure and homogeneity of chemi-
cal composition. The maximum incorporation of silicon and 
nitrogen atoms in the DLC structure was observed up to ca. 
35 at.% (DLC:Si, series J_1) and up to ca. 9.5 at.% (DLC:N, 
series J_2), respectively. Topography analysis showed the 
granular-like structures of deposited DLC:Si layers, com-
posed of agglomerated clusters up to maximum grain size 
ca. 270 nm. On the other hand, the analysis of the resulting 
DLC:N layers revealed that they exhibited significantly less 
developed area surface in the cases of single layers (J_2 and 
J_3 series). The maximum value of surface roughness (Ra) 
being 0.352 for J_2 formed in the reaction gas mixture con-
taining 80% vol. of  N2. This significant difference between 
the Ra parameters for the deposited DLC layers is connected 
with their chemistry and growth mechanisms. The addition 
of Si to the DLC structure promoted the formation ca. two 
times higher content of terminal  CHn bonds (n = 1, 2, 3) in 
comparison with the other experimental series (after depo-
sition DLC:N only) as well as beneficial Si–H and Si–CHn 
bonds, which significantly reduced the internal stresses in 
the coating and increased the growth rates of the obtained 
structures. The plasma depositions of single DLC:Si lay-
ers and all multilayers resulted in a much higher values of 
diiodomethane contact angle (up to ca. 90° for series J_1) 
compared with the single DLC:N layer (up to ca. 55° for 
series J_3). The results regarding the measurements of the 
contact angles are in agreement with the determined polar 
parts of the surface free energy of the layers.

The obtained DLC-based coatings were characterized by 
higher hydrophobicity than unmodified PU, good biocom-
patibility, and different topographies (nanometric and micro-
metric scale of surface roughness) depending on the applied 
processes in plasma conditions (deposition on DLC:N and 
or DLC:Si layers in various configurations). Presumably, 
PU implants and scaffolds with the proposed coatings will 
be more resistant to degradation. Moreover, the resulting 
surface modification with roughness in nanometric scale 
enhanced the adhesion of eukaryotic cells enabling proper 
osseointegration and probably will be more beneficial for 
inhibition of bacteria adhesion and development of serious 
infections. None of the obtained modifications exhibited sig-
nificant cytotoxic activity against the MG-63 and HaCat cell 
lines in vitro, thus the resulting DLC:Si structures presum-
ably will promote the processes of bio-integration.
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