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Abstract: Magnesium plays a pivotal role in the formation, growth, and repair of bone tissue; 
therefore, magnesium-based materials can be considered promising candidates for bone tissue 
engineering. This study aims to functionalize the surfaces of three-dimensional (3D) porous poly-ɛ 
caprolactone (PCL) scaffolds with magnesium-containing coatings using cold plasma-assisted 
deposition processes. For this purpose, the radiofrequency (RF) sputtering of a magnesium oxide 
target was carried out in a low-pressure plasma reactor using argon, water vapor, hydrogen, or 
mixtures of argon with one of the latter two options as the feed. Plasma processes produced 
significant differences in the chemical composition and wettability of the treated PCL samples, 
which are tightly related to the gas feed composition, as shown by X-ray photoelectron spectroscopy 
(XPS) and water contact angle (WCA) analyses. Cytocompatibility assays performed with Saos-2 
osteoblast cells showed that deposited magnesium-containing thin films favor cell proliferation and 
adhesion on 3D scaffold surfaces, as well as cell colonization inside them. These films appear to be 
very promising for bone tissue regeneration. 

Keywords: magnesium; cold plasma; RF sputtering; 3D PCL porous scaffolds; bone tissue 
engineering  

 

1. Introduction 

Magnesium has vital functional roles in physiological systems. It is the fourth most abundant 
cation in the human body, with approximately half of its total content stored in bone tissue [1–3]. In 
particular, it is abundant in cartilage and bone tissue during the primary mineral phase formation 
and drastically decreases when the bone is mature. During this process, it inhibits the growth of 
calcium phosphate clusters and stabilizes the amorphous state of bone mineral apatite [4]. Several 
studies have demonstrated the stimulatory effects of magnesium on the formation, growth, and 
repair of bone tissue, making it interesting for bone tissue engineering [2,5,6].  

Magnesium and its alloys were introduced as biocompatible, load-bearing, fracture-resistant, 
lightweight, and degradable material in orthopedic implants in the first half of the 20th century 
[2,3,7,8]. Indeed, in 1907, a plate of pure magnesium with gold-plated steel nails was used for the first 
time to repair a leg bone fracture [9]. The unfortunate complication of these materials is that they 
corrode too rapidly when introduced into the human physiological system, resulting in the loss of 
the implants’ mechanical integrity before the regeneration of bone tissue and production of hydrogen 
gas, at a rate that is too fast to be dealt with by the host tissue [2,3,8,10]. To overcome this problem, 
several strategies were investigated, such as the use of suitable alloying elements and protective 
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coatings [3,11], even though it is very difficult to produce non-toxic and biocompatible materials 
[2,3,11]. 

In recent years, to obtain suitable orthopedic biomaterials to allow the full healing of bone 
defects before their complete degradation, studies have been carried out to combine magnesium-
based materials with diverse biodegradable and biocompatible three dimensional (3D) porous 
scaffolds [1,4–6,12–22]. Scaffolds are supporting structural devices that can influence the behavior of 
cells in bone tissue regeneration processes [17,23–25]. In this way, cells adhere and grow properly 
when supported by their 3D network of interconnected pores and channels, allowing reconstruction 
of the anatomical shape of the tissue [26]. Ideally, scaffolds should be characterized by a surface 
chemistry suitable for cell attachment, proliferation, and differentiation, as well as the presence of 
mechanical properties matching those of the tissues at the site of implantation [23–25,27]. Thus, 
different typologies of magnesium-containing scaffolds were studied for bone tissue engineering: β-
tricalcium phosphate (β-TCP) scaffolds decorated with gelatine containing magnesium [12]; scaffolds 
produced by freeze-drying [4], viscous mass foaming [5], cryogenic 3D printing, or sintering in the 
presence of magnesium-containing powders [13]; poly(lactic-co-glycolic acid) 
(PLGA)/TCP/magnesium scaffolds made by low-temperature rapid prototyping [1]; alginate 
scaffolds that incorporate bioactive glass particles containing Zn and Mg [14]; bioactive glass-based 
scaffolds coated with hydroxyapatite (HA) loaded with Mg and Zn [6]; and gelatine-, chitosan-, and 
magnesium-enriched montmorillonite scaffolds [15]. The use of a polymeric matrix is generally 
proposed as a solution to improve the mechanical properties of scaffolds. Among polymeric materials 
that can be utilized to realize these 3D porous temporary supports, poly-ɛ caprolactone (PCL) has 
recently drawn much attention [26,28]. It is a biodegradable polyester that attains a semi-crystalline 
rubbery state at physiological temperatures, resulting in high strength, elasticity, and elevated 
toughness. It is biocompatible, non-toxic, readily available, cost-effective, and is characterized by a 
degradation time lower than other polyesters in physiological conditions and its suitability for 
modification [28]. Its adjustable physicochemical state, biological properties, and mechanical strength 
allow it to withstand physical, chemical, and mechanical insults without significant loss of its 
properties. A PCL bone scaffold should be used as the 3D matrix framework that stimulates the 
attachment and proliferation of osteoinductive cells on its surfaces [25,26,28,29]. However, despite its 
valuable properties, PCL is not bioactive, eliciting possible inflammatory responses inside the host. 
It is also hydrophobic, adversely influencing cell adhesion and proliferation events [25,26,28,29]. For 
these reasons, specific investigations combining properties of PCL scaffolds with those of 
magnesium-based materials may represent a new avenue for bone tissue engineering [16–20]. In 
recent years, surface modification techniques have gained great importance for their ability to 
improve interactions of PCL with osteoconductive cells for the purpose of bone tissue regeneration 
[20,25,26]. 

Herein, cold plasma-assisted deposition processes were employed to functionalize the surface 
of 3D porous PCL scaffolds with magnesium-containing coatings. For decades, cold plasma 
processing has been proven as a unique, solvent-free, versatile technique to improve the surface 
properties of a variety of materials of any shape and thickness, without significantly change their 
bulk structures or features, particularly in life science applications [23,30]. Different types of cold 
plasma have been applied to tailor the surfaces of different biomaterials, helping in the first steps of 
the material–tissue integration processes, as well as helping to properly modify the surface 
composition of 3D scaffolds [25,26,29,31]. In the present study, the RF sputtering of a magnesium 
oxide target was carried out in a low-pressure plasma reactor fed by argon (Ar), water vapor (H2O), 
hydrogen (H2), or Ar/H2O as Ar/H2 mixtures. Two-dimensional (2D) flat substrates were also utilized 
to carefully investigate the effects of sputtering processes on the surface properties of PCL. Chemical 
and physical characterization of plasma-processed and native PCL samples as a function of the gas 
feed composition were performed through X-ray photoelectron spectroscopy (XPS) and water contact 
angle (WCA) analyses. The evaluation of the cytocompatibility improvement of scaffolds due to 
plasma deposition processes was assessed using viability and morphological assays of Saos-2 cells, 
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which are frequently employed in experiments aiming to investigate osteocompatibility features of 
biomaterials. 

2. Materials and Methods 

2.1. PCL Sample Preparation 

3D PCL porous scaffolds were prepared using the solvent casting/particulate leaching technique 
[23,31]. Briefly, a solution of PCL (Mn 70,000–90,000, Sigma-Aldrich, St. Louis, MI, USA) and 
chloroform (99.9% CHCl3, Sigma-Aldrich) at 20:80 wt/wt was combined with NaCl (Sigma-Aldrich) 
and PCL/NaCl 5:95 wt/wt, which was sieved beforehand to obtain crystals ranging between 150 and 
300 µm. The obtained dough was cast in Teflon molds (10 mm diameter, 3 mm thickness), which 
were immersed in ethanol (Sigma-Aldrich) for 3 h to allow the solvent’s phase inversion process, and 
subsequently dipped in distilled water for 5 days to leach out the NaCl. The scaffolds produced in 
this way were finally dried at room temperature (RT). A mean porosity of 97% ± 3% was measured 
with an apparent density method, whereby the weight and volume of six different PCL scaffolds 
were measured; the apparent density, ρ*  =  m/V (g/cm3), was calculated; and the theoretical mean 
porosity (ϵ) was acquired using the following formula: ϵ  =  (1 − ρ*/ρ) × 100, in which ρ  =  1.145 g/cm3 
[23,26,32].  

PCL 2D flat samples were produced using the spin-coating method. The polymer solution was 
prepared by mixing 1 g of PCL with 6 mL of CHCl3, and afterward this was deposited on 
polyethylene terephthalate (PET) substrates (10 mm diameter, 0.5 mm thickness, Goodfellow) using 
a Browser Science 200 spin-coater (2000 and 3200 rpm, 120 s). The resulting samples were immersed 
in ethanol for 3 h (phase inversion process) and dried at RT. 

2.2. Plasma-Assisted Deposition of Magnesium-Containing Coatings 

The plasma-assisted deposition processes were performed by radiofrequency (RF, 13.56 MHz) 
sputtering of a magnesium oxide target (MgO 99.9%, 68 mm diameter, 3 mm thickness, Goodfellow) 
in a stainless steel (SS) reactor with asymmetric vertical parallel plate electrodes (Figure 1) [26]. The 
largest and smallest electrodes (180 and 80 mm in diameter, respectively, with an interelectrode gap 
of 60 mm) were connected to ground (GND) and RF power supplies, respectively, through a 
matching network unit. The MgO sputtering target was located on the RF electrode [33].  

Argon (Air Liquide, 99.95%), water vapor (double distilled water), hydrogen (RC-100 generator, 
CINEL Srl, Vigonza, Italy), or their mixture was used as the gas feed, with a total flow rate of 20 sccm. 
Specifically, the gas feed composition was varied as reported in Table 1, in which Φ H2O (%) and Φ 
H2 (%) are used to indicate the H2O and H2 percentage in the feed. Therefore, plasma processes 
performed using Ar as the feed correspond to Φ H2O 0% or Φ H2 0%; those carried out with H2O and 
H2 as the feeds correspond to Φ H2O 100% and Φ H2 100%, respectively; and those run with Ar/H2O 
and Ar/H2 mixtures correspond to Φ H2O and Φ H2 from 25% to 75%, respectively. A turbo-rotary 
pump system (Pfeiffer) was used to maintain the pressure at 50 mTorr, as monitored with a baratron 
(MKS Instruments, Andover, MA, USA) . The input power value and the deposition time were kept 
constant at 50 W and 60 min, respectively.  

PCL flat samples and scaffolds were located on a stainless steel grid placed downstream (DS) 
from the plasma zone (Figure 1), to avoid damage due to vacuum UV radiation, heating, and harsh 
sputtering conditions [26]. 
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Figure 1. (a) Schematic representation of the asymmetric plasma reactor; (b) Photograph of discharge 
during a deposition process. 

Table 1. Gas feed composition employed during deposition processes. 

Φ H2O or Φ H2 (%) Φ Ar (sccm) Φ H2O or Φ H2 (sccm) 
0 20 0 

25 15 5 
50 10 10 
75 5 15 
100 0 20 

2.3. XPS Analyses 

XPS analyses of PCL flat samples and scaffolds were carried out with a Theta Probe Thermo VG 
spectrometer equipped with a monochromatic Al Kα X-ray source (1486.6 eV, 300 µm X-ray spot, 300 
W). Photoelectrons were collected at a take-off angle of 45° (sampling depth about 7 nm). An Ar flood 
gun (400 µA, 40 V) was applied during analyses for charge neutralization. Survey (range 0–1000 eV) 
and high-resolution (C1s, O1s, and Mg2p) spectra were recorded at pass energy levels of 50 and 100 
eV, respectively. The spectra charge correction was performed with the hydrocarbon C–C/C–H 
(binding energy, BE = 284.8 eV) component of the C 1s spectrum set as the reference. The surface 
atomic percentages of PCL samples, as well as the curve-fitting of C 1s and Mg 2p spectra of flat 
samples, were obtained with Avantage software. Four peaks were utilized for the C1s curve-fitting 
of native substrates, centered at 284.8 ± 0.2 eV (C–C/C–H), 285.6 ± 0.2 eV (C–COOR/H, α carbon), 
286.5 ± 0.2 eV (COR/H, ether/alcohol), and 289.0 ± 0.2 eV (COOR/H). A peak centered at 287.8 ± 0.2 
eV (C=O/O–C–O) was added for plasma-modified substrates [23,26,34]. In order to assess if an 
increase of oxygen-containing (O-containing) functionalities occurs after plasma processing, the sum 
of the O-containing group (all the C1s components, except that of C–C/C–H) percentages was 
calculated and then divided for the percentage of hydrocarbon peaks (νCO/CC). Two peaks were used 
for the Mg 2p curve-fitting, centered at 49.5 ± 0.2 eV (Mg and/or Mg(OH)2) and 50.8 ± 0.2 eV (MgO), 
respectively [35,36]. To chemically characterize the inner surfaces of 3D scaffolds, they were frozen 
in liquid N2 for 2 min and sliced perpendicularly to their top surface with a scalpel blade. Three 
different zones of the cross-sections per sample were then analyzed at various depths from the top 
(500 µm), center (1500), and bottom (3000) [26]. 

2.4. WCA Measurements 

The wettability of PCL samples was determined by dynamic WCA measurements with a KSV 
CAM 200 instrument. A 1 µL drop of distilled water was placed on flat samples, its volume was 
increased, and then it was shrunk at a speed of 1 µL/s; 400 frames were recorded every 10 s. 
Advancing (θA) and receding (θR) angles were measured in this way, with θA representing the 



Coatings 2020, 10, 356 5 of 15 

 

maximum angle observed during the increase of the drop and θR representing the angle just before 
the reduction of the sample–water contact surface [26]. The same procedure was utilized for scaffolds 
with a 3 µL drop. For certain scaffolds, the water absorption rate (rabs) and the WCA values at 
absorption time zero (WCAt=0) were determined. An ultrafast camera was employed (800 frames, 2 
ms interval frame, 420 frames per second); rabs values and WCAt=0 were calculated by fitting the 
volume and WCA data, respectively, versus acquisition time with third-order polynomial curves 
[23,26]. Each reported data point is the average of five measurements performed on three different 
samples ± the standard deviation value. 

2.5. Cytocompatibility Assays 

The human osteoblastoma-derived Saos-2 cell line (ICLC, Genoa, Italy) was used for cell culture 
experiments on PCL scaffolds. Due to its reproducible and well-known behavior, the SAOS-2 
osteoblast cell line was utilized in the present research. It is a model that is widely used in research 
related to the osteo-compatibility of materials. Cells were grown in Dulbecco’s modified Eagle’s 
medium (DMEM, Sigma-Aldrich) supplemented with 10% fetal bovine serum, 50 IU/mL 
streptomycin, 50 IU/mL penicillin, and 200 mmol/L glutamine (Sigma-Aldrich) at 37 °C in a saturated 
humid atmosphere of 5% CO2 and 95% air. Cells were detached with a Trypsin/EDTA solution 
(Sigma-Aldrich) and resuspended in the culture medium. To remove air from scaffolds pores, which 
causes floating of the light scaffolds in the medium within the wells, scaffolds were pre-wetted in the 
cell culture medium under vacuum. Subsequently, they were placed in 48-well plates and seeded 
with 5 × 104 cells per scaffold in 0.5 mL of complete medium. Cells were observed after 17, 40, and 88 
h of culture times. 

The mitochondrial activity of Saos-2 cells was evaluated with the 3-(4,5-dimethyl thiazolyl-2)-
2,5-diphenyltetrazolium bromide (MTT) colorimetric assay based on the conversion of 3-(4,5-
dimethyl thiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) to formazan [26]. 
After each culture period, for each sample, 100 µL of MTT solution (5 mg/mL) was added to the 
medium and left at 37 °C for 2 h to create formazan crystals, then dissolved in 1 mL of 10% Triton X-
100 in isopropanol acid solution (Sigma-Aldrich). The optical densities (O.D.) of obtained solutions 
were acquired with a Jenway 6505 spectrophotometer at the wavelength of 570 nm (reference at 690 
nm). This test was performed on three different samples of each type and at each considered time. 
Data were reported as histograms showing the means of the O.D. values ± the standard deviation 
value. Statistical analysis was carried out using two-way analysis of variance (ANOVA) followed by 
Bonferroni’s post-hoc test. Differences were considered statistically significant for p ˂ 0.05. 

To observe cell morphology and scaffold colonization, the cell actin cytoskeleton was analyzed. 
At different cell culture times, cells were fixed with a solution of 4% formaldehyde in phosphate-
buffered saline (PBS, Sigma-Aldrich) for 30 min, rinsed three times with PBS, permeabilized with PBS 
containing 0.1% Triton X-100 for 30 min, and after further washes with PBS, incubated with Atto488 
phalloidin (Sigma-Aldrich) for at least 30 min. The ability of Atto488 phalloidin solution to perfuse 
through the scaffold structure allowed investigation of the cell colonization within these supports 
after sectioning them horizontally (i.e., 1500 µm from the top) with a scalpel blade. To observe cell 
nuclei, a drop of Fluoroshield containing 4,6-diamidine-2-phenylindole dihydrochloride (DAPI; 
Sigma-Aldrich, , St. Louis, Missouri, U.S. ) was added to each scaffold. Stained cells, on the surface 
and within the scaffold, were examined with a Zeiss Axiomat microscope (Zeiss, Oberkochen, 
Germany). Axio Vision software was utilized to acquire images. 

3. Results and Discussion 

3.1. Chemical and Physical Characterization of PCL Flat Samples and Scaffolds 

The surface chemical composition of PCL flat samples and scaffolds was analyzed by XPS. In 
Table 2, the surface atomic concentrations of both types of native and plasma-modified samples is 
reported as a function of the feed composition. The 2D flat samples were used to disentangle the 
effect of the chemical composition of deposited coatings from that of the underlying scaffold 



Coatings 2020, 10, 356 6 of 15 

 

topography. In fact, the surface heterogeneity of porous materials can significantly influence XPS 
analyses due to the alternation of peaks and valleys (i.e., different sampling depth), increasing the 
difficult distinction between the deposited coatings and the underlying substrate, especially when 
the thickness of thin films is low, as in this case (~60 nm) [26].  

As expected, the elemental composition of native PCL substrates was different from that of 
plasma-treated ones, characterized by the presence of magnesium in addition to carbon and oxygen. 
As better illustrated in Figure 2, the surface magnesium percentage, indicated as MgTot %, of flat 
samples is influenced by the feed composition. It decreases in relation to the H2O content in the feed, 
and increases with the H2 content; thus, samples modified using H2O (Φ H2O 100%) and H2 (Φ H2 
100%) as feed show the lowest and highest MgTot %, respectively. The presence of carbon on plasma-
processed substrates is ascribable to the underlying polymeric PCL, probably due to a non-uniform 
coverage of its surface or to coatings that are thinner than the sampling depth of the XPS. However, 
organic contaminations originating during or after the plasma functionalization cannot be excluded. 
The carbon percentage is lowest for samples with the highest magnesium atomic concentration. 
Results in agreement with those just mentioned can also be observed for 3D porous scaffolds (Table 
2); a lower magnesium content in comparison with the corresponding flat samples can be noted, 
which is closely related to the analytical problems that the morphology and structure of these porous 
samples can cause. The different outcomes obtained by varying the feed composition are attributable 
to the impact of the latter on the RF sputter process from the MgO target, which is known to affect 
the sputtering yield [37–41]. It is possible to conclude that under the experimental conditions used in 
this work, H2O feed shows a lower capacity than Ar and Ar/H2O to sputter Mg from the target, while 
the H2 feed exhibits a higher ability to sputter the same material compared with Ar and Ar/H2 
mixtures. These findings are confirmed by both the increase of the magnesium content and the 
decrease of the carbon content, which attest to the better coating of H2 samples with a magnesium-
containing layer. Thus, H2O and H2 feeds achieved the lowest and highest ablation, respectively, from 
the MgO target during cold plasma RF sputtering processes. In order to explain these findings, 
possible involvement of these two gases has been supposed. It is well-known that the sputtering of a 
target by a non-reactive gas such as Ar proceeds through a multistep sequence, as follows: (1) an 
energetic particle (e.g., ion) is impinged on a target; (2) momentum and energy are transferred to the 
atoms on the target’s surface; (3) a collision cascade is initiated in the bulk of the target if the energy 
gained by the surface atoms exceeds their displacement energy; (4) the target atom is ejected if the 
energy gained by the latter exceeds its binding energy with its surface counterparts. When a reactive 
gas (i.e., H2O or H2) is added to the non-reactive one, the former not only reacts with the substrate, 
but also with the target. At typical sputtering working pressures, a reaction of the reactive gas directly 
on the target is expected. When the reactive gas flow is high (in our case >25% of the total flow), a 
critical flow is reached. At this critical flow, the metallic particles cannot consume all the reactive gas, 
so they stay in the gas phase, promoting other reactions at gas–material interfaces. When the reactive 
gas is H2O, it can react with the MgO target by promoting enrichment of the target with oxygen. As 
a result, a decrease in the sputter rate can occur because the binding energy of the compounds is 
much higher than that of pure metals. On the contrary, when H2 is used as a reactive gas, it can 
promote the etching of the oxygen present on the target and the formation of metallic Mg, which can 
be easily sputtered due to its higher sputter rate compared to MgO [37–41]. In fact, after the sputtering 
process performed with H2, the color of the target’s surface turns grayish, which is indicative of the 
formation of metallic Mg.  
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Table 2. Surface atomic composition of native and plasma-processed PCL flat surfaces and scaffolds. 

Sample/ Conditions 
of Deposition 

PCL Flat  PCL Scaffold  
C (%) O (%) Mg (%) C (%) O (%) Mg (%) 

Native 73.6 ± 3.7 26.4 ± 1.3 – 75.2 ± 3.8 24.8 ± 1.2 – 

Φ H2O (%) 

0 51.3 ± 2.5 32.5 ± 1.6 16.2 ± 1.2 64.9 ± 4.1 28.3 ± 4.6 6.8 ± 3.5 
25 54.5 ± 2.7 28.6 ± 1.4 16.9 ± 2.2 70.1 ± 2.9 26.1 ± 3.1 3.8 ± 0.6 
50 57.1 ± 2.9 30.8 ± 1.5 12.1 ± 0.6 66.6 ± 3.7 28.1 ± 3.4 5.3 ± 0.8 
75 56.9 ± 2.8 29.0 ± 1.5 14.1 ± 1.8 65.3 ± 4.6 29.0 ± 3.5 5.7 ± 0.8 

100 64.6 ± 1.5 27.3 ± 0.1 8.1 ± 1.4 68.3 ± 0.4 29.2 ± 0.4 2.5 ± 0.1 

Φ H2 (%) 

0 51.3 ± 2.5 32.6 ± 1.6 16.2 ± 1.2 64.9 ± 4.1 28.4 ± 4.6 6.8 ± 3.5 
25 50.5 ± 2.5 33.2 ± 3.3 16.3 ± 2.3 48.6 ± 3.6 37.4 ± 4.5 14.0 ± 2.0 
50 49.4 ± 2.5 33.1 ± 3.3 17.5 ± 2.5 48.0 ± 3.3 37.7 ± 4.5 14.3 ± 0.5 
75 50.7 ± 0.2 29.5 ± 1.9 19.8 ± 1.0 51.7 ± 2.6 34.0 ± 1.5 14.3 ± 0.6 

100 46.2 ± 0.4 31.5 ± 2.6 22.3 ± 1.2 52.6 ± 4.3 31.6 ± 3.8 15.8 ± 0.7 

 
Figure 2. XPS surface magnesium percentage (MgTot %) of PCL flat samples as a function of the feed 
composition. Note: • = H2O; o = H2. 

In Figure 3, the ratio between the contributions of the peak centered at 49.5 ± 0.2 eV (Mg or 
Mg(OH)2), indicated as XMg, and of the one centered at 50.8 ± 0.2 eV (MgO), resulting from the Mg2p 
curve-fitting, are reported as a function of the gas feed composition. Regardless of the type of gas feed 
used, the XMg/MgO ratio is around one, except for samples prepared with Φ H2O 100% and Φ H2 
100%. Some examples of the best fitting of the Mg2p spectra acquired for these last two samples are 
shown in Figure S1. This experimental evidence proves the formation of Mg or Mg(OH)2 components 
during plasma processes, which is arguably due to the generation of active species in the plasma [36]. 
The XMg and MgO values for samples treated using H2 and H2O as feeds are the highest and lowest, 
respectively. Due to the high reactivity of elemental magnesium in air, it is expected that it contributes 
very little to XMg, which is mainly attributable to the Mg(OH)2 compound. The presence of the latter is 
desirable for applications of materials in bone tissue engineering. Since it induces anti-inflammatory 
abilities, enhances bone growth in vivo, and increases the osteoblast activity via the decrease of the 
osteoclast’s peri-implant bone remodelling [17,22,42]. 

As reported in Table 3 and Figure S2, the different gas feeds used during the plasma processes 
affect the chemical composition of the organic part of the treated materials. After plasma treatment, 
an increase in the ratio between O-containing groups and hydrocarbon ones (νCO/CC) can be observed. 
The presence of H2O in the gas feed dramatically increases the νCO/CC value, while a slight decrease 
of this ratio with the increase of the H2 content in the feed can be noticed. Based on the obtained 
results, it can be assessed that the different components of the gas feed, in addition to affect the 
sputtering process, promote other chemical or physical reactions at the gas–material interfaces, as 
follows: H2O vapor mainly produces a grafting of O-containing groups; through physical sputtering, 
Ar mainly promotes the breakage of chemical bonds that are subsequently saturated by post-
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treatment exposure of the material to air; H2 mainly acts as an agent that terminates the radical 
reaction initiated by the sputtering of the substrate or induces chemical sputtering (plasma etching) 
of hydrocarbon functionalities and O–containing functionalities (i.e., the formation of CH4 or H2O), 
reducing the content of O–containing polar groups.  

 
Figure 3. Variation of the XMg/MgO ratio resulting from the curve-fitting of the XPS high-resolution 
Mg2p spectra as a function of the gas feed composition for plasma-processed PCL flat samples. Note: 
• = H2O; o = H2. 

Table 3. Curve-fitting results of the high-resolution XPS C1s spectra of native and plasma-modified 
PCL flat samples. The fraction of the O-containing groups (CO) is reported as the sum of the C1, 
C2, C3, and C4 percentages. 

Sample/ Conditions of  
Deposition 

C0(%) C1(%) C2(%) C3(%) C4(%) 
 CO/CC 

C–C/C–H C–COOR/H COR/H C=O/O–C–O COOR/H 
Native 50.5 ± 2.5 8.7 ± 0.4 4.8 ± 0.2 – 9.6 ± 0.5 0.46 ± 0.20 

Φ H2O (%) 

0 30.2 ± 1.9 9.5 ± 1.2 2.9 ± 0.4 2.1 ± 0.5 6.6 ± 1.0 0.70 ± 0.10 
25 31.1 ± 1.5 9.2 ± 0.5 3.9 ± 0.2 4.4 ± 0.2 5.9 ± 0.3 0.75 ± 0.02 
50 34.4 ± 1.7 8.5 ± 0.4 3.9 ± 0.2 3.4 ± 0.2 6.9 ± 0.3 0.66 ± 0.02 
75 37.7 ± 1.9 6.2 ± 0.3 2.9 ± 0.5 3.6 ± 0.2 6.5 ± 0.3 0.51 ± 0.04 
100 40.7 ± 2.0 8.5 ± 0.4 4.0 ± 0.2 3.8 ± 0.2 7.6 ± 0.4 0.60 ± 0.02 

Φ H2 (%) 

0 30.2 ± 1.9 9.5 ± 1.2 2.9 ± 0.4 2.1 ± 0.5 6.6 ± 1.0 0.70 ± 0.10 
25 31.2 ± 2.5 8.4 ± 0.7 3.0 ± 0.2 2.2 ± 0.2 5.7 ± 0.5 0.62 ± 0.03 
50 31.5 ± 2.5 8.1 ± 0.6 1.6 ± 0.1 2.6 ± 0.2 5.6 ± 0.4 0.57 ± 0.02 
75 36.4 ± 2.9 6.4 ± 0.5 1.9 ± 0.1 1.5 ± 0.1 4.5 ± 0.4 0.39 ± 0.01 
100 31.5 ± 2.5 6.7 ± 0.5 2.1 ± 0.2 1.2 ± 0.1 4.7 ± 0.4 0.47 ± 0.02 

To verify whether plasma deposition processes can create chemical functionalization gradients 
from the top to the inside surfaces of 3D porous scaffolds, preliminary XPS analyses were performed 
on their cross-sections at different distances from the top, as described in the Materials and Methods 
section. As represented in Figure 4, the magnesium concentration decreases from the top to the 
bottom (3000 µm deep) of the scaffolds, with higher density on the internal surfaces at 500 µm depth. 
Moreover, by looking at the C1s spectra in Figure S3, it is possible to observe that for PCL scaffolds 
treated with Φ H2 100% (Figure S3a), going from the top to the inner part, the broadening of the 
spectrum after 500 µm is reduced and the C1s peaks are similar to those of native samples; for 
scaffolds treated with Φ H2O 100% (Figure S3b), the C1s spectra are broader than those of native ones, 
supporting the modification of the whole scaffold with O–containing moieties. Thus, it can be 
partially concluded that active species generated in the RF sputtering experiments can penetrate 
inside the 3D samples to a depth of about 500 µm. A possible improvement of cell colonization is, 
therefore, expected not only on their external surfaces but also across them, because of the O–
containing functionalities presence [25,26]. 
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Figure 4. XPS surface magnesium percentage (MgTot %) in the core of PCL scaffolds as a function of 
the sampling depth from the top. 

WCA measurements demonstrate that plasma processes affect the wettability of PCL substrates. 
Indeed, as shown in Figure S4, treated flat samples are characterized by lower θA and θR WCAs than 
the native hydrophobic ones. These effects are less relevant for samples treated using Ar, Ar/H2, or 
H2 as the feed, which are characterized by higher and lower magnesium content and fraction of O–
containing groups (νCO/CC, Table 3), respectively, than in samples processed with Ar/H2O or H2O as 
the feed. The latter ones show a noticeable decrease of θA and θR WCAs. This experimental evidence 
suggests that the presence of magnesium-containing coatings reduces the hydrophobicity of PCL 
surfaces, as well as suggesting that the use of H2O vapor during sputtering processes facilitates the 
development of highly hydrophilic PCL flat surfaces, through the formation of polar O–containing 
moieties which increases the νCO/CC value of Table 3 [23,26]. These findings were also confirmed with 
PCL scaffolds. These were treated with Ar, Ar/H2, or H2 feeds, showing a decrease of θA and θR WCA 
values compared to native substrates (Figure 5), although this was less evident for 3D samples 
modified with 75% H2 in the feed or with H2 only. This is attributable to the ability of H2 to promote 
the etching of O-containing groups or to the high magnesium content found in such samples. 
Scaffolds treated using Ar/H2O or H2O as the feed absorb water due to their highly hydrophilic 
character, which is in good agreement with their functionalization with O–containing groups. For 
this reason, better cell adhesion and colonization properties are expected for these samples compared 
to those treated using H2 [26,29,31,43,44].  

 
Figure 5. Variation of advancing and receding WCAs of PCL scaffolds treated with Ar, Ar/H2, or H2 
as a function of the feed composition: black triangles represent θA; red triangles represent θR; black 
continuous line represents θA for native scaffold (129 ± 3°); red continuous line represents θR for native 
scaffold (88 ± 1°). 
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As displayed in Figure 6, for all scaffolds treated with Ar/H2O mixtures or H2O feed, the WCA 
values at absorption time zero are comparable, while the water absorption rate decreases as the H2O 
concentration increases in the Ar/H2O mixtures. A clear connection between this trend and the 
surface chemical composition of the scaffold is not apparent, suggesting that it could be ascribable to 
the very complex topography of the porous supports, which may affect their surface plasma 
functionalization, thereby affecting their capacity to absorb water. 

 
Figure 6. Water absorption rate and WCA values at absorption time zero for PCL scaffolds treated 
with Ar, Ar/H2O, or H2O feed as a function of the feed composition. 

3.2. Cell Culture Tests 

PCL scaffolds plasma-processed with Φ H2O 100% and Φ H2 100%, as well as native ones, were 
chosen to perform the cytocompatibility assays with Saos-2 osteoblast cells. Indeed, according to the 
chemical and physical characterization results, these scaffolds present the most marked differences. 
Particularly, native 3D porous substrates are composed entirely of PCL and are hydrophobic (θA = 
129 ± 3°, θR = 88 ± 1°); while plasma-treated using H2O as the feed are characterized by a low surface 
magnesium content (2.5 ± 0.1%), are extremely hydrophilic, and absorb water. Those modified using 
H2 as the feed present a very high surface magnesium content (15.8 ± 0.7%) and are less hydrophobic 
(θA = 111 ± 7°, θR = 74 ± 6°) than native scaffolds, but cannot absorb water. 

To indicate the different samples in a simplified way, in the next part of this report they will be 
named as follows: 

1) Control—native 3D PCL porous scaffolds; 
2) H2O/Mg2.5/absorbent—3D PCL porous scaffolds processed with Φ H2O 100%; 
3) H2/Mg15.8—3D PCL porous scaffolds processed with Φ H2 100%. 

In Figure 7, the viability data obtained for Saos-2 cells grown on the three types of scaffolds with 
different culture times (17, 40, and 88 h) are reported. This can be attributed to the fact that the MTT 
values are too low to be able to perceive a difference in cell viability on different scaffolds. As it is 
reported from the morphological analysis shown further on in the paper, the same differences in cell 
behavior can be observed—from a morphological point of view—among the adhesion results on 3D 
scaffolds. Moreover, no growth can be observed in any sample for Saos-2 cells after 17 and 40 h. The 
absence of statistically significant growth, which was also true for control samples, means that no 
difference in Saos2 viability can be attributed to differences in the chemical compositions of the 
scaffolds in this time-span. In contrast, after 88 h, cell proliferation occurs in all samples. Moreover, 
cells grown for 88 h on H2O/Mg2.5/absorbent and H2/Mg15.8 scaffolds exhibit greater metabolic 
activity than those seeded on controls (p ˂ 0.05). This phenomenon is ascribable to the very high 
hydrophilic character of samples treated with H2O as the feed [23,26,29,31,44]. It also suggests that 
the presence of magnesium-containing coatings on the scaffolds favors their cytocompatibility: these 
samples are hydrophobic but have the highest magnesium content. 



Coatings 2020, 10, 356 11 of 15 

 

 
Figure 7. Metabolic activity MTT test of Saos-2 cells grown on native 3D PCL porous scaffolds 
(control), 3D PCL porous scaffolds processed with Φ H2O 100% (H2O/Mg2.5/absorbent), and 3D PCL 
porous scaffolds processed with Φ H2 100% (H2/Mg15.8) at different culture times (17, 40, and 88 h). 
Significant differences resulted from the two-way analysis of variance (ANOVA) and Bonferroni’s 
test. Note: ° = p < 0.05 vs. control; * = p < 0.05 vs. 17 h; & = p < 0.05 vs. 40 h. 

Since cell viability assay cannot show morphological changes in cell behavior (which is 
achievable only with microscopic observation of cells), the Saos-2 actin cytoskeleton was observed 
with fluorescence microscopy. The cells’ morphological features were examined, as well as the 
colonization of the scaffolds at different culture times. The images in Figure 8, which are 
representative of cells on control, H2O/Mg2.5/absorbent, and H2/Mg15.8 PCL scaffolds, show how 
cells behave on the external surface of the scaffolds after 17 and 88 h of growth. When comparing the 
presence of bright green surface spots after 17 h and 88 h, cell proliferation clearly occurs, which is 
proven by the increase of brightness. This effect is more emphasized for H2/Mg15.8 scaffolds and less 
emphasized for control. Images acquired at higher magnification, as shown in Figure 9, clearly reveal 
the cell morphology. Isolated and non-spread cells—characterized by round morphology without 
actin stress fibers, which are indicative of weak cell adhesion [23,25,29,45]—are displayed on control 
samples. On plasma-modified substrates, on the contrary, clusters of cells are evident, as well as the 
presence of actin stress fibers, highlighting a spreading morphology. This is indicative of good 
interaction of cells with surfaces and the good health of the Saos-2 cells in an active state of adhesion 
[23,25,29,46]. 

 
Figure 8. Fluorescence microscopy images of actin cytoskeleton of Saos-2 cells grown (a) for 17 and 
(d) 88 h on control; (b) for 17 and (e) 88 h on H2O/Mg2.5/absorbent; and (c) for 17 and (f) 88 h on 
H2/Mg15.8 scaffolds. Atto488 phalloidin was used to observe the actin (green) structure of the 
cytoskeleton. 
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Figure 9. Fluorescence microscopy images of Saos-2 cells cultured for 17 h on (a) control; (b) 
H2O/Mg2.5/absorbent; and (c) H2/Mg15.8 scaffolds. Atto488 phalloidin was used to observe the actin 
cytoskeleton (green), while DAPI dye was used to stain cell nuclei. White arrows show actin stress 
fibres. The dotted red arrow shows the perinuclear actin on Saos-2 cells grown on native scaffolds. 

To investigate details of the cell colonization within the 3D porous scaffolds, these were 
sectioned horizontally after 88 h of growth, as described in the Materials and Methods section, and 
analyzed with fluorescence microscopy. As illustrated in Figure 10, the morphology of Saos-2 cells 
within the three typologies of scaffolds reflects the findings from their surfaces. Indeed, very few 
round single cells can be observed on the control sections, while favorable clustered and spread cells 
can be noted on sections of H2O/Mg2.5/absorbent and H2/Mg15.8 samples.  

These results confirm that plasma-deposited magnesium-containing thin films improve the 
compatibility of the entire PCL scaffold surface with Saos-2 cells; cell in-growth is dramatically 
promoted, which is very promising for bone tissue engineering [26]. In addition to the presence of 
the magnesium-containing coating, the enhanced surface cell adhesion and colonization within the 
3D porous networks for H2O/Mg2.5/absorbent samples is ascribable to the marked increase of 
wettability. For the H2/Mg15.8 samples that are (in principle) not hydrophilic enough to promote 
interaction with cells [25,29,44], the enhanced cell adhesion and colonization could be attributed to 
the high magnesium content on the top surface, which could also cause cells to colonize the scaffold’s 
core. 

 
Figure 10. Fluorescence microscopy images of Saos-2 cells (88 h) on sections of (a) control, (b) 
H2O/Mg2.5/absorbent, and (c) H2/Mg15.8 scaffolds. Atto488 phalloidin was used to observe the actin 
cytoskeleton (green). 

4. Conclusions 

Magnesium-containing coatings were deposited on PCL substrates using low-pressure RF 
sputtering of a MgO target in a properly configured plasma reactor fed with Ar, H2O, H2, or Ar/H2O 
as Ar/H2 mixtures. XPS analyses and WCA measurements allowed assessment of the efficacy of the 
plasma processes, as well as investigation of their effects on the surface chemical composition and 
wettability of PCL samples as functions of the feed composition. The higher capacity of H2 than H2O 
to sputter the MgO target to deposit magnesium-containing coatings and the creation of highly 
hydrophilic surfaces due to the use of H2O during plasma processes were demonstrated. The most 
marked differences were observed between substrates modified using H2O and H2 as the feeds. 
Scaffolds treated with H2O were had the lowest magnesium content and were able to absorb water; 
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on the contrary, those treated with H2 had the highest magnesium percentage and were less 
hydrophobic than native ones, but were not absorbent.  

Cell compatibility assays proved that the surface functionalization of the PCL scaffolds with 
magnesium-containing thin films enhances Saos-2 cell proliferation and adhesion. It also promotes 
colonization within their 3D porous networks, which is favorable for bone tissue engineering. 

Supplementary Materials: The following are available online at www.mdpi.com/2079-6412/10/4/356/s1, Figure 
S1: Curve-fitting of XPS high-resolution Mg2p spectra of flat PCL samples treated with Φ H2O 100% and Φ H2 
100% fed plasma, Figure S2: Curve-fitting of XPS high-resolution C1s spectra of native and plasma-processed 
PCL flat samples with Φ H2O 100% and Φ H2 100%, Figure S3: Overlap of XPS C1s high-resolution spectra 
acquired at different sampling depths from the top of PCL scaffolds treated with Φ H2 100% and Φ H2O 100%, 
Figure S4: Advancing and receding WCAs of PCL flat samples as functions of the feed composition. 
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