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Abstract: Within the field of tissue engineering, thin films have been studied to improve implant
fixation of metallic or ceramic materials in bone, connective tissue, oral mucosa or skin. In this context,
to enhance their suitability as implantable devices, titanium-based substrates received a superficial
vitroceramic coating by means of laser ablation. Further, this study describes the details of fabrication
and corresponding tests in order to demonstrate the bioactivity and biocompatibility of the newly
engineered surfaces. Thus, the metallic supports were covered with a complex material composed of
SiO2, P2O5, CaO, MgO, ZnO and CaF2, in the form of thin layers via a physical deposition techniques,
namely pulsed laser deposition. The resulting products were characterized by X-ray diffraction,
Fourier-transform infrared spectroscopy, scanning and transmission electron microscopy coupled
with energy dispersive X-ray spectroscopy, selected area electron diffraction, and electron energy loss
spectroscopy. It was found that a higher substrate temperature and a lower working pressure lead to
the highest quality film. Finally, the samples biocompatibility was assessed and they were found to
be bioactive after simulated body fluid soaking and biocompatible through the MTT cell viability test.

Keywords: vitroceramic; coatings; pulsed laser deposition; bioactivity; metallic implants

1. Introduction

Developing biocompatible implantable artifacts is a goal that, even today, is still being pursued,
given that the targeted biological systems are very complex and need long trials for design, fabrication,
testing and implementation. If the mechanical attributes of an implantable artifact are relatively well
understood [1–3], it is not so when it comes to the its interaction with the immune system of the
recipient [4–6].

The earliest implants were handcrafted out of animal bone and, later on, diverse materials, like
natural polymers (gutta-percha [7], rubber [8], cellulose [9], collagen [10]), were employed with varying
degrees of success. Depending on specific applications and according to the mechanical requirements,
there are competing materials, such as ceramics [11–13] and composites [14]. However, for implants
that experience large flexural loads, a metal is always required. The best results were obtained by
using titanium and its alloys [15,16], most remarkably Ti–6Al–4V (no longer in use due to Al and
V ion leakage), Ti–13Nb–13Zr and Ti–12Mo–6Zr [17]. Notably, an alloy of Ti–3Au shows excellent
mechanical and biochemical properties, but unfortunately it is prohibitively expensive [18]. Several
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drawbacks, like fibrous tissue growth, slow osseointegration and reduced close contact with the host
bone, were noticed upon wider use of titanium alloy implants [19]. Thus, the quest is to develop a
composite material with all the mechanical properties of titanium alloys, encapsulated in a leak-proof
ceramic, that can be biologically preactivated prior to implant [20,21].

With the advent of laser-based additive manufacturing [22], such composite material is now a
reality. In this case, a commercial or custom-made ceramic target is ablated by a pulsed laser, a plume
of plasma is generated and directed towards the metallic substrate, upon which it settles, forming a thin
layer that physically binds to the support [23,24]. Our research group has already reported the growth
of nanostructured akermanite-based thin films by pulsed laser deposition, with good biocompatibility
and bioactivity [25]. Since both the target characteristics and processing conditions strongly influence
the properties of the final coatings [26], more studies are necessary in order to elucidate which are the
driven factors and optimized set of parameters.

Thus, the aim of this work is to produce a material that is durable and readily implantable.
A type of vitroceramic coatings on titanium substrates were developed, characterized and then
immersed in simulated biological fluid to be coated with a hydroxyapatite-like layer and demonstrate
its bioactivity [27,28]. Further biological tests indicated that, indeed, this combination of materials
resulted in an artifact that responds well to the in vitro cell proliferation.

2. Materials and Methods

2.1. Thin Films Deposition

The mineral coatings were obtained by pulsed laser deposition, using a target that was synthesized
in our laboratory using a wet-chemistry approach; the details of this processing step, as well as
the characteristics of the final ceramic disc, were included in a previous paper [25]. Briefly, the
target composition was 0.38SiO2–0.04P2O5–0.3525CaO–0.18MgO–0.04ZnO–0.0075CaF2, alkoxides
and nitrates being mainly employed as precursors for the sol-gel procedure. The gel formed was
dried, calcined, shaped and presintered, then the resulting powder was granulated, shaped and
sintered in optimized conditions. The reasons for choosing such oxide system are detailed in previous
papers [11,25]. Mainly, the content of SiO2, CaO and MgO ensures the positioning of the composition
within the primary crystallization field of akermanite in the corresponding ternary system; SiO2 and
P2O5 are network formers, while CaO, MgO and ZnO are network modifiers for glass; P2O5 also
contributes to apatite formation; CaO and MgO likewise sustain the mineralization process when
introduced into the physiological environment; ZnO favours the emergence of a high surface area,
while CaF2 modifies the biochemical processes in a beneficial way.

The final target was used for the deposition experiments on titanium substrates, namely pure and
thin titanium plates cut into pieces of 1 × 1 cm2. The values of the constant and variable parameters
are listed in Tables 1 and 2. Basically, the influence of the substrate temperature and oxygen pressure
in the working chamber on the physicochemical properties and biological response was studied.

Table 1. Values of the constant parameters for the deposition of the coatings.

Parameter Value

Laser wavelength 532 nm
Repetition rate 10 Hz

Number of pulses 26,000 pulses
Energy per pulse 81 mJ
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Table 2. Values of the variable parameters for the deposition of the coatings.

Sample Name Substrate Temperature (◦C) Oxygen Pressure (mTorr)

Film A 250
100Film B 350

Film C 250
200Film D 350

2.2. Physicochemical Characterization

The characterization methods included: grazing incidence X-ray diffraction (XRD) with a
PANalytical Empyrean diffractometer (Malvern Panalytical, Royston, UK), with 0.5◦ incidence
angle, 2θ ranging between 10◦ and 80◦; Fourier-transform infrared spectroscopy (FTIR) with a
Thermo Scientific Nicolet 6700 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA),
the wavenumber ranging between 400 and 1300 cm−1; scanning electron microscopy (SEM), coupled
with energy-dispersive X-ray spectroscopy (EDX) with a FEI Quanta Inspect F electron microscope
(FEI, Hillsboro, OR, USA); transmission electron microscopy both in conventional (TEM) and scanning
(STEM) mode, coupled with selected area diffraction (SAED) and electron energy loss spectroscopy
(EELS), with a Titan Themis transmission electron microscope (FEI, Hillsboro, OR, USA).

2.3. Biological Characterization

The biological evaluation was performed through in vitro tests; simulated body fluid (SBF) soaking
for 14 days, at 37 ◦C, the testing solution being prepared according to Kokubo et al. [29], as well as
MTT assay (cell viability) [30] on human fibroblast BJ cells, the values being read at 24 h.

In detail, human fibroblast BJ cells (ATCC CRL-2522, Manassas, VA, USA) were grown in
minimal essential medium (MEM) supplemented with 2 mM L-Glutamine, 10% fetal calf serum (FCS),
100 units/mL of penicillin and 100 µg/mL of streptomycin, at 37 ◦C, in a humidified incubator, under
an atmosphere containing 5% CO2. All cell cultivation media and reagents were purchased from
Biochrom AG (Berlin, Germany).

Cell viability was evaluated using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. First, the samples to be investigated were sterilized and placed in a 12 well plate.
The cells (50,000 cells/well) were seeded over the specimens and cultured for 24 h in medium. Cells
seeded in an empty well were employed as negative Control. After 24 h incubation, the medium
was changed and MTT solution was added to each well to a final concentration of 1 mg/mL and
incubated with the cells for additional 4 h, at 37 ◦C. Finally, the medium was collected and dimethyl
sulfoxide (DMSO) was used to dissolve the insoluble formazan product formed by the mitochondria
of living cells. The absorbance of the samples was recorded at 570 nm using a plate reader (Mithras
940, Berthold). The data were corrected for the background and the percentage of viable cells was
obtained using the equation below.

Cell viability = [(A570 of treated cells)/(A570 of untreated cells)] × 100 [%] (1)

After incubation for 24 h with the specimens, the morphological changes induced in the cells were
observed under a bright-field microscope CKX53 (Olympus, Tokyo, Japan) using a 20× objective and
photographed with a WAT-902H camera (Watec, Saint-Lambert-la-Potherie, France).

3. Results and Discussion

3.1. Physicochemical Characterization

The ceramic target employed for the PLD experiments was fabricated in our laboratory, being
thermally treated at 1200 ◦C; the phase composition consisted of akermanite as major crystalline phase
and diopside as minor crystalline phase, with a relatively dense appearance [25].
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Figure 1a shows the XRD patterns of the four thin films grown by laser ablation on titanium
substrates in different experimental conditions (Table 2). As can be seen, the most intense signals are
attributed to the metallic supports made of hexagonal titanium (ICDD 00-044-1294) due to the low
thickness of the deposited layers. Even though the investigation was carried out at grazing incidence,
for most of the samples, only small diffraction peaks assigned to tetragonal akermanite—Ca2MgSi2O7

(ICDD 00-035-0592) were identified. However, in the case of Film D, an increase in signal emerged,
which can be associated with the highest values of the variable processing parameters, substrate
temperature—350 ◦C and oxygen pressure—200 mTorr. Another fact that has to be taken into account
is related to the shape of the XRD patterns at low angles, with the occurrence of an amorphous halo due
to the existence of a short range order in glassy masses; basically, the structural units maintain their
periodicity only at the level of the nearest neighbours, while the overall structure is macroscopically
isotropic. In this light, it can be stated that the coatings produced are vitroceramic in nature, meaning a
vitreous matrix and crystals of akermanite distributed within it.
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Figure 1. (a) X-ray diffraction (XRD) patterns and (b) Fourier-transform infrared spectroscopy (FTIR)
spectra of the coatings grown by pulsed laser deposition.

The films structure is also demonstrated through the FT-IR spectra, displayed in Figure 1b.
Specific vibrational bands appear for all coatings, these being easily correlated with the vibrations of
cation-oxygen bonds, especially in the case of those cations having the highest three concentrations
within the deposited materials. Thus, a group of bands were assigned to Si–O bonds movements, while
below 600 cm−1, the vibrations of alkaline earth—oxygen bonds (Ca–O and Mg–O) were identified [31].

The SEM images achieved on the surface of the films (Figure 2) highlight the formation of
continuous and compact layers on top of titanium substrates, with spherical agglomerations of particles
from place to place. The average grain size seemed to be slightly different from one sample to another,
but ranging in 10–50 nm interval, with a visible decrease when raising the substrate temperature,
an aspect that has been reported before [25]. Moreover, at lower magnification, specific deposition
droplets could be observed, mostly for the lower temperature substrate and oxygen pressure, as well
as the substrate surface features, with a certain rough pattern developed during metallic plates cutting
and polishing. In this way, a reduced thickness was confirmed, a fact that will be clarified only by
cross-sectional investigations. All morphological variations are explicable on the basis of the energy
provided to the substrate from behind and pressure applied on the coating from the front.
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Figure 2. Scanning electron microscopy (SEM) images of the coatings grown by pulsed laser deposition.

The composition transfer from the target to the films was also validated through the EDX spectra
presented in Figure 3. Besides the intense maxima of Ti, signals of all important elements were detected
(Si, P, Ca, Mg, Zn, and O), the ratios between them being similar to the ratio in the designed material.
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Figure 3. Energy-dispersive X-ray spectroscopy (EDX) spectra of the coatings grown by pulsed
laser deposition.

In order to evaluate the thickness of the films and the dimension of the crystalline domains, the
depositions were also performed on silicon wafers, since their processing for TEM investigation is
possible, as opposed to titanium plates. Film A was selected for such analysis because it gave the
best biological response when it comes to the bioactive potential. This behavior is not surprising if
we take into account that this sample was fabricated at the lower substrate temperature and oxygen
pressure, leading to a structure and morphology more prone to interactions with the simulated body
fluid. The vitroceramic layer thickness was determined to be around 160 nm (Figure 4a,b), with small
variations due to the droplets presence. Figure 4c reveals the interface between the silicon substrate
and grown coating, while Figure 4d shows the interface between the deposited film and the resin used
to bond the two identical TEM samples face to face. In both cases, the interface is clean and straight,
with a very good adhesion to silicon plate and a low roughness on the other side. The HRTEM image
from Figure 4e evidences the encapsulated crystals, which have sizes below 5 nm and for which the
SAED pattern (Figure 4f) indicated the crystalline planes typical of akermanite.
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Figure 4. (a,b) Transmission electron microscopy (TEM) image, (c–e) HRTEM images and (f) selected
area diffraction (SAED) pattern of Film A.

Going to the elemental distribution, Figure 5 displays the corresponding EELS maps, together
with the associated STEM image. Thus, all important elements (Si, P, Ca, Mg, Zn, O) had a homogenous
distribution even at nanometric scale, a fact that indicates a glass composition that resembles with
akermanite. Comparing these results with the previously reported data on ceramic thin films obtained
from the same target [25], it can be concluded that the modification of laser wavelength from 355 to
532 nm has a pronounced impact on the structural features of the deposited layers. In other words, an
increase in radiation wavelength is translated into a lower quantity of energy provided to the target
material, which is individualized through the appearance of partially crystalline coatings instead of
almost completely crystalline ones. This characteristic will further influence the biological behavior in
different experimental conditions, since the vitreous matrix will provide another background through
the less strong chemical bonds.
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3.2. Biological Characterization

The bioactivity of the nanostructured thin films was examined in SBF solution, by soaking the
samples for 14 days, in standard conditions. The deposited layers are expected to influence the in vitro
response and that is way the potential changes were evaluated through SEM investigation (Figure 6).
The surface morphology is quite different from one sample to another, which can be linked to distinct
kinetics for apatite formation. Even though all coatings are overlaid with apatitic phases, only in the
case of Film A and Film C, those obtained at 250 ◦C substrate temperature, the quantity is significant
and covers most of the vitroceramic surface; the second one individualizes through an interconnected
porosity and areas of uneven growth. Moreover, the newly formed layer is composed of fine globular
structures with diameters below 50 nm, bound in a laced network and made up of particles of few
nanometers. As respects to the other two coatings, Film B and D, their capability of inducing apatite
generation in SBF solution within 14 days of incubation is only partial, the corresponding SEM images
exhibiting a thin and discontinuous layer of fine and loose structures, smaller than 10 nm, that seem to
be in the process of developing; Film D stands out through the islands of flat deposits that sometimes
join into a more extended network. It can be concluded that a better bioactivity is linked to a lower
substrate temperature, parameter that provide films more labile in the interaction with the surrounding
fluids due to the weaker bonds between atoms.

The samples impact on BJ cells viability and morphology are presented in Figure 7. The proliferation
of the cells for the tested conditions was checked and plotted in Figure 7a. Using MTT assay, the
percentage of viable cells in comparison with Control cells was evaluated. The most toxic effect was
produced by Film A, which decreased the viability of the cells with approximately 20%. When BJ cells
grew in the presence of Film B and Film C, the corresponding values were 87% and 84%, respectively.
The smallest influence was observed in the case of Film D, which only decreased the viability of the
cells as compared to Control cells with 9%. However, considering the error bars, all samples are
integrated in the same trend, with a low degree of cytotoxic effect.
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Further, in the image of Control cells (Figure 7b), the specific morphology of fibroblast cells,
fusiform and elongated, can be observed. When the cells were cultured in the presence of the four
coated metallic substrates, the morphology of the cells was not affected; there were no cells or debris
floating in the medium and only a small number of cells started to round up.
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In conclusion, akermanite received a significant attention in the last few years due to its
excellent in vitro bioactivity, biocompatibility and biodegradability combined with good mechanical
properties [25,32–34]. However, most of these papers have been dedicated to powders or scaffolds and
less to thin films, which imposes the need for more complex studies in this field, in order to understand
the implications of coating bioinert metallic or ceramic implants with such compositions.

4. Conclusions

By starting from a laboratory-made ceramic target belonging to SiO2–P2O5–CaO–MgO–ZnO–CaF2

system and based on akermanite as the main crystalline phase, thin films were grown on titanium
substrates by pulsed laser deposition. Two parameters were varied, substrate temperature and oxygen
pressure, in order to achieve coatings with different structural and morphological features. All resulting
layers had a vitroceramic character, with crystals of akermanite distributed within the parent glassy
matrix. From a morphological point of view, the coatings are nanostructured, continuous and have a
thickness between 100 and 200 nm.

The bioactivity of the samples was proven to be dependent on the processing conditions.
The substrate temperature is the underlying factor that dictates the quality of the initial vitroceramic
film and subsequently that of the deposited apatite layer; oxygen pressure appears to be of secondary
importance. Mainly, a lower substrate temperature is translated into a higher bioactive potential.
As far as biocompatibility is concerned, the developed thin films can be considered biocompatible
as they showed no or small toxicity towards BJ cells after a 24 h treatment. The seeded cells spread
uniformly on the surfaces and maintained their elongated shape, indicating the cytocompatibility of
the tested specimens. Based on these results, such materials can be further used in safely designing
new materials with biomedical applications.

Future research might be directed towards the deposition of such coatings on ceramic surfaces
via laser ablation to create engineered surfaces with tunable roughness so that to control the cellular
adhesion. Another direction might aim the biofunctionalization of the grown films with highly active
peptides in order to improve osteoblasts attachment and implant osseointegration.
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