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Abstract 

The chemistry, structure and morphology of the implant surface have a great influence 

on the integration of an implant material with bone tissue. In this work, we applied 

Combinatorial Matrix-Assisted Pulsed Laser Evaporation (C-MAPLE) to deposit 

gradient thin films with variable compositions of Sr-substituted hydroxyapatite (SrHA) 

and Zn-substituted -tricalcium phosphate (ZnTCP) on Titanium substrates. Five samples 

with different SrHA/ZnTCP composition ratios were fabricated by a single step laser 

procedure. SrHA was synthesized in aqueous medium, whereas ZnTCP was obtained by 

reaction at high temperature. Both powders were separately suspended in deionized 

water, frozen at liquid nitrogen temperature and used as targets for C-MAPLE 

experiments, which proceed via simultaneous laser vaporization of two distinct material 

targets. X-ray diffraction, scanning electron microscopy and energy dispersive X-ray 

spectroscopy analyses confirmed that the coatings contain the same crystalline phases as 

the as-prepared powder samples, with a homogeneous distribution of the two phosphates 

along deposited thin films.  Human osteoclast precursor 2T-110 and human osteoblast-

like cells MG63 were co-cultured on the coatings. The results indicate that osteoblast 

viability and production of osteocalcin were promoted by the presence of ZnTCP. On the 

other hand, SrHA inhibited osteoclastogenesis and osteoclast differentiation, as 

demonstrated by the observed increase of the osteoprotegerin/RANKL ratio and decrease 

of the number of TRAP-positive multinucleated cells when increasing SrHA amount in 

the coatings. The results indicate that the possibility to tailor the composition of the 

coatings provides materials able to modulate bone growth and bone resorption. 
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1. Introduction 

Hydroxyapatite (HA) and -tricalcium phosphate (-TCP) are the most widely employed 

calcium phosphates (CaPs) for biomedical applications in the orthopedic field. HA is 

indeed the synthetic phase most similar to the inorganic component of bone, whereas  the 

increasing interest toward -TCP is due to its greater solubility and resorbability [1,2]. 

Ionic substitution can be utilized as a tool to improve the biological performance of CaPs 

and provide local delivery of ions with specific therapeutic properties [3]. The highly 

flexible structure of HA can accommodate a great variety of ions, both cations and anions, 

as testified by the elevated number of related publications [3-5]. However, ionic 

substitutions occur also in other CaPs, -TCP included [6-10]. Among divalent ions, 

strontium has received increasing attention due to its recognized beneficial effect on bone 

metabolism, and to the introduction of strontium ranelate for the treatment of patients 

affected by osteoporosis [11,12]. Strontium can substitute for calcium up to 100 and 80 

% in the structures of HA and -TCP, respectively, whereas the percentage of substitution 

is much smaller in other CaPs [7,8,13,14]. Also zinc plays an important role on 

biomineralization. In fact, zinc deficiency has been reported to provoke reduction of bone 

density and risk of osteoporosis [15,16]. Similarly to what happens with other divalent 

cations with ionic radius smaller than calcium, just limited amounts of Zn can be generally 

incorporated into CaPs structures [10, 17-19]. In particular, the substitution for calcium 

occurs up to about 20 atom % both in HA and in -TCP structures [8,17,20-22].  
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The next generation of implantable biomaterials should exhibit bioactive surfaces and 

interfaces able to modulate cellular behavior. The core concept in combinatorial materials 

science is based on the synthesis of compositional libraries of distinct compounds that 

preferably exert a synergistic influence in the composition-structure-properties 

relationship [23].We have recently shown that laser-based techniques are a promising 

alternative to the existing procedures for the micro- and nano-fabrication of combinatorial 

coatings in a single-step process [24-27]. Laser processing can control the morphology 

and/or chemistry features of biomaterials and the fabrication of hybrid compositional 

libraries. Combinatorial Matrix-Assisted Pulsed Laser Evaporation (C-MAPLE) was first 

introduced as an alternative to Pulsed Laser Deposition (PLD) for the synthesis of organic 

coatings, but proved beneficial for inorganic an hybrid layers as well. In the basic 

irradiation geometry of C-MAPLE, two cryogenic targets are synchronously evaporated 

by two pulsed laser beams [24,26]. Coatings with tailored properties could be thus 

obtained by independently controlling the key deposition parameters such as: laser 

fluence and repetition rate of the pulsed laser beams, the dynamic pressure inside the 

reaction chamber and the targets to substrate separation distance. The number of the 

applied laser pulses governs the thickness distribution within library; while the separation 

distance between the two focused beams influence the compositional spreading along 

gradient. Moreover, tuning doping concentrations in combinatorial coatings could be 

achieved by simply modifying their initial concentration in the frozen targets. The 

gradient of properties, which is reached by C-MAPLE, permits the accurate evaluation 

and selection of the best composition and morphology for one specific application in an 

one-step experiment. Furthermore, crystalline CaPs thin films can be grown at low 

substrate temperature [26]. 
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In this study, we applied C-MAPLE to deposit gradient thin films with variable 

composition of Sr-substituted HA (SrHA) and Zn-substituted -TCP (ZnTCP) on 

Titanium substrates.  The aim of the work is to investigate how the compositional 

intermixing of two calcium phosphates (which differ in several aspects, including 

structure, morphology and solubility, and contain two different bioactive foreign ions) 

can be utilized to modulate bone cells response. To this purpose, we applied a model of 

co-culture of osteoblast and osteoclast in order to reproduce the in vivo microenvironment 

in which different cells interact with each other and with biomaterials. 

 

2. Materials and methods 

2.1 Synthesis and characterization of SrHA and ZnTCP crystals 

SrHA nanocrystals were synthesized in N2 atmosphere. 50 ml of solution with Sr/(Ca + 

Sr) ratio of 0.20 was prepared by dissolving 0.0432 mol of Ca(NO3)2·4 H2O and 0.0108 

mol of Sr(NO3)2 in CO2-free deionised water and adjusting pH to 10 with NH4OH. The 

total concentration of [Ca2+] + [Sr2+] was 1.08 M. 50 ml of 0.65 M (NH4)2HPO4 solution, 

pH 10 adjusted with NH4OH, was added drop-wise under stirring to the cationic solution 

heated at 90 °C. The precipitate was maintained in contact with the reaction solution for 

5 h at 90 °C under stirring, then centrifuged at 10,000 rpm for 10 min and repeatedly 

washed with distilled water. The product was dried at 37 °C.  

-TCP was prepared by reaction of CaCO3 and CaHPO4∙2H2O powders in the molar ratio 

of 1:2, at 1000°C for 15 h. α-Zn3(PO4)2 was prepared by reaction of (ZnCO3)2[Zn(OH)2 

]3 and (NH4)H2PO4 in the molar ratio of 3:10, at 800°C for 12 h. In order to synthesize 
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ZnTCP with Zn/(Ca + Zn) ratio of 0.15, the appropriate mixture of -TCP and α-

Zn3(PO4)2 was heat treated at 1000°C for 12 h. 

Powder X-ray diffraction (XRD) patterns were recorded using a PANalytical X’Pert PRO 

powder diffractometer equipped with a fast X’Celerator detector. Ni-filtered CuK 

radiation was used (λ = 0.154 nm, 40 mA, 40 kV). For phase identification the 2 range 

was investigated from 10 to 60 2 degrees with a step size of 0.1° and time/step of 100 s. 

The lattice parameters were determined by least-squares refinements from the well-

determined positions of the most intense reflections using HighScore Plus software 

package (PANalytical). Silicon was used as internal standard. 

Calcium, strontium and zinc contents in the solid products were determined by means of 

a Agilent 4200 microwave plasma- atomic emission spectrometer (MP-AES). Powders 

were previously dissolved in 0.1M HNO3. Results from this analysis represent the mean 

value of three different measurements. 

Morphological investigation of crystals was performed by transmission (TEM) and 

scanning electron microscopy (SEM). For TEM investigations, a small amount of powder 

was transferred onto holey carbon foils supported on conventional copper microgrids. A 

Philips CM 100 transmission electron microscope operating at 80 kV was used. For SEM 

investigations the samples were sputter-coated with Au before examination with a 

HITACHI S-2400 operating at 15 kV. 

For infrared absorption analysis in attenuated total reflection (ATR) mode, powders were 

analyzed using a Bruker ALPHA FT-IR spectrometer equipped with a diamond unit, to 

collect 64 scans in the range 4000–400 cm-1 at a resolution of 4 cm-1. Background 

correction and bands analysis were operated with OPUS software. 
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2.2 Laser synthesis and characterization of coatings 

In C-MAPLE process, the beam of one laser was optically split into two beams, and then 

focused onto the surface of the targets, each one containing different frozen solutions 

[24,25]. Alternatively, different lasers could be considered, with different characteristics 

as pulse duration, wavelength, repetition rate, in order to match the absorption of the 

frozen solvent of each target. During multi-pulsed laser irradiation, the evaporated 

materials are assembled on the facing substrates. Consequently, a natural compositional 

gradient is generated along the longitudinal direction of the substrate due to substance 

fluxes intermixing (Figure 1). 

The experimental protocol for combinatorial CaPs libraries synthesis was similar to those 

described in Refs. [24-26]. Briefly, 0.2 g of each nano-crystalline powder, SrHA and 

ZnTCP, were homogenously suspended in 20 ml distilled water by ultrasonical stirring. 

Then, 3 to 5 ml of each solution were poured into a two concentric rings holder. 

Accordingly, the approach was conceived to avoid unwanted mixing. The holder was 

immersed in liquid nitrogen for 15 min and solutions were frozen. They were used as 

solid targets in reaction chamber where a cooler supplied with liquid nitrogen flow 

preserve them frozen during multi-pulse laser irradiation and evaporation. In a single-step 

process, the synchronized evaporated materials were collected onto 5 distinct Ti 

substrates of 12 mm diameter (substrate temperature 150°C; target-substrate distance 5 

cm). We applied 20,000 laser pulses (laser fluence 1.1 J cm-2; dynamic pressure 2∙10-2 

mbar) to grow ~400 nm thin films. The optimal experimental conditions for C-MAPLE 

transfer and immobilization of SrHA and ZnTCP were carefully adjusted to preserve 

materials characteristics (e.g. stoichiometry, crystallinity and functionality).  
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The samples were labeled A, B, C, D and E, where the composition varies from 100% 

SrHA (A) to 100% ZnTCP (E). 

XRD measurements on the coatings were performed using a PANalytical X’Pert PRO 

powder diffractometer equipped with a fast X’Celerator detector. Ni-filtered CuK 

radiation was used (λ = 0.154 nm, 40 mA, 40 kV). The 2 range was investigated from 

24 to 34° (2) with a step size of 0.067° and time/step of 3000 s.  

Morphological investigations of thin films were performed using a HITACHI S-2400 

scanning electron microscope operating at 15 kV. The samples were sputter coated with 

gold before examination. Energy dispersive X-ray spectrometry (EDS) analyses were 

performed on uncoated specimens.  

For atomic force microscopy (AFM)  imaging a Veeco Nanoscope 3D instrument was 

used. The samples were analyzed in tapping mode using a E scanner (maximum scan size 

15 m) and phosphorus (n) doped silicon probes (spring constant 20–80 N/m; resonance 

frequency 250–290 kHz; nominal tip radius<10 nm). Roughness parameters, namely 

arithmetic mean roughness (Ra), root-square roughness (Rq), and the vertical distance 

between the highest and lowest points within the evaluation length (Rt), were recorded. 

Films adherence to Ti substrate was measured by “pull-out” method. The investigation 

was carried out with a standardized DFD Instruments PAThandy adhesion tester AT101 

(maximum force=1 kN), equipped with stainless steel testing elements (dollies with a 

diameter of Φ=2.8 mm) that were glued to films surface with a cyano-acrylate one-

component epoxy adhesive, type E1100S. After gluing and cleaning, the samples were 

placed in a stabilized oven (Venticell) for thermal curing at 130°C for 1h. The detachment 

of the dollies was achieved by the gradual increase of the pull-out force by means of a 
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hydraulic head until fracture occurred. The procedure was carried out according to ASTM 

D4541 and ISO 4624 standards. The tests were performed in triplicate.  

2.3. In vitro tests 

2.3.1 In vitro co-culture model 

Cell experiments were carried out on coatings deposited on Ti substrates and sterilized 

by gamma-rays (Cobalt-60) at a dose of 25kGy. Human osteoclast precursor 2T-110 (OC, 

Poietics™ Osteoclast Precursor Cell System, Lonza Walkersville, Inc., MD, USA) and 

human osteoblast-like cells MG63 (OB, Istituto Zooprofilattico Sperimentale IZSBS, 

Brescia, Italy) were used for the co-culture model.  

Pre-osteoclasts were plated at a concentration of 3x104 cells/well in the bottom of 24-

wells plates e cultured in DMEM additioned with macrophage colony-stimulating factor 

(MCSF, 25ng/ml) and receptor activator for κB factor ligand (RANKL, 30ng/ml) in 

standard condition, at 37°C±0.5 with 95% humidity and 5% CO2±0.2 to activate cell 

differentiation. 

OB were previously expanded in DMEM supplemented with 10% FCS, 1% antibiotics 

(100 U/ml penicillin, 100 µg/ml streptomycin), β-glycerophosphate (10-4M) and ascorbic 

acid (50 μg/ml), counted, seeded at a concentration of 2x104 cells on material samples at 

different gradient of SrHA and ZnTCP (from A to E). Then material samples with OB 

were co-cultured in the same wells with OC. Medium was a mixture of each cell type 

medium according to cell density proportion. Control cultures (CTR) were performed on 

cells plated on culture plates. 

2.3.2 Cells viability and morphology 

Proliferation and viability of co-cultured OB and OC was separately evaluated on 

disassembled co-cultures, transferring samples with OB in empty wells, by WST1 
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colorimetric reagent test (Roche Diagnostics GmbH, Manheim, Germany) at the end of 

experimental time. The assay is based on the reduction of tetrazolium salt to a soluble 

formazan salt by a reductase of the mitochondrial respiratory chain, active only in viable 

cells. 100 l of WST1 solution and 900 l of medium (final dilution: 1:10) were added to 

wells containing OC or OB, and the multi-well plates were incubated at 37°C for the next 

4 h. Supernatants were quantified spectrophotometrically at 450 nm with a reference 

wavelength of 625 nm. Results of WST1 are reported as optical density (OD) and directly 

correlated with the cell number. 

At 7 days OB viability and morphology were observed by the Live/Dead® assay 

(Molecular Probes, Eugene, OR, USA), according to the manufacturer’s instructions. 

Samples were visualized using an inverted microscope equipped with an epifluorescence 

setup (Eclipse TiU, NIKON Europe BV, NITAL SpA, Milan, Italy): excitation/emission 

setting of 488/530 nm to detect green fluorescence (live cells) and 530/580 nm to detect 

red fluorescence (dead cells). 

For SEM investigation, osteoblasts grown on the materials were fixed in 2.5% 

glutaraldehyde, in phosphate buffer 0.01 M (pH 7.4) for 1 h, and then dehydrated in a 

graded ethanol series. After a passage in hexa-methyldisilazane, the samples were air-

dried and sputter-coated with Pd. SEM investigation was carried out using a Hitachi S-

2400 instrument operating at 15 kV. 

TRAP staining was performed, after 7 days of co-culture, to assess osteoclast morphology 

and differentiation starting form mononucleated cells, according to manufacturer’s 

instructions (SIGMA, Buchs, Switzerland). The positive cells developed red colour of 

different intensity. Osteoclastogenesis was evaluated by counting the number of TRAP-

positive multinucleated cells (three or more nuclei each cell), under the microscope by a 
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semiautomatic software (NIS-Elements AR 4.30.01). Results are given as percentage of 

OC control culture considered as 100%. 

2.3.3 Immunoenzymatic assays  

At the end of experimental time, after 7 days of culture, the supernatant was collected 

from all wells and centrifuged to remove particulates, if any. Aliquots of supernatant were 

dispensed in Eppendorf tubes for storage at -70°C and assayed with the following 

immunoenzymatic kits: Alkaline Phosphatase (ALP, Cloud-Clone Corp., Wuhan, China), 

Osteocalcin (OSTC, e-Bioscience, Bender MedSystems, Vienna, A),  Osteoprotegerin 

(OPG, Boster Biological Technology, Ca, USA), Receptor Activator for Nuclear factor 

KB Ligand (RANKL, Boster). Data are normalized by WST1 values. 

2.3.4 Statistical Analysis 

Statistical evaluation of data was performed using the software package SPSS/PC+ 

Statistics TM 23.0 (SPSS Inc., Chicago, IL USA). The results presented are the mean of 

six independent values. Data are reported as mean  standard deviations (SD) at a 

significance level of p<0.05. After having verified normal distribution and homogeneity 

of variance, a one-way ANOVA was done for comparison between groups. Finally, a post 

hoc multiple comparison test was performed to detect significant differences among 

groups. 

 

3. Results and discussion 

3.1 Characterization of SrHA and ZnTCP crystals 

The XRD pattern of the product of the synthesis of hydroxyapatite in the presence of 

strontium (SrHA) is characterized by a number of peaks which indicate the presence of 

hydroxyapatite as unique crystalline phase (Figure 2). However, the position of the 
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diffraction peaks are slightly shifted towards smaller angles in comparison with reference 

HA, in agreement with an enlargement of the interplanar spacings and, as a consequence, 

of the unit cell. The evaluation of the cell parameters gives values of a = 9.464(3) Å and 

c = 6.923(3) Å, which are larger than those obtained for pure HA (a = 9.421(1) Å and c 

= 6.876(1) Å) and suggest that the relatively big Sr2+ is incorporated into the lattice 

structure. The enlargement of the unit cell is congruous with Strontium content, which 

amounts to about 18 atom %, as determined by MP-AES, and in agreement with previous 

results [13]. 

TEM images of SrHA show small needle- or plate-like crystals, with mean length 

appreciably shorter than those of HA (Figure 3). The presence of strontium into HA lattice 

influences also the infrared absorption spectrum. Most of the absorption bands in the 

ATR-FTIR spectrum of SrHA appear slightly broadened in comparison with those 

characteristic of pure hydroxyapatite (HA). In particular, the OH- libration band, which 

falls at 630 cm-1 in the spectrum of HA [28], is not appreciable. Moreover, the phosphate 

symmetric stretching and bending modes are slightly shifted at lower wave numbers in 

comparison to pure HA [13, 28] (Figure S1, Table S1). 

The powder X-ray diffraction pattern of ZnTCP and -TCP are reported in Figure 2. The 

synthesized ZnTCP sample does not exhibit any extra peak when compared to -TCP, 

demonstrating that it is constituted of a single crystalline phase. The lattice parameters of 

ZnTCP evaluated from the XRD pattern are a = 10.34(1) Å and c =37.34(8) Å, which are 

slightly smaller than those obtained for pure -TCP (a = 10.43(1) Å and c = 37.38(6) Å) 

in agreement with a partial substitution of Zn2+ for Ca2+ in the -TCP structure. In fact, 

Zn2+ displays a smaller ionic radius (0.74 Å) than Ca2+ (0.99 Å), and its incorporation 
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into -TCP lattice has been previously reported to provoke a decrease of the volume of 

the unit cell [8,17,29 ]. Zn content of ZnTCP is 15 atom %, close to the value previously 

reported as the maximum amount the structure can support [17]. Although the 

replacement of calcium with zinc into -TCP does not significantly affect the sharpness 

of the XRD peaks (Figure 2), its influence on the ATR-FTIR spectrum is remarkable and 

suggests a reduction of crystallinity. In fact, the absorption bands of ZnTCP are broader 

and less resolved than those of -TCP, as shown in Figure S1. Moreover, several bands 

appear shifted at lower wave numbers in comparison with those of -TCP (Table S1). 

The presence of Zn displays a significant effect also on the morphology of the material, 

which is not constituted of the characteristic particles with round edges as -TCP, but of 

much bigger irregular aggregates with sharp edges, as shown in Figure 3. 

 

3.2 Structural and morphological characterization of the coatings 

Typical X-ray diffraction patterns of the thin films deposited by C-MAPLE are given in 

Figure 4. Although the resolution, as well as the relative intensity, of the peaks is lower 

than in the XRD patterns of the respective powder samples, it is evident that there is no 

phase variation during the deposition of the films.  

SEM images (Figure 5) show that the surface of A thin film is characterized by a granular 

morphology, with grain dimensions of the order of tens of nanometers. At variance, the 

surface of E displays the presence of bigger aggregates. A part of these aggregates shows 

irregular shape and sharp edges, whereas others exhibit the characteristic round edges as 

-TCP, which most likely has been recovered during the process of plasma evaporation 

and deposition. Both small grains and bigger aggregates can be distinguished on the 
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surface of the thin films containing both SrHA and ZnTCP (from B to D), as shown in 

Figure 5 for C. EDS analysis and maps reported in Table S2 and Figure 5 confirm the 

homogeneous distribution of Sr and Zn ions in the different samples.  

In agreement with the different morphology of SrHA and ZnTCP thin films, the 

roughness parameters, Ra, Rq and Rt, evaluated by AFM analysis (Figure S2) increase 

slightly on going from A to E. Average values measured for A were: Ra = 0.454 ± 0.058 

µm, Rq = 0.583 ± 0.072µm, Rt = 3.471 ± 0.127µm, whereas the values of the other 

samples increased up to  Ra = 0.669 ± 0.075 µm, Rq = 0.829 ± 0.095 µm, Rt = 4.861 ± 

0.182 µm, measured for E. 

The adherence to substrate of the thin films was explored by pull-out investigation. In all 

cases, the adhesion values are between 16 to 18 MPa, i.e. superior to the threshold of 15 

MPa requested by ISO13779-2:2008 standard for implantology coatings.   

 

3.3 In vitro study 

MG63 and 2T110 were chosen to conduct the in vitro test as well-characterized cells, 

exhibiting the most important markers of differentiation and a standard behavior. 

Osteoblast and osteoclast viability and differentiation were measured after 1 week of co-

culture of cells with SrHA and ZnTCP deposited in different relative amounts on Ti disks 

using combinatorial-MAPLE (from A to E samples), and CTR. Results of the present 

study demonstrated a trend related to the different compositions of the thin films for both 

OB and OC.  

In detail, OB grown on SrHA (A) samples showed viability similar to CTR. At variance, 

the increase of the presence of ZnTCP provoked a significant increase of the values of 

viability in comparison with both A and CTR (B,C: p<0.05), which reached the highest 
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levels in D and E (p<0.05 versus CTR and p<0.005 versus A) (Figure 6a). Data suggest 

that ZnTCP significantly improves osteoblast proliferation, both alone and in presence of 

different amounts of SrHA. SrHA did not show cytotoxic effects and did not significantly 

affect OB proliferation. Figure 6b shows representative images of Live & Dead staining 

of OB grown on samples at 7 days. Cells are well adherent onto the surface of all different 

materials. Very few red colored cells were detected, demonstrating that the differences in 

cells number were probably due to different rate of cell proliferation and that no apoptotic 

or necrotic events occurred.  

In agreement, osteoblasts on the surface of the coatings appear well attached and spread, 

and display a number of filopodia, as it can be appreciated in the SEM images reported 

in Figure 7. Summarizing, besides the differences found between groups, the proliferation 

of OBs was never lower than CTR and cells showed a regular growth and no signs of 

toxicity. 

Cells viability of OC is showed in Figure 8. Viability values decreased from E, which 

was similar to CTR, to the lowest value found for A (p<0.005 versus CTR and p<0.0005 

versus E), displaying to a dose-effect trend. ZnTCP seems also to have an effect on OC 

number and differentiation, but the differences between ZnTCP (E) and CTR samples did 

not reached statistical significance. The presence of SrHA affected not only OC number 

but also OC differentiation, as shown in Figure 8.  

The evaluation of differentiated OC through the number of TRAP-positive multinucleated 

cells, demonstrated that OC number and differentiation decreased significantly on 

increasing the presence of SrHA in the thin films.  Data were also statistically correlated 

(Pearson test 0.962, p<0.005). Examples of TRAP staining performed at 7 days of co-

culture are shown in Figure S3.  
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To assess if OB maintained or modified their activity on the different samples in 

comparison to CTR, two common markers of osteoblastic activity were chosen and 

evaluated after 7 days of co-culture: ALP and OSTC, respectively as early and late marker 

of OB differentiation. ALP activity of OB cultured on all samples was slightly higher 

than CTR, even if the values did not reach statistical significance (Figure 9).  

OSTC values of all samples containing ZnTCP, both alone (E vs CTR, p<0.005) and in 

combination with SrHA (B, C, D vs CTR, p<0.05) were significantly higher when 

compared to CTR, which did not differ from A. Results in the present experimental 

conditions showed that both SrHA and ZnTCP did not alter ALP activity of OB, not 

affecting the early phases of OB differentiation. On the contrary, ZnTCP strongly 

improved the differentiated state of OB and the mineralization process, as indicated by 

the enhanced production of OSTC (Figure 9). 

OB and OC cultured together influence each other and modulate the balance between 

bone deposition and bone resorption. In order to evaluate the effects of SrHA and ZnTCP 

and their combinations on the co-culture in relation to this aspect, OPG and RANKL were 

measured at the end of experimental time, as they and their ratio play a role in OC 

differentiation and activity. Results showed that SrHA stimulated OPG production, 

reaching statistical significance in B group (p<0.05), and reducing RANKL in A, B and 

C with respect to CTR (p<0.05) (Figure S4). The OPG/RANKL ratio showed a highly 

significant difference between the samples with higher concentrations of SrHA (A, B, C) 

and both E and CTR (Figure 9).  

It is known that Sr is effective in counteracting bone resorption and its local action when 

incorporated into HA has been already demonstrated by a number of in vitro and in vivo 

studies [8,12,30-36].  Zn is involved in bone metabolism, with an action primarily aimed 
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at stimulating OB activity [15,16].  Furthermore, it was previously shown that biomimetic 

Zn-TCP can induce and stimulate faster osteogenic differentiation of mesenchymal stem 

cells to osteoblasts than pure β-TCP [37]. On the contrary, -TCP containing small 

amounts of substituted/doped Zn has been reported to exhibit an inhibitory effect on 

osteoclast number and activity in vitro [19,38].  

Chemical and morphological analyses of the samples after incubation in cell medium for 

7 days (in the absence of cells) show that the thin films still completely cover the titanium 

substrates (Figure S5). The morphology of the coatings surface appears modified when 

compared to the as-prepared samples, most likely due to a partial dissolution of the 

deposited phosphates. Furthermore, the presence of some round shaped aggregates could 

be ascribed to deposition from the biological medium. However, the results of EDS 

analysis indicate that the ionic composition is roughly maintained (Table S2). The results 

of the present study demonstrated that both SrHA and ZnTCP had effects on OB and OC 

co-culture. In particular, SrHA decreased OC number and the process of differentiation, 

as showed by WST1, TRAP and the pathway related to OPG/RANKL, in agreement with 

previous data [32-34]. On the other hand, ZnTCP enhanced OB proliferation and promote 

OB differentiation as stated by WST1 and OSTC values. Although both OC viability and 

TRAP levels on E (ZnTCP) displayed smaller values than on CTRL, the differences did 

not reached statistical significance. As a consequence, the results of in vitro tests vary as 

a function of composition of the thin films. 
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4. Conclusion 

Combinatorial-MAPLE technique has been successfully applied to deposit blended thin 

films with a gradient composition of Sr-substituted hydroxyapatite and Zn-substituted -

TCP on Titanium substrates. The response of osteoblast and osteoclast co-cultured on the 

coatings is modulated by the graded composition and varies with the relative content of 

SrHA and ZnTCP. In particular, the data indicate that the presence of SrHA inhibits 

osteoclast viability and differentiation, whereas ZnTCP displays a beneficial action on 

the mineralization process promoting osteoblast proliferation and osteocalcin production. 

The intermediate compositions, containing both SrHA and ZnTCP, couple the positive 

effects on osteoblast with the inhibitory action on osteoclast and provide materials with 

tailored capability, via laser processing parameters, in order to enhance and accelerate 

bone repair.  
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Abbreviations 

C-MAPLE Combinatorial Matrix-Assisted Pulsed Laser Evaporation 

HA hydroxyapatite 

-TCP -tricalcium phosphate 

SrHA Sr-substituted hydroxyapatite 

ZnTCP Zn-substituted -tricalcium phosphate 

CaPs Calcium phosphates 

AFM Atomic Force Microscopy 

SEM Scanning electron microscopy 

XRD X-ray diffraction 

EDS Energy dispersive X-ray spectrometry 

OB Osteoblast 

OC Osteoclast 

DMEM Dulbecco’s modified Eagle's medium 

WST1 Tetrazolium salt 

ALP Alkaline phosphatase 

OSTC Osteocalcin 

OPG Osteoprotegerin  

RANKL Receptor Activator for Nuclear factor KB Ligand 

TRAP Tartrate-resistant acid phosphatase 
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Captions to the figures. 

Figure 1. Scheme of the C-MAPLE process. Fabrication of five samples in a single step 

process (labeled A, B, C, D and E), where the composition varies from 100%  SrHA (A) 

to 100% ZnTCP (E). 

Figure 2. XRD of SrHA and ZnTCP powders, compared with those of HA and -TCP. 

Figure 3. TEM images of HA and SrHA, and SEM images of -TCP and ZnTCP. 

Figure 4. Powder X-ray diffraction patterns of the A (SrHA), and E (ZnTCP) thin films. 

Figure 5. SEM images and EDS maps of A, C and E thin films as-prepared. In the maps 

Green: Sr; Blue: Zn.  

Figure 6. (a) Osteoblast (OB) viability after 7 days of co-culture on the different samples. 

Cells cultured on culture plates represent control (CTR). Statistical analysis is reported in 

the figure (*p<0.05, **p<0.005). 

OB: * B, C vs A, CTR; * D, E vs CTR; ** D, E vs A; 

(b) Live & Dead fluorescence staining of OB grown onto experimental samples with 

different composition and CTR. In all samples cells displayed regular morphology, no 

sign of suffering or apoptosis. Images were in agreement with viability test (WST1) 

(optical microscope, 10x magnification). 

Figure 7. SEM images of osteoblast grown on A, C and E thin films at 7 days. 

Figure 8. Osteoclast (OC) viability and activity after 7 days of co-culture on the thin 

films. Cells cultured on culture plates represent control (CTR). Statistical analysis is 

reported in the figure (*p<0.05, **p<0.005, ***p<0.0005). 

OC: * A vs B  ** A vs C and CTR;*** A and  C vs E; ** B vs D and E; *** B vs CTR; 

** C and D vs CTR; * D vs E; 
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TRAP %: percentage of cells positive to staining were counted for each group, 

considering CTR as 100%. *A, B, C, D vs E, CTR. 

Figure 9. Alkaline Phosphatase, Osteocalcin and OPG/RANKL ratio, as markers of OB 

differentiation were  evaluated in cell supernatant after 1 week of OB-OC co-culture on 

material samples and CTR. Statistical analysis is reported in the figure (*p<0.05, 

**p<0.005, ***p<0.0005). 

ALP: no differences among groups;  

OSTC: * B, C, D vs CTR; * E vs C; ** E vs CTR. 

OPG/RANKL ratio: ** A, C vs E, CTR; *** B vs E, CTR 
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