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Abstract 

Bioactive materials offer particular clinical benefits in the field of dental implantology, where 

differentiation of stem cells towards an osteoblastic lineage is required for osseointegration and 

appropriate function of implants in vivo. The aim of this study was to evaluate the osteoblastic 

response of Stro-1+ve periodontal ligament stem cells (PDLSCs) to three well-characterised 

biomaterial surfaces: an abraded titanium surface (cpTi) control; a polycrystalline titanium surface, 

with both micro and nano-topography produced by radio frequency magnetron sputtering (TiTi); 

and the same surface incorporating a sputter deposited calcium phosphate coating (CaP-TiTi). The 

CaP-TiTi surfaces were non-stoichiometric, carbonated, and calcium rich with a Ca/P ratio of 1.74. 

PDLSCs were grown on each surface in the absence of supplementary osteogneic-inducing agents. 

Osteoblastic responses were assessed for up to 21 days in culture by measuring gene expression 

using real time q-PCR and via assessment of intracellular alkaline phosphatase (ALP) activity. 

Gene expression analysis for the CaP-TiTi surfaces showed a significant late stage up-regulation of 

Secreted Phosphoprotein 1. Additionally, there was a significant up-regulation of the Wnt signalling 

genes β-catenin and Wnt Family Member 5A on days 14 and 21 respectively for the CaP-TiTi 

surface. A significant increase in intracellular ALP at day 21 for the CaP-TiTi surface was also 

observed. These data suggest that the CaP-TiTi surfaces provide the bioactive conditions required 

for direct osteoblastic differentiation of PDLSCs. 
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Introduction 

Mesenchymal stem cells (MSCs) are recognised as offering much promise in the areas of tissue 

engineering and regenerative medicine due to their ability to be differentiated to specific tissue 

forming cell types. Intense research effort has been directed towards examining bone marrow 

mesenchymal stem cells (BMMSCs) for applications in bone-tissue engineering (1, 2). By contrast, 

periodontal ligament stem cells (PDLSCs) are a relatively more recently described population of 

MSCs and have been shown to be both highly proliferative and multipotent (3). PDLSCs also 

represent a promising source of stem cells owing to the relative ease in obtaining them compared 

with bone marrow harvesting. Within the field of dental implantology, PDLSCs have the potential 

to perform an important role during the osseointegration of devices when placed into fresh 

extraction sites (i.e. ‘immediate’ implant procedures). In addition, they also represent a source of 

stem cells for regenerative medicine applications, that could be applied around dental implants in 

areas where there is initially insufficient bone.  Initial investigations have shown the potential of 

utilising PDLSCs to assess osteoblastic differentiation on various titanium surfaces (4-7). However, 

their behaviour in contact with bioactive materials such as hydroxyapatite (HA) and associated 

calcium phosphate (CaP) systems is less well understood. 

In general, in vitro investigations examining the osteoblastic response of MSCs from various 

sources use an ‘osteogenic culture media’ with chemical additives such as β-Glycerolphosphate 

employed as supplements to promote biochemically initiated osteoblastic differentiation. There is 

inherent ambiguity in such models as the associated osteoblastic phenotype that develops is not 

attributable to cell-substrate and/or cell-cell processes that normally regulate differentiation. 

Biomaterial surface-mediated events have previously been shown to directly trigger the 

commitment of undifferentiated cells toward an osteoprogenitor lineage and have been developed to 

offer an alternative starting point for osteogenesis (8). Therefore, experimental models where 

surfaces that possess specific physical and chemical properties that can induce the osteoblastic 
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differentiation of MSCs without the need for chemical supplementation in culture media are of 

increasing importance.  

In this regard, specific forms of nanotopography created on titanium surfaces have been shown to 

induce direct osteoblastic differentiation in BMMSCs (9). Furthermore, augmentation of such 

nanotopography with a bioactive chemistry, specifically that provided by HA and other CaP 

systems, has been shown to provide significant benefits in terms of enhanced osteoblastic 

differentiation (10, 11). HA has the potential to induce both osteoconductive, and osteoinductive 

cell responses and therefore represents a well-established platform to deliver the appropriate surface 

cues for direct stem cell differentiation (12). In order to produce specific titanium nanotopography 

and attendant CaP surface chemistry properties a range of deposition techniques have been 

investigated including plasma spraying, pulse laser deposition (PLD), and radio frequency (RF) 

magnetron sputtering. RF magnetron sputtering, in particular, has been proven to be a particularly 

effective technique in this regard. Using appropriate titanium and hydroxyapatite sputter target 

materials provides for a Ti layer with a form of polycrystalline nanotopography and a CaP coating 

both as individual surfaces and in combination, i.e. bioactive CaP on Ti nanotopography. By 

varying the deposition parameters, the interface between the substrate and the coating can be 

manipulated to provide the conditions necessary for direct MSC differentiation (13). To date, most 

of the work in this area has focused on the application of RF magnetron sputtered Ti/CaP for 

control of the behaviour of BMMSCs (11). Hence, the utilisation of RF magnetron sputtered Ti/CaP 

surfaces to manipulate and understand PDLSC behaviour is novel. 

The central aim of this study is to examine the osteoblastic response of PDLSCs to three titanium 

test surfaces: an abraded titanium control surface (cpTi); a polycrystalline titanium surface, with 

both micro and nano-topography produced by radio frequency magnetron sputtering (TiTi); and the 

same surface incorporating a sputter deposited calcium phosphate coating (CaP-TiTi). In particular, 

the work reported here focuses on the delivery of surfaces with specific nanotopography and 

chemistry that have proven effectiveness for the direct (surface mediated) differentiation of stem 
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cells. All of the surfaces produced were characterised in detail using Fourier Transform Infrared 

Spectroscopy (FTIR), X-ray Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), and 

Atomic Force Microscopy (AFM), in order to fully define the topography and surface chemistry 

created. The PDLSCs were cultured on the surfaces in the absence of any osteogenic supplement in 

the growth media. Osteoblastic responses were assessed for up to 21 days in vitro by measurement 

of real time q-PCR gene expression of alkaline phosphatase (ALPL), collagen type I alpha I 

(COL1A1), runt-related transcription factor (RUNX2) and secreted phosphoprotein 1 (SPP1). 

Additionally, Wnt signalling pathways were assessed by measuring gene expression for β-catenin 

(CTNNB1) and Wnt Family Member 5A (WNT5A). Functional assessment of intracellular alkaline 

phosphatase (ALP) enzyme activity was also carried out. To the best of the authors’ knowledge, this 

represents the first significant report of osteogenic differentiation of PDLSCs to these specifically 

defined surface cues in the absence of biochemical supplementation of media with osteogenic 

factors. 

 

 

2.0 Materials and Methods 

2.1 Sample Preparation  

For this study 15 mm x 15 mm x 0.5 mm coupons of chemically pure titanium (cpTi), (Titanium 

International Ltd, UK) were abraded using a succession of 800, and 1200 grade SiC papers in order 

to prepare the surfaces to a consistent finish. The coupons were twice sonicated for ten minutes 

each in acetone, isopropyl alcohol and distilled deionised water. The abraded coupons were then 

dried thoroughly in a convection oven at 70°C for twelve hours. From these samples, a range of 

different surfaces were prepared using RF magnetron sputtering. As detailed in Table 1, the final 

sample types were abraded and cleaned chemically pure titanium surfaces (cpTi); polycrystalline 

titanium coated on the cpTi surfaces (TiTi); and calcium phosphate sputter coated onto the TiTi 

surfaces from a hydroxyapatite target (CaP-TiTi). 

Page 5 of 40

John Wiley & Sons, Inc.

Journal of Biomedical Materials Research: Part A

This article is protected by copyright. All rights reserved.



6 

 

 

2.2 Sputtering Procedure 

For details of sputtering procedure see Supplementary information S1. 

2.3 Characterisation of the Ca-P Powders and Coatings 

FTIR spectroscopy was carried out using a Varian 640-IR series instrument with a PIKE Diffuse 

Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) accessory. Samples were analysed 

in absorbance mode from 4000 – 400 cm-1 at a resolution of 4 cm-1 with 20 scans collected per 

sample. XRD was carried using a Bruker D8 Discover Diffractometer fitted with a Gobel Mirror. A 

Cu Kα X-ray radiation (λ = 1.540 Å) source was employed with diffraction scans obtained at a tube 

voltage of 40 kV and a current of 40 mA. Scans were recorded from 20 - 50° 2θ with a step size of 

0.04° and a dwell time of 30 seconds. For the grazing incidence angle XRD studies of CaP coatings 

on the cpTi substrates the tube angle was set to 0.75°. XPS was carried out using a Kratos Axis 

Ultra DLD spectrometer. Spectra were recorded employing monochromated Al Kα X-rays (hν = 

1486.6 electron volts (eV)) with the anode operating at 10 kV and 15 mA (150 W). The base 

pressure was 1.33 x 10-7 Pa and the operating pressure was 6.66 x 10-7 Pa. A hybrid lens mode was 

employed during analysis (electrostatic and magnetic), with an analysis area of approximately 300 

µm x 700 µm and a take-off angle (TOA) of 90° with respect to the sample surface normal. Wide 

energy survey scans (WESS) were obtained at a pass energy of 160 eV. High resolution spectra 

were recorded for C1s, O1s, Ca2p, P2p and Ti2p at a pass energy of 20 eV. The Kratos magnetic 

lens charge neutraliser system was used on all samples operating with a filament current of 1.95-

2.00 A and a charge balance of between 3.3 and 3.5 V. Sample charging effects on the measured 

BE positions were further corrected by setting the lowest BE component of the C1s spectral 

envelope to 285.0 eV, i.e. the value generally accepted for adventitious carbon surface 

contamination (14). Photoelectron spectra were further processed by subtracting a linear 

background and using the peak area for the most intense spectral line of each of the detected 

elemental species to determine the % atomic concentration. 
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The surface topography was evaluated using a Digital Instruments Dimension 3000 Scanning Probe 

Microscope (SPM). The surface was scanned in tapping mode over 10 µm x 10 µm area using a 

force modulated etched silicon probe (FESP) with a nominal force constant of 0.28 N m-1. A high 

frequency (75 kHz) z-oscillation was imposed upon the probe during x–y raster scanning, which 

provides for intermittent contact between the probe and the sample surface. This eliminates shear 

forces because the probe is not in constant contact with the sample. The images were collected as 

false colour plots and subjected to minimal computational manipulation, allowing only for a tilt 

removal. 

2.4 In vitro analysis 

2.4.1 Explant procedure and isolation of periodontal ligament stem cells  

Ethical approval was granted for the collection of teeth from the School of Dentistry, Belfast Health 

and Social Care Trust by the Office for Research Ethics Northern Ireland, (Approval Number 

08/NIR03/15). See supplementary information S2 for explant method and stem cell isolation. 

2.4.2 Osteogenic gene expression of PDLSCs on test surfaces 

To investigate the effect on osteoblastic gene expression from PDLSCs in contact with the various 

samples, cells were seeded in triplicate on each of the test surfaces at a density of 1 x 104/ml. At 

days 7, 14, & 21 coupons were carefully removed from their culture well and rinsed twice with cold 

phosphate-buffered saline. RNA was extracted using a RNeasy mini kit (Qiagen, UK) according to 

the manufacturer’s instructions. RNA yield and purity was assessed on a Take3 plate (BioTek, 

USA). Following this, cDNA was synthesised using the SuperScript vilo cDNA synthesis kit 

(Invitrogen, UK). The prepared cDNA was subsequently frozen (-80°C). Real-time qPCR for 

ALPL, COL1A1, RUNX2, and SPP1 was carried out on a Stratagene PCR machine (Agilent 

Technologies). Normalisation of results was achieved utilising the house-keeping genes Beta-2 

microglobulin (B2M) and glucuronidase beta (GUSB) and deriving the geometric mean of these.  

Primer information is listed in Table 2. Sequence amplification was performed as follows: 

denaturation at 55°C for 2 minutes and 95°C for 10 minutes followed by 45 cycles of 95°C for 30 
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seconds and 50°C for 1 minute. The relative gene expression was calculated by the 2-∆∆CT method. 

Results are reported as fold change of gene expression compared with the Ti surface (cpTi) at day 

7, which was used in all experiments as the control value.  

2.4.3 Wnt signalling pathway gene expression of PDLSCs on test surfaces 

Similarly, to the protocol described in 2.4.2., real-time qPCR was used to investigate potential 

activation of Wnt signalling pathways by studying gene expression of CTNNB1 (canonical 

pathway) and WNT5A (non-canonical pathway). Primer information is listed in Table 2.  Gene 

expression was measured for the three test surfaces towards the later stages of differentiation on 

days 14 and 21. Normalisation of results was again achieved utilising the house-keeping genes B2M 

and GUSB.  Results are reported as fold change of gene expression compared with the cpTi surface 

at day 14.  

2.4.4 Alkaline phosphatase (ALP) activity of PDLSC on test surfaces 

To further assess the development of an osteoblastic phenotype from PDLSCs grown on the three 

test surfaces (cpTi, TiTi, CaP-TiTi), an ALP activity assay was performed on days 7, 14, and 21. 

Briefly, 1 x 104/ml PDLSCs were seeded in triplicate on each test surface. At each time point the 

coupons were carefully removed from their wells and put into a fresh 12-well plate, to avoid 

including cells growing around but not on the coupons. Surfaces were rinsed with PBS twice, and 

then lysed using 150µl of lysis buffer (0.2% Triton X-100), followed by a 15-minute incubation 

period at 37°C. The surfaces were then scraped to remove the lysed cells, which were then 

transferred to 1.5ml tubes before vortexing and centrifugation at 4°C for 10 minutes. Supernatants 

were collected for quantification of ALP activity (Sigma-Aldrich, UK). ALP activity was 

normalized to total protein content, measured using a BCA protein assay kit (Pierce, Rockford, IL, 

USA), and the results were expressed as ηmol PNPP /min/mg protein. 

2.4.5 Statistical Analysis 

As indicated, all experiments were carried out in triplicate and results represent two independent 

experiments. Data points were analysed at 7, 14, & 21 days. One-way analysis of variance was used 
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to determine statistical significance between gene expression for the samples and a Tukey post hoc 

test was used to determine significance between pairs of sample means. ALP activity data was 

analysed by the Kruskal-Wallis test for independent samples, followed by Dunn’s test for multiple 

comparisons. The level of statistical significance was set at p<0.05. The statistical analyses were 

performed with IBM SPSS Statistics for Windows (IBM Corp. Released 2012. Version 21.0. 

Armonk, NY). 

 

 

 

 

 

 

3.0 Results 

3.1 Characterisation of the Ca-P Precursor Powders 

The HA target precursor powder was characterized using FTIR, XRD and XPS to determine the 

nature of the material prior to sputter deposition of the CaP coatings used in this study. The results 

obtained were comparable to those described previously for similar HA powders (15). From these 

findings it is clear that the purity, crystallinity and stoichiometry of the powder was as expected and 

confirmed the material was a carbonated from of HA. 

3.2 Characterisation of the Surfaces 

The FTIR spectrum for a CaP coating sputtered from HA target is shown in Figure 1. Well resolved 

P-O stretching vibrations were observed as expected between 1100 – 950 cm-1. O-P-O bending 

vibrations are also present between 620 – 560 cm-1. Hydrogen phosphate bands (HPO4
2-) can also 

be observed at 1122 and 582 cm-1 (16). A very weak O-H libration band is observed around 632 cm-

1 as a weak shoulder, with a further peak associated with O-H groups observed at 3570 cm-1. This 

peak may be associated with O-H stretching groups within the film (16). The absence of strong -OH 

functional groups, commonly observed at approximately 632 cm-1 and 3568 cm-1, indicate that a 

degree of dehydroxylation has occurred within the CaP crystal structure deposited from the HA 
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target under the conditions employed here. Peaks indicative of CO3
2- species were also observed in 

the FTIR spectrum for Ca-P coating between 1550 – 1400 cm-1. 

The XRD pattern for the control substrate (cpTi) after abrasion was consistent with that observed 

for the International Centre for Diffraction Data (ICDD) file #44-1294 for titanium, as shown in 

Figure 2(a). The most intense peaks were observed at 35.3°, 38.5° and 40.3° 2θ and relate to the 

100, 002 and 110 reflections, respectively. The XRD pattern for the titanium layer sputter deposited 

onto the cpTi substrate (TiTi), as shown in Figure 2(b) had diffraction peaks in similar 2θ positions, 

however, this layer exhibits a clear 002 preferred orientation due to the relative intensity of the peak 

at 38.5° 2θ which dominates the diffraction pattern. The corresponding diffraction pattern for the 

CaP coating, as shown in Figure 2(c), has peaks that are clearly indicative of HA, with 2θ values 

that correspond closely to those observed in the ICDD file #09-0432 for HA. The four strongest 

peaks are observed at 25.9°, 31.7°, 32.1° and 32.8° 2θ, and correspond to 002, 210, 211 and 112 

reflections, respectively. The 002 reflection at 25.9° 2θ dominates the diffraction pattern, which 

suggests that this coating has a 002 preferred orientation as clearly observed in Figure 2(d). Peaks 

indicative of the underlying titanium layer are also present at 2θ values of 35.3°, 38.5° and 40.3° 2θ, 

(17) as per the ICDD file #44-1294 for titanium. 

The XPS data are shown in Figures 3, 4, & 5. For the cpTi surface after abrasion indicates the 

presence of oxygen, carbon and nitrogen in addition to titanium. The high-resolution Ti2p spectrum 

confirms the presence of TiO2 due to the peaks at 458.6 eV (Ti2p3/2) and 464.5 eV (Ti2p1/2) (17, 

18). In addition, the peak observed at 453.5 eV (Ti2p3/2) would normally be associated with metallic 

titanium (18, 19). The presence of a surface oxide layer is further confirmed by the nature of the 

high-resolution O1s spectral envelope, which clearly shows a strong contribution from TiO2 at 

530.4 eV. The contribution on the high B.E. side of the O1s peak at 530.4 eV may be a 

consequence of the presence of oxygen from organic species and/or OH groups (17, 18). Similar 

results were observed for the sputter deposited titanium layer (TiTi). However, in this case the 

contribution from the TiO2 (459.0.0 eV (Ti2p3/2) and at 464.7 eV (Ti2p1/2)) is more dominant than 
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that for the metallic state in the Ti2p high-resolution spectral envelope (which was not detected 

here). The XPS WESS and high-resolution scans for a CaP-TiTi surfaces, shows peaks 

corresponding to Ca2s (439.0 eV), Ca2p3/2 (347.6 eV), Ca2p1/2 (351.1 eV), Ca3s (44.3 eV), P2p 

(133.6 eV), P2s (190.9 eV), O1s (531.6 eV) and OKLL Auger peak (978.0 eV). The key peak 

positions are highlighted in Table 3 and correspond closely to those reported for HA in the literature 

(14). The Ca/P ratio for the CaP coating was 1.74 ± 0.14, as reported in Table 4, which is in close 

agreement with that expected for stoichiometric HA (1.67). 

AFM analysis of the cpTi surface after abrasion indicates the presence of random abrasion scratches 

running across its surface. These features dominate the substrate surface and range in width from 

0.5 – 2.0 µm. Small hillocks, pits and fissures, which vary in size up to 5.0 µm, are also seen 

regularly across the surface, particularly between the abrasion scratches, as shown in Figure 6(a). 

For TiTi surface, titanium crystallites of 0.39 ± 0.05µm in diameter were observed across the 

surface and seem to have formed preferentially around the more prominent surface asperities on the 

substrate, as illustrated in Figure 6(b). These surface features were seen to range between 0.25 – 0.5 

µm.  It is also apparent that there has been significant in-filling of the larger pits and abrasion 

scratches on the substrate surface by the sputtered Ti layer as observed by a decrease in the surface 

roughness values when compared to those obtained for the control cpTi surface, as highlighted in 

Table 5.  The sputter deposited CaP coating on the TiTi surface exhibits more regular sized 

columnar features across the coating surface of diameter 0.32 ± 0.07 µm. These features were found 

to range from 0.2 – 0.43 µm in diameter. Again, the surface roughness for the CaP-TiTi surfaces 

was again seen to decrease with further apparent in-filling of the pits and abrasion scratches on the 

substrate surface. 

3.3 In Vitro Results 

3.3.1 Osteogenic gene expression analysis 

The osteogenic phenotype of the PDLSCs following culture on each of the three surfaces was 

confirmed at the transcriptional level by genes encoding ALP, COL1A1, RUNX2, and SPP1. 
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Figure 7 shows the fold change in gene expression for each gene relative to that for cpTi surface at 

Day 7 which was used as a calibration value. For ALPL there was up-regulation for PDLSCs 

cultured on both the cpTi surface and CaP-TiTi at day 14. This was followed by a significant down-

regulation for the CaP-TiTi surface by day 21, whereas the cpTi surface continued to exhibit further 

up-regulation of ALPL. Despite the fact that the fold changes in gene expression were generally 

lower for COL1A, significant differences in expression were observed across all three time points. 

RUNX2 also displayed relatively low fold changes, with significant differences between the 

surfaces only seen at day 21. The largest fold change value was observed for the SPP1 gene, where 

there was a significant up regulation of x16.9 for the CaP-TiTi surface at day 21.  

3.3.2 Wnt signalling pathways, gene expression. 

Wnt signalling was investigated at the transcriptional level by the genes encoding CTNNB1 for the 

canonical pathway, and WNT5A for the non-canonical pathway at days 14 and 21. Figure 8 shows 

the fold change in gene expression for each gene relative to that of the cpTi surface at Day 14 which 

was used as a calibration value. A significant upregulation was observed for both CTNNB1 and 

WNT5A genes on the CaP-TiTi surface at days 14 and 21 respectively.   

3.3.3 Alkaline Phosphatase Activity 

At days 7 and 14 there was no significant difference between ALP activity on any of the three test 

surfaces compared to the control (Figure 9). However, a significantly higher degree of ALP activity 

was observed for the CaP-TiTi surface by day 21 when compare to the cpTi and TiTi surfaces. 
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4.0 Discussion 

The differentiation of mesenchymal stem cells (MSCs) to various lineages can be modulated by a 

variety of signals including chemical cues, biomechanical cues, and biophysical cues. Studies 

investigating the influence of biophysical cues, specifically micro- and nano-topography, have 

demonstrated the robust role this effect has on dictating the cell fate (19). Surfaces which 

incorporate both chemical and physical properties are of increasing interest as they offer the 

potential to engender responses for specific cell applications (20). In this study we examined the 

response of PDLSCs to three test surfaces: an abraded titanium surface (cpTi) control; a 

polycrystalline titanium surface, with both micro and nano-topography produced by radio frequency 

magnetron sputtering (TiTi); and the same surface incorporating a sputter deposited calcium 

phosphate coating (CaP-TiTi).  

The cpTi control surface is a physically abraded surface, which incorporates pits, fissures and 

hillocks with features that were up to 5.0 µm across as indicated by AFM analysis. XRD and XPS 

analysis confirmed that these surfaces were indeed pure titanium and contained no detectable 

impurities. The corresponding TiTi surface, which incorporated sputtered deposited polycrystalline 

titanium, had the effect of reducing the surface roughness, indicating that in-filling of the surface 

occurs as a consequence of the sputtering process. In addition, micro-crystallites of titanium in the 

range 0.25-0.5 µm across are visible right across the surface, particularly around surface asperities, 

where the surface energy will be lower. XPS showed that the TiO2 contribution here is more 

dominant than that from the source metal. Low levels of nitrogen were also seen to be present on 

this surface. XRD highlights that the TiTi surface exhibits a clear 002 preferred orientation. These 

results suggest that although the TiTi surface is predominantly titanium, its surface chemistry and 

topography is different than that of the cpTi control material. The CaP-TiTi surface had a much 

reduced surface roughness compared to either the cpTi and TiTi samples. The micro-crystallites 

seen for the TiTi surface again occur homogeneously across the entire sample confirming that the 

CaP coating conforms to the this polycrystalline topography (21). It should also be noted that the 
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CaP coatings were thermally annealed to 500°C, as coatings sputter deposited under the conditions 

employed here are typically amorphous in nature, and inherently physiologically unstable (14).  The 

chemistry of the sputtered CaP detected here reflects the low sputtering power employed (150W), 

as such coatings have been shown to contain only HA-like properties with no other additional CaP 

phases or by-products presence (16). This means that this coating is consistent with the 

requirements of various international standards (ASTM 1185-03(2014), ASTM 1609 – (08)2014 

and ISO 13779 (Parts 2 and 3)). The Ca/P ratio of the CaP-TiTi sample was determined to be 1.74 ± 

0.14, which is slightly higher than would be expected for pure hydroxyapatite (1.67). FTIR analysis 

highlighted that there had been hydrogenation of the phosphate functional groups in the Ca-P films 

with concurrent dihydroxylation. It is suggested that this has a significant influence on the atomic 

ordering in the CaP coating that is still inherent event after thermal annealing (14). A significant 

reduction in OH- groups means that the charge balance necessary within the crystal structure must 

therefore be provided by other means. HA (and CaP coatings) can undergo carbonate (CO3
2-) 

substitution within the crystal lattice at multiples sites. Most notably, A-type substitution for OH- 

groups, B-type substitutions for PO4
3- groups, or both (AB) substitution are acknowledged as 

providing for charge balance in the lattice structure of HA (21, 22). It is now widely accepted that 

in natural apatite, B-type substitutions dominate (21).  Evidence for some degree of CO3
2- 

substitution here is suggested by the presence of these peaks between 1550-1400 cm-1 in the FTIR 

spectrum (Figure 1). No evidence for the presence of CaO, Ca(OH)2 or CaCO3 was found in the 

XRD, FTIR or XPS analyses. Therefore, the CaP coatings produced here can be said to resemble 

something close to naturally occurring apatite rather than synthetic HA in that they contain 

carbonate and are both dehydroxylated and non-stoichiometric (23). Furthermore, it is assumed that 

the material deposited here is not a calcium deficient hydroxyapatite (CDHA) material [Ca10-X 

[(PO4)6-X(HPO4)X](OH)2-X], as this would result in Ca/P ratio less than 1.67 (21). Furthermore, the 

presence of CO3
2- is not seen in the CDHA system. The CO3

2- and HPO4
2- can occur either as 

substitutional ions in the lattice of the coatings obtained (or as labile materials), or both. The XRD 
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results also show that the CaP-TiTi surface has a preferred 002 c-axis orientation. There is also a 

change in the relative peak intensities of the 211 and 112 peaks as would be expected for 

stoichiometric HA (Figures 2(c) and (d)). These observations are in line with previous studies on 

sputter deposited apatites (18). Other work has also shown that a preferred 002 orientation in CaP 

coatings can enhance the cellular response in vitro (13), in particular for MSCs (24). It has also 

been reported that the bioactivity attributed to CaP materials originates due to the actions of free 

Ca2+ ions (25). Based on these various observations, it is suggested that a possible formula for the 

coatings produced here is Ca10-X-Y/2[HPO4)(PO4)]6-X-Y(CO3)Y(OH)2-X (26). However, the possibility 

of labile CO3
2- and HPO4

2- occurring in the lattice of the CaP coating cannot be discounted (27). 

The biological analysis of PDLSCs cultured on the CaP-TiTi surface showed that this surface is 

capable of inducing osteogenic differentiation, as evidenced by both gene expression and ALP 

activity compared to the cpTi control. The osteogenic differentiation observed here is thus 

attributable to the attendant surface chemistry and topography. The role of the CaP is clearly 

marked here by the fact there was little appreciable difference observed between the PDLSC 

response to TiTi surface and the cpTi, control. In this regard, the presence of titanium dioxide 

(TiO2) which has been shown previously to enhance the osteoblast response of MSCs (compared to 

pure titanium surfaces) (28), was not apparent in the in vitro results obtained here. Moreover, given 

the similar surface features observed for the CaP-TiTi and TiTi surfaces, it would again suggest that 

the role of the CaP chemistry is the most significant factor in attaining an osteogenic response from 

the PDLSCs. 

Undifferentiated mesenchymal stem cells tend to show weak alkaline phosphatase activity, whereas 

fully differentiated osteoblasts have higher activity. ALP may regulate the degradation of inorganic 

pyrophosphate providing sufficient local concentration of phosphate for mineralization (29). Our 

results indicate that PDLSCs growing on the CaP-TiTi surface showed significantly higher ALP 

activity levels at day 21 compared to either the cpTi and TiTi surfaces.   At the gene level, the 

ALPL gene codes for the production of alkaline phosphatase. The up regulation of alkaline 
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phosphatase is generally regarded as an early marker of osteogenic differentiation. For example, 

Kulterer et al. observed that in the osteogenic differentiation of BMMSCs, up regulation of ALPL 

commenced on day 4, but by day 14 down regulation occurs as the cells start to enter the 

mineralization phase of phenotype change (30). Similar behaviour was observed in this study were 

up regulation of ALPL at day 14 was followed by a significant down regulation at day 21 days for 

PDLSCs cultured on CaP-TiTi. By comparison, the cpTi control and TiTi surfaces showed up 

regulation at each time point. When these results are viewed in the context of the associated 

increase in functional ALP enzyme activity for PDLSCs seeded on the CaP-TiTi surface, it suggests 

that they are further along the osteogenic differentiation pathway by day 21.  

The SPP1 gene (also known as Osteopontin or Bone Sialoprotein 1), codes for a secreted protein 

which binds hydroxyapatite with high affinity. It is generally considered a late marker of osteogenic 

differentiation, although its expression is known to peak twice: firstly around day 4 during 

proliferation and secondly between days 14-21 during mineralization (31). In this study we 

observed a x17 fold increase in the expression of SPP1 by Day 21 for PDLSCs cultured on the CaP-

TiTi surface. This again suggests that cells are entering a mineralisation stage of differentiation.  

In addition to surface topographical cues, one of the important factors regulating cellular response is 

material solubility. This determines the type and concentration of dissolved ions in the cell 

environment. Previous work has shown that RF magnetron sputtering of hydroxyapatite onto 

titanium results in ‘as-deposited’ coatings that are typically non-stoichiometric, with slightly Ca2+ 

rich surfaces (17). Although the CaP surfaces here were thermally annealed to reduce their inherent 

solubility, it is still likely that some moderate dissolution occurs. This, in combination with the 

apparent 002 preferred orientation of the CaP coating produces a surface that is capable of releasing 

Ca2+ ions, known to play an important role in cell proliferation and differentiation, into the localised 

ECM/media (32, 33). Combining this with the micro- and nano-scale surface features that are 

produced by sputtering, offers a means for greater physical interaction between the cells and the 

CaP-TiTi surface.  
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RUNX2 is acknowledged as the central control gene within the osteoblast phenotype (34). At early 

stage differentiation RUNX2 plays a major role in directing MSCs to the osteoblast lineage and 

triggering the expression of many extracellular bone matrix proteins (35). At Day 21 in this study 

there was only modest upregulations of x1.7 and x1.4 fold changes for the cpTi and the CaP-TiTi 

surfaces, respectively. Previous studies investigating RUNX2 expression have included an earlier 

time point, i.e.  at days 1, 3 or 4 (36-38). The inclusion of earlier time points in the present study 

may have provided a better baseline and more meaningful comparison of fold change analysis for 

RUNX2. Similarly, analysis of the COL1A1 expression showed only minor differences in fold 

changes. COL1A1 codes for production of type I collagen and plays an important role in cell 

adhesion, proliferation and differentiation of the osteoblast phenotype. It is considered to be an 

early marker of osteoprogenitor cells (39) and thus inclusion of an earlier time point for this gene 

may have allowed a more definitive conclusions to be drawn. 

Previous work has shown that Wnt signalling through the canonical and non-canonical pathways 

modulate multiple aspects of osteoblast physiology including proliferation, differentiation, bone 

matrix formation, and apoptosis (40). Significant upregulation was observed for both CTNNB1 and 

WNT5A genes on the CaP-TiTi surface at days 14 and 21 respectively.  This would suggest the 

enhanced osteoblastic response of the CaP-TiTi surface is likely occurring through these Wnt 

signalling pathways (both canonical and non-canonical). This finding is in agreement with a 

previous study which showed modifying the physical and chemical properties of titanium surfaces 

could differentially effect the expression of osteo-modulatory molecules in PDLSCs grown on them 

(41). By carefully characterizing surfaces using the RF sputtering technique in the present study, we 

for the first time were able to demonstrate that it is the additional chemistry of CaP on nano-

topographic surfaces (CaP-TiTi) rather than nano-topographic features alone (TiTi) that is key in 

generating the direct osteoblastic differentiation of PDLCSs in vitro. 
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5.0 Conclusion 

The CaP-TiTi surface directly promoted the osteogenic differentiation of PDLSCs in the absence of 

osteogenic inducing factors in the culture media. Differences in gene expression behaviour 

associated with the osteogenic differentiation of the stem cells over a 21-day culture period were 

observed to be statistically significant on the CaP-TiTi surface when compared to both cpTi and 

TiTi samples. This was supported by in vitro analysis of ALP expression activity. Analysis of the 

CaP-TiTi surfaces indicate that it was comprised of a non-stoichiometric, carbonated, calcium rich 

(Ca/P ratio: 1.74) surface chemistry and that it is these properties which was likely to have been the 

key factors in driving the PDLSC down the osteoblastic differentiation pathway. Moreover, the data 

attained suggest that under the specific conditions applied, the topography present on the TiTi 

surface is not capable of directly providing an osteogenic response on its own. Hence, it has been 

shown here for the first time sputter deposited CaP coatings deposited on micro/nano-scale titanium 

topography can directly induce PDLSCs to an osteoblast cell lineage. These results support the 

promise of such surfaces for both the incorporation on dental device surface and as a means to 

create osteogenic cells for enhanced implant fixation with appropriate in vivo studies now required 

to confirm this enhanced osteogenic and regenerative potential.  
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layer sputtered onto a cpTi surface (TiTi) and (c and d) CaP coating on TiTi surface (CaP-TiTi). 

Figure 3. XPS wide energy survey scans (WESS) for (a) abraded chemically pure titanium surface 

(cpTi), (b) titanium layer sputtered onto a cpTi surface (TiTi) and (c) CaP coating on TiTi surface 

(CaP-TiTi). 

Figure 4. XPS high resolution spectra for abraded titanium surface cpTi where (a) C1s, (b) O1s and 

(c) Ti2p. Similar high resolution spectra for sputtered titanium surface (TiTi) are provided for (d) 

C1s, (e) O1s and (f) Ti2p. 

Figure 5. XPS high resolution spectra for the CaP-TiTi, where (a) C1s, (b) O1s, (c) Ca2p and (d) 

P2p. 

Figure 6. AFM images for (a) abraded titanium surface (cpTi), (b) titanium layer sputtered onto a 

cpTi surface (TiTi) and (c) CaP coating on TiTi surface (CaP-TiTi). 

Figure 7.  PDLSC bone-specific gene expression for ALPL, COL1A1, SPP1, and RUNX2. Levels 

provided as fold change relative to the day 7 cpTi surface. *p<0.05 (ANOVA – post-test Tukey’s) 

Figure 8. PDLSC Wnt pathway gene expression (A) CTNNB1 and (B) WNT5A at days 14 and 21. 

Levels provided as fold change relative to the day 14 cpTi surface. *p<0.05 (ANOVA – post-test 

Tukey’s) 

Figure 9.  Alkaline Phosphatase (ALP) activity for cpTi, TiTi and CaP-TiTi surfaces at days 7, 14, 

and 21. Values were normalized to total protein content and expressed as mean±SE ηmol 

PNPP/min/mg protein. *p<0.05 (Kruskal-Wallis – post-test Dunn’s) 
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Table 1.  Nomenclature for the surfaces prepared for this study. 

Sample Name Nomenclature Coating Thickness (nm) 

Chemically pure titanium cpTi - 

Titanium coated cpTi surfaces TiTi ~100 nm 

Hydroxyapatite coated onto the TiTi surfaces CaP-TiTi ~250 nm 
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Table 2. qPCR primer information 

 

Gene Reference No. Chromosome 

No. 

Probe 

sits on 

exon 

boundary 

Base  

position 

Amplicon 

length 

COL1A1 Hs00164004_m1 17 1 – 2 230 66 

RUNX2 Hs00231692_m1 6 5-6 

5-6 

3-4 

900 

900 

648 

116 

 

ALPL Hs01029144_m1 1 7-8 

6-7 

5-6 

1056 

891 

775 

79 

SPP1 Hs00959010_m1 4 5-6 

6-7 

5-6 

4-5 

7-8 

4-5 

657 

699 

618 

576 

888 

1125 

84 

CTNNB1 Hs00355045_m1 3 10-11 

10-11 

10-11 

10-11 

10-11 

1948 

1962 

1860 

1922 

1962 

86 

WNT5A Hs00998537_m1 3 4-5 

4-5 

4-5 

7-8 

7-8 

4-5 

4-5 

4-5 

8-9 

7-8 

748 

1343 

703 

6332 

2956 

849 

1994 

895 

6059 

2961 

61 

B2M HS00984230_m1 15 3 - 4 431 81 

GUSB HS00939627_m1 7 8 - 9 1522 96 
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Table 3. XPS peak position data for the cpTi, TiTi and CaP-TiTi surfaces. 

 

 

Sample 
Peak Position (eV) 

C1s O1s Ca2p3/2 P2p Ti2p3/2   N1s 

cpTi 285.0 530.4 / / 458.6 400.8 

Ti on Ti 285.0 530.2 / / 459.0 401.2 

HA on Ti 500°°°°C 285.0 531.6 347.6 133.6 / / 
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Table 4. XPS quantitative data for the cpTi, TiTi and CaP-TiTi surfaces. 

Sample 
Atomic Conc % 

Ca/P Ratio 
C1s O1s Ca2p P2p Ti2p N1s 

cpTi 25.7 48.1 / / 26.2 / / 

TiTi 31.9 43.5 / / 23.3 1.3 / 

CaP-TiTi 18.1 55.8 15.6 10.4 / / 1.74±0.14 
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Table 5.  Surface feature size and surface roughness values from AFM analysis of cpTi, TiTi 

and CaP-TiTi. 

Sample Name Surface Feature Size (µµµµm) Ra (µµµµm) Rq (µµµµm) 

cpTi - 40.6 ± 9.0 49.6 ± 10.7 

TiTi 0.39 ± 0.05 30.7 ± 9.1 39.1 ± 11.8 

CaP-TiTi 0.32 ± 0.07 25.4 ± 5.2 31.5 ± 6.0 
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Figure 1. FTIR Spectrum for CaP-TiTi sample.  
Figure 1  
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Figure 2. XRD diffractograms for (a) abraded chemically pure titanium surface (cpTi), (b) titanium layer 
sputtered onto a cpTi surface (TiTi) and (c and d) CaP coating on TiTi surface (CaP-TiTi).  

Figure 2  
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Figure 3. XPS wide energy survey scans (WESS) for (a) abraded chemically pure titanium surface (cpTi), (b) 
titanium layer sputtered onto a cpTi surface (TiTi) and (c) CaP coating on TiTi surface (CaP-TiTi).  

Figure 3  
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Figure 4. XPS high resolution spectra for abraded titanium surface cpTi where (a) C1s, (b) O1s and (c) Ti2p. 
Similar high resolution spectra for sputtered titanium surface (TiTi) are provided for (d) C1s, (e) O1s and (f) 

Ti2p.  

Figure 4  
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Figure 5. XPS high resolution spectra for the CaP-TiTi, where (a) C1s, (b) O1s, (c) Ca2p and (d) P2p.  
Figure 5  
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Figure 6. AFM images for (a) abraded titanium surface (cpTi), (b) titanium layer sputtered onto a cpTi 
surface (TiTi) and (c) CaP coating on TiTi surface (CaP-TiTi).  

Figure 6a  
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Figure 6. AFM images for (a) abraded titanium surface (cpTi), (b) titanium layer sputtered onto a cpTi 
surface (TiTi) and (c) CaP coating on TiTi surface (CaP-TiTi).  

Figure 6b  
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Figure 6. AFM images for (a) abraded titanium surface (cpTi), (b) titanium layer sputtered onto a cpTi 
surface (TiTi) and (c) CaP coating on TiTi surface (CaP-TiTi).  

Figure 6c  
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Figure 7.  PDLSC bone-specific gene expression for ALPL, COL1A1, SPP1, and RUNX2. Levels provided as 
fold change relative to the day 7 cpTi surface. *p<0.05 (ANOVA – post-test Tukey’s)  
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Figure 8: PDLSC Wnt pathway gene expression (A) CTNNB1 and (B) WNT5A at days 14 and 21. Levels 
provided as fold change relative to the day 14 cpTi surface. *p<0.05 (ANOVA – post-test Tukey’s)  
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Figure 9: Alkaline Phosphatase (ALP) activity for cpTi, TiTi and CaP-TiTi surfaces at days 7, 14, and 21. 
Values were normalized to total protein content and expressed as mean±SE ηmol PNPP/min/mg protein. 

*p<0.05 (Kruskal-Wallis – post-test Dunn’s)  
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Figure S1 Caption: Captured immunofluorescent images of mixed population periodontal ligament cells (A), 
and Stro-1 sorted periodontal ligament stem cells (B). Red: Stro-1. Blue: Nuclei (DAPI)  
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