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Gerald J. Atkins,*c and Dusan Losic*a 

 

With the increasing demand for low-cost and more efficient dental implants, there is an urgent need for developing new 

manufacturing approaches and implants with better osseointegration performances. 3D printing technology can provides 

enormous opportunities for rapid fabrication of a new generation of patient-tailored dental implants with significantly 

reduced costs. This study presents the demonstration of a unique model of titanium implants based on 3D printing 

technology with improved osseointegration properties. The titanium alloy (Ti6Al4V) implants with micro-structured 

surface are fabricated with a selective laser-melting process followed by further nano-structuring with electrochemical 

anodization to form titania nanotubes (TNT) and subsequent bioactivation by hydroxyapatite (HA) coating. The 

osseointegration properties of the fabricated implants were examined using human primary osteoblasts. The results 

showed significantly increased protein adsorption, cell adhesion and cell spreading. The expression of the late 

osteoblast/osteocyte genes GJA1 and PHEX was also enhanced, indicating a cell maturation effect and promotion of 

mineralization on the surfaces. These results suggest that 3D printing technology combined with electrochemical nano-

structuring and HA modification is a promising approach for fabrication of Ti implants with improved osseointegration and 

provides potential alternatives to conventional dental implants. 

1. Introduction 

    The number of dental implant procedures is steadily 

increasing worldwide, reaching about one million operations 

every year.1 This rising demand poses a great challenge to the 

conventional dental implant industry. Manufacturing by 

casting or machining, the conventional implant production 

approach, is complicated, expensive, and time consuming.2 

Furthermore, current implants are only available in a fixed set 

of dimensions and therefore may not be suitable for every 

patient. In addition, the requirement of storing a large variety 

of pre-made implants could result in serious wasting of 

resources due to expiration and therefore making implants 

more expensive.2 Thus, a more efficient approach for implant 

production and custom made on demand is highly desirable. 

    Three-dimensional (3D) printing is currently attracting 

increasing attention across many sectors opening new 

horizons for fabrication of various biomedical implants and 

tissue engineering.3 This technology directly utilizes computer-

aided design models to fabricate any desired structures, saving 

significant time and cost.4 The application of 3D printing to 

fabricate patient tailored implants with desirable properties 

will result in revolutionary improvements, among which is the 

flexibility in implant design to obtain different shapes of 

implants with tuned dimensions.5 More importantly, 3D 

printing will allow production on demand and personalized 

implants using computed tomography (CT) scans to create a 

precisely defined shape to replace a missing tooth which can 

be designed especially for each patient that can be fabricated 

very quickly in clinical environment.4 At the same time, the 

implant manufacturing companies using this technology will be 

able to deliver implants on request instead of massive 

production and storage of implants. Accordingly, 3D printing 

technology is emerging as a promising tool for producing new 

generation of medical implants. However, before putting such 

3D printed dental implants into real application, it is important 

to investigate and optimize their performance in terms of 

osseointegration, a critical prerequisite for the stability and 

long-term survival rate of dental implants.6  

    Since the implant surface comes directly in contact with 

bone after insertion, many efforts have been made to modify 

the surface properties to improve their biointegration.7, 8 Early 

work by Buser et al.9 showed that a micro-roughened surface 

prepared by sandblasting and acid etching significantly 
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increased osseointegration compared to smooth surfaces. 

Such rough topographies are believed to provide mechanical 

interlocking with cells. Considering that the major components 

of bone are nano-scale materials, it is proposed that implants 

with nano-surface topography could provide superior 

osseointegration features.10  

    Titania nanotubes (TNT) structures prepared by 

electrochemical anodization of titanium are recognized as a 

remarkable representative of these nanostructures.11 These 

arrays of tiny tubes which are open at the top and closed at 

bottom can be prepared with well control over dimensions 

(diameters 10-300 nm and lengths 0.5 to 300 µm) and they are 

well explored for drug-delivery applications.12 Electrochemical 

anodization is a scalable, cost-effective and simple fabrication 

process that can be implemented for modifications of medical 

implants using most clinically proved metals at industrial 

scale.13 Several studies have demonstrated that TNT structures 

could promote osteoblast cell adhesion, proliferation and 

enhance the ingrowth of bone and vascular tissues.14-17 

Additionally, the residual fluoride in TNT resulting from the 

anodization process could also favor the implant 

osseointegration.1 The first concept to demonstrate 

engineering of new 3D printed Ti implants (3D-Ti) for drug 

delivery applications is recently demonstrated by our group 

showing promising applications for delivery of anti-cancer 

drugs and localized cancer therapy.18   

In this work we propose an approach to further improve the 

osseointegration performance of 3D printed Ti alloy implants 

by combining 3D printing technology, surface nanoengineering 

and chemical modification. The concept is based on the idea to 

develop advanced 3D printed implants with dual micro- and 

nano-topography (3D-Ti-TNT) fabricated by 3D printing and 

electrochemical anodization, followed by hydroxyapatite (HA) 

surface functionalization as depicted in Fig. 1. The 

enhancement of osseointegration performance of 3D implants 

using HA is proposed due to its chemical similarities to bone 

mineral.19-21 HA is clinically approved for surface coating of 

medical implants to promote bone healing and apposition, 

leading to faster fixation and better clinical outcomes. 19-21 

Successful synthesis of HA on titania nanotubes has been 

achieved by a simple and efficient alternative immersion 

method (AIM), consisting of successive immersion of the 

implants into Ca(OH)2 and (NH4)2HPO4 for repeated cycles.22 

The implants after each fabrication step were characterized by 

different techniques to show surface morphology and 

chemical composition. The osseointegration properties of 

fabricated implants were evaluated by protein adsorption, cell 

adhesion, morphology and gene expression. The results 

obtained suggest that the fabricated implants could be a 

promising alternative for the fabrication of patient-specific 

dental implants. 

2. Experimental  

2.1. 3D printing of Ti implants 

    Titanium alloy powder (Ti6Al4V) was used for printing the 

implants in the forms of square strips (1.2 x 1.2 cm2) with a 

selective laser melting machine (3D System ProX 200 (Phenix 

Systems PXM)), equipped with 300W Laser (1070 nm at 50% 

power), in the presence of an Argon atmosphere (~500 ppm 

O2). A thin even layer of the metal powder was deposited 

across a build plate and then the selected areas of the powder 

were precisely melted by the high power focused laser. This 

process is repeated building up, layer by layer, till reaching the 

desired thickness (~ 0.6 mm), and generated the implants 

accordingly. The resulting implants are referred to as 3D-Ti 

throughout this study. Commercially available Titanium foil 

(Sigma-Aldrich, Sydney, Australia), referred to as Ti, was also 

cut in the same size as control.  

2.2. Fabrication of 3D printed Ti implants with TNT layer 

    3D-Ti was cleaned by sonication in ethanol for 10 min, 

followed by drying in N2. After this, TNT layer was fabricated 

onto the surface by electrochemical anodization. During the 

process, 3D-Ti served as anode and a thin Ti foil served as 

cathode. Both of the electrodes were immersed in ethylene 

glycol electrolyte containing ammonium fluoride (0.1M), lactic 

acid (1.5M) and water (5 vol %). A special electrochemical 

setup designed in our laboratory was used, and the whole 

system was maintained at 60°C under constant steering on a 

magnetic stirrer (50 rpm). A constant voltage of 60 V was 

applied for 15 min. A computer-aided power supply (Agilant) 

was used to supply the desired voltage and was controlled 

using LabView program (National Instruments). After 

anodization, the samples were washed with MilliQ water 

thoroughly and dried in air. The resulting implants are referred 

to as 3D-Ti-TNT.  

2.3. Surface functionalization of 3D-Ti-TNT with hydroxyapatite 

(HA) coating  

    HA coating on the 3D-Ti-TNT was performed by Kodama’s 

Figure 1. Scheme showing the fabrication of 3D printed Ti alloys implants with dual micro- and nano-topography fabricated by combining 3D printing, 

electrochemical anodization, and bioactivation by hydroxyapatite (HA) coating. (a) 3D printer. (b-c) Scheme and SEM image showing typical surface 

topography of 3D printed implants. (d-e) Scheme and SEM image of electrochemically engineered implants  with titania nanotube layer. (f-g) Scheme 

and SEM image of implants after HA coating. 
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alternative immersion method (AIM) 22. Fifteen implants were 

separately placed onto a custom designed holder, which 

permitted all TNT layers to be exposed. The holder was first 

manually immersed in 200 ml of saturated Ca(OH)2 for 1 min at 

room temperature. Subsequently, it was manually immersed 

in 200 ml of (NH4)2HPO4 (0.02M) for same time. This was 

repeated for 5 cycles. Between each soaking step and after 

each cycle, the implants were dipped in 200 ml of MilliQ water 

for 1 min without any shaking. Finally, the implants were left 

to dry at room temperature and referred to as 3D-Ti-TNT-HA 

through out this study.  

2.4. Characterization of prepared implants 

    Surface morphology of the prepared implants was 

characterized by a field emission scanning electron microscope 

(SEM, FEI Quanta 450) working at 10kv. Prior to SEM 

examination, implants were coated with platinum (5 nm 

thickness). Energy-dispersive X-ray spectroscopy (EDS) was 

also recorded to analyse the elemental composition of the 

implants. X-Ray Diffraction (XRD) patterns were also employed 

using Rigaku Miniflex diffractometer operating at 40 kV and 

15mA. The scan range was from 30° to 80° (2θ) at a step size of 

0.02°. The mechanical properties of the implants were 

assessed by a nanoindentation system (IBIS, M/S Fisher-Cripps 

Laboratory, Australia). Load-controlled indentation with a 

maximum load of 200 mN was performed on the polished 

surface of the implants, with a loading rate of 2.5 mN/s, which 

represented the static response of the material.23 The Oliver-

Pharr method 2 was used to quantify the elastic modulus (E) 

and hardness (H). 

2.5. Protein adsorption 

    All implants were cut to a standard size (6 x 6 mm2) and 

sterilized by UV irradiation for 1h on both sides. Protein 

solution, also used as culture media, was prepared with α-

modified minimal essential medium (α-MEM, Gibco, NY, USA) 

supplemented with foetal bovine serum (10 vol %), HEPES (10 

mM), L-Glutamine (0.2 M) and penicillin/streptomycin (1 

vol %). Each Ti, 3D-Ti, 3D-Ti-TNT, and 3D-Ti-TNT-HA implant (in 

triplicate) was placed in a single well of the 48-well plate. 250 

μl of the protein solution was added onto each implant surface 

and incubated at 37 °C for 1.5 h. Unattached proteins were 

washed away with PBS. Attached proteins were fixed with 

neutral formalin (10%) and stained with crystal violet (1%) for 

20 min. The excess stain was removed by washing in water. 

The protein-associated stain was then extracted with acetic 

acid (10 vol %, 200 μl well−1) for 20 min and the absorbance at 

570 nm was measured by spectrophotometry.  

2.6. Cell Adhesion 

    Human osteoblast-like cells grown from bone samples were 

obtained with patient informed consent, as previously 

described.24 Cells were cultured in α-modified minimal 

essential medium (α-MEM, Gibco, NY, USA) supplemented 

with foetal bovine serum (10 vol %), HEPES (10 mM), L-

Glutamine (0.2 M) and penicillin/streptomycin (1 vol %) (all 

from Life Technologies). After reaching confluence, osteoblast 

cells were removed from culture flasks using collagenase-2, 

trypsin, and suspended at a density of 2 × 105 cells ml-1. A 250 

μl aliquot (containing 5 × 104 cells) was added onto each 

implant (Ti, 3D-Ti, 3D-Ti-TNT, and 3D-Ti-TNT-HA (in triplicate)). 

After incubating for 2h, unattached cells were removed by PBS 

washing. Attached cells were fixed with neutral formalin (10%) 

and stained with 4',6-Diamidino-2-Phenylindole (DAPI) (1µg ml-

1). Cell numbers in three random fields from each sample were 

counted under a fluorescence microscope (Olympus_BX51). 

2.7. Cell Morphology study by confocal microscopy 

    Cells were seeded on to each implant (Ti, 3D-Ti, 3D-Ti-TNT, 

and 3D-Ti-TNT-HA) in a 48-well plate. 24h after seeding, the 

media were removed. Implants with cells on the surfaces were 

gently washed by PBS and fixed with neutral buffered formalin 

(10%). Attached cells were stained with phalloidin-TRITC (10 

µM) (Sigama) and DAPI (1µg ml-1) in PBS for 1h. Cell 

morphology was observed under a confocal laser-scanning 

microscope (Olympus FV3000). Phalloidin-TRITC was excited at 

561nm and DAPI at 405nm. 

2.8. Cell Morphology study by SEM 

    Cells were seeded on to each implant (Ti, 3D-Ti, 3D-Ti-TNT, 

and 3D-Ti-TNT-HA) at a density of 5 × 104 in a 48-well plate. 3 

days after seeding, the media were removed and changed into 

differentiation medium (α-MEM with foetal bovine serum 

(10%), ascorbate-2-phosphate (50 μg ml-1) and potassium 

dihydrogen phosphate (1.8 mM)). 7 days later, implants with 

cells on the surfaces were gently washed by PBS and fixed in 

glutaraldehyde (1.25%) (Sigma-Aldrich, Sydney, Australia) for 

24h. A post-fix in osmium tetroxide (2%) for 30 min was also 

performed. After that, cells were dehydrated serially in 70%, 

90%, 100% ethanol, 100% hexamethyldisilazane (HMDS): 100% 

ethanol (1:1) solution, and 100% HMDS. After drying, implants 

were mounted on SEM holders, coated with 5nm thick layer of 

platinum, and observed under a SEM.  

2.9. Gene expression analysis 

    The expression of GJA1 and PHEX was analysed by using 

reverse transcription-quantitative polymerase chain reaction 

(RT-qPCR). SaOS2 human osteoblast-like cells, a well-

established cell line for gene analysis, were seeded on to each 

implant at a density of 1 × 106. After reaching confluence, the 

media were changed into differentiation medium as described 

above. The media were replaced at 3 or 4 -day intervals. After 

7 days of differentiation, RNA was harvested from each sample 

using Trizol reagent (Life Technologies, NY, USA) and was 

reverse transcribed into cDNA using the iScript RT kit (BioRad, 

CA, USA) as described elsewhere.25 SYBR Green Fluor qPCR 

Mastermix (Qiagen, Limburg, The Netherlands) was used to 

perform RT-qPCR in a CFX Connect thermocycler (BioRad) with 

primer sequences published previously.26 Primers were 

synthesized by Geneworks (Thebarton, SA, Australia). Relative 

gene expression was calculated using 2-ΔΔCt method and 

normalized to the expression of 18s. 

2.10. Statistical analysis  

    Data are expressed as the means ± SEM and were analysed 

using one-way analysis of variance (ANOVA) with Tukey's 

multiple comparison test. A p-value <0.05 was considered to 

indicate a statistically significant difference. 
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microspheres

3. Results and Discussion 

3.1 Characterization of Nanostructured and HA Functionalized 3D 

Printed Implants 

    Scanning electron microscope (SEM) images of the surface 

morphology of prepared implants are presented in Fig. 2. As 

shown in Fig. 2a, 3D printed Ti implants (3D-Ti) were covered 

by numerous microspheres of sizes ranging from 5-20 μm 

(average ~12μm) in diameter. Higher resolution images 

showed that these structures were fused to the underlying 

surface, and were highly interconnected (Fig. 2b), suggestive of 

a stable, micro-rough surface. These microspheres result from 

partial melting of the alloy powder used during the selective 

laser melting process. This topography contrasted sharply with 

that of commercially available Ti (Ti), which possessed a 

relatively smooth surface as seen in Fig. 2c.  

    As a result of electrochemical anodization, a well-ordered 

titania nanotube (TNT) layer was generated on the entire 

surface of the 3D printed Ti implant, including the 

microspheres (Fig. 2d and 2e) and the underlying surface (Fig. 

2e and f). A powder sintering route using the space-hold 

technique has also been reported to produce porous Ti 

implants.27 However, the pore-size in such implants is 

distributed within a wide range. Therefore, the reproducibility 

of the porous structures to control the physicochemical 

properties of the implant is challenging. By comparison, the 

implant in this study was fabricated with reproducibly uniform 

nanotubes with an average individual tube diameter of ~120 

nm, length of ~3 μm and density of ~5 × 109 nanotubes/ cm2. 

As expected, cracks were evident on the TNT layers due to the 

radial outgrowth of nanotubes on the curved surfaces. 

However, these cracks do not compromise the stability of the 

TNT layer and potentially allow for additional amounts of 

therapeutics to be loaded. 18, 28-30 These findings confirm the 

successful fabrication of an advanced implant with combined 

dual micro- and nano-topography, represented by the 

microspheres and TNT, respectively. 

    SEM images of prepared 3D-Ti-TNT implants after HA 

immersion treatment are presented in Fig. 2g and 2h. 

Crystalline deposits were found homogenously distributed on 

the implant surface (Fig. 2g). TNT structures were still visible as 

shown in the higher resolution image (Fig. 2h). These results 

are in accordance with Kodama’s work, in which HA coating 

was successfully fabricated on TNT by HA immersion 
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treatment.21 Gu et al.31 proposed the mechanism of HA 

formation to result from the reaction of the titanium oxide 

layer with hydroxide to form hydrogen metatitanate: TiO2+OH-

→HTiO3
-. The resulting negatively charged surface promoted 

adsorption of Ca2+ and formation of calcium titanate. This 

titanate then adsorbed HPO4
2- in the solution of (NH4)2HPO4 to 

form calcium phosphate nuclei. Subsequent HA formation and 

crystallization would then readily occur. 

     

To evaluate the chemical nature of the crystalline deposits on 

the implant surface, energy dispersive X-ray spectroscopy 

(EDS) was performed before (Fig. 3a) and after (Fig. 3b) the HA 

treatment. Fig. 3b shows significant peaks of Ca and P after HA 

treatment, indicating a successful formation of Ca-P deposit,  

with a Ca:P ratio of 1.53, which approximates the theoretical 

Ca:P ratio (1.67) of HA, confirming the formation of HA layer 

on the implant surface.32 It is noteworthy that fluoride peaks 

appeared on the implant surface with TNT. These fluoride 

irons were deriving from the anodization electrolyte and 

incorporated into the TNTs structues. It is worth mentioning 

that the presence of F-1 ions are claimed to be favorable to the 

osseointegration of implants.33 

    X-ray diffraction (XRD) graphs were also recorded before 

(Fig. 3c) and after (Fig. 3d) the HA treatment. According to the 

reference data JCPDS-0432, HA peaks were present after the 

HA treatment (Fig. 3d). This additionally confirmed the 

formation of HA on the implant surface. 

    The elastic modulus (E) of the implant was measured to be 

109.9±1.8 GPa, which was consistent with the reported values 

of the biomedical Ti6Al4V alloy (110-114 GPa).34 The hardness 

(H) of the implant reached 4.84±0.12 GPa, compared to 3.28 -

3.39 GPa in the wrought Ti6Al4V.34, 35 According to the 

relationship between yield strength (σy) and hardness: H=3σy
5, 

yield strength of the implant was estimated to be ~ 1.6 GPa, 

which clearly surpassed the American Society for Testing and 

Materials (ASTM) standard (795 MPa).36 Compared with the 

porous implant produced by space-hold technique, which has 

a yield strength of 60 MPa,27 the 3D printed implant in this 

study could provide much higher yield strength. It is 

presumably strong enough to resist handling during 

implantation and in vivo loading. Notably, wear resistance is 

closely related to the ratio between H and E, the so-called 

plasticity index.37 Materials with a higher plasticity index 

exhibit greater wear resistance. Therefore, one could expect 

that, compared to wrought Ti6Al4V, our 3D printed Ti6Al4V 

with similar elastic modulus, but higher hardness would exhibit 

increased wear resistance.38  

3.2. Protein adsorption 

    When a material is implanted, proteins in the surrounding 

tissues and plasma would be expected to spontaneously 

adsorb onto the implant surface. This protein layer could 

mediate the subsequent cell performance, playing an 

important role during the osseointergration process.39 The 
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protein adsorption properties were therefore tested and 

found to be: 3D-Ti-TNT-HA > 3D-Ti-TNT > 3D-Ti > Ti (Fig. 4a). 

The increase in protein adsorption on 3D-Ti and 3D-Ti-TNT 

could be attributed to the increased surface roughness due to 

the microspheres and nanostructures.40       

Another noteworthy finding in these experiments was that 

3D-Ti-TNT-HA had a significant increase in protein adsorption 

compared with others samples. The total protein adsorbed on 

3D-Ti-TNT-HA was 92-folds that of Ti, 60-folds that of 3D-Ti, 

and 5-folds that of 3D-Ti-TNT. This is in accordance with a 

recent study, in which serum proteins preferably adsorbed 

onto an HA coated surface but not onto Ti.41 Wang et al. 

pointed out that the possible reason might be electrostatic 

force.42 Ionic Ca2+ and PO4
3− groups on HA surfaces could serve 

as the protein binding sites, with calcium sites binding 

negatively charged groups, such as carboxylate group and 

carbonyl group, and phosphate sites binding positively charged 

groups, including amino, aromatic and guanido groups, on the 

protein molecules. 42  

3.3. Cell adhesion 

    Cell adhesion is the most critical event that occurs when 

bone cells come into contact with an implant surface, which is 

crucially important for the subsequent cellular behaviour.43 

Additionally, early adhesion of bone cells could competitively 

inhibit bacterial adhesion.44 Therefore, cell adhesion on Ti, 3D-

Ti, 3D-Ti-TNT, and 3D-Ti-TNT-HA was evaluated after 2h of 

incubation. As shown in Fig. 4b, 3D-Ti-TNT-HA exhibited 

significantly increased cell adhesion. This is in accordance with 

the above protein adsorption results. Previous studies 

reported a similar correlation, proposing that this occurred 

due to adhered proteins being extracellular matrix proteins, 

such as fibronectin and vitronectin, which efficiently promote 

cell attachment. 41, 45  

3.4. Cell Morphology 

    The response of osteoblastic cells to these surfaces was 

tested using human primary bone-derived cells, previously  

termed ‘NHBC’. These represent a spectrum of early 

osteoblast-osteocyte differentiation stages and provide a 

clinically relevant model for the current application since they 

are derived from patients receiving an orthopaedic implant.46, 

47 The morphology of osteoblasts on the different implant 

surfaces at an early stage (24h) was examined by confocal 

microscopy (Fig. 5). Cytoskeleton was stained with phalloidin-

TRITC (red) and nucleus was stained with DAPI (blue). Results 

indicated that cells on Ti spread widely, whereas cells on the 

other (3D) surfaces appeared to retain a smaller footprint, 

with an increased number of dendritic-like connections 

between adjacent cells. In the bone, such intercellular 

connectivity allows for the transfer of biochemical signals 

between cells, and in mature bone interconnected osteocytes 

in this way form a functional syncytial network.48, 49 Moreover, 

cells on 3D-Ti, 3D-Ti-TNT and 3D-Ti-TNT-HA had a larger 

nuclear:cytoplasm ratio compared with those on Ti, consistent 

with a more differentiated cell phenotype.50 Confocal 

microscopy was not able to distinguish the cell morphologies 

when the cell number increased with time, due to the general 

high degree of confluency of the cultures. SEM was therefore 

employed to examine cell morphology after 7 days culture (Fig. 

6). Cells on Ti spread in a 2D manner and remained flat and 

spindle shaped (Fig. 6a), whereas those on 3D-Ti exhibited a 

plump, polygonal morphology (Fig. 6b). Cells on 3D-Ti-TNT 

began to exhibit a stellate shape with long, slender dendritic 

processes, suggesting a further differentiated morphology (Fig. 

6c).51 Cells cultured on 3D-Ti-TNT-HA exhibited a more 

prominent stellate shape, with many cell processes and 

pseudopodia (Fig. 6 d and 6e). Similar observations were 

reported by Kim et al., who found that the direction of cell 

spreading was more diverse on Ti if a HA coating was 

applied.52 Overall, our findings suggest that cells cultured on 

3D-Ti-TNT-HA had a more mature and differentiated, 

osteocyte-like morphology.53 This finding is consistent with the 

study of Gu et al.,31 indicating superior differentiated morphology 

of osteoblasts on a HA-deposited TNT surface. The advantage of our 

material lies in that, instead of fabricating TNT onto a flat Ti surface, 

as performed by Gu et al., we fabricated TNT onto 3D-Ti. This 3D-Ti 

has an osseoinductive micro-rough surface and can be tailored to 

any desired dimension. 

Figure 4. (a) Protein adsorption and (b) cell adhesion on Ti, 3D-Ti, 3D-Ti-TNT, and 3D-Ti-TNT-HA. (a) 3D-Ti-TNT-HA had a 

significant increase in protein adsorption. (b) 3D-Ti-TNT-HA significantly increased cell adhesion. Data shown are means 

± SEM. Significant difference to 3D-Ti-TNT-HA is indicated by * (p < 0.05). 
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3.5. Gene expression 

The expression of GJA1, encoding connexin 43 (Cx43), the 

principal protein component of functional gap-junctions in 

bone cell networking and a marker of mature osteocytes, 26 

was increased in cultures on 3D-Ti, 3D-Ti-TNT, and 3D-Ti-TNT-

HA, suggesting a maturation effect of the 3D structure (Fig. 7a). 

The expression of the gene PHEX, encoding phosphate-

regulating gene with homologies to endopeptidases on the X 

chromosome, an osteocyte maker that promotes 

mineralization,54 was also significantly increased on 3D-Ti-TNT-

HA compared with the other three surfaces (Fig. 7b), indicating 

that this surface could better promote osteoblast/osteocyte-

mediated mineralization and differentiation. Both calcium and 

phosphate ions, which could be released from the HA 

substrate, are known promoters of biomineralisation and 

osteoblast/osteocyte differentiation.55, 56 

Figure 7. Gene expression of GJA1 and PHEX in SAOS2 cells plated on different implant 

surfaces after 7 days of culture. (a) The expression of GJA1 was increased on 3D 

structure. (b) The expression of PHEX was significantly increased on 3D-Ti-TNT-HA. Data 

shown are means of three experimental replicates ± SEM. Significant differences to 

expression on Ti are indicated by * (p < 0.05). Significant differences to expression on 

3D-Ti are indicated by # (p < 0.05). Significant differences to expression on 3D-Ti-TNT 

are indicated by + (p < 0.05). 

Figure 5. Confocal microscopy images of human primary osteoblasts on (a) Ti, (b) 3D-Ti, (c) 3D-Ti-TNT, and (d) 3D-Ti-TNT-HA after 24h of culture. (a) Cells 

on Ti spread widely. (b-d) Cells on 3D surfaces had a larger nuclear:cytoplasm ratio and retained a smaller footprint, with an increased number of 

dendritic-like connections between adjacent cells, indicative of a more differentiated cell phenotype.  

Figure 6. SEM images of human primary osteoblasts on (a) Ti, (b) 3D-Ti, (c) 3D-Ti-TNT, and (d,e) 3D-Ti-TNT-HA after 7 days of culture. (a) Cells on Ti spread 

flatly and remained a spindle-like shape. (b) Cells on 3D-Ti showed a plump, polygonal shape. (c) Cells on 3D-Ti-TNT exhibited a stellate shape with long 

dendritic processes. (d) Cells on 3D-Ti-TNT-HA exhibited a more prominent stellate shape, with many cell processes and pseudopodia (e) suggesting a 

further differentiated morphology. White arrows indicate cells. Red colours indicate pseudopodia.  
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4. Conclusions 

    This current study presents advanced 3D printed and 

nanostructured Ti alloy implants modified with HA, to provide 

improved osseointegration properties based on enhanced 

protein adsorption, cell adhesion, cell spreading and mature 

osteoblast gene expression patterns. These implants were 

fabricated using a combination of 3D printing technology, 

electrochemical surface nanoengineering and chemical coating 

using HA. 3D printed Ti implants have characteristic micro-

scale roughness, due to the presence of microspherical 

structures from laser sintering process combine with array of 

nanotubular structures additionally introduced by 

electrochemical anodization while retaining the micro-particle 

arrangement. These implants were further functionalized by 

HA coating via an alternative immersion method in order to 

further improve their bone integration performances. The 

resulting implants significantly promoted protein adsorption, 

osteoblast cell adhesion, spreading, and increased the 

expression of certain genes related to osteoblast 

differentiation and mineralisation. These results are explained 

by combined and synergetic impact of dual topography and HA 

chemistry. The results suggest that nanostructured and 

functionalised 3D-Ti-TNT-HA has promise in the manufacture 

of improved dental implants to current conventionaly 

implants. In addition, 3D-Ti-TNT-HA implant could be 

developed as a drug releasing system with extra therapeutic 

functions, achieved by loading drugs (e.g. anti-inflammatory 

drugs, and antibiotics) into the titania nanotubes. Further bone 

response studies using animal model are required before the 

clinical application of this implant. 
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