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ABSTRACT 

Modifications to the compositional, topographical and morphological aspects of bone implants can 

lead to improved osseointegration, thus increasing the success of bone implant procedures. This 

study investigates the creation of dual-scale topography on Ti-5Al-5Mo-5V-3Cr (Ti5553), an alloy 

not presently used in the biomedical field, and compares it to Ti-6Al-4V (Ti64), the most used Ti 

alloy for bone implants. Dual-scale surface topography was obtained by combining selective laser 

melting (SLM) and electrochemical anodization, which resulted in micro- and nanoscale surface 

features, respectively. Ti5553 and Ti64 samples were manufactured by SLM and showed 

comparable surface topography. Subsequent electrochemical anodization succeeded in forming 

titania nanotubes (TNTs) on both alloys, with larger nanotubes obtained with Ti5553 at all 

investigated anodization voltages. At an anodization voltage of 40 V, a minimum time of 20 min 

was necessary to have nanotube formation on the surface of either alloy, while only nanopores 

were evident for shorter times. Seeded Saos-2 cells showed ideal interactions with surface-

modified structures, with filopodia extending to both surface microparticles characteristic of SLM 

and to the interior of TNTs. Attractiveness of Ti5553 lies in its lower elastic modulus (E = 72 GPa) 

compared to Ti64, which should mitigate stress-shielding phenomena in vivo. This, combined with 

the analogous results obtained in terms of dual-scale surface topography and cell-substrate 

interaction, could indicate Ti5553 as a promising alternative to the widely-employed Ti64 for bone 

implant device manufacturing. 
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1 INTRODUCTION 

Titanium and its alloys are commonly utilized in the biomedical field for bone implant fabrication 

due to the presence of an amorphous titania surface layer that spontaneous forms during oxidation 

[1] and results in excellent corrosion resistance and biocompatibility. 

Additive manufacturing techniques such as selective laser melting (SLM) and electron beam 

melting (EBM) have recently emerged as methods to fabricate Ti-based bone implants, as they 

enable users to produce highly customized parts and unique devices to meet patients-specific 

needs. SLM and EBM are powder bed fusion techniques where the component is manufactured 

layer-by-layer by progressively melting and sintering metal powders with a laser or electron beam  

[2,3]. Moreover, SLM generates components with microrough surfaces, without the need for post-

processing operations. This inherent microscale surface topography is characterized by the 

presence of a random distribution of loosely sintered spherical particles due to insufficient energy 

density for sintering [4] and balling effects during processing [5]. These microscale features can 

be beneficial for the bonding between bone and titanium implant, termed osseointegration [6,7], 

where implant surface is known to play a major role for in vitro cell behaviour [8] and in vivo 

osseointegration [9]. 

Since poor osseointegration is detrimental for the success of an implant procedure, surface 

modification strategies to improve this aspect are extensively studied. Not only microscale, but 

also nanoscale topography is believed to improve osseointegration [10,11]. While the relationship 

between microscopic surface features and osseointegration has been well characterized in the 

literature [6,12,13], precise understanding of nanoscale interactions during osteogenesis is limited 

[14]. Nanopatterning has been shown to be beneficial for cell adhesion due to the increase in 

protein adsorption from the extracellular matrix [14]. The combination of microscale topography 

with nanoscale surface features can improve primary fixation with a dual-scale approach that 

improves cellular adhesion, migration, proliferation, and differentiation on the implant surface 

[15]. 

Dual-scale topography can be obtained by using electrochemical anodization to create titania 

nanotubes (TNTs) on the microrough surface of additively manufactured implant materials [16]. 

Electrochemical anodization is a well-characterized method to generate self-ordered arrays of 

TNTs as a result of competition between oxidation and dissolution reactions occurring on titanium 

in presence of fluoride-based electrolytes [17]. A dual-scale surface modification strategy aimed 

to combine micro- and nanoscopic features has been investigated for Ti-6Al-4V (Ti64) [18], which 

is currently the most widely used titanium alloy for bone implants. Despite its extensive use as a 

bone implant material, a significant drawback of Ti64 is its significantly greater elastic modulus 

compared to trabecular and cortical bone [19,20], due to the α-Ti phase fraction [21]. This 

mismatch of elastic modulus can cause stress-shielding, a condition where the density of bone 

tissue near the implant material is reduced due to a lack of biomechanical force [22], and bone 

atrophy in post-operative conditions [23]. An increase in β-phase fraction in titanium 

microstructures can result in a lower elastic modulus, thereby reducing the likelihood of 

aforementioned post-operative conditions. Therefore, alloy compositions with higher levels of β-
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stabilizing elements are being developed to optimize the mechanical properties of bone implants 

[24]. Herein, we investigate one such alloy by studying a near-β titanium alloy, i.e. Ti-5Al-5Mo-

5V-3Cr (Ti5553). Ti5553 was chosen not only for its lower elastic modulus, but also for its 

processability by SLM already confirmed by previous studies [25–27]. However, such studies all 

focused on the application of Ti5553 in the aerospace industry, given the present use of this alloy 

for structural components in airplanes [28]. Therefore, this alloy has both demonstrated ease of 

printing, and potentially favorable mechanical properties for biological applications. Tensile 

mechanical properties of Ti5553 including elastic modulus, yield strength, ultimate tensile strength 

and ductility were measured. This work aims to evaluate the creation of dual-scale topography 

combining SLM and anodization on Ti5553, which, to our knowledge, has not been previously 

investigated. Electrochemical anodization was carried out with different parameters to investigate 

the role of time and voltage on the final surface morphology. An in vitro study of the biological 

response was completed by imaging osteosarcoma cells cultured on the sample surface with 

scanning electron microscopy (SEM). Bioactivity of the anodized surfaces was also qualitatively 

assessed in simulated body fluid (SBF). To compare this novel biomedical alloy with the current 

gold standard, i.e. Ti64, dual-scale topography was obtained on the latter using the same procedure 

as for Ti5553. Ti64 samples were then similarly characterized in terms of surface and biological 

properties. 

2 MATERIALS AND METHODS 

2.1 Fabrication of Specimens by Additive Manufacturing  

Ti5553 and Ti64 samples were additively manufactured by a SLM machine (EOSINT M280, EOS 

GmbH, Munich, Germany). Plasma-atomized Ti5553 and Ti64 powders (purchased from AP&C, 

GE Additive, Boisbriand, Canada) with a respective size range of 25-63 μm, and 15-45 μm were 

utilized. Samples with a 10 mm x 10 mm x 1 mm square base, and a 3 mm x 10 mm x 1 mm handle 

(Figure 1) were printed according to the parameters presented in Table 1 using a single bulk 

exposure and two subsequent contour exposures. After manufacturing, the 3D-printed parts were 

cleaned by ultrasonication in ethanol, acetone and deionized water for 15 min, 15 min and 5 min, 

respectively. Ethanol, acetone and deionized water were employed as commonly used solvents to 

clean the surface without altering it. 
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Figure 1: Geometry and dimensions of samples manufactured by SLM. 

 

Table 1: Processing parameters used for the fabrication of Ti5553 and Ti64 by SLM. 

Parameter Bulk Contour 

Laser Power (W) 340 190 

Scanning Speed (mm/s) 1250 1250 

Hatch Spacing (mm) 0.120 0.060 

Layer Thickness (mm) 0.060 0.060 

Energy Density (J/mm
3
) 37.8 42.2 

 

2.2 Mechanical Characterization 

Sub-size tensile bars were machined from SLM Ti5553 according to specifications set by ASTM 

E8 with the axial direction equivalent to the x-direction on the build plate. Samples were loaded 

up to 12.0 kN of applied load, relaxed to 2.4 kN, reloaded to 14.0 kN, relaxed to 2.8 kN, and then 

loaded to fracture under a constant strain rate of 1.5 mm/min. All measurements were recorded in 

triplicate. The average elastic modulus was calculated from the unloading portions of the resulting 

stress-strain plots to avoid potential grip movement effects during loading. The 0.2% offset yield 

strength, ultimate tensile strength, and ductility were also identified for each sample. 

2.3 Electrochemical Anodization 

By mounting the 3D-printed sample at the handle, the square portion was immersed into a solution 

of ethylene glycol (certified grade, Sigma Aldrich) with 0.3 wt.% ammonium fluoride (certified 
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grade, Fisher Chemical) and 2 vol.% deionized water. A (25 x 25 x 0.13) mm platinum foil (Sigma 

Aldrich) was used as counter-electrode. The 3D-printed sample and the Pt electrode were 

connected to an EPS 2A200 power supply (Hoefer Inc., Holliston, USA) as anode and cathode, 

respectively. The electrolyte was magnetically stirred for 15-20 min prior usage to ensure solution 

homogeneity, and it was kept gently stirred during the entire anodization process. Fresh solution 

was employed for each sample. Four different anodization voltages: 20 V, 40 V, 60 V and 80 V, 

were tested at a fixed time of 30 min. Additional samples were anodized at a constant voltage of 

40 V for 5 min, 10 min, 20 min and 60 min. After anodization, the handle was detached from the 

square portion of the sample and discarded. All the anodized samples were ultrasonicated in 

ethanol for 30 s. 

2.4 Surface Characterization 

Microscale roughness of the samples manufactured by SLM was characterized with an Alicona 

Infinite Focus G5 optical profilometer (Alicona Imaging GmbH, Graz, Austria) on three 

characteristic 3 mm x 3 mm areas of each sample. In each area, linear roughness parameters (Ra, 

Rq, Rz) were measured along three different directions: two orthogonal to each other and one at 

45°. Values obtained were then statistically averaged. Surface area roughness parameters, i.e. Sa, 

Sq and Sz, were also evaluated. 

The surfaces of samples prior to (microscale topography) and after anodization (dual-scale 

topography) were imaged by SEM. Secondary electron images were acquired with acceleration 

voltages of 2-3 kV using a JSM-7000F SEM (JEOL, Peabody, USA) or a Magellan 400 SEM 

(ThermoFisher Scientific, Hillsboro, USA). For both as-printed Ti5553 and Ti64, the average size 

of the microspherical particles present on the surface was computed by measuring the diameter of 

30 particles in a representative 350 μm x 350 μm area of a SEM micrograph using ImageJ (NIH, 

Bethesda, USA) and averaging the results. On the samples anodized at 20 V, 40 V, 60 V and 80 V 

for 30 min, TNT diameter was measured using ImageJ (NIH, Bethesda, USA) by applying a 

greyscale threshold to micrographs and treating nanotubes as ellipsoids, so their maximum and 

minimum axes were averaged to obtain the nanotube diameter. After determining the diameter of 

all the nanotubes in a SEM micrograph, measurements were averaged to obtain the final TNT 

diameter representative of a certain anodization condition. Regions with collapsed or irregular 

nanotubes were omitted from the analysis. 

Surface wettability prior to and after anodization was determined by evaluating the water contact 

angle (OCA35, Dataphysics Instruments GmbH, Filderstadt, Germany), whereby a smaller angle 

is indicative of increased wettability. Measurements were completed in triplicate. 

2.5 Biological Characterization  

Saos-2 cells (ATCC®) were cultured on Ti5553 and Ti64 specimens, both as-printed (microscale 

topography) and after anodization at 40 V for 30 min (dual-scale topography), according to 

methods developed by Lee et al. [29]. After a 1-day culture period, cells were fixed with 0.25% 

glutaraldehyde in sodium cacodylate before staining with osmium tetroxide. Afterwards, 

dehydration was conducted in graded concentrations of ethanol from 25% to 100% (in milli-Q 
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water). Finally, samples were critical point dried and coated with 10 nm of Pt prior to imaging 

with SEM. A Tescan VP SEM (Tescan, Brno, Czech Republic) operated at 10 kV was used to 

image cells cultured on the as-printed samples, while a JSM-7000F SEM (JEOL, Peabody, USA) 

was used to analyze the anodized samples. 

Ti5553 and Ti64 samples in the as-printed condition and anodized at 40 V for 30 min were 

immersed in 25 mL of SBF (Hanks’ balanced salts solution without sodium bicarbonate, Sigma-

Aldrich) and stored at 37 °C for 3-day and 7-day periods to assess the bioactivity of the surfaces. 

SEM and energy dispersive X-ray spectroscopy (EDX) (Aztec, Oxford Instruments, USA) were 

used to characterize crystalline deposits on the sample surface after rinsing in deionized water and 

drying in air. 

2.6 Statistical Methods 

Statistical software R (R Core Team, Auckland, New Zealand) was used for statistical analysis. 

Values of roughness, size of microparticles on the surface and contact angle of as-printed Ti5553 

and Ti64 were compared by Welch’s independent two-tailed independent t-test to assess whether 

differences between the two alloys were statistically significant. Two-way ANOVA and Tukey’s 

HSD test were also used to compare the wettability and the TNT diameter at each voltage for 

Ti5553 and Ti64 after anodization. Significance level was set at α = 0.05. 

3 RESULTS 

3.1 Fabrication of Specimens by Additive Manufacturing 

SEM imaging of the 3D-printed samples showed the presence of particles randomly distributed on 

the surface as a result of SLM. Particle dimensions within a representative 350 μm x 350 μm area 

of a SEM micrograph were measured (Figure 2). As expected, Ti5553 had a higher fraction of 

particles smaller than 20 μm and Ti64 had a higher fraction of particles larger than 35 μm, due to 

the initial size distribution of bulk powder. In the intermediate range of 20-35 μm, no distinct 

difference in surface particle size was noted. The average particle diameter in the sampled surface 

was 27 μm for Ti5553 and 26 μm for Ti64, but the difference was found to be not statistically 

significant. 
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Figure 2: Representative view of microscopic particles on the as-printed surface of (A) Ti5553 

and (B) Ti64. (C) Size distribution of surface particles in 350 μm x 350 μm examination area for 

alloys. 

 

3.2 Mechanical Characterization 

Stress-strain curves determined by uniaxial tensile test of Ti5553 samples are reported in Figure 

3. Relevant mechanical property data, i.e. elastic modulus (E), yield strength (YS), ultimate tensile 

strength (UTS), and ductility are summarized in Table 2. The repeated loading procedure was 

successful in obtaining two measurements of the elastic modulus for each specimen. The elastic 

modulus for Ti5553 (72 GPa ±3 GPa) showed little deviation between unloading portions of the 

stress-strain curves for all three samples. No anomalies were noted between strain at fracture, yield 

strength, or tensile strength in any of the three samples, indicating that processing parameters 

produced a uniform structure in the x-direction of the build path. All specimens displayed ductile 

fracture surfaces and fractured within the reduced section. 
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Figure 3: Stress-strain curves resulting from uniaxial tensile tests of three different specimens of 

Ti5553. 

 

Table 2: Mechanical properties of Ti5553 in uniaxial tension. 

E [GPa] YS [MPa] UTS [MPa] Ductility [%] 

72 ± 3 807 ± 7 832 ± 4 14 ± 2 
 

3.3 Electrochemical Anodization 

3D-printed samples anodized for 30 min showed evidence of titania nanotube development on 

both the microspherical particles and the underlying substrate at all tested voltages, as assessed by 

SEM imaging (Figure 4). The presence of cracks between nanotube clusters both on the 

microspheres and uneven portions of the substrate were also observed (Figure 5). 

 
Figure 4: Titania nanotubes obtained after 30-min anodization of Ti5553 and Ti64 at 20 V, 40 V, 

60 V and 80 V. 
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Figure 5: Surface of Ti5553 anodized at 80 V for 30 min showing considerable crack formation. 

(A,B) Cracks separate the TNTs in distinct arrays, especially on the spherical particles. (C) 

Cracking enabled approximate estimation of nanotube length, on this specimen around 2 μm. 

 

For both alloys, an increase in the anodization voltage led to the formation of larger nanotubes 

(Figure 6). Ti64 anodized at 80 V differed from this trend, as the nanotube diameter was smaller 

than that of samples anodized at 60 V. For all the anodization voltages investigated, Ti5553 

nanotubes were larger than those of Ti64 (p < 0.001). Some irregular nanotubes morphologies and 

structures, such as nanograss and double-walled nanotubes (Figure 7), were observed on some 

anodized samples of both alloys, and more frequently for Ti5553 than Ti64. Ti5553 and Ti64 

showed a similar evolution of the TNT morphology as a function of anodization time, when 

keeping the voltage at 40 V. Characteristic nanotube morphologies were associated with each time 

interval, as shown in Figure 8. After 5 min and 10 min, a nanoporous, precursor structure to 

nanotube formation was observed. The quantity of nanopores increased at the 10 min-interval 

compared to the 5 min-interval. Distinct arrays of nanotubes were visible on both the substrate and 

microspheres after 20 min, with a similar morphology to samples anodized for 30 min. Some areas 

with extended nanograss formation were more evident after 60 min. 
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Figure 6: Average nanotube diameter for Ti5553 and Ti64 after anodization for 30 min at each 

voltage indicated in the graph. Statistical significance (p<0.05) was confirmed for all the 

groups. 

 
Figure 7: Irregular nanotube morphologies including: (A) Double-walled nanotubes on Ti5553 

anodized at 60 V for 30 min. (B) Nanograss formation on Ti64 after anodization at 80V for 

30min.  
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Figure 8: Nanotube morphology on the surface of both alloys at constant 40 V for varying times. 

Regular nanotube formation occurs by 20min, with crack and nanograss frequency increasing 

over time. 

3.4 Surface Characterization 

Relative measurements for Ti5553 and Ti64 (Figure 9) extracted from a surface profilometer 

showed significance (p < 0.05) in peak surface roughness by two-sample t-test. Ti5553 had higher 

average roughness measurements across the entirety of the surface, which corresponds to the larger 

particle size distribution of the powder. 

 

Figure 9: Area roughness measurements for as-printed Ti5553 and Ti64. * denotes statistical 

significance (p < 0.05). 

Water contact angle (CA) for the as-printed Ti5553 (CA = 79.1° ± 3.6°) and Ti64 (CA = 78.2° ± 

7.2°) showed slight hydrophilic behaviour for both alloys. The contact angle for both alloys 

significantly decreased after anodization to values ranging between (9.6 ± 1.1)° and (13.3 ± 4.9)°, 
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demonstrating increased surface wettability. No noticeable difference was observed in the two 

alloys and among the anodization voltages tested (p < 0.05). 

3.5 Biological Characterization 

SEM micrographs showed the presence of Saos-2 cells after 1-day of growth on the surface of 

both alloys, before and after anodization. This could be indicative of the non-cytotoxicity of the 

materials. The cells displayed an extended and stretched morphology on both the flatter areas and 

microspheres of the 3D-printed samples (Figure 10). In case of the anodized samples, the filopodia 

of the cells seemed to extend to both the surface and into the depth of the nanotubes.  

 
Figure 10: Saos-2 cells (coloured in blue) adhering on Ti5553 and Ti64 surface after a 1-day 

culture period. (A,B) Cells and filopodia extension to reach microspherical surface particles on 

as-printed samples. (C) Interaction between cells and nanotubes on anodized samples. 

Both as-printed and anodized samples showed limited presence of calcium phosphate precipitates 

after a 3-day immersion in SBF solution. After 7 days, more precipitates were present on the 

surface, as revealed by SEM. Moreover, Ca and P on the 7-day EDX spectra (Figure 11) suggested 

that these precipitates could be indicative of the nucleation of calcium phosphates, such as 

hydroxyapatite or others. The other signals present in Figure 11 are associated with the elements 

composing the alloy. No observable difference in quantity of precipitate formation was noticed 

between Ti5553 and Ti64, thus suggesting a comparable in vitro bioactivity of the two alloys. 
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Figure 11: (A) SEM micrograph showing precipitates on the surface of as-printed Ti5553 after 7 

days of immersion in SBF. (B) Corresponding EDX spectrum. Ca and P peaks could be 

indicative of the nucleation of calcium phosphates. 

4 DISCUSSION 

4.1 Dual-Scale Topography and TNTs Morphology 

With the aim of improving osseointegration of Ti alloys-based bone implants, the approach of 

creating samples with a dual-scale surface topography by the combination of SLM and 

electrochemical anodization was previously proposed for Ti64 by Gulati et al. [18]. This study 

proved this method to be successful on Ti5553 for the first time. Moreover, the outcomes for Ti64 

were analogous to what found by Gulati et al. [18], although different anodization conditions 

(electrolyte, voltage, time) were used in this study. Ti5553 and Ti64 samples manufactured by 

SLM using the same process parameters showed comparable surfaces with a microscale 

topography (Figure 2). While the creation of TNTs by electrochemical anodization has been well 

documented on Ti64 [18,30] and other biomedical alloys [17], nanotube obtainment and 

characterization in the near-β alloy Ti5553 had not yet been documented before this study. 

Nanotube morphology was comparable for Ti5553 and Ti64 when time was varied at fixed voltage 

(Figure 8). When anodizing for the same time at different voltages, nanotubes obtained on Ti5553 

had a larger diameter than those on Ti64 (p<0.05) (Figure 6). With the exception of Ti64 anodized 

at 80 V, nanotube size in both materials increased linearly with the applied anodization voltage. 

This is in accordance with previous findings for flat unalloyed titanium [17,31], therefore 

suggesting that neither the presence of alloying elements nor the micro-scale topography of the 

substrates affected nanotube size. At higher anodization voltages, nanotubes appeared to be more 

likely to collapse and merge with neighbours due to a more extensive etching, resulting in the 

formation of a nanograss network [32]. This could explain why nanotubes obtained on Ti64 

anodized at 80 V were smaller than those obtained at 60 V. The higher etching at 80 V may have 

promoted collapse of bigger nanotubes, hence only the smaller ones maintained their structural 
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integrity. However, Ti5553 showed a higher stability than Ti64 when anodized at 80 V, as the 

linear trend between anodization voltage and nanotube diameter was retained. The dissimilar 

behaviour could be attributed to the presence of different alloying elements. This is believed to 

also justify the presence of areas with double-walled tubes (Figure 7), which were sometimes 

observed for Ti5553, probably as a consequence of selective dissolution of different alloying 

elements during anodization [33]. 

Some studies on unalloyed Ti samples have correlated TNTs diameter and cellular activity, with 

good cellular activity usually occurring for diameters ranging from 30 to 50 nm [34]. As new 

titanium alloys are developed and subsequently anodized, it is important to understand the 

parameters necessary to control the diameter and thus optimize cell-surface interactions. This work 

demonstrated that the diameter of TNTs for Ti5553 and Ti64 is different under the same 

anodization conditions, and therefore the two alloys may lead to different cell responses both in 

vitro and in vivo. The better stability of bigger nanotubes identified for Ti5553 compared to Ti64 

would make Ti5553 more suitable for applications requiring larger nanotubes, such as local drug 

delivery, when higher drug-loading capacity is desired [35]. 

Parts produced by SLM are often post-processed, such as by sandblasting and chemical etching, 

to remove the unmelted particles present on the surface that may be released in vivo [36]. However, 

in this work, 3D-printed samples were not subjected to any form of post-processing in order to 

exploit their inherent microrough surface topography. Therefore, further studies would be required 

to assess whether the microparticles on the surface could detach and be released in the organism. 

Nevertheless, bone implants of Ti64 manufactured by SLM and not subjected to any post-

processing have already been tested in vivo with positive outcomes [37]. 

The presence of cracks separating well-defined arrays of TNTs was noticed for both Ti5553 and 

Ti64. Crack formation can be attributed to the outward growth mechanism of the nanotubes 

perpendicularly from the surface, combined with the internal stress build-up on curved surfaces 

[38]. The side-view of the TNTs (Figure 5) offered by the presence of cracks confirmed that deep 

tubular structures were forming under sufficient anodizing conditions, rather than the nanoporous 

structures observed for short anodization times. Cracks may compromise the stability and adhesion 

of the TNT film, in turn negatively affecting the success of a bone implant procedure. Some 

approaches to reduce crack nucleation, such as using aged instead of fresh electrolyte, have been 

suggested by others [38] but not explored in this work. 

4.2 Biocompatibility and Bioactivity 

After a 1-day culture period, Saos-2 cells showed good attachment on as-printed Ti5553 surfaces. 

Cell-surface interaction appeared to be improved by the anodization treatment and the resulting 

dual-scale topography. In fact, it was observed that the surface features promoted the anchoring of 

Saos-2 cells, as their filopodia extended from the microspheres to the inner cavity of individual 

nanotubes (Figure 10), confirming what has previously been reported in literature [39]. Analogous 

behaviour in terms of cell responses was identified for Ti64, hence suggesting similar 

biocompatibility of the two alloys. However, further studies would be necessary to evaluate cell 

viability and eventual cytotoxicity of the substrates of both alloys at longer time points. 
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Both Ti5553 and Ti64 anodized samples displayed a much higher surface wettability than the as-

printed specimens, verifying what has been observed for anodized titanium in other works [40]. 

This increased hydrophilicity could be important to promote initial wetting of the implant after 

placement, consequently enhancing wound healing and osseointegration [41]. However, the 

anodized surfaces may tend to become more hydrophobic over time [42]. Hydrophilicity could be 

restored by exploiting the photocatalytic properties of TiO2  [43]. 

Traces of Ca and P revealed by EDX after 7-day immersion in SBF (Figure 11) could be indicative 

of the formation of calcium phosphates, such as hydroxyapatite or others, thus predicting good 

bioactivity in vivo [44]. Further evaluation of this coating composition could be confirmed with 

longer immersion time points that might yield sufficient coating thickness for analysis with X-ray 

diffraction (XRD). 

 

4.3 Mechanical Characterization 

Ti5553 has been previously investigated for high strength and easily controlled microstructure 

[45], which can also be beneficial for implant applications. When designing bone implants, the 

elastic modulus of the material is also an important parameter to take into account, as stress-

shielding has to be considered. 

The presence of β-stabilizing elements in Ti5553 succeeded in reducing the elastic modulus by 

37% relative to literature values of additively manufactured Ti64 (E = 113 GPa ± 5 GPa [19]). 

However, a decrease in yield strength and ultimate tensile strength was observed for Ti5553 

compared to what reported in literature for Ti64 (YS and UTS around 1075 MPa and 1199 MPa, 

respectively [19]). Heat treatment of the β-alloy is likely to increase the strength to values 

comparable to α+β Ti alloys like Ti64 without sacrificing the low-stiffness achieved by alloying 

[24]. The reduced stiffness mismatch between Ti5553 and bone could aid in mitigating stress-

shielding effects and reducing bone atrophy after implantation compared to many conventional 

biomedical alloys with a higher elastic modulus. 

5 CONCLUSIONS 

The implant surface plays a major role in successful osseointegration; thus, it is important to 

modify the surface to create optimal features capable of promoting cellular interactions. SLM was 

employed successfully to obtain Ti5553 and Ti64 samples with a microscale surface topography. 

Compared to the more-widely investigated Ti64 substrate, Ti5553 displayed similar anodization 

behaviour, with larger nanotube diameter obtained for the same process conditions. Compared to 

the as-printed samples, anodized specimens of both alloys showed increased interactions between 

cell and surface features. The possibility to create a dual-scale surface topography using SLM and 

anodization with similar outcomes as Ti64, combined with the lower elastic modulus, suggests a 

potential use of Ti5553 as a bone implant material. Future work should focus on the in vitro and 

in vivo response of surface-modified Ti5553, as well as selective parametric analysis for SLM 

conditions to optimize surface topography. Moreover, the stability and adhesion of the nanotube 
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layer on the 3D-printed substrates should also be investigated, since nanotube delamination may 

cause detachment of deposited bone in vivo. 
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