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A B S T R A C T   

The recently developed additively manufacturing techniques have enabled the fabrication of porous biomaterials 
that mimic the characteristics of the native bone, thereby avoiding stress shielding and facilitating bony 
ingrowth. However, aseptic loosening and bacterial infection, as the leading causes of implant failure, need to be 
further addressed through surface biofunctionalization. Here, we used a combination of (1) plasma electrolytic 
oxidation (PEO) using Ca-, P-, and silver nanoparticle-rich electrolytes and (2) post-PEO hydrothermal treat
ments (HT) to furnish additively manufactured Ti-6Al-4V porous implants with a multi-functional surface. The 
applied HT led to the formation of hydroxyapatite (HA) nanocrystals throughout the oxide layer. This process 
was controlled by the supersaturation of Ca2+ and PO4

3− during the hydrothermal process. Initially, the high local 
supersaturation resulted in homogenous nucleation of spindle-like nanocrystals throughout the surface. As the 
process continued, the depletion of reactant ions in the outermost surface layer led to a remarkable decrease in 
the supersaturation degrees. High aspect-ratio nanorods and hexagonal nanopillars were, therefore, created. The 
unique hierarchical structure of the microporous PEO layer (pore size < 3 μm) and spindle-like HA nanocrystals 
(<150 nm) on the surface of macro-porous additively manufactured Ti-6Al-4V implants provided a favorable 
substrate for the anchorage of cytoplasmic extensions assisting cell attachment and migration on the surface. The 
results of our in vitro assays clearly showed the important benefits of the HT and the spindle-like HA nanocrystals 
including a significantly stronger and much more sustained antibacterial activity, significantly higher levels of 
pre-osteoblasts metabolic activity, and significantly higher levels of alkaline phosphatase activity as compared to 
similar PEO-treated implants lacking the HT.   

1. Introduction 

Thanks to a number of properties, such as good corrosion resistance, 
high strength to weight ratio, and relatively low modulus of elasticity, 
titanium and its alloys are among the most attractive metallic bio
materials for dental and orthopedic applications [1,2]. There is, never
theless, a mismatch between the elastic modulus of bone and that of the 
implant [3], which might lead to stress shielding and, thus, bone 
resorption, eventually resulting in aseptic loosening [4,5] or bone 
fracture [6,7]. To address the issues associated with such a mismatch 
while providing a fully interconnected porous structure that supports 

bone tissue regeneration and bony ingrowth, researchers have been 
trying to develop porous metallic biomaterials. While the initial at
tempts using conventional manufacturing techniques [8] have been only 
partially successful, the recent developments in the field of additive 
manufacturing have provided unprecedented opportunities for the 
fabrication of rationally designed porous implants with the desired 
mechanical properties [9,10]. Indeed, not only the mechanical proper
ties and the porous structure, but also permeability [11,12], fatigue 
behavior [13,14], surface area [15,16], and many other properties of 
such additively manufactured porous structures can be adjusted through 
the application of (advanced) geometrical designs. 
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Despite all the advantages offered by an optimum geometrical 
design, it cannot address all the challenges associated with orthopedic 
implants. The surface properties of the biomaterial should be also 
optimized to promote the adhesion, proliferation, and osteogenic dif
ferentiation of host cells while preventing bacteria adhesion and 
implant-associated infections (IAIs) [17,18]. Creating such a differential 
behavior against two types of cells is particularly challenging and re
quires the application of multi-functional coatings that are carefully 
designed to have opposite effects on the host and bacterial cells. When 
applied properly, a multi-functional coating could enable the host cells 
to win the ‘race for the surface’ [19], which is an early post-surgery 
contest between the host cells and bacteria to colonize the implant 
surface. If the race is won by bacteria, they can rapidly form a biofilm on 
the implant surface, leading to periprosthetic joint infections while 
impairing the osseointegration of the implant. The biofilm is believed to 
form a protective shield against antibacterial agents, rendering the 
systemic antibiotic treatments ineffective [20]. 

Here, we report a novel multi-functional layer on additively manu
factured Ti-6Al-4V porous implants. The layer combines silver nano
particles (Ag NPs) with hydrothermally synthesized HA nanocrystals. 
Silver nanoparticles incorporated onto the layer release silver ions that 
are very potent antibacterial agents against a wide spectrum of patho
gens. Furthermore, resistance against silver is extremely rare and diffi
cult to obtain by bacteria [21]. Finally, silver nanoparticles are very 
stable, thereby allowing for their incorporation into coatings using a 
variety of techniques while lasting for many years and providing long- 
term protection against IAIs. However, silver could also adversely 
affect host cell viability and retard the proliferation of osteogenic cells 
[22–25]. 

An ideal antimicrobial implant surface is, therefore, believed to need 
tightly immobilized Ag NPs on the surface to gradually release silver 
ions in the surrounding tissue. Croes et al. [23] used electrophoretic 
deposition (EPD) to create chitosan-based coatings with incorporated 
silver nanoparticles and prevent IAI. According to their results, despite 
the high efficiency of silver against bacteria colonization, the antibac
terial EPD coatings were found to negatively affect both bone and 
phagocytic cells response. On the other hand, the commonly used line- 
of-sight techniques, such as plasma spraying are technically inappli
cable in the surface modification of complex additively manufactured 
structures [25–27]. We, therefore, used plasma electrolytic oxidation 
(PEO), which is capable of embedding nanoparticles from the electrolyte 
into the oxide matrix. Another advantage of PEO treatment is that the 
chemical composition of the oxide layer can be governed by the incor
poration of calcium and phosphate species from the electrolyte [28–30]. 
These species mainly remain as dissolved ions or amorphous phases 
within the PEO layer [1,30,31]. However, a sufficient concentration of 
Ca and P in the outermost surface of the PEO layers can enable formation 
of hydroxyapatite (HA) [32,33]. We, therefore, aimed to produce HA 
nanocrystals through a post-PEO hydrothermal treatment applied to 3D 
porous additively manufactured Ti-6Al-4V implants after they were 
firstly surface-modified by PEO in Ca/P based electrolytes containing Ag 
NPs. Subsequently, the effects of such a layer on the response of pre- 
osteoblasts and bacteria cells were studied. 

2. Materials and methods 

2.1. Additive manufacturing and surface bio-functionalization 

Porous implants designed for implantation in a mouse femur model 
[15] were used as the substrate materials in this study. To manufacture 
the implants by selective laser melting (SLM), which is a powder-based 
layer-by-layer additive manufacturing technique, spherical grade-23 Ti- 
6Al-4V powder (AP&C, Canada) with a size distribution of 10–40 μm 
were used. To remove the excess powder particles after printing, the 
implants were ultrasonically cleaned with acetone, ethanol, and dem
ineralized water, consecutively. 

The PEO process was performed using a custom-made AC power 
supply (type ACS 1500, ET Power Systems Ltd., UK) in an aqueous 
electrolyte containing 0.15 M calcium acetate, 0.02 M calcium glycer
ophosphate, and 2 g/l silver nanoparticles (Sigma-Aldrich, St. Louis, 
Missouri, United States) where the porous implant was used as an anode 
while a stainless steel plate was used as the cathode. The applied current 
density, frequency, and oxidation time were set to 20 A/dm2, 50 Hz, and 
5 min, respectively. 

For hydrothermal treatment, the PEO-treated samples (SLM-PEO) 
were vertically suspended in a Teflon-lined autoclave containing 300 ml 
of distilled water. The specimens were autoclaved at 250 ◦C for 2 (SLM- 
PEO-HT2) and 4 (SLM-PEO-HT4) hours and were thereafter rinsed with 
distilled water and dried with warm air. 

2.2. Surface characterization 

The surface morphology and chemical composition of the PEO and 
PEO-HT treated specimens were examined using a field emission scan
ning electron microscope equipped with an energy-dispersive X-ray 
spectroscope (FESEM; FEI Helios G4 CX and JEOL JSM-6500F). 

X-ray diffraction profiles were determined using a Bruker D8 
Advance diffractometer employing Cu Kα radiation (45 kV and 40 mA) at 
brag angles of 10–110◦. 

The static release of calcium and silver ions from the different groups 
of surface-treated implants was evaluated using inductively coupled 
plasma-optical emission spectrometry (ICP-OES) with a PerkinElmer 
Optima 3000DV (PerkinElmer, Zaventem, Belgium). Toward that end, 
three specimens from each group were submerged in 1 ml of phosphate- 
buffered saline (PBS) that was kept at 37 ± 0.5 ◦C. The entire volume 
was sampled and replaced by 1 ml of fresh PBS at specific time points (i. 
e., 1, 3, 5, 7, and 15 days) to measure the concentration of calcium and 
silver ions. The measurements were repeated three times for each time 
point. 

2.3. Cell response 

Multiple implants from each experimental group (length = 1 cm) 
were sterilized by autoclaving at 110 ◦C for 20 min. Preosteoblast 
MC3T3-E1 cells (Sigma-Aldrich) were maintained in a standard culture 
medium containing α-minimum essential medium (α-MEM; no ascorbic 
acid, Thermo Fisher, United States), supplemented with 10% fetal 
bovine serum (FBS; Thermo Fisher, United States) and 1% PenStrep 
(Thermo Fisher, United States). Each implant was seeded with 100 μl 
cell suspension containing 150,000 cells and the samples were flipped 
once per 20 min during the first 2 h of incubation. After the incubation, 
the samples were transferred into a well plate. Cell differentiation was 
induced after 2 days using an osteogenic medium (i.e., the standard 
culture medium with 50 μg/ml ascorbic acid (Sigma-Aldrich A4403, The 
Netherlands) and 4 mM β-glycerophosphate (Sigma-Aldrich G9422, The 
Netherlands)). The medium was refreshed every 2 days. The PrestoBlue 
assay was used to assess the metabolic activity of cells on SLM-PEO, 
SLM-PEO-HT2, and SLM-PEO-HT4 implants (n = 4/group). On days 1, 
4, 7, and 14, the samples were transferred to a new well and the Pres
toBlue reagent was added to each well (10% vol.). The plates were 
further incubated at 37 ◦C for 1 h. The absorbance (λ = 595 nm) of each 
well was finally measured using a Victor X3 microplate reader (Perkin 
Elmer, The Netherlands). 

To study the morphology of the cells on days 1, 7, and 14 of the cell 
culture experiments, the specimens (n = 2/group) were fixated with 1% 
glutaraldehyde and 4% Paraformaldehyde and were dehydrated. The 
surfaces were then gold-sputtered and examined by FESEM (FEI Helios 
G4 CX). 

The osteogenic differentiation of the cells was assessed by measuring 
the alkaline phosphate (ALP) activity (n = 3/group). Following 7 and 14 
days of culture, the implants were rinsed with PBS and submerged in 
250 μl of PBS/Triton (0.1% Triton X-100 in 1× PBS). The implants were 
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then sonicated for 10 s and incubated at 37 ◦C with 100 μL para- 
nitrophenylphosphate (p-NPP, Sigma-Aldrich). After 10 min, the reac
tion was stopped by adding 250 ml NaOH. The absorbance was then 
measured at a wavelength of 405 nm using a Victor X3 microplate reader 
(Perkin Elmer, The Netherlands). The absorbance results were quanti
fied by comparison with a standard sample, which was prepared by the 
addition of 100 ml PBS-Triton and 250 ml NaOH to each well. The total 
protein content was also measured by the bicinchoninic acid (BCA) 
protein assay (Thermo Fisher Scientific, The Netherlands). The amount 
of ALP was, then, normalized to the level of the total protein content. 

2.4. Antibacterial assays 

Staphylococcus aureus (S. aureus) (RN0450 strain, BEI Resources, 
United States) was grown on brain heart infusion (BHI) (Sigma-Aldrich, 
United States) agar plates and a single bacterial colony was used to 
prepare a bacterial suspension in BHI broth (Sigma-Aldrich, United 
States) as previously described [34]. Bacterial cells were collected at 
their logarithmic stage of growth and the optical density of the final 
suspension was adjusted to a value of 0.1 (equivalent to 55 × 106 CFU/ 
ml), measured by a WPA Biowave II spectrophotometer (Biochrom, UK). 
The specimens were then submerged in tubes containing 200 μl of the 
bacterial suspension and were incubated at 37 ◦C for 48 h. 

The PrestoBlue assay was carried out to measure the metabolic ac
tivity of the bacteria adhered to the implant as an indicator of their 
viability [35]. After 4 h of culture, the specimens were rinsed with the 
phosphate buffer saline (PBS) solution to remove non-adherent bacteria 
and were then transferred to new tubes, were supplied with 180 μl of 
BHI broth and 20 μl of PrestoBlue reagent (Thermo Fisher, United 
States), and were incubated at 37 ◦C for 1 h. Subsequently, 100 ml of the 
medium from each tube was added to a 96-well plate (in duplicate) and 
its absorbance was measured at a wavelength of 595 nm using a Synergy 
2 microplate reader (BioTek, United States). This procedure was 
repeated at 8, 24, and 48 h of bacterial culture to reveal the viability of 
the adhered bacteria over time. 

Further evaluation was conducted by SEM imaging. Briefly, the 
bacterial cells adhered to the surface of the implants were fixated by a 
solution containing 4% formaldehyde (Sigma-Aldrich, United States) 
and 1% glutaraldehyde (Sigma-Aldrich, United States) in 10 mM PBS. 
The specimens were dehydrated prior to their imaging through a series 
of washing by ultrapure water, 50%, 70%, and 96% ethanol, and fol
lowed by air-drying. The samples were then sputter-coated with a layer 
of gold and imaged by SEM (Philips XL 30, The Netherlands). 

3. Results and discussion 

3.1. Surface characterization and thickness measurements 

The single-step PEO treatment endowed the surfaces of the macro- 
porous 3D-printed implants with small pores, ranging from a few 
nanometers up to about 3 μm in size (Fig. 1). These micropores have 
been reported to play an important role in creating a stronger bonding 
between the bone tissue and implant surfaces [26]. Moreover, the PEO 
process had little effect on the macro-porous architecture of the 3D- 
printed specimens. 

During the initial seconds of the PEO treatment and under galva
nostatic conditions, the voltage linearly increased with time to keep the 
electric field constant across the oxide layer (Stage I, Fig. 2a). Similar to 
anodic oxidation, this stage results in the formation of a thin and 
compact oxide film [36]. As the thickness of the oxide layer reached a 
critical value, the anodic voltage exceeded the dielectric breakdown 
limit of the oxide layer. After the so-called breakdown potential, the rate 
of the increase in the voltage decreased (Stage II, Fig. 2a) with the 
current flow being concentrated at the discharge points. This stage was 
characterized by gas emission and a large number of short-lived sparks 
quickly moving over the implant surface, indicating the continuous 
formation and breakdown of the oxide layer. As the oxidation process 
continued, the discharge sparks grew larger, accompanied by slight os
cillations in the voltage (Stage III, Fig. 2a). According to Hussein et al. 
[37], the plasma temperature in this stage is high enough to excite the 

Fig. 1. The macro-scale view and the SEM micrographs of the additively manufactured Ti-6Al-4V implants. (a) The surface morphology of the as-printed SLM 
implant after particle removal, (b) partially molten Ti-6Al-4V particles on the implant surface, (c, d) the hybrid macro-micro porous structure of the PEO-treated 
implants revealing the uniform oxidation of the entire surface including fully/partially molten particles. 
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Fig. 2. (a) The PEO voltage transients of SLM implants in an electrolyte containing 2 g/l Ag NPs at 20 A/dm2 for 5 min. (b) The SE and BSE SEM images of the Ag- 
containing PEO-treated implants reveal the presence of Ag NPs on the surface and inside the porosities. The EDS analysis confirmed the presence of Ag NPs. (c) A 
cross-sectional SEM image of a PEO-treated implant. The presence of both an inner dense layer and an outer porous layer can be observed on a partially 
molten particle. 
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ionic species and nanoparticles in the electrolyte. The EDS analysis 
revealed that a significant concentration of Ca and P was successfully 
incorporated onto the surface of the PEO-treated specimens (Fig. 2b). 

The high energy micro-arcs also caused localized melt channels in 
the oxide layer. Erupted molten materials, in contact with the sur
rounding electrolytic solution, rapidly solidified around the top of the 

craters, creating large and protruding pores. The nanoparticles adsorbed 
onto the surface could, therefore, be embedded within the TiO2 matrix 
as well as on the implant surface. This is consistent with BSE-SEM im
ages (Fig. 2b), where Ag NPs were found inside the pores and around the 
discharge channels. The higher concentration of Ca and P in the EDS 
spectrum around the pores confirmed that both the ionic species and 

Fig. 3. The XRD patterns of Ag-containing PEO layers (a) before, and after (b) 2 h and (c) 4 h of hydrothermal treatment.  
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nanoparticles were drawn into the electrolytic plasma and discharge 
region. 

The cross-sectional images showed a relatively uniform thickness of 
12–15 μm of the Ag-containing PEO layers (Fig. 2c). The dense inner 
barrier layer was also found firmly attached to either fully- or partially- 
molten 3D-printed Ti-6Al-4V particles, illustrating the homogenous 
growth of the well-adhered oxide layer onto the surface of the 
geometrically complex porous structure of the SLM specimens. 

As revealed by the EDS analysis, the PEO layers contained high Ca/P 
ratios. However, apart from the diffraction peaks of highly crystalline 
anatase and rutile TiO2, the crystalline Ca–P compounds peaks could 
not be identified (Fig. 3a). The PEO layer was primarily composed of 
rutile and anatase titanium oxide, and partly of amorphous or low- 
crystallized Ca–P compounds (2θ = 28–35◦). Comparing this pattern 
with those obtained following hydrothermal treatment (Fig. 3b) 
revealed the evolution of the crystalline HA during the applied hydro
thermal treatment. After 2 h of hydrothermal treatment, an amorphous 
to the crystalline transition of Ca–P compounds occurred and two sharp 
peaks corresponding to dicalcium phosphate (D) and hydroxyapatite (H) 

appeared in the spectrum. This suggests that under the high-temperature 
and high-pressure steam water, the amorphous phases were dissolved 
and recrystallized into higher crystalline phases, such as dicalcium 
phosphate and hydroxyapatite within the PEO layer. As hydrothermal 
treatment time was extended to 4 h, the characteristic peaks of the 
(211), (112), and (300) planes of hydroxyapatite turned sharp and 
distinct, suggesting the presence of highly crystalline HA (Fig. 3c). The 
higher intensity ratio of (002) to (300) planes, as compared to the 
standard hydroxyapatite (0.67) confirms the preferential growth of HA 
crystals from the negatively charged c-surfaces [38]. 

Relative to the PEO-treated surfaces (Fig. 4a), the hydrothermal 
treatment for 2 h generated additional spindle-like nanofeatures on the 
surface (Fig. 4b). Further increasing the time of the hydrothermal 
treatment resulted in a significantly different surface morphology 
including high aspect ratio needles and pillars outgrown on the surface 
(Fig. 4c). 

The mechanism of the formation of nanocrystalline HA during the 
hydrothermal treatment of the PEO layers can be explained as follows. 
The hydrothermal treatment is generally governed by the nucleation 

Fig. 4. The FESEM images of the surface morphologies of PEO-treated as-printed implants before (a), and after the subsequent hydrothermal treatment at 250 ◦C for 
2 h (b) and 4 h (c). 
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and growth of HA crystals [39]. During the nucleation stage, the hy
droxyl anions from the environment are adsorbed on the surface. Under 
a powerful thermodynamic tendency caused by the high-temperature 
and high-pressure steam water, Ca and P ions within the PEO layer 
are believed to diffuse toward the surface and interact with the surface- 
adsorbed OH− groups [33,40]. The dissolution of the amorphous Ca–P 
compounds from the outermost surface layer also increases the local 
supersaturation of Ca and P in the vicinity of the OH− groups. The for
mation of HA crystals, therefore, can take place through the following 

chemical reaction [41]: 

10Ca2+ + 6PO4
3− + 2OH− ↔ Ca10(PO4)6(OH)2 (1) 

This reaction (1) is primarily controlled by the thermodynamic 
driving force that dictates the nucleation and growth processes. This 
effect is defined by the variation of Gibbs free energy according to the 
following equation [42]: 

Fig. 5. The formation of HA crystals through hydrothermal treatment at 250 ◦C: (a) HA needles firstly formed inside the pores (after 2 h), (b) the oriented growth of 
HA needles along c-axis after 3 h and formation of HA nanorods, and (c) the radial growth of hexagonal HA pillars through the parallel arrangement of nanorods. The 
aggregation of Ca–P particles eroded from HA pillars is visible in (c). 
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ΔG =
− RT

n
ln(S) =

− RT
n

ln
(

αA∙αB

KSP

)

(2)  

where R is the universal gas constant (8.314 J⋅mol− 1⋅K− 1), T is the re
action temperature (K), n is the number of ions in hydroxyapatite 
molecule, and S is the supersaturation degree that is defined by the ratio 
of the activity of ionic species (αA, αB, etc.) to the solubility constant of 
the product, Ksp. 

In the present study, the supersaturation index, SI, can be defined 
according to Eqs. (1) and (2) as: 

SI = log(S) = log

(
α10

Ca2+ α6
PO4

3− α2
OH−

KSP

)

(3) 

The formation of hydroxyapatite crystals of the desired size can, 
therefore, be explained according to the supersaturation process taking 
place during the hydrothermal treatment of the PEO layers. 

When SI ≤ 0, there is no thermodynamic driving force for hy
droxyapatite formation (i.e., ΔGHA ≥ 0). In supersaturated conditions (i. 
e., SI > 0), however, the competition between the nucleation and growth 
determines the final size, morphology, and distribution of the formed 
HA crystals. Highly positive SI values indicate the domination of the 
nucleation process, while for lower supersaturations, the growth of HA 
crystals prevails the nucleation, and larger crystals are formed. 

At the beginning of the hydrothermal treatment, a large amount of 
Ca and P ions are enriched in the vicinity of the adsorbed OH− groups at 
the subsurface of the PEO layer. This locally high supersaturation, which 
is caused by the ionic diffusion toward the surface can lead to the ho
mogenous formation of spindle-like nanocrystals all over the PEO layer 
(Fig. 5a). A smaller diffusion distance and higher concentrations of Ca 
and P ions cause the needles to appear inside the porosities. 

On the other hand, the formation of hydroxyapatite is accompanied 
by the depletion of the reactant ions on the surface, resulting in a 
remarkable decrease in the supersaturation values. It is well known that 
there are two types of crystalline facets in hydroxyapatite, namely the 
positively charged α-surfaces and the negatively charged c-surfaces, the 

latter of which is the predominant hydroxyapatite crystal growth facet 
[43]. As the hydrothermal treatment continues, the formed HA nano
crystals tend to grow along the c-axis and form the high aspect-ratio 
nanorods. This oriented growth is consistent with the results of several 
previous studies on the hydrothermal synthesis of hydroxyapatite 
[43,44]. During the growth stage, long nanorods reduce the surface 
energy by sharing the crystallographic α-surfaces [45]. Through a 
thermodynamically-driven process, the hexagonal HA pillars were 
developed from the parallel arrangement of high aspect ratio nanorods 
(Fig. 5c). After 4 h of treatment, the self-rearrangement phenomena 
resulted in well-defined hexagonal HA pillars of 200–700 nm in 
diameter. 

3.2. Ion release 

Within the first day, 6.6 ± 0.6 ppm of Ca2+ was leached from the PEO 
surfaces into PBS (Fig. 6a). After 7 days, this value reached 15.5 ± 1.2 
ppm and continued to slowly increase up to 25.5 ± 2.1 ppm after 28 
days. This sustained release of Ca2+ from the PEO-treated specimens 
could be attributed to the high concentration of calcium ions and the 
easily soluble amorphous structure compounds at the outermost surface 
of the layer. 

The concentration of the released Ca2+, however, decreased after 
performing a subsequent hydrothermal treatment (Fig. 6a). After hy
drothermal treatment for 2 h, this decrease was not significant and a 
large amount of unreacted dissolved calcium ions was liberated from the 
surface. This also suggests that the solubility of low-crystalline spindle- 
like HA nanocrystals is higher [46]. In comparison, the lower rate of 
release of Ca2+ from the PEO-HT4 surfaces indicates a higher degree of 
crystallinity for the hexagonal HA pillars, which is consistent with what 
was already discussed based on the results of the XRD analysis. In other 
words, the PEO layer provides Ca and P for hydroxyapatite formation 
and growth through the hydrothermal treatment. As the hydrothermal 
treatment progresses in time, Ca and P ions diffuse toward the outer 
surface. The unreacted calcium ions can firstly be released into the PBS, 

Fig. 6. The non-cumulative (right) and cumulative (left) release profiles of Ca2+ (a), and Ag+ (b) from the surface of PEO- and PEO-HT treated SLM implants during 
28 days of immersion in PBS. 
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but after the first day of immersion, due to the high crystallinity of HA 
pillars on the surface of PEO-HT4 implants, the non-cumulative release 
profiles of Ca2+ displayed a downward tendency. 

The ICP-OES measurements also showed the continued release of 
Ag+ in the leaching profiles of all experimental groups for up to 28 days 
(Fig. 6b). However, the application of the hydrothermal treatment 
decreased the total content of the liberated silver ions, especially in the 
first three days after the start of the immersion test, which could be 
attributed to the coverage of the surface with HA nanocrystals. Overall, 
the cumulative release of Ag+ from all the experimental groups after 28 
days was below the levels that are considered cytotoxic for osteoblasts 
[15]. 

3.3. Antimicrobial activity 

The metabolic activity of S. aureus on PEO layers showed that the 
incorporation of a trace amount of Ag NPs in the PEO layers significantly 
(***p < 0.001) improved their antibacterial activity (Fig. 7). However, 
the effects of Ag NPs alone lasted only for up to 8 h. The application of 
hydrothermal treatment drastically elongated the period within which a 
strong antibacterial behavior was present to the end of the time duration 
within which the experiments were performed (i.e., 48 h). A more 
detailed analysis of the antibacterial behavior of the different groups is 
presented below. 

After 4 and 8 h of culture, the Ag-containing PEO layers revealed a 
strong bactericidal effect, whereas Ag-free PEO layers did not (Fig. 7). 
This is consistent with the fact that the oxidation of the embedded Ag 
NPs results in a locally high concentration of silver ions, which prevents 
the bacteria from attaching to and colonizing the implant surface 
particularly at the early time points [15]. Lee and Murphy [47] showed 
that only 0.2–0.5 ppm of the Ag+ concentrations can efficiently suppress 
the growth of S. aureus on Ag NPs-contained CaP coatings. After 24 and 
48 h, however, no significant variations (p > 0.05) in the levels of 
bacterial metabolic activity were observed between Ag-free and Ag- 
containing PEO layers without hydrothermal treatments. The bacteria 
were found stacked on top of each other and colonized in the form of 
small clusters (Fig. 8). This indicates that the concentration of the 
released ions was not high enough to completely prevent the S. aureus 
bacteria from adhering to the surface (Fig. 7). However, the presence of 
very high concentrations of Ag NPs within the oxide layer might lead to 
some cytotoxic effects [22,23,25]. 

The application of the hydrothermal treatment resulted in signifi
cantly less viability of bacterial cells for the entire duration of the 
antibacterial assays. Moreover, while the presence of high doses of Ag 
NPs within the oxide layer might lead to some cytotoxic effects, our 
results showed that the application of the post-PEO hydrothermal 
treatment can modify the surface to impart both cytocompatibility and 
antibacterial properties. The curves in Fig. 6 showed the sustained 
release of silver ions from the PEO-HT2 and PEO-HT4 groups, which 
means that Ag+ can diffuse through the hydrothermally formed HA layer 
and still maintain the antibacterial effect. During the hydrothermal 
treatment, the embedded Ag NPs may dissolve and release silver ions 
while interacting with high-temperature, high-pressure water. There
fore, through an ion-exchange reaction with Ca ions, silver has been 
reported to lodge into the hydroxyapatite crystalline structure [48,49], 
thereby maintaining the sustained antibacterial leaching activity. 

Even though the surface hydrothermal treatment can be applied for 
intricate 3D macro-porous samples, it is not capable of creating 
dimensionally uniform nanotopographies. However, the presence of the 
irregular nanotopographical features on the surface is still believed to 
make it unfavorable for bacterial adhesion [50]. 

The combination of nanotopographical features and Ag NPs on the 
surface, therefore, significantly improved the antibacterial properties of 
the implants. Both the SLM-PEO-HT2 and SLM-PEO-HT4 groups were 
found to illustrate the highest antibacterial activity at all the time points, 
where after 48 h of culture just individual bacteria were separately 
attached to the surface and no biofilm formation was observed. 

3.4. Cell response 

The application of the hydrothermal treatments particularly in the 
PEO-HT2 group resulted in both significantly improved cell prolifera
tion and significantly higher levels of ALP activity (Fig. 9). The MC3T3- 
E1 cells cultured on the PEO-HT2 surfaces exhibited the highest meta
bolic activity as compared to both the PEO and PEO-HT4 groups, at all 
the different time points (Fig. 9a). In addition, the same surfaces resulted 
in significantly higher levels of ALP activity at both days investigated 
(Fig. 9b). Imaging of the cells and the surface-cell interface by FESEM at 
various culturing times (Fig. 10) indicated that the cells could attach and 
spread after 1 day of culture on all the surfaces. However, at longer 
times, cells cultured on the PEO-HT2 surfaces followed more uniformly 
the multi-scale topography and completely covered the 3D-printed 

Fig. 7. The results of the PrestoBlue assay for the metabolic activity of S. aureus adhered to the surface of biofunctionalized implants after 4, 8, 24, and 48 h of 
culture. Ag-free PEO layer, fabricated in the same condition as the SLM-PEO group (Ag-containing), showed no antibacterial behavior. Significant differences are 
indicated by ns=not significant: p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001 compared with SLM-PEO (Ag-free) and #p < 0.05, ##p < 0.01, ###p < 0.001 compared 
with Ag-containing SLM-PEO group. 
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macro-porous implant after 14 days. The spindle-like nanocrystals pro
vided a favorable anchorage substrate for cytoplasmic extensions to 
easily attach and move on the implant surface during the proliferative 
stage. By comparison, the pillar-like structure of HA crystals on PEO- 
HT4 surfaces suppressed cell spreading due to their sub-optimal shape 
and size. These findings indicate that the PEO-HT2 surfaces could 
stimulate proliferation, migration, and differentiation of these cells. 

The ability of the surface to adsorb proteins strongly influences cell 
adhesion and proliferation. The presence of calcium phosphate com
pounds on surfaces is believed to improve cell adhesion [51]. It is, 
however, strongly affected by the surface characteristics, such as surface 
roughness, surface area, crystallinity, and the solubility of calcium 
phosphates. In general, protein adhesion is improved for roughness 

values < 100 nm [52]. The dissolution process of calcium phosphates is 
also inversely proportional to crystallinity. Highly crystalline calcium 
phosphates show low solubility, low ion exchange, and, thus, slow rates 
of recrystallization, whereas amorphous or low crystalline calcium 
phosphates are highly soluble, thereby stimulating effective protein 
adhesion and bone regeneration [53]. 

Application of 2 h of hydrothermal treatment on PEO treated im
plants provided a large surface area by creating spindle-like HA nano
crystals within the microporous structure of the PEO layer. The presence 
of nanoscale features based on calcium phosphate chemistry is consid
ered beneficial for enhancing proteins adsorption and cell adhesion 
[54]. Therefore, the formation of HA nanoscale features (30–80 nm in 
diameter and 100–150 nm in length) is considered a favorable factor 

Fig. 8. The SEM images of the S. aureus bacteria adhered to the surface of (a) Ag-free SLM-PEO and (b) Ag-containing SLM-PEO, (c) SLM-PEO-HT2, and (d) SLM-PEO- 
HT4 after 48 h of culture. 
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contributing to the enhanced cellular response observed, which is in line 
with the findings of other studies [45,55–57]. In addition to the nano
features, it has been shown that the presence of micropores in the 
structure of the PEO layer plays a major role in providing an osteo
conductive surface [26]. As the microporous structure was not affected 
in the PEO-HT2 specimens (Fig. 4), their unique hierarchical micro-nano 
structure is likely to show the best cell response. In addition to the 
physical properties and topographical features, the osteogenic behavior 
is strongly influenced by surface chemistry, where the release of opti
mum amounts of Ca and P ions from the implant surface is expected to 
promote osteogenic differentiation. It has been reported that the lower 
crystalline calcium phosphate is more favorable for osteogenic differ
entiation [58]. Hu et al. [59] also suggested that the effects of 

hydroxyapatite crystallite size should be taken into account, where the 
smaller nanocrystallites resulted in higher levels of ALP activity. 
Meanwhile, it is also well known that the solubility of hydroxyapatite is 
inversely related to its crystallinity [60]. Therefore, the highly crystal
line HA pillars on PEO-HT4 implants, which were barely soluble in the 
microenvironment, could have contributed to the lower ALP activity 
measured. 

In summary, the decoration of the microporous PEO layers with 
uniformly distributed spindle-like HA nanocrystals not only revealed a 
hierarchical structure that facilitated the proliferation and osteogenic 
differentiation of preosteoblasts on the macro-porous SLM implants but 
also provided the highest degree of bactericidal properties afforded by 
the addition of silver nanoparticles. 

Fig. 9. (a) The metabolic activity of MC3T3-E1 cells on the PEO- and PEO-HT treated SLM implants. (b) The osteogenic differentiation of MC3T3-E1 cells on the 
three different types of biofunctionalized implants. Significant differences are indicated by *p < 0.05, **p < 0.01, ***p < 0.001. 
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Fig. 10. The FESEM images of the MC3T3-E1 cells on the SLM-PEO, SLM-PEO-HT2, and SLM-PEO-HT4 groups after 1, 7, and 14 days of cell culture. After 14 days, 
the porous structure of SLM-PEO-HT2 implants was completely covered with cells. 
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4. Conclusions 

To develop multifunctional layers on additively manufactured Ti- 
6Al-4V implants, a hierarchically structured surface including an 
interconnected microporous TiO2 layer containing silver nanoparticles 
and hydroxyapatite nanocrystals was synthesized through plasma elec
trolytic oxidation followed by hydrothermal treatment. According to the 
supersaturation of Ca and P ions at the outermost surface of PEO layers, 
two different morphologies of hydroxyapatite, namely nano-spindles 
and nano-pillars, were produced by altering the time of the hydrother
mal treatment. 

Even though the application of the hydrothermal treatment 
decreased the total content of the released silver ions, the presence of the 
hydrothermally formed nanotopographical features on PEO-HT2 and 
PEO-HT4 surfaces led to significantly less viability of the bacterial cells 
for the entire duration of the antibacterial assays. 

The pillar-like structure of the HA nanocrystals present on the PEO- 
HT4 surfaces, however, suppressed cell spreading due to their sub- 
optimal shape and size. The spindle-like HA nanocrystals induced by 
PEO-HT2 decorated the microporous surface and stimulated the osteo
genic differentiation of pre-osteoblasts, leading to a multifunctional 
surface with enhanced bioactivity for titanium bone implants. 
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