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Abstract: Implant-associated infections are highly challenging to treat, particularly with the emer-
gence of multidrug-resistant microbials. Effective preventive action is desired to be at the implant site.
Surface biofunctionalization of implants through Ag-doping has demonstrated potent antibacterial
results. However, it may adversely affect bone regeneration at high doses. Benefiting from the
potential synergistic effects, combining Ag with other antibacterial agents can substantially decrease
the required Ag concentration. To date, no study has been performed on immobilizing both Ag and
Fe nanoparticles (NPs) on the surface of additively manufactured porous titanium. We additively
manufactured porous titanium and biofunctionalized its surface with plasma electrolytic oxidation
using a Ca/P-based electrolyte containing Fe NPs, Ag NPs, and the combinations. The specimen’s
surface morphology featured porous TiO2 bearing Ag and Fe NPs. During immersion, Ag and Fe ions
were released for up to 28 days. Antibacterial assays against methicillin-resistant Staphylococcus aureus
and Pseudomonas aeruginosa showed that the specimens containing Ag NPs and Ag/Fe NPs exhibit
bactericidal activity. The Ag and Fe NPs worked synergistically, even when Ag was reduced by up
to three times. The biofunctionalized scaffold reduced Ag and Fe NPs, improving preosteoblasts
proliferation and Ca-sensing receptor activation. In conclusion, surface biofunctionalization of porous
titanium with Ag and Fe NPs is a promising strategy to prevent implant-associated infections and
allow bone regeneration and, therefore, should be developed for clinical application.

Keywords: antibiotic-resistant bacteria; implant-associated infection; surface biofunctionalization;
additive manufacturing; antibacterial; iron nanoparticles; silver nanoparticles

1. Introduction

The emergence of antibiotic-resistant bacteria, such as methicillin-resistant Staphylo-
coccus aureus (MRSA), has given rise to an increasing number of untreatable orthopedic
implant-associated infections and an increase in patient mortality [1,2]. In addition to the
Staphylococcus genus, Pseudomonas aeruginosa (P. aeruginosa) is one of the main pathogenic
Gram-negative species isolated from bone implants [3]. Once bacteria adhere to the im-
plant surface, biofilm formation follows [4,5]. Biofilm significantly lowers the efficacy of
antibiotics, even if they are administered locally [6,7]. As more antibiotic-resistant bacteria
appear every year, the choice of antibiotics for treatment becomes increasingly limited [8,9].
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This challenges current therapeutic approaches and necessitates the development of novel
strategies to combat such infections.

To minimize the risk of implant-associated infection, it is essential to eradicate the
bacteria within days after the conclusion of the surgical procedure [10]. This will minimize
the number of potential adherent bacteria and their chance to form biofilms. In addition,
speeding up the osseointegration of the implants can assist in covering the surfaces of
implants by the host tissue’s extracellular matrix, leaving less surface area for bacteria
to occupy. Orthopedic implants possessing such dual functionalities (i.e., being both
bactericidal and osteoconductive), have been made possible by additive manufacturing
(AM), followed by a surface biofunctionalization step [11]. Highly porous implants with
bone-mimicking mechanical properties can also promote new bone formation [12,13]. Such
implants usually have a very large surface area, which can be biofunctionalized using
combinations of powerful antibacterial agents against pathogenic bacteria and bioactive
agents to aid bone regeneration [14–16].

Choosing the right antibacterial agent is paramount. Ag is shown to be effective against
multidrug-resistant bacteria [17,18]. However, it is crucial to properly tune the Ag dose,
as its therapeutic window between bactericidal and cytotoxic activity is very narrow [19].
Recent studies have reported discouraging in vivo results of bone implants with Ag-doped
coatings [20,21], despite positive in vitro outcomes. High Ag concentration may weaken the
initial immune response in vivo by impairing the activity of neutrophils [22]. Likewise, Ag
has been found to cause abnormal in vivo bone remodeling in non-sterile environments [22].
To overcome such challenges, the combination of Ag with other elements or compounds
has been explored to achieve the best bactericidal activity while simultaneously improving
the response of the host tissue [11,16,23].

To date, no study has been performed on immobilizing both Ag and Fe nanoparticles
(NPs) on the surface of AM porous titanium, despite that Fe-based NPs have been widely
used in other biomedical applications, such as magnetic field-guided antimicrobial ther-
apy [24,25]. Fe-based NPs are often used in combination with other compounds [26–28] to
achieve an improved antimicrobial efficacy synergistically. Fe ions released from NPs are
able to catalyze the generation of highly reactive hydroxyl radicals that increase oxidative
stress, ultimately promoting bactericidal activity [29–31]. In addition, the high affinity of Fe
towards P may attract more phosphate ions onto the implant surface, favoring osteoblast
adhesion [32]. We hypothesized that by biofunctionalizing the porous titanium surface
using a lower Ag NPs concentration in the presence of Fe NPs, the implants would preserve
the bactericidal properties due to the synergistic effects of these NPs. Meanwhile, a reduced
Ag NPs concentration could decrease the potential cytotoxic effects of Ag [33].

We prepared porous titanium scaffolds using selective laser melting (SLM), followed
by a plasma electrolytic oxidation (PEO) process involving a Ca/P-containing electrolyte
doped with Ag and Fe NPs. During the PEO process, Ag and Fe NPs were immobilized
on the porous TiO2 surface of the scaffolds [34,35]. The biofunctionalized porous oxide
layer contained embedded Ca/P ions that are shown to promote osteogenesis [36,37].
Following PEO treatment, we evaluated the in vitro antibacterial activity of the implants
against MRSA and P. aeruginosa, and assessed their in vitro cytocompatibility and phospho-
calcium-sensing receptor (phospho-CaSR) Thr888 activity in preosteoblast MC3T3-E1 cells.

2. Results
2.1. Surface Biofunctionalization of Ti6Al4V Scaffolds

The titanium scaffolds exhibited partially molten powder particles firmly attached
to the surface of the struts (Figure 1a–c) with an absolute porosity of 48.8 ± 0.6%. The
surface of the scaffolds was biofunctionalized using the PEO setup in the Ca/P electrolyte
solutions doped with Ag and Fe NPs (Figure 1d). During the PEO process, the V-t curves
of all the scaffold groups were alike (Figure 1e). At the start, the voltage increased at a
rate of 13 ± 1 V/s up to the dielectric breakdown point at 130 ± 4 V, where the plasma dis-
charge started. Afterward, the voltage continued to rise at a slower rate of 0.57 ± 0.04 V/s
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(Figure 1e). After the PEO process, a uniformly distributed micro-/nano-porous TiO2
layer on the titanium surface was observed (Figure 1f–h). The absolute porosity of the
biofunctionalized scaffolds did not change significantly: 47.9 ± 1.1% for PEO, 48.0 ± 0.5%
for PEO Ag3, 47.7 ± 0.3% for PEO Ag2Fe, 48.0 ± 0.4% for PEO Ag1Fe, and 47.6 ± 0.8% for
PEO Fe. The porous biofunctionalized layer without NPs contained C, O, Ca, P, Ti, and Al
(Figure 1h).
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Figure 1. (a–c) The surface morphology of selective-laser-melted Ti6Al4V scaffolds at different mag-
nifications, imaged using SEM. (d) An illustration of the PEO setup with the titanium scaffold and
the stainless steel cathode in the Ca/P-containing electrolyte doped with NPs for surface biofunc-
tionalization. (e) The V-t transients were recorded during the surface biofunctionalization of the
titanium scaffolds using the electrolytes containing Fe NPs and Ag NPs of varying concentrations.
(f–h) The surface morphology of the PEO scaffold groups after being subjected to 180 s of surface
biofunctionalization were imaged at different magnifications using SEM and analyzed with EDS.

SEM confirmed that the additions of Ag and Fe NPs to the electrolyte did not change
the surface morphology of the biofunctionalized scaffolds (Figure 2a–d). NPs were tightly
embedded in the porous TiO2 surface layer. Moreover, Ag NPs can be identified on PEO
Ag3 specimens (Figure 2e), Ag and Fe NPs on PEO Ag2Fe (Figure 2f), PEO Ag1Fe specimens
(Figure 2g), and Fe NPs on PEO Fe specimens (Figure 2h).
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Figure 2. The surface morphology of (a) PEO Ag3, (b) PEO Ag2Fe, (c) PEO Ag1Fe, and (d) PEO
Fe scaffold groups after 180 s of surface biofunctionalization, imaged using SEM. The chemical
compositions of the biofunctionalized scaffolds containing Ag and/or Fe NPs: (e) PEO Ag3, (f) PEO
Ag2Fe, (g) PEO Ag1Fe, and (h) PEO Fe. The circles indicate the locations of EDS analysis. (i) The
phase compositions of the biofunctionalized scaffolds and Ag and Fe NPs.

In addition to Ag and Fe, a number of other elements, including C, O, Ca, P, Ti, and Al,
were detected on the surface of the scaffolds. Interestingly, the Ag and Fe NPs morphology
on PEO Ag2Fe and PEO Ag1Fe groups appeared to be in the form of clusters (Figure 2f–g).
An EDS spot analysis on the Ag and Fe NPs clusters revealed the surface chemistry being
rich in Ca and P (Figure 2f–g), compared to that on Ag NPs and Fe NPs alone (Figure 2e,h).
Furthermore, the XRD analysis of the biofunctionalized scaffolds revealed the presence of a
mixture of rutile and anatase phases in the crystalline TiO2 surface layer on all the scaffold
groups (Figure 2i). The original phases of Ag and Fe NPs were not observed. The anatase
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peaks at 2 Theta of 46–48◦ and 54–57◦ and the rutile peaks at 2 Theta of 96–100◦ were more
pronounced on the scaffold groups containing Fe NPs (Figure 2i).

2.2. Ag, Fe, and Ca Ion Release Kinetics

The surface-biofunctionalized scaffolds released Ag, Fe, and Ca ions during the im-
mersion test for up to twenty-eight days, with the highest release rates during the first
7 days (Figure 3). After 1 day of immersion, PEO Ag3 specimens released 1.3 and 2.1 times
more Ag ions compared to PEO Ag2Fe (n.s., p > 0.05) and PEO Ag1Fe (p < 0.01) specimens
(Figure 3a). The cumulative Ag ion release from PEO Ag3 specimens was the highest
throughout the immersion period, followed by that from PEO Ag2Fe and PEO Ag1Fe
groups. In addition, the highest concentration of Ag ions was released on day 7 for all
scaffold groups (Figure 3b).
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The combination of Ag and Fe NPs enhanced the release of Fe ions (Figure 3c,d). In
comparison with PEO Fe specimens, the cumulative Fe ions released from PEO Ag2Fe
were 1.9 times higher (p < 0.001) and 2.2 times higher (p < 0.0001) than PEO Ag1Fe on day 4
(Figure 3c). After 28 days of immersion, the cumulative concentrations of Fe ions from the
PEO Ag2Fe and PEO Ag1Fe groups were still 1.5 and 1.7 times higher, respectively, than
that from the PEO Fe group (Figure 3c). The highest concentration of Fe ions was released
on day 4 for PEO Ag2Fe and PEO Ag1Fe groups (Figure 3d). Meanwhile, the PEO Fe group
exhibited a stable concentration of Fe ion release over time (Figure 3d).

Furthermore, PEO specimens released the largest amount of Ca ions in the first 24 h
(p > 0.05, Figure 3e). At other time points, the cumulative Ca ions released from PEO Ag2Fe
and PEO Ag1Fe groups were comparable to those from PEO specimens (p > 0.05), but
higher than those from PEO Ag3 (p < 0.0001) and PEO Fe specimens (p < 0.001, Figure 3e).
The highest concentration of Ca ions was released on day 1 for the PEO, PEO Ag3, PEO Fe
groups, and on day 4 for the PEO Ag2Fe and PEO Ag1Fe groups (Figure 3f).

2.3. Antibacterial Properties against P. aeruginosa and MRSA
2.3.1. Zone of Inhibition

Following 24 h of incubation, all the scaffolds containing Ag NPs (i.e., PEO Ag3, PEO
Ag2Fe, and PEO Ag1Fe) showed inhibition activity against P. aeruginosa (Figure 4a) and MRSA
(Figure 4b). On the contrary, such inhibition zones were not observed for the control group
(i.e., PEO) and for the scaffolds containing Fe NPs only (i.e., PEO Fe). The PEO Ag3 specimens
exhibited the largest sizes of the inhibition zones. The size of the inhibition zone was smaller
for the specimens with lower Ag NPs concentrations (i.e., PEO Ag2Fe and PEO Ag1Fe).
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Figure 4. The zones of inhibition around the biofunctionalized scaffolds after 24 h of incubation
on agar plates swabbed with a 107 CFU/mL of (a) P. aeruginosa and (b) MRSA. The quantitative
bactericidal activity of the scaffolds against (c) 2.6 × 106 CFU of P. aeruginosa after 1 h of incubation
and (d) 1.3 × 109 CFU of MRSA after 4 h of incubation. **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01,
* = p < 0.05, # = **** vs. PEO and PEO Fe groups, γ = ** vs. PEO group and **** vs. PEO Fe group,
n.s. = not significant.
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2.3.2. Bactericidal Activity

All the scaffolds bearing Ag NPs exhibited bactericidal activity against P. aeruginosa
(Figure 4c) and MRSA (Figure 4d). The PEO Ag3, PEO Ag2Fe, and PEO Ag1Fe specimens
demonstrated on average a 4-log, 4-log, and 3-log CFU reductions of P. aeruginosa after 1 h
incubation (p < 0.0001 for all groups) as compared to PEO and PEO Fe specimens, respec-
tively (Figure 4c). In addition, PEO Ag3, PEO Ag2Fe, and PEO Ag1Fe specimens exhibited
on average a 4-log, 5-log, and 4-log CFU reductions of MRSA after 4 h of incubation as
compared to PEO (p < 0.01) and PEO Fe (p < 0.0001) groups, respectively. The bactericidal
activities of PEO Ag3, PEO Ag2Fe, and PEO Ag1Fe specimens against P. aeruginosa or
MRSA showed no statistically significant differences.

2.4. Cytocompatibility
2.4.1. Cell Proliferation and Morphology

The preosteoblasts showed favorable cellular behaviors, including adhesion and
proliferation on PEO specimens (Figure 5a). After 14 days of culture, cells covered almost
the whole surface of PEO scaffolds (Figure 5b). The inclusion of Ag NPs onto the surface
layer influenced the proliferation of cells. Live/dead and SEM imaging revealed that after
7 days of culture, the cells in PEO Ag3 (Figure 5c) and PEO Ag2Fe (Figure 5e) groups could
not yet cover the entire surface of the implants. On the other hand, after 7 days of culture,
the cells on PEO, PEO Ag1Fe, and PEO Fe (Figure 5a, Figure 5g, and Figure 5i, respectively)
groups formed at least a monolayer. Even after 14 days of culture, fewer cells were visible
on PEO Ag3 and PEO Ag2Fe specimens (Figures 5d and 5f, respectively) compared to
other groups. The morphology of these cells was more spindle-like (Figures 5d and 5f,
respectively), whereas the cells on PEO Ag1Fe and PEO Fe specimens formed thicker cell
layers fully covering the entire surface of the scaffolds (Figures 5h and 5i, respectively).
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MC3T3-E1 under osteogenic conditions. The viability of cells was assessed by live/dead staining
and the morphology of cells were imaged using SEM after culture for 7 and 14 days on the (a,b) PEO,
(c,d) PEO Ag3, (e,f) PEO Ag2Fe, (g,h) PEO Ag1Fe, and (i,j) PEO Fe specimens.



Int. J. Mol. Sci. 2022, 23, 13239 8 of 16

2.4.2. Immunostaining of Phospho-Calcium Sensing Receptors

After 14 days of culture under the osteogenic condition, the murine MC3T3-E1 cells
phospho-CaSR were activated (Figure 6). Biofunctionalized surfaces with a higher con-
centration of Ag NPs showed less phospho-CaSR activation. The intensity of activated
phospho-CaSR was the lowest on PEO Ag3 specimens (Figure 6b), followed by PEO Ag2Fe
specimens (Figure 6c). A higher level of phospho-CaSR activation was observed on PEO
Ag1Fe (Figure 6d) and PEO Fe (Figure 6e) specimens as compared to PEO specimens
(Figure 6a).
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3. Discussion

With the ever-increasing demand for (patient-specific) porous bone implants, made
possible by AM, it is important to biofunctionalize the surface of implants to add antibacte-
rial and osteogenic properties. We biofunctionalized the surface of SLM porous titanium
using the one-step PEO process to create: (i) a surface morphology with a micro-/nano-
porous feature that is known to favor bone cell adhesion and proliferation; (ii) surface chem-
istry composed of anatase and rutile phases that are enriched with bioactive Ca/P elements
to promote bone regeneration; and (iii) a surface layer decorated with immobilized Ag and
Fe NPs that continues to release Ag and Fe ions for up to 28 days. These morphological and
chemical characteristics are essential for the whole biofunctionality package of a porous
bone implant.

We explored herein the synergistic antibacterial properties of the titanium surface by
immobilizing different concentrations of Ag NPs with a fixed concentration of Fe NPs.
Surfaces decorated with Fe NPs and lower Ag NPs concentrations (i.e., PEO Ag2Fe and PEO
Ag1Fe groups) exhibited comparable bactericidal activities against MRSA and P. aeruginosa
compared to those with a higher Ag NPs concentration (i.e., PEO Ag3 group). In addition,
the titanium surfaces bearing Fe NPs and the lowest Ag NPs concentration (i.e., PEO Ag1Fe
group) allowed more preosteoblasts proliferation and better phospho-CaSR activation.
Our findings confirmed the synergistic potential of Ag and Fe NPs on porous titanium
surface—a strategy that is highly encouraging and warrants further development.

The failure of orthopedic implants is often caused by septic [38,39] or aseptic loosen-
ing [40]. The prevalence of implant-associated infection has been rising, as many pathogens
have developed resistance against most of the available antibiotics [41]. Once infection
sets in, osseointegration is hampered. Creating a multifunctional surface on bone implants
is considered a promising strategy to fight multidrug-resistant microbial infections [42].
However, the development of such surfaces remains challenging. Such biofunctionalized
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surfaces are desired to both provide immediate as well as long-term protection against in-
fection and simultaneously promote bone ingrowth for osseointegration [43]. Incorporation
of antibiotics in the surface layer has been proven to be highly effective in the short term;
however, the controlled release of antibiotics from antibiotic-engineered surfaces to treat
infections in the long term is highly challenging and may even cause further development
of antibiotic-resistant bacteria. In addition, biofunctionalized surfaces must adhere strongly
to the substrate to survive the (forceful) bone grafting procedure. Antibiotic-free osseoin-
ductive surfaces are promising candidates for addressing the issues of multidrug-resistant
microbials and osseointegration [44,45]. Surface biofunctionalization by growing a porous
TiO2 layer on the titanium substrate during PEO and incorporating Ca/P compounds and
antibacterial NPs onto the oxide layer fulfills the desired dual functionalities [14,35,46].

The biofunctionalized surface presented here opens the possibility to immobilize
Ag and Fe NPs in the Ca/P-enriched TiO2 layer that acts as a long-lasting reservoir to
deliver antibacterial agents and bioactive agents. That is because the embedded NPs are
not immediately released as particulates but are gradually oxidized into ionic compounds
(e.g., up to 28 days in this study). Furthermore, the choice of antibacterial agents is of great
importance to avoid the development of multidrug-resistant bacteria. The use of Ag NPs
is a promising strategy, as bacteria may not acquire resistance to Ag NPs as quickly as to
antibiotics [47], although it is not impossible [48]. Therefore, having multiple inorganic
NPs altogether (e.g., Ag and Fe NPs) is expected to make it more challenging for bacteria
to develop resistance.

Although Ag NPs have been extensively studied as an effective agent against multidrug-
resistant bacteria [17,18,49], several in vivo studies have highlighted the adverse effects of
Ag NPs on bone regeneration [20–22]. For this reason, we reduced the concentration of
Ag NPs in the PEO electrolyte by 2- to 3-folds (i.e., PEO Ag2Fe and PEO Ag1Fe groups),
which resulted in an overall decreased Ag ion release from the biomaterials (Figure 3a,b). A
lower Ag ion concentration usually corresponds to reduced antibacterial activity [11,22,50].
However, our biofunctionalized scaffolds bearing Ag and Fe NPs (i.e., PEO Ag2Fe and
PEO Ag1Fe groups) exhibited bactericidal activities similar to that of the PEO Ag3 group
(Figure 4c,d). P. aeruginosa population was reduced by ≥3 orders of magnitude in all
Ag-based scaffolds and those of MRSA by ≥4 orders of magnitude, after only 1 and 4 h
of incubation, respectively (Figure 4c,d). Bacterial eradication by ≥3-log CFU within 18
h of incubation is considered to be at the level of bactericidal activity relevant to clinical
practice [51]. On the other hand, the results of the agar diffusion assay did not show any
synergistic potential of the biofunctionalized scaffolds (Figure 4a,b). All specimens with a
higher Ag NPs concentration showed a larger inhibition zone, which was expected due to
the disparity of the diffusion coefficients of Ag and Fe ions in the agar media. The PEO Fe
scaffold group showed no zone of inhibition, indicating highly limited diffusion of Fe ions
and/or limited bactericidal activity of Fe NPs.

We observed that the addition of Fe NPs led to higher antibacterial properties through
a synergistic enhancement of the bactericidal properties of immobilized Ag NPs. The
Ag and Fe NPs were clustered on PEO Ag2Fe and PEO Ag1Fe specimens (Figure 2f,g).
This resulted in an enhanced Fe ions release (Figure 3c,d), which was triggered by local
galvanic coupling, as Fe has a lower nobility than Ag and TiO2. Similar to our results,
synergistic antibacterial behavior of Ag-Fe bimetals against S. aureus [52] and various
multidrug-resistant Gram-positive and Gram-negative bacteria [53] has been reported.

Ag is not required in bacterial and cellular metabolism. The interaction of Ag with
both mammalian and bacterial cells may cause damage to the cell membrane, cytoplasmic
proteins, and DNA [54–57]. Therefore, Ag can be used as a very potent antibacterial agent.
On the other hand, Fe is much less toxic to bacterial cells than Ag, which was proven
by the results of the PEO Fe scaffold group (Figures 4 and 5). Fe NPs require at least 2-
and 8-fold higher concentrations than Ag NPs to inhibit multidrug-resistant S. aureus and
P. aeruginosa, respectively [53]. That is because Fe is an essential nutrient for the metabolic
activity and growth of most bacteria [58–60]. Nonetheless, Fe plays an important role in the
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catalysis of oxidative stress [61–63], which is one of the mechanisms utilized in the design
of antibiotics to fight infections [64,65]. In addition to the synergistic metallic ion release,
the generation of more reactive oxygen species when combining Ag and Fe NPs has also
been reported [66]. Its contribution to combating multidrug-resistant bacterial infections is
yet to be further explored.

In addition to exhibiting bactericidal behavior, biofunctionalized surfaces must allow
host cells’ adhesion and proliferation. As expected, the surfaces bearing higher concentra-
tions of Ag NPs (i.e., PEO Ag3 and PEO Ag2Fe groups) inhibited cell proliferation. At the
lowest Ag NPs concentration (i.e., PEO Ag1Fe group), the proliferation of preosteoblasts
was improved (Figure 5). To inhibit the growth of preosteoblasts, Fe ions require two orders
of magnitude higher ion concentration as compared to Ag ions [67], which indicates that
Fe is far less toxic to cells than Ag. This can be observed from the cells on the surface with
embedded Fe NPs only (i.e., PEO Fe group), demonstrating no negative influence on cell
adhesion and proliferation. During the PEO process, the corrosion of Fe NPs in the elec-
trolyte might have occurred to some extent, releasing Fe ions that could form compounds
with phosphate and become deposited in the porous oxide layer. Such phosphate-rich
surface (Figure 2g) is known to favor osteoblast adhesion [32] and can be observed in the
PEO Ag1Fe scaffold group, thus overcoming the toxicity of Ag NPs and improving the
overall cytocompatibility of the scaffolds.

The phospho-CaSR activity indicates an early stage of osteogenic differentiation [68–71].
Active phospho-CaSR has been reported to positively influence alkaline phosphatase activ-
ity, osteocalcin expression, and mineralization [71]. The phospho-CaSR in the preosteoblasts
was less active on the surfaces embedded with high Ag NPs concentrations (i.e., PEO Ag3
and PEO Ag2Fe groups). Usually, the phospho-CaSR in osteoblasts is stimulated when
there is an elevated Ca ion concentration in the vicinity [72–74]. Among the biofunctional-
ized scaffolds, PEO Ag2Fe and PEO Ag1Fe groups released more Ca ions as compared to
the control group (i.e., PEO, Figure 3). However, the lower activity of phospho-CaSR in
the cells cultured on the PEO Ag2Fe group (Figure 6c) may be associated with relatively
fewer cells present on these scaffolds (Figure 5f), as it is also the case for the PEO Ag3 group
(Figures 5d and 6b). Nevertheless, the underlying mechanism is not yet fully understood
and needs further investigation. Taken together, the preosteoblasts cultured on PEO Fe and
PEO Ag1Fe surfaces exhibited favorable osteogenic potential.

4. Materials and Methods
4.1. Scaffold Design and Selective Laser Melting

We designed porous titanium specimens (ø = 9.5 mm and h = 2 mm) with a strut size
of 500 µm and a pore size of 350 µm (Figure 1a). Ti6Al4V ELI powder particles (medical
grade 23, from AP&C, Boisbriand, QC, Canada) had a spherical morphology and particle
sizes ranged between 10 and 45 µm. The specimens were selective laser melted (SLM-125,
Realizer, Germany) using a YLM-400-AC Ytterbium fiber laser (IPG Photonics, Oxford,
USA) under an Ar environment containing <0.2% O2. The SLM process parameters were as
follows: laser current of 1100 mA, point distance = 10 µm, layer height = 50 µm, exposure
time = 20 µs for the inner and outer boundary, exposure time = 5 µs for the hatch and
the scanning strategy was 90◦ alternating. After SLM, loosely attached powder particles
were removed from the scaffolds by vacuum cleaning, followed by ultrasonic cleaning in
acetone, isopropyl alcohol, and demineralized water for 5 min each.

4.2. Plasma Electrolytic Oxidation (PEO)

The surface of the titanium scaffolds was biofunctionalized with the PEO in a calcium
acetate (Dr. Paul Lohmann GmbH & Co, Germany) and calcium glycerophosphate (Sigma
Aldrich, St. Louis, MO, USA) electrolyte. Ag NPs (colloidal, 65–75% basis, size: 7 to 25 nm,
product no. 85131, Sigma Aldrich, St. Louis, MO, USA) and Fe NPs (nanopowder, 99.5%
trace metal basis, size: 35 to 45 nm, product no. 746843, Sigma Aldrich, St. Louis, MO, USA)
were dispersed in the electrolyte through ultrasonication for 5 min. Then, the electrolyte
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was stirred at 500 rpm for 5 min and ultrasonication was repeated for 5 min. The specimen
groups and their corresponding electrolyte compositions with and without NPs are listed in
Table 1. The PEO process was conducted using a custom-made laboratory setup (Figure 1d),
including a double-walled glass electrolytic cell with stainless steel as the cathode and the
scaffold as the anode, a thermostatic bath, an AC power supply (50 Hz, type ACS 1500, ET
powder Systems, UK), and a computer interface connected to the power supply through a
data acquisition board (SCXI, National Instruments, Austin, TA, USA). During the PEO
process, the changes in voltage over time (V-t) were recorded at a sampling rate of 1 Hz.
The surface biofunctionalization occurred under a galvanostatic condition using a current
of 20 A/dm2 in the 800 mL electrolyte for 3 min, where the temperature was kept at <8 ◦C
at the beginning and <20 ◦C at the end of the PEO process [11]. Thereafter, the surface-
biofunctionalized scaffolds were rinsed with demineralized water and isopropyl alcohol
for 5 min each at room temperature, sterilized at 120 ◦C for 2 h in an oven (Nabertherm
TR60, NC, USA), and stored in a sterile environment.

Table 1. Experimental groups and their corresponding compositions of the PEO electrolyte.

Specimen
Group

Calcium
Acetate (M)

Calcium
Glycerophosphate (M) Ag NPs (g/L) Fe NPs (g/L)

PEO 0.15 0.2 - -
PEO Ag3 0.15 0.2 3 -

PEO Ag2Fe 0.15 0.2 1.5 0.5
PEO Ag1Fe 0.15 0.2 1 0.5

PEO Fe 0.15 0.2 - 0.5

4.3. Characterization of Surface Morphology, Porosity, and Phase Composition

The surface morphology of the biofunctionalized scaffolds was observed using a
scanning electron microscope (SEM, JEOL JSM-IT100, Japan). The chemical compositions of
the biofunctionalized surfaces were analyzed using an X-ray energy dispersive spectroscope
(EDS) (JEOL JSM-IT100, Japan). The phase composition of the scaffolds was determined
using an X-ray diffractometer (XRD, D8 Advance, Bruker, USA) with Bragg–Brentano
geometry and a Lynxeye position-sensitive detector. The XRD analysis was conducted
using Cu Kα radiation, at 45 kV and 40 mA, at a step size of 0.030◦, and with a counting
time of 2 s per step. The obtained XRD patterns were analyzed with the Diffrac Suite.EVA
v5.2 software (Bruker, Billerica, MA, USA). The absolute porosity of the scaffolds was
determined using Equation (1):

ϕ =

(
1 − m/ρ

Vbulk

)
× 100% (1)

where ϕ is the absolute porosity [%], m is the mass [g] of the scaffold, ρ is the theoreti-
cal density of Ti6Al4V alloy (i.e., 0.00441 g/mm3), and Vbulk is the bulk volume [mm3],
calculated from the diameter and height of the scaffold specimen.

4.4. Release of Ag, Fe, and Ca Ions

The surface-biofunctionalized titanium scaffolds (in triplicate for each group for each
time point) were immersed in 1 mL of phosphate-buffered saline (PBS) solution in a 48-well
plate for 1, 4, 7, 14, and 28 days. The ion release experiments were performed in a static
environment, at a temperature of 37 ± 0.5 ◦C, 95% relative humidity (RH), and in a 5% CO2
atmosphere. The PBS solution was collected and refreshed at each of the pre-selected time
points. Ag, Fe, and Ca ion concentrations were determined by using inductively coupled
plasma-optical emission spectroscopy (ICP-OES) (PerkinElmer Optima 3000DV, Belgium).
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4.5. Antibacterial Assays

The antibacterial properties of the biofunctionalized scaffolds against P. aeruginosa
(ATCC 27853) and MRSA (ATCC 33591) were investigated using agar diffusion plates and
the counting of colony-forming units (CFU).

4.5.1. Agar Diffusion

A 107 CFU/mL bacteria suspension was prepared, following the McFarland stan-
dard [75]. The bacteria suspension was swabbed onto a minimal medium M9 agar plate
for growing P. aeruginosa and a modified M9 agar plate for growing MRSA [76]. The
biofunctionalized specimens (in triplicate for each group) were placed and pressed onto
the agar plates to ensure sufficient surface contact for the diffusion of Ag and Fe ions. After
24 h of incubation at 37 ◦C, the agar plates were imaged, and the diameter of the inhibition
zone was measured.

4.5.2. Quantitative Bactericidal Activity

The surface-biofunctionalized scaffolds (in triplicate for each group for each time
point) were filled with a 100 µL bacterial suspension (in physiological water) containing
2.6 × 106 CFU of P. aeruginosa or 1.3 × 109 CFU of MRSA in a 15 mL tube for 1 and 4 h,
respectively. The CFU number of P. aeruginosa and MRSA was then determined by adding
400 µL of physiological water on the scaffold, mixed vigorously by vertexing, and spotted
5 µL of serial dilutions on Luria–Bertani agar plates, incubated for 24 h at 37 ◦C before
colony counting.

4.6. Cytocompatibility

The cytocompatibility of the surface-biofunctionalized scaffolds towards preosteoblasts
MC3T3-E1 was examined using live/dead staining assay and SEM imaging. In addition,
immunofluorescence staining of phospho-CaSR Thr888 was performed.

4.6.1. Preculture of Cells and Cell Seeding

Murine MC3T3-E1 preosteoblasts (Sigma Aldrich, Germany) were cultured in α-
minimum essential medium (α-MEM, Thermo Fisher Scientific, Waltham, MA, USA) sup-
plemented with 10% fetal bovine serum (FBS, Thermo Fisher Scientific, Waltham, MA,
USA) and 1% penicillin/streptomycin (p/s, Thermo Fisher Scientific, Waltham, MA, USA)
in a cell culture incubator at 37 ◦C, 95% RH, and 5% CO2. After reaching confluency, the
cells were collected for experiments.

The preosteoblasts (5 × 104 cells/specimen) were seeded and cultured on the bio-
functionalized scaffolds in 6-well plates for 7, 14, and 21 days. An osteogenic cell culture
medium made of α-MEM and supplemented with 10% FBS, 50 µg/mL ascorbic acid, 4 mM
β-glycerophosphate, and 1% p/s was used from day two of cell culture onwards. The
medium was refreshed every 2–3 days.

4.6.2. Live/Dead Staining and SEM Imaging

After 7 and 14 days of cell culture, the specimens (in triplicate for each group for
each time point) were placed in new wells and the viability of the cells was identified
using calcein (green = live) and ethidium homodimer-1 (red = dead) staining (Thermo
Fisher Scientific, Waltham, MA, USA). Thereafter, the viability and morphology of the cells
were inspected using a fluorescence microscope (ZOE Cell Imager, Bio-Rad, CA, USA). In
addition, the morphology of the cells on the specimens was observed using SEM (JEOL
JSM-IT100, Japan). After 7 and 14 days of cell culture, the specimens were fixed using 4%
formaldehyde (Sigma Aldrich, Germany), followed by dehydration steps in 70% and 100%
ethanol and hexamethyldisilazane (Sigma Aldrich, Germany). The specimens were dried
prior to imaging.
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4.6.3. Immunostaining

Phospho-CaSR Thr888 types of staining were performed on the surface-biofunctionalized
scaffolds cultured with preosteoblasts at day 14 (in triplicate for each group). The speci-
mens were fixed with 4% formaldehyde (Sigma Aldrich, Germany) and were permeabilized
using 0.5% Triton/PBS (Sigma Aldrich, Germany). Then, the specimens were incubated
with primary antibody rabbit polyclonal phospho-CaSR (1:100 per specimen, Thermo Fisher
Scientific, Waltham, MA, USA) in 1% BSA/PBS, followed by washing with 0.5% Tween/PBS
(Sigma Aldrich, Germany). The secondary incubation step was performed using rabbit Alexa
Fluor 594 conjugated antibody (1:100, Thermo Fischer Scientific, Waltham, MA, USA) in 1%
BSA/PBS, followed by washing with 0.5% Tween/PBS (Sigma Aldrich, Germany). Thereafter,
the specimens were washed with PBS and were imaged using a fluorescence microscope
(ZOE Cell Imager, Bio-Rad, CA, USA).

4.7. Statistical Analysis

The statistical analysis of the ion release results was performed with two-way ANOVA
and a Tukey post hoc test. In addition, the statistical analysis of the antibacterial as-
say results was performed with one-way ANOVA, followed by a Tukey post hoc test
(**** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, and * = p < 0.05, n.s. = not significant).

5. Conclusions

Preventing implant-associated infections without delaying osseointegration requires
the right type and doses of antibacterial agents. The biofunctionalized scaffolds devel-
oped in this study reduced the required Ag NPs concentration and demonstrated the
synergistic potential of Fe and Ag NPs. The scaffolds biofunctionalized with three times
fewer Ag NPs in the PEO electrolyte and exhibited comparable bactericidal activity against
MRSA and P. aeruginosa compared to those of the scaffolds bearing three times higher
Ag NPs concentration. Scaffolds with fewer Ag NPs but incorporating Fe NPs allowed
preosteoblasts proliferation and phospho-CaSR activation in the cells at levels comparable
to control groups (i.e., PEO without any NPs and PEO with Fe NPs only). Altogether, the
biofunctionalization of porous titanium with Ag and Fe NPs is a promising strategy to
prevent implant-associated infections, while simultaneously allowing osseointegration and
bone regeneration. Such a strategy should be considered further for clinical applications.
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Chifiriuc, M.C.; et al. MAPLE Fabricated Magnetite@eugenol and (3-Hidroxybutyric Acid-Co-3-Hidroxyvaleric Acid)-Polyvinyl
Alcohol Microspheres Coated Surfaces with Anti-Microbial Properties. Appl. Surf. Sci. 2014, 306, 16–22. [CrossRef]

28. Wang, C.; Zhang, K.; Zhou, Z.; Li, Q.; Shao, L.; Hao, R.Z.; Xiao, R.; Wang, S. Vancomycin-Modified Fe3O4@SiO2@Ag Microflowers
as Effective Antimicrobial Agents. Int. J. Nanomed. 2017, 12, 3077–3094. [CrossRef]

29. Touati, D. Iron and Oxidative Stress in Bacteria. Arch. Biochem. Biophys. 2000, 373, 1–6. [CrossRef]
30. Tran, N.; Mir, A.; Mallik, D.; Sinha, A.; Nayar, S.; Webster, T.J. Bactericidal Effect of Iron Oxide Nanoparticles on Staphylococcus

Aureus. Int. J. Nanomed. 2010, 5, 277–283. [CrossRef]
31. Fang, F.C. Antimicrobial Reactive Oxygen and Nitrogen Species: Concepts and Controversies. Nat. Rev. Microbiol. 2004,

2, 820–832. [CrossRef]
32. Feng, B.; Weng, J.; Yang, B.C.; Qu, S.X.; Zhang, X.D. Characterization of Titanium Surfaces with Calcium and Phosphate and

Osteoblast Adhesion. Biomaterials 2004, 25, 3421–3428. [CrossRef] [PubMed]
33. Necula, B.S.; van Leeuwen, J.P.T.M.; Fratila-Apachitei, L.E.; Zaat, S.A.J.; Apachitei, I.; Duszczyk, J. In Vitro Cytotoxicity Evaluation

of Porous TiO2-Ag Antibacterial Coatings for Human Fetal Osteoblasts. Acta Biomater. 2012, 8, 4191–4197. [CrossRef] [PubMed]
34. Necula, B.S.; Fratila-Apachitei, L.E.; Zaat, S.A.J.; Apachitei, I.; Duszczyk, J. In Vitro Antibacterial Activity of Porous TiO2-Ag

Composite Layers against Methicillin-Resistant Staphylococcus Aureus. Acta Biomater. 2009, 5, 3573–3580. [CrossRef]
35. Necula, B.S.; Apachitei, I.; Tichelaar, F.D.; Fratila-Apachitei, L.E.; Duszczyk, J. An Electron Microscopical Study on the Growth of

TiO2-Ag Antibacterial Coatings on Ti6Al7Nb Biomedical Alloy. Acta Biomater. 2011, 7, 2751–2757. [CrossRef] [PubMed]
36. Santos, P.B.; Baldin, E.K.; Krieger, D.A.; de Castro, V.V.; Aguzzoli, C.; Fonseca, J.C.; Rodrigues, M.; Lopes, M.A.; Malfatti, C. de

F. Wear Performance and Osteogenic Differentiation Behavior of Plasma Electrolytic Oxidation Coatings on Ti-6Al-4V Alloys:
Potential Application for Bone Tissue Repairs. Surf. Coat. Technol. 2021, 417, 127179. [CrossRef]

37. Santos-Coquillat, A.; Gonzalez Tenorio, R.; Mohedano, M.; Martinez-Campos, E.; Arrabal, R.; Matykina, E. Tailoring of Antibacte-
rial and Osteogenic Properties of Ti6Al4V by Plasma Electrolytic Oxidation. Appl. Surf. Sci. 2018, 454, 157–172. [CrossRef]

38. Bozic, K.J.; Kurtz, S.M.; Lau, E.; Ong, K.; Vail, D.T.P.; Berry, D.J. The Epidemiology of Revision Total Hip Arthroplasty in the
United States. J. Bone Jt. Surg. Ser. A 2009, 91, 128–133. [CrossRef]

39. Bozic, K.J.; Kurtz, S.M.; Lau, E.; Ong, K.; Chiu, V.; Vail, T.P.; Rubash, H.E.; Berry, D.J. The Epidemiology of Revision Total Knee
Arthroplasty in the United States. Clin. Orthop. Relat. Res. 2010, 468, 45–51. [CrossRef]

40. Sundfeldt, M.; Carlsson, L.V.; Johansson, C.B.; Thomsen, P.; Gretzer, C. Aseptic Loosening, Not Only a Question of Wear: A
Review of Different Theories. Acta Orthop. 2006, 77, 177–197. [CrossRef]

41. Arciola, C.R.; Campoccia, D.; An, Y.H.; Baldassarri, L.; Pirini, V.; Donati, M.E.; Pegreffi, F.; Montanaro, L. Prevalence and Antibiotic
Resistance of 15 Minor Staphylococcal Species Colonizing Orthopedic Implants. Int. J. Artif. Organs 2006, 29, 395–401. [CrossRef]

42. Yuan, Z.; He, Y.; Lin, C.; Liu, P.; Cai, K. Antibacterial Surface Design of Biomedical Titanium Materials for Orthopedic Applications.
J. Mater. Sci. Technol. 2021, 78, 51–67. [CrossRef]

43. Gristina, A.G.; Naylor, P.; Myrvik, Q. Infections from Biomaterials and Implants: A Race for the Surface. Med. Prog. Technol. 1988,
14, 205–224. [PubMed]

44. Rigo, S.; Cai, C.; Gunkel-Grabole, G.; Maurizi, L.; Zhang, X.; Xu, J.; Palivan, C.G. Nanoscience-Based Strategies to Engineer
Antimicrobial Surfaces. Adv. Sci. 2018, 5, 1700892. [CrossRef] [PubMed]

45. Mi, G.; Shi, D.; Wang, M.; Webster, T.J. Reducing Bacterial Infections and Biofilm Formation Using Nanoparticles and Nanostruc-
tured Antibacterial Surfaces. Adv. Healthc. Mater. 2018, 7, 1800103. [CrossRef]

46. Van Hengel, I.A.J.; Riool, M.; Fratila-Apachitei, L.E.; Witte-Bouma, J.; Farrell, E.; Zadpoor, A.A.; Zaat, S.A.J.; Apachitei, I.
Selective Laser Melting Porous Metallic Implants with Immobilized Silver Nanoparticles Kill and Prevent Biofilm Formation by
Methicillin-Resistant Staphylococcus Aureus. Biomaterials 2017, 140, 1–15. [CrossRef]

47. Percival, S.L.; Bowler, P.G.; Russell, D. Bacterial Resistance to Silver in Wound Care. J. Hosp. Infect. 2005, 60, 1–7. [CrossRef]
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