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a b s t r a c t 

Antibiotic-resistant bacteria are frequently involved in implant-associated infections (IAIs), making the 

treatment of these infections even more challenging. Therefore, multifunctional implant surfaces that si- 

multaneously possess antibacterial activity and induce osseointegration are highly desired in order to 

prevent IAIs. The incorporation of multiple inorganic antibacterial agents onto the implant surface may 

aid in generating synergistic antibacterial behavior against a wide microbial spectrum while reducing the 

occurrence of bacterial resistance. In this study, porous titanium implants synthesized by selective laser 

melting (SLM) were biofunctionalized with plasma electrolytic oxidation (PEO) using electrolytes based 

on Ca/P species as well as silver and zinc nanoparticles in ratios from 0 to 100% that were tightly em- 

bedded into the growing titanium oxide layer. After the surface bio-functionalization process, silver and 

zinc ions were released from the implant surfaces for at least 28 days resulting in antibacterial leach- 

ing activity against methicillin-resistant Staphylococcus aureus (MRSA). Furthermore, the biofunctionalized 

implants generated reactive oxygen species, thereby contributing to antibacterial contact-killing. While 

implant surfaces containing up to 75% silver and 25% zinc nanoparticles fully eradicated both adherent 

and planktonic bacteria in vitro as well as in an ex vivo experiment performed using murine femora, 

solely zinc-bearing surfaces did not. The minimum inhibitory and bactericidal concentrations determined 

for different combinations of both types of ions confirmed the presence of a strong synergistic antibac- 

terial behavior, which could be exploited to reduce the amount of required silver ions by two orders of 

magnitude ( i.e. , 120 folds). At the same time, the zinc bearing surfaces enhanced the metabolic activ- 

ity of pre-osteoblasts after 3, 7, and 11 days. Altogether, implant biofunctionalization by PEO with silver 

and zinc nanoparticles is a fruitful strategy for the synthesis of multifunctional surfaces on orthopedic 

implants and the prevention of IAIs caused by antibiotic-resistant bacteria. 

Statement of Significance 

Implant-associated infections are becoming increasingly challenging to treat due to growing antibiotic 

resistance against antibiotics. Here, we propose an alternative approach where silver and zinc nanopar- 

ticles are simultaneously used for the biofunctionalization of rationally designed additively manufac- 

tured porous titanium. This combination of porous design and tailored surface treatment allows us to 

reduce the amount of required silver nanoparticles by two orders of magnitude, fully eradicate antibiotic- 

resistant bacteria, and enhance the osteogenic behavior of pre-osteoblasts. We demonstrate that the re- 

sulting implants display antibacterial activity in vitro and ex vivo against methicillin-resistant Staphylococ- 

cus aureus . 
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1. Introduction 

Implant-associated infections (IAIs) are one of the main causes 

of implant failure [1 , 2] . IAIs are initiated by bacterial invasion of 

the wound cavity and the subsequent adherence of bacteria onto 

the implant surface [3] . This is usually followed by the formation 

of bacterial biofilms that make it extremely difficult to eradicate 

bacteria from the implant surface, as they become largely insus- 

ceptible to the antibacterial agents that, in order to be effective, 

would have to penetrate through the protective biofilm layer [4 , 5] . 

This is particularly concerning given the ongoing development 

of antibiotic resistance in bacterial species such as methicillin- 

resistant Staphylococcus aureus (MRSA) that has resulted in an in- 

creasing number of untreatable infections and significant patient 

mortality [6–10] . There is, therefore, an urgent need for the devel- 

opment of novel antibacterial strategies that minimize the risk of 

such infections. 

There are two major strategies that could be used to mini- 

mize the risk of IAIs caused by antibiotic-resistant strains. The first 

strategy is to minimize the risk of biofilm formation by stimulat- 

ing the fast regeneration of bony tissue. Driven by host cells that 

cover the implant surface at an early stage, the formation of de 

novo bone could result in full integration of the implant inside 

the host tissue. The additive manufacturing (AM) of geometrically 

complex and highly ordered porous implants can be particularly 

useful in enhancing the bone tissue regeneration performance of 

biomaterials by offering both an interconnected porous structure 

[11] and bone-mimicking mechanical properties [12 , 13] . Further- 

more, such porous structures significantly increase the surface area 

that is available for the biofunctionalization of the implants. This 

increased surface area boosts the efficacy of the second strategy 

where the surface of the implant is biofunctionalized using combi- 

nations of potent antibacterial agents against which bacteria can- 

not easily develop resistance. 

Here, we merged both of the aforementioned strategies to 

design and manufacture porous metallic implants to maximize 

the likelihood of preventing IAIs caused by antibiotic-resistant 

strains. Our approach consists of AM porous titanium using a ra- 

tionally designed porous structure [14] , which is then surface- 

biofunctionalized using plasma electrolytic oxidation (PEO) to cre- 

ate multifunctional surfaces that promote the osseointegration 

of the implants while exhibiting a potent antibacterial behav- 

ior against antibiotic-resistant bacteria. More specifically, the elec- 

trolyte used in the PEO process contained both Ca/P species that 

are known to elicit an osteogenic response [15] and two types 

of inorganic nanoparticles ( i.e. , silver and zinc). The choice of the 

nanoparticles (NPs) is of crucial importance in this regard. Silver 

ions are highly potent agents against a very wide spectrum of bac- 

terial strains [16–18] . Moreover, resistance against silver is rare and 

difficult to acquire [19] . Combining silver with zinc offers several 

advantages. First, we hypothesized that silver and zinc exhibit a 

synergistic behavior, providing the same level of bactericidal be- 

havior with a much lower concentration of silver ions. This is par- 

ticularly important given the concerns that high concentrations of 

silver ions could lead to cytotoxicity against host cells [20] . Second, 

combining several antibacterial agents that target the different 

components of bacterial cells [21 , 22] could further reduce the risk 

of bacterial resistance. Finally, certain concentrations of zinc ions 

are known to give rise to osteogenic behavior [23 , 24] . This could 

further reinforce the multifunctional performance of the implants. 

During PEO, both Zn and Ag nanoparticles are tightly embedded 

in a growing TiO 2 surface layer that covers the entire surface of 

the porous titanium implants. Moreover, the PEO process generates 

a highly porous oxide layer that further expands the already vast 

surface area of the implants and enhances the release of ions from 

the incorporated elements [25–27] . 

In this study, we synthesized multifunctional AM implants and 

studied their surface characteristics, chemical composition and 

their performance against antibiotic-resistant bacteria using both 

in vitro and ex vivo assays. Moreover, we explored the mecha- 

nisms of their antibacterial behavior by evaluating the ion release 

kinetics and the generation of reactive oxygen species (ROS). Fi- 

nally, we investigated the response of host cells to the implants 

through in vitro cultures of pre-osteoblasts and the assessment of 

their metabolic and alkaline phosphatase (ALP) activities. 

2. Materials and methods 

2.1. Implant design and additive manufacturing 

We aimed to manufacture titanium implants suitable for test- 

ing in an ex vivo murine infection model. Therefore, we designed 

a hexagonal unit cell that was subsequently stacked to create im- 

plants with a length of 4 cm and a diameter of 5 mm. Subse- 

quently, the implants were produced at the Additive Manufactur- 

ing Laboratory (TU Delft, Delft, The Netherlands) using a selective 

laser melting (SLM) printer (SLM-125, Realizer, Borchem, Germany) 

that operated with a YLM-400-AC Ytterbium fiber laser (IPG Pho- 

tonics Corporation, Oxford, United States) under an argon atmo- 

sphere with less than 0.2% oxygen. The parameters of the SLM 

process were as follows: a wavelength of 1070 ± 10 nm, an ex- 

posure time of 300 μs and a laser power of 96 W, resulting in 

a laser spot size of 145 μm. We used a layer thickness of 50 μm 

and medical-grade (grade 23, ELI) Ti-6AL-4 V powder (AP&C, Bois- 

briand, Quebec, Canada), which had a spherical morphology with 

particle sizes of 10–45 μm. After SLM, the loose powder particles 

were removed by vacuum cleaning and the implants were ultra- 

sonicated subsequently in acetone, 96% ethanol, and demineralized 

water for 5 min each. 

2.2. Plasma electrolytic oxidation 

The surface of the implants was biofunctionalized by PEO in an 

electrolyte containing 0.15 M calcium acetate (Dr. Paul Lohmann 

GmbH, Emmerthal, Germany) and 0.02 M calcium glycerophos- 

phate (Sigma-Aldrich, St. Louis, Missouri, United States) dissolved 

in demineralized water. In addition, Ag NPs and/or Zn NPs (both 

from Sigma-Aldrich, St. Louis, Missouri, United States) were dis- 

persed in varying ratios with 3.0 g/l indicated as 100% in the elec- 

trolyte. This resulted in PEO biofunctionalized implants without 

NPs (PT), with 3.0 and 1.5 g/L Ag NPs (PT–Ag and PT–Ag 50, re- 

spectively), with 3.0 g/L Zn NPs (PT–Zn), and with both Ag and Zn 

NPs (PT–Ag Zn, PT–Ag Zn 75 25, and PT–Ag Zn 50 50). The as- 

manufactured implants (NT) served as a control group. Both Ag 

and Zn NPs displayed a spherical morphology with particle sizes 

ranging between 7 and 25 nm for Ag NPs and between 40 and 

60 nm for Zn NPs. The PEO electrolyte was sonicated 2 times for 

3 min and stirred in between for 5 min at 500 rpm on a magnetic 

stirrer (IKA-Werke GmbH & Co. KG, Staufen, Germany) using a stir 

bar of 40 × 8 mm (VWR, Radnor, Pennsylvania, United States). 

The PEO process was performed using a custom-made labora- 

tory setup that comprised an AC power supply (50 Hz, type ACS 

1500, ET powder Systems Ltd., Chesterfield, United Kingdom), a 

data acquisition board (SCXI, National Instruments, Austin, Texas, 

United States), and two electrodes inside a double-walled glass 

electrolytic cell. During the PEO process, a ring-shaped piece made 

from stainless steel served as the cathode while the implant was 

the anode. The voltage-time ( V - t ) transients were recorded every 

second. PEO processing took place at a current density of 20 A/dm 

2 

under galvanostatic conditions in 800 ml electrolyte for 5 min 

while the electrolytic cell was cooled with a thermostatic bath to 

keep the temperature between 6–8 °C throughout the PEO process. 
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A homogeneous distribution of particles inside the electrolyte was 

established by continuously stirring at 500 rpm. Following PEO 

biofunctionalization, the implants were cleansed in running tap 

water for 1 min, sterilized at 110 °C for 1 h in an oven (Nabertherm 

TR60, New Castle, United States), and stored under sterile condi- 

tions. 

2.3. Zeta potential of nanoparticles in PEO electrolyte 

The stability of the Ag and/or Zn nanoparticles in the PEO elec- 

trolyte was determined by measurement of the zeta potential using 

a Zetasizer Nano ZS (Malvern Analytical, United Kingdom). The PEO 

electrolytes containing ratios of Ag and/or Zn nanoparticles from 

0–100% were diluted 10 times and subsequently 1 mL was injected 

into a DTS1060 capillary cell ( n = 3/condition). Thereafter, the zeta 

potential was determined at room temperature with 10 runs for 

each measurement. 

2.4. Analysis of surface morphology, chemical composition and 

titanium oxide layer 

The surface morphology of the biofunctionalized implants was 

imaged using scanning electron microscopy (SEM, JSM-IT100LV, 

JEOL, Tokyo, Japan). Prior to that, the implants were covered with 

a gold layer of 5 ± 2 nm to enhance their electrical conductivity. 

During SEM imaging an electron beam intensity ranged between 

5–20 kV and working distance of 10 mm were used. By means of 

energy dispersive X-ray spectroscopy (EDS), the chemical compo- 

sition on the surface of the implants was determined using spot 

analyses. 

In addition, a cross-sectional analysis was performed to ana- 

lyze the titanium oxide layer on the implant surface. Therefore, im- 

plants were sectioned perpendicular towards the longitudinal axis 

and embedded in a conductive resin with carbon filler (PolyFast, 

Struers, Copenhagen, Denmark). Subsequently, the specimens were 

grounded with sandpapers of 40 0 0, 20 0 0, 80 0, 320, 180 and 80 

grit (Struers) under running tap water. Thereafter, the specimens 

were ultrasonicated for 5 min in isopropanol, dried in air, polished 

with 3 and 1 μm diamond suspension DiaDuo-2 (Struers) and an- 

alyzed by SEM. Furthermore, the chemical composition of the tita- 

nium layer was determined by EDS ( n = 5). 

2.5. Ion release kinetics 

The release kinetics of Ag and Zn ions were determined by 

inductively coupled plasma – optical emission spectrometry (ICP- 

OES). Biofunctionalized implants of 1 cm in length were placed in 

dark Eppendorf tubes ( n = 3/group) containing 1 mL phosphate- 

buffered saline (PBS). During the experiments, the specimens were 

kept at 37 °C using a water bath under static conditions. The 

PBS was collected and replenished after 0.5, 1, 2, 4, 7, 14, and 

28 days. To dissolve all ions in the liquid, the collected PBS was 

acidified with 5% nitric acid. Subsequently, the ion concentration 

was detected by ICP-OES using a PerkinElmer Optima 30 0 0DV 

(PerkinElmer, Zaventem, Belgium). 

2.6. Electron paramagnetic resonance 

The formation of ROS by the implants was determined through 

an electron paramagnetic resonance (EPR) spectrometer (Bruker 

EMX Plus, Billerica, Massachusetts, United States). The implants 

( n = 2/group) of 0.5 cm in length were inserted in a quartz cap- 

illary tube and placed inside the EPR spectrometer. Thereafter, the 

baseline spectra of the implants were determined followed by a 

measurement of the spectra corresponding to the radicals formed 

as a result of submerging the implants in 10 μl PBS containing 

20 mM spin trap 5,5-dimethyl-pyrroline N-oxide (DMPO, Sigma- 

Aldrich, St. Louis, United States). The radical generation was ana- 

lyzed every 10 min for 2.5 h with the following EPR settings: a 

frequency of 9.78 GHz, a sweep width of 100 G, a time constant of 

163.8 ms, a conversion time of 160 ms, a modulation amplitude of 

1 G, a modulation frequency of 100 kHz, a receiver gain of 60 dB, 

an attenuation of 10 dB, and a power of 20 mW. 

2.7. Antibacterial assays 

2.7.1. Preparation of the bacterial inoculum 

The bactericidal properties of the biofunctionalized implants 

were assessed against MRSA USA300 [28] using in vitro and ex 

vivo assays. The bacterial inocula were prepared by resuspending a 

single colony into 3 mL tryptic soy broth (TSB) or cation-adjusted 

Mueller Hinton broth (CAMH) followed by incubation for 2 h at 

37 °C while shaking at 120 rpm. Thereafter, the optical density 

at 600 nm (OD 600 ) was measured and the required bacterial in- 

oculum was prepared. The inoculum was verified by plating 10 μL 

triplicates of 10-fold serial dilutions on blood agar plates (Becton 

Dickinson, Franklin Lakes, United States) followed by overnight in- 

cubation at 37 °C and colony forming unit (CFU) quantification. 

2.7.2. Inhibition zone 

The antibacterial leaching activity of the implants was deter- 

mined using an inhibition zone assay. Luria broth (LB) containing 

200 g tryptone, 100 g yeast powder, 240 g Agar No.1 (all from 

Oxoid, ThermoFisher Scientific, Massachusetts, United States) and 

200 g NaCl dissolved in 20 L ultrapure water was used to pour 

agar plates. A bacterial inoculum of 10 7 CFU/mL in TSB was dis- 

tributed over the agar plates using a cotton swab and subsequently 

1.5 cm implants ( n = 3/group) were pressed onto the agar surface 

and incubated in a humid environment at 37 °C for 24 h. Follow- 

ing incubation, the area of the inhibition zones was determined 

by an image processing program (Photoshop CS6, Adobe, Califor- 

nia, United States) to determine the antibacterial leaching activity 

of the specimens. 

2.7.3. Minimal inhibitory concentration (MIC) and minimal 

bactericidal concentration (MBC) 

The MIC and MBC of Ag + and Zn 

2 + ions, as well as combi- 

nations thereof, against MRSA USA300 were determined using Ag 

nitrate and Zn nitrate (both from Sigma-Aldrich, St. Louis, United 

States) dissolved in CAMH broth. Next, two-fold serial dilutions 

were prepared in 96-well plates starting at initial concentrations of 

2 mM for Ag + and 80 mM for Zn 

2 + , respectively. Subsequently, an 

inoculum at OD 600 0.09 was prepared of which 65 μL was trans- 

ferred to 10 mL of CAMH. Next, 50 μL of the bacterial inoculum 

and 50 μL of both Ag + and Zn 

2 + dilutions were added to a 96-well 

plate and incubated overnight at 37 °C under static conditions. Fol- 

lowing incubation, the MIC was denoted as the lowest concentra- 

tion of Ag + and/or Zn 

2 + where no turbidities were observed. The 

MBC was determined using 10 μL aliquots of each well plated on 

blood agar plates and overnight incubation at 37 °C. The MBC was 

determined as the lowest concentration of Ag + and/or Zn 

2 + ions 

without any bacterial colonies present. 

2.7.4. Quantification of adherent and planktonic bacteria on implants 

The bactericidal activity of the biofunctionalized implants was 

quantified for both adherent and planktonic bacteria against a 

bacterial inoculum of 2 × 1010 3 CFU MRSA USA300 in 100 μL 

TSB + 1% glucose in a 200 μL MicroAmp® Fast Reaction Tube (Life 

Technologies, Carlsbad, California, United States) to which 4 im- 

plants of 1 cm in length were added. The specimens ( n = 3/group) 
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were incubated overnight under static conditions at 37 °C. Subse- 

quently, the number of the adherent CFU was quantified by rins- 

ing the specimens 3 times in PBS and ultrasonication in 200 μL 

PBS for 3 min of which 10 μL aliquots of subsequent 10-fold se- 

rial dilutions were plated on blood agar plates. The non-adherent 

bacteria present in the culture medium were quantified by plating 

10 μL of 10-fold dilutions onto blood agar plates followed by CFU 

quantification after overnight incubation at 37 °C. 

2.7.5. Biofilm formation and characterization 

The ability of the implants to prevent biofilm formation 

( n = 2/group) was determined through static incubation in 100 μL 

TSB + 1% glucose with 2 × 1010 3 CFU/mL MRSA USA300 at 37 °C 

for 24 h. After 24 h, the implants were rinsed in PBS and fixated 

in McDowels fixative (4% paraformaldehyde and 1% glutaraldehyde 

in 10 mM phosphate buffer at pH 7.4). Subsequently, the fixated 

implants were dehydrated using the following procedure: rinsing 

in demineralized water for 5 min, dehydrating in 50% ethanol for 

15 min, 70% ethanol for 20 min, 96% ethanol for 20 min, and hex- 

amethyldisilazane for 15 min. Thereafter, the implants were left to 

dry in air for 2 h, sputtered with a gold layer of 5 ± 2 nm, and 

analyzed by SEM. 

2.7.6. Ex vivo infection model 

The antibacterial properties of the specimens were also stud- 

ied in an ex vivo infection model using murine femurs provided by 

the Central Laboratory Animal Institute (Utrecht University). First, 

the tissues surrounding the femurs were removed. Then, the fe- 

murs were sterilized using 70% ethanol for 10 min and were sub- 

sequently submerged in demineralized water for 10 min. A hole of 

0.5 mm was drilled through the epicondyle into the intramedullary 

canal. The bone marrow was removed with a syringe, and 2 μL of 

PBS was inserted into the medullary cavity. Prior to implantation, 

the implants were inoculated with 200 CFU MRSA USA300 in 2 μL 

demineralized water, dried in air for 15 min, and press-fitted into 

the femur. 

To verify the proper sterilization, one femur was not implanted 

with an implant (negative control). The model was validated by in- 

jecting 2 μL tetracycline (50 mg/mL, Sigma-Aldrich, St. Louis, Mis- 

souri, United States) intramedullary before implantation with an 

inoculated NT implant. Following the implantation procedure, the 

femurs were inserted in 0.5 mL Eppendorf tubes and were incu- 

bated on a dynamic platform to simulate intraosseous fluid flow 

at 37 °C for 24 h. After overnight incubation, the femurs were ho- 

mogenized using 15 zirconia beads (Ø 2 mm, BioSpec, Bartlesville, 

Oklahoma, United States) in 800 μl PBS with a MagNA Lyser (Roche 

Diagnostics, Risch-Rotkreuz, Switzerland) at 70 0 0 rpm for 2 rounds 

of 30 s each while being cooled on ice in between. To quantify the 

number of CFU, 10-fold serial dilutions of the homogenate were 

plated on blood agar plates and incubated overnight at 37 °C. 

2.8. Cytocompatibility of MC3T3-E1 cells on implants 

2.8.1. Pre-culture of cells and cell seeding 

Pre-osteoblast MC3T3-E1 cells (Sigma-Aldrich) were cul- 

tured for 7 days in α-MEM supplemented with 1% penicillin- 

streptomycin and 10% fetal bovine serum (all from ThermoFisher, 

Waltham, Massachusetts, United States). The medium was re- 

freshed every 2–3 days. For cell seeding on 1 cm implants, 

1.5 × 10 5 MC3T3-E1 cells were added to 100 μL culture medium 

in 0.2 mL tubes. To stimulate cell adhesion, the implants were 

tilted every 20 min for 2 h in total (37 °C, 5% CO 2 ) and were 

thereafter placed in a 48 well plate with 200 μL fresh medium. Af- 

ter 2 days, osteogenic differentiation was initiated by the addition 

of 50 μg/μL ascorbic acid and 4 mM β-glycerophosphate (both 

from Sigma-Aldrich). During the experiments, the culture medium 

was refreshed every 2 – 3 days. 

2.8.2. Presto blue assay 

The metabolic activity of the MC3T3-E1 cells was determined 

after 1, 3, 7, and 11 days using a PrestoBlue assay (Thermofisher, 

Waltham, MA, United States). The implants were incubated in 

200 μL fresh culture medium for 1 h at 37 °C with 20 μL PrestoBlue 

cell viability reagent. Subsequently, the absorbance was measured 

at a wavelength of 530–590 nm with a Wallac plate reader (Victor 

X4, PerkinElmer, Massachusetts, United States). 

2.8.3. Alkaline phosphatase (ALP) assay 

The ALP activity of the MC3T3-E1 cells was determined after 11 

days by rinsing the implants ( n = 4/group) with PBS and submer- 

sion in 250 μL PBS-Triton (8% NaCl, 0.2% KCl, 1.44% Na 2 HPO 4 , 0.24% 

KH 2 PO 4 , and 0.1% Triton X-100 in H 2 O). To dissociate the cells, the 

implants were ultrasonicated for 10 s and incubated for 10 min 

at 37 °C in 100 μL p-nitrophenyl phosphate (pNPP, Sigma-Aldrich). 

The enzymatic reaction was blocked with the addition of 250 μL 

NaOH. The absorbance at a wavelength of 405 nm was then mea- 

sured with a Wallac plate reader (Perkin Elmer). To determine the 

ALP activity, a standard curve was prepared through the addition of 

100 μL PBS-Triton and 250 μL NaOH to each well. The total protein 

content was determined with a BSA protein assay kit (Invitrogen). 

Subsequently, the ALP levels were normalized to the total protein 

content. 

2.8.4. Morphology of MC3T3-E1 cells on implants 

The implants with MC3T3-E1 cells were fixated after 11 days in 

McDowels fixative (4% paraformaldehyde and 1% glutaraldehyde in 

10 mM phosphate buffer at pH 7.4) and were stored at 4 °C. Sub- 

sequently, the implants were cleansed twice for 5 min in deminer- 

alized water and were dehydrated using an ethanol dilution series 

of 15 min in 50%, 20 min in 70%, and 20 min in 96%. Next, the 

implants were dried in air for 2 h, sputtered with a gold layer of 

5 ± 2 nm, and analyzed by SEM ( n = 2/group). 

2.9. Statistical analysis 

All data are expressed as mean ± standard deviation. The sta- 

tistical analyses were performed using GraphPad Prism (GraphPad 

Software, La Jolla, California, United States) with one-way ANOVA 

and Bonferroni post hoc test. The differences between groups were 

considered statistically significant at p < 0.05. 

3. Results 

3.1. PEO biofunctionalization and surface morphology of Ti6Al4V 

implants 

Following SLM, the porous implants displayed partially molten 

or unmolten Ti-6Al-4V powder particles tightly attached to their 

surface ( Fig. 1 A). Subsequently, the implants were biofunctional- 

ized in a PEO setup ( Fig. 1 B) using Ca/P-based electrolytes with 

Ag and/or Zn NPs. The addition of NPs to the PEO electrolyte 

did not affect the V - t curves obtained during the PEO process 

( Fig. 1 C). Prior to dielectric breakdown, the voltage increased with 

14 ± 1 V/s followed by an inflection of the curve and a decreased 

rate of growth of 0.49 V/s. From 115 ± 5 V, plasma discharges 

were observed until a final voltage of 249 ± 6 V was reached. The 

zeta potential of Ag and/or Zn NPs in the PEO electrolyte varied 

between −11 to −20 mV, demonstrating a negative charge of the 

NPs in the electrolyte ( Fig. 1 D). Surface characterization by SEM re- 

vealed a homogenous micro-/nano-porous oxide layer on the outer 
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SLM implants with different electrolytes containing the varying ratios of Ag and/or Zn NPs. (D) Zeta potential measurements of Ag and/or Zn NP ratios dispersed in the PEO 

electrolyte. (E) SEM images of the surface morphology of a PT implant following 300 s of PEO biofunctionalization. (F) Cross-sectional analysis of a biofunctionalized implant 

by SEM. (G) Chemical composition of the titanium oxide layer determined by EDS ( n = 5). Scale bar = 50 μm. 

surface of the implants ( Fig. 1 E). Furthermore, the surface mor- 

phology of implants bearing Ag and/or Zn NPs did not differ from 

the PT implants. Cross-sectional analysis of the implants by SEM 

demonstrated the presence of a titanium oxide layer on both the 

inner and the outer surface of the implants ( Fig. 1 F). In the oxide 

layer the presence of Ti, Al, V, O, Ca, P and C elements was con- 

firmed by EDS ( Fig. 1 G). 

3.2. Surface chemistry and phase composition 

Following PEO processing, Ag and Zn NPs were observed on 

the implant surfaces as demonstrated by EDS analysis ( Fig. 2 ). Ag 

and/or Zn NPs were fully embedded onto the TiO 2 surface layer 

and were widely spread. EDS point analysis indicated the presence 

of Ca, P, Ti, Al, and V on the surface of all biofunctionalized im- 

plants while Ag and/or Zn NPs were found for PT–Ag, PT–Zn, and 

PT–Ag Zn implant surfaces, respectively. 

3.3. Ion release kinetics and formation of reactive oxygen species 

3.3.1. Ion release kinetics 

Combining Ag and Zn NPs resulted in a reduced rate of Ag ion 

release in the first 24 h for the PT–Ag Zn, PT–Ag Zn 50 50, and 

PT–Ag 50 groups as compared to the PT–Ag implants ( p < 0.001; 

Fig. 3 A). The release of Zn ions was not affected by the incorpo- 

ration of Ag NPs onto the implant surface ( Fig. 3 B). The release of 

the ions persisted up to at least 28 days. Combining Ag and Zn 

NPs reduced the release of Ag ions from the PT–Ag Zn, PT–Ag Zn 
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75 25, and PT–Ag Zn 50 50 groups as compared to the PT–Ag im- 

plants ( p < 0.001, p < 0.05, and p < 0.001, respectively; Fig. 3 C) 

while the release of Zn ions was enhanced for the PT–Zn implants 

as compared to the PT–Ag Zn 50 50 group ( p < 0.05; Fig. 3 D). 

3.3.2. Reactive oxygen species formation 

Both hydroxyl and methyl radicals were generated by all of the 

biofunctionalized implant groups, while NT implants did not gen- 

erate any ROS ( Fig. 3 E). Following the hydroxyl radical formation 

for up to 2.5 h, the PT–Zn group exhibited a higher level of radical 

formation as compared to all other groups ( Fig. 3 F). 

3.4. Antibacterial assays 

3.4.1. Antibacterial leaching activity and minimal inhibitory and 

bactericidal concentration 

Following 24 h incubation, the implants bearing Ag NPs demon- 

strated zones of inhibition whereas the NT, PT, PT–Zn and PT–Zn 

implants showed no such zones ( Fig. 4 A). The size of the inhibi- 

tion zones was similar between the implants indicating that the 

antibacterial leaching activity did not differ significantly ( Fig. 4 B). 

The synergistic effects on antibacterial activity between Ag + and 

Zn 

2 + ions were studied by determining the MIC and MBC for Ag + 

and Zn 

2 + against MRSA USA300. The MIC was 4 μM for Ag + and 

630 μM for Zn 

2 + while combining 2 μM Ag + and 310 μM Zn 

2 + 

fully prevented bacterial growth ( Fig. 4 C). Similarly, the MBC was 

respectively 60 μM and 50 0 0 μM for Ag + and Zn 

2 + while com- 

bining 30–0.47 μM Ag + with 160–2500 μM Zn 

2 + resulted in total 

eradication of the bacterial inoculum ( Fig. 4 D). 

3.4.2. Quantification of bactericidal activity and biofilm prevention 

The specimens from the PT–Ag, PT–Ag 50, PT–Ag Zn, and PT–

Ag Zn 75 25 groups totally prevented bacterial adhesion whereas 

those from the PT–Ag Zn 50 50 group showed a four-log inhibition 

( p < 0.001) as compared to the specimens from the NT, PT, and 

PT–Zn groups ( Fig. 4 E). Similar results were obtained for planktonic 

bacteria with the PT–Ag Zn 50 50 group demonstrating a two-log 

inhibition ( p < 0.001) as compared to the NT, PT, and PT–Zn im- 

plants ( Fig. 4 F). The NT, PT, and PT - Zn implants did not prevent 

biofilm formation on the implants where bacteria were observed 

to be on top of each other in multiple layers ( Fig. 5 ). The PT–Ag 

and PT–Ag Zn implants, on the other hand, rarely displayed any 

attached bacteria. In the rare occasions where bacteria were found 
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Fig. 3. The ion release profile and the generation of ROS. (A) The Ag and (B) Zn ions released from the biofunctionalized implants ( n = 3) after 24 h in PBS as measured 

by ICP-OES. The cumulative release profile of (C) Ag and (D) Zn ions measured during a period of 28 days. (E) The generation of ROS by the implants as measured by 
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paramagnetic resonance spectrum measured for the hydroxyl radical formation for up to 150 min. ∗ , p < 0.05, ∗∗ , p < 0.01, ∗∗∗ , p < 0.001. 

on the surface of the PT–Ag and PT–Ag Zn implants, they were pri- 

marily observed inside the PEO micropores. 

3.4.3. Ex vivo antibacterial activity 

The ex vivo bactericidal activity of the implants was evaluated 

in a murine femoral infection model ( Fig. 6 A). After 24 h of incu- 

bation, the PT–Ag, PT–Ag Zn and PT–Ag Zn 75 25 implants fully 

eradicated the bacterial inoculum while the specimens from the 

PT–Ag 50 group reduced the bacterial growth by 2-log ( p < 0.001) 

as compared to the NT and PT implants ( Fig. 6 B). 

3.5. Cytocompatibility of MC3T3-E1 cells on biofunctionalized 

implants 

At day 1, the MC3T3-E1 cells cultured on all implants demon- 

strated similar metabolic activities while after day 3 the metabolic 
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Fig. 4. The antibacterial leaching activity and quantification of bactericidal activity in vitro against MRSA USA300. (A) The images of the antibacterial inhibition zones around 
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activity was enhanced for cells on the PT–Zn implants as compared 

to the PT–Ag, PT–Ag 50, and PT Ag Zn 75 25 implants ( p < 0.05, 

p < 0.05 and p < 0.01, respectively; Fig. 7 A). After 7 days, the 

metabolic activities of the cells present on the PT and PT–Zn im- 

plants were significantly higher than those of the NT implants 

( p < 0.001). Similarly, the metabolic activity of cells on the PT 

group was significantly higher than that of the PT–Ag, PT–Ag 50, 

and PT–Ag Zn 75 25 groups ( p < 0.001, p < 0.01 and p < 0.01, re- 

spectively). The same held for the PT–Zn implants as compared to 

the PT–Ag, PT–Ag 50, and PT–Ag Zn 75 25 implants ( p < 0.001). Af- 

ter 11 days, cells on the PT and PT–Zn groups displayed enhanced 

metabolic activity as compared to the NT group ( p < 0.001). The 

same was observed for PT as compared to PT–Ag, PT–Ag 50, and 

PT–Ag Zn 75 25 ( p < 0.05) and PT–Zn as compared to PT–Ag, 

PT–Ag 50, and PT–Ag Zn 75 25 ( p < 0.001). The ALP activity did 

not differ significantly between the different groups after 11 days 

( Fig. 7 B). The cell morphology after 11 days demonstrated that all 

surfaces had cell attachment on significant parts of their surface 

( Fig. 7 C). The cells showed elongated morphologies and were found 

to span large areas. 

4. Discussion 

To improve implant longevity, the prevention of IAIs induced 

by antibiotic-resistant bacteria is essential. Multifunctional implant 

surfaces that possess antibacterial activity and stimulate bony in- 

growth are important tools in our quest to achieve that goal. AM 

enables the fabrication of highly porous implants that could bene- 

fit the most from these multifunctional surfaces, as bacteria could 

adhere to the internal surfaces of such porous structures and more 

easily survive the sterilization process. On the other hand, how- 

ever, the much larger internal surface area of AM porous bioma- 

terials amplifies the effects of the applied surface biofunctional- 

ization. In this study, PEO biofunctionalized SLM porous titanium 
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Fig. 6. The bactericidal activity of the implants against MRSA USA300 in an ex vivo femoral mouse model. (A) A 0.5 mm hole was created into the intramedullary canal of 
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processed and analyzed (negative control). For validation of the model, 2 μl of tetracycline was injected intramedullary prior to implantation with an inoculated implant 
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implants bearing Ag and Zn NPs demonstrated multifunctional be- 

havior including the prevention of colonization by MRSA both in 

vitro as well as ex vivo without inducing cytotoxicity, while PT–Zn 

implants further enhanced the metabolic activity of pre-osteoblast 

cells. 

Currently, IAIs account for 20% of orthopedic implant failures 

[29] . Most strains involved in IAI displayed resistance to at least 

one antibiotic [30] reducing treatment rates to 48% [31] and en- 

hancing patient morbidities [32] . With the number of patients an- 

ticipated to increase up to 600% by 2030 [33] due to an aging and 

increasingly obese population, these complications will continue 

to increase the burden for patients and society [34] . Although the 

need for multifunctional implant surfaces has been recognized for 

some time, the synthesis of surfaces that possess antibacterial ef- 

ficacy and osteogenic behavior has proven to be challenging. Both 

properties go hand in hand, as proper bone ingrowth limits the 

space for bacteria to cause infection while adherent bacteria on 

the implant surfaces impair the proper adherence and differenti- 

ation of osteogenic cells [35] . Therefore, multifunctional surfaces 

should contain multiple elements to induce both antibacterial and 

osteogenic properties [36] . Ideally, a multifunctional surface would 

promote rapid osseointegration and provide both immediate and 

long-term protection against bacteria adhering to the implant sur- 

face as well as those present in the tissue surrounding the im- 

plant. The development of such types of surfaces in a time- and 

cost-efficient manner requires a single-step process that provides 

strong adhesion between the surface and implant substrate and is 

applicable to complex geometries without altering the mechanical 
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properties of the implant. The use of PEO with Ca/P-based elec- 

trolytes containing Ag and Zn NPs does comply with all of the 

abovementioned criteria [14 , 37 , 38] . 

While the antibacterial properties of Ag have been known 

for some time, there are some concerns regarding the cytotoxi- 

city of silver-based agents [39] . Meanwhile, Zn has been applied 

in various forms on biofunctionalized biomaterials [40 , 41] and 

has demonstrated bactericidal activity against a wide spectrum of 

Gram-positive and Gram-negative bacteria [22 , 42-44] as well as 

osteogenic properties including the stimulation of the adhesion, 

proliferation, and osteogenic differentiation of mesenchymal stem 

cells (MSCs) [45-47] . Furthermore, Zn is five times less toxic for 

human MSCs as compared to Ag [4 8 , 4 9] . However, Ag and Zn NPs 

have, thus far, not been incorporated collectively onto the surface 

of porous AM titanium implants with vast surface areas to fully 

exploit the aforementioned properties of Ag and Zn NPs. 

The biofunctionalized implants in this study released Zn 

2 + and 

Ag + ions for up to 28 days. The addition of Zn NPs to the PEO 

electrolyte resulted in a reduced rate of Ag + released from the PT–

Ag Zn implants as compared to the PT–Ag group. This observation 
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may originate from a reduced incorporation of Ag NP onto the im- 

plant surface or a reduced rate of Ag + oxidation and subsequent 

release due to galvanic coupling [46 , 50] . Since Zn has a lower stan- 

dard electrode potential as compared to both Ag and the TiO 2 sur- 

face layer [51] , the Zn NPs will function as local anodes, Ag NP as 

local cathodes, and the TiO 2 surface layer as the electron pathway, 

ultimately resulting in the oxidation of the Zn NP and subsequent 

Zn 

2 + release. The oxidation of Ag NP and, thus, the release of Ag + 

is, however, inhibited. Simultaneously, H 

+ will be consumed from 

the surrounding environment during the micro-galvanic coupling 

process, which disturbs the ATP synthesis and ion transportation 

inside bacteria, thereby contributing to the creation of an antibac- 

terial zone in the proximity of the implant surface [51] . 

The ion release from the implant surface results in an antibac- 

terial leaching behavior, which in this study is reflected by the 

zone of inhibition. We observed that the PT–Ag and PT–Ag Zn im- 

plants exhibited a significant zone of inhibition, whereas the PT–

Zn implants did not, which concurs with the fact that the MIC 

of Zn 

2 + is 100 to 150 times higher than that of Ag + [52] . We 

also observed that combining Zn 

2 + and Ag + allowed to reduce the 

Ag + concentration by up to 120 folds while keeping similar MIC and 

MBC values, respectively. 

Zn is less toxic for bacteria than Ag. That is because Zn is cru- 

cial in various bacterial metabolic processes, such as ATP synthesis, 

and has been shown to play a role in inter-bacterial communica- 

tion between Staphylococci resulting in enhanced bacterial adhe- 

sion and biofilm formation [53 , 54] . In contrast, Ag is not vital for 

bacterial cells and irreversibly targets cytoplasmic proteins, enzy- 

matic functioning, and the DNA replication machinery resulting in 

cell death [55–57] . The exact mechanism underlying the synergistic 

antibacterial behavior between Zn and Ag is not fully understood. 

However, ROS may play a role in the observed synergistic antibac- 

terial behavior between Zn 

2 + and Ag + [58 , 59] . 

Due to their short-life time, however, ROS do not enhance the 

leaching activity of the implants. Instead, they ward off bacteria 

that attach to the surface. All PEO biofunctionalized implants in 

this study generated hydroxyl radicals whereas NT implants did 

not. This suggests that the formation of rutile and anatase TiO 2 

phases during the PEO process contributes to ROS generation [14] , 

which has been shown to prevent bacterial adhesion [60] . The PT–

Zn implants generated the highest levels of hydroxyl and methyl 

radical generation, followed by the PT–Ag implants whereas the 

combinations of Ag and Zn ratios reduced the amount of the hy- 

droxyl radical formed and annihilated the formation of methyl rad- 

icals. Ag doping of Zn photocatalytic microspheres has demon- 

strated to enhance the formation of hydroxyl radicals [61 , 62] . How- 

ever, the exact mechanisms through which the biofunctionalization 

of SLM titanium implants with both Ag and Zn NPs affects the for- 

mation of ROS as compared to either nanoparticles species alone 

are not clear and need to be elucidated. 

Infection with MRSA worsens the patient’s prognosis compared 

to methicillin-susceptible Staphylococcus aureus strains [63] . It is, 

therefore, relevant to test biofunctionalized implants in an ade- 

quate model against MRSA. Therefore, we investigated the antibac- 

terial activity in a murine ex vivo model to simulate in vivo con- 

ditions. Although ex vivo models lack an active immune system 

and the ability of bony ingrowth, the bone extracellular matrix 

has shown to greatly support the adhesion of Staphylococcus au- 

reus and, thus, affect the inf ection process [64] . In this model, the 

PT–Ag, PT–Ag Zn, and PT–Ag Zn 75 25 implants fully eradicated 

a bacterial inoculum within 24 h, whereas the PT–Ag 50 implants 

induced a two-log reduction in the number of CFU as compared to 

the PT and PT–Zn groups. 

In addition to improving the antibacterial properties of the im- 

plants, the addition of Zn to Ag-bearing surfaces is important to 

reduce the cytotoxicity caused by Ag. In our study, the PT–Zn im- 

plants enhanced the metabolic activity of the MC3T3-E1 cells af- 

ter 3, 7, and 11 days as compared to NT and Ag-biofunctionalized 

implants, while no difference in the ALP expression was detected 

after 11 days. Our results are partially in line with previous stud- 

ies that have demonstrated the effects of such ions on both cell 

adhesion and osteogenic differentiation in vitro [65 , 66] and have 

been shown to correlate with enhanced bone ingrowth in vivo [24] . 

Taken together, the results of the current study suggest that the 

dose of Zn 

2 + on our implants might have been too low to ini- 

tiate a clear effect on the ALP activity or that these effects may 

be present at other time points. Meanwhile, the cytotoxicity of Ag 

has shown to differ between in vitro and in vivo experiments and 

can affect the proper functioning of neutrophils [20 , 67] . Combin- 

ing Ag and Zn in a plasma sprayed hydroxyapatite coating has re- 

sulted in enhanced bone regeneration in orthopedic and dental in 

vivo models [68] . Titanium biomaterials biofunctionalized by PEO 

through the addition of Ag NPs have thus far not been investi- 

gated in vivo while PEO-biofunctionalized biomaterials with Ca/P 

electrolyte [15 , 69] as well as with Zn [70 , 71] have both shown to 

stimulate osseointegration. Further in vivo studies are, therefore, 

required to take the next steps in translating the results of the cur- 

rent study to clinical settings. 

Altogether, the number of AM porous implants is anticipated to 

increase substantially. The prevention of infection associated with 

such types of implants is, therefore, crucial. Given that over 60% of 

IAIs are induced by Staphylococci [6] , and S. aureus and S. epider- 

midis strains exhibit ever increasing levels of antibiotic-resistance 

[72-74] , the current prophylaxis regimes are becoming less effec- 

tive [7] , thereby putting patients at risk and warranting the de- 

velopment of novel strategies to prevent IAIs by resistant bacte- 

ria. One of the most important strategies in this regard is the 

surface biofunctionalization of AM implants with Ag and Zn NPs. 

Combining Ag and Zn results in synergistic antibacterial behavior 

[50 , 75 , 76] , which allows for reducing the required concentration 

of Ag ions by two orders of magnitude and is likely caused by a 

combination of ion release and ROS formation on the implant sur- 

face. This will make the development of bacterial resistance un- 

likely, which is crucial to prevent future infections on AM porous 

implants. 

5. Conclusions 

To improve the longevity of orthopedic implants, multifunc- 

tional implant surfaces that both prevent bacterial infection and 

strengthen the fixation of the implant inside the host bony tissue 

are being developed. Here, we designed and synthesized highly 

porous SLM titanium bone implants that were biofunctionalized 

using PEO with Ag and Zn NPs in ratios from 0 to 100%. The bio- 

functionalized implants with ratios of up to 75% Ag and 25% Zn 

fully eradicated bacterial inocula within 24 h in both in vitro and 

ex vivo experiments. Combining Ag and Zn NPs on the implant 

surface resulted in reduced rates of Ag ion release and ROS for- 

mation. Furthermore, the Zn-biofunctionalized implants enhanced 

the metabolic activity of pre-osteoblast cells as compared to the 

NT and Ag-biofunctionalized implants. Therefore, the implants bio- 

functionalized with Ag and Zn NPs hold great promise as candi- 

dates for further development towards multifunctional bone im- 

plants. 
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