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FOREWORD

“Everyone knows someone with a hip or knee implant”. Over the course of four years I started 
numerous presentations with this statement and it turned out to be nearly always correct. 
That this topic is very tangible is one of the reasons why I decided to perform my PhD in this 
area. Many people inquired, albeit often jokingly, when they could receive one of the implants 
we were developing and there is already a substantial ‘waiting list’. I was even contacted by a 
patient from abroad who wondered whether our implants would soon be ready for clinical 
use. It surprised me how frequently complications occur after orthopedic surgeries. All these 
stories left a great impression and motivated me to conduct this research, and I am grateful to 
everyone who shared their story.

In this thesis you will find only the scientific output of my research that resulted in 
journal publications. The work behind the scenes, i.e. the ‘blood, sweat and tears’, cannot be 
captured on paper. However, in my opinion these experiences are truly what a PhD is about. 
Not the success stories we tell at conferences capture the essence of scientific research, but 
rather what we do at the end of the day when we encounter yet another unexpected result. All 
publications in this thesis did not go according to the initial plan. And it is probably for the 
better that they did not.

Ingmar van Hengel
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SUMMARY

Millions of people around the globe receive orthopedic implants every year. These implants 
help people to regain their mobility and contribute tremendously to improve the quality of 
life. However, a significant number of patients suffer from complications, such as implant 
associated infections (IAI) and aseptic loosening. The number of orthopedic implants 
is expected to increase due to an aging and increasingly obese population. As a result, the 
number of complications will rise too. In addition, the treatment of IAI is complicated by the 
development of antibiotic resistant bacteria. The focus of researchers has, therefore, shifted 
more and more towards the prevention of complications. In the words of Desiderius Erasmus: 
“Prevention is better than cure.”

To tackle both IAI and aseptic loosening, it is important to develop multifunctional 
implants with optimal mechanical, chemical, and biological characteristics. The (surface) 
properties of these implants should be such that bacteria cannot attach onto the implant 
surface while bone regeneration is promoted. These properties will contribute to infection 
prevention and proper implant fixation. Implants with mechanical properties that are adjusted 
to meet the patient’s needs may be nowadays produced by additive manufacturing (AM), 
which enables the fabrication of previously impossible volume-porous implant designs. These 
implants can be designed to prevent stress shielding, thereby stimulating bone ingrowth 
while also enhancing their fatigue life and, thus, the longevity. To optimize the chemical 
and biological properties of the implant, the implant surface needs to be biofunctionalized 
through surface treatment.

The goal of this thesis was to manufacture multifunctional implants and assess their 
antibacterial and osteogenic properties. Highly porous implants were rationally designed 
and subsequently produced using AM. Consequently, the surface of these implants was 
biofunctionalized by plasma electrolytic oxidation (PEO), which is an electrochemical surface 
modification technique. Through the incorporation of antibacterial elements, such as silver, 
copper, and zinc nanoparticles (NPs), on the one hand and osteogenic elements, such as 
calcium, phosphate, and strontium, on the other, the implants were biofunctionalized to both 
prevent IAI and improve osseointegration. Different combinations of silver NPs with copper, 
zinc, and strontium were investigated to determine and exploit their synergistic antibacterial 
activity and block the development of bacterial resistance. 

The biomaterial characteristics, such as the surface morphology, chemical and phase 
composition, and ion release kinetics were assessed, followed by investigations of the 
antibacterial properties as well as the effects on biocompatibility and osteogenic differentiation. 
The antibacterial tests were performed against methicillin-resistant Staphylococcus aureus 
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(MRSA), a resistant strain which is frequently involved in IAI and difficult to treat with 
antibiotics. These tests were initially conducted in vitro, yet the antibacterial properties were 
also tested ex vivo and in vivo in a bone infection model.

First, we thoroughly reviewed the progress made in the biofunctionalization of 
titanium biomaterials using PEO and supplemented with silver, copper, and/or zinc to 
produce antibacterial implants (Chapter 2). We analyzed the PEO processing parameters, 
methodologies of antibacterial testing, and the investigations of biocompatibility. In addition, 
we reported and compared the results of the studies. We observed that silver had the strongest 
antibacterial activity, but also induced the most cytotoxicity, while combining two elements of 
silver, copper, and/or zinc resulted in potent antibacterial activity without inducing cytotoxicity. 
Most studies tested antibacterial behavior against S. aureus, usually with a single antibacterial 
assay, which limits the validity of the results of most studies. We identified the combination 
of silver, copper, and zinc as a promising strategy for future research. Furthermore, testing 
future implants should be done in models designed to analyze the prevention (and not the 
treatment) of IAI. Moreover, to date, no in vivo studies have been performed using bone 
infection models to evaluate the performance of PEO-biofunctionalized implants.

Subsequently, we tested whether porous AM implants could be biofunctionalized 
successfully using PEO and silver NPs (Chapter 3). In addition, we assessed those implants 
in a novel ex vivo bone infection model. Therefore, porous implants were designed and 
fabricated which had a 3.75 times larger surface area as compared to their solid counterparts. 
This resulted in the successful incorporation of silver NPs onto the porous implant surfaces 
with a four-fold increase in the ion release as compared to solid (i.e., fully dense) implants. 
Furthermore, hydroxyapatite, was formed on porous implants but was not observed on 
solid implants. Porous implants showed enhanced antibacterial activity in vitro and ex vivo. 
Meanwhile, PEO biofunctionalization with silver implants did not induce cytotoxicity and 
even enhanced the metabolic activity of human mesenchymal stem cells. Porous implants 
biofunctionalized with silver NPs demonstrated potent antibacterial activity, which was 
enhanced as compared to solid implants. 

Next, we investigated the performance of AM porous titanium implants biofunctionalized 
with a combination of silver NPs and either copper NPs (Chapter 4) or zinc NPs (Chapter 5), 
elements which are known to have both antibacterial and osteogenic properties. Therefore, 
silver and copper or zinc NPs were mixed in PEO electrolytes with different ratios ranging 
from 0 to 100%. Biofunctionalization with both silver and copper or zinc NPs resulted in 
reduced silver ion release in the first 24 hours as well as a continuous ion release of all elements 
for at least 28 days. Furthermore, the antibacterial activity was synergistically enhanced and 
the dose of silver ions was reduced by one or two orders of magnitude when combined with 
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copper or zinc, respectively. There were also no signs of cytotoxicity against preosteoblasts. 
Combining silver NPs with copper and/or zinc NPs is, thus, a promising strategy to enhance 
antibacterial properties and biocompatibility while simultaneously reducing the likelihood of 
bacterial resistance.

We analyzed the biofunctionalization of titanium implants with silver NPs and strontium 
(Chapter 6), an osteogenic element used to treat patients with osteoporosis. We observed a 
synergistic antibacterial behavior between strontium and silver ions, which enabled a 4-32 
folds reduction in the release of silver ions. We also did not observe any signs of cytotoxicity 
against preosteoblasts while the addition of strontium enhanced the metabolic activity and 
osteogenic differentiation. Combining silver NPs with strontium resulted in functionality-
packed implants that are highly antibacterial and enhance the osteogenic properties of the 
implants.

Thereafter, we assessed the effects of the PEO processing parameters on the surface 
morphology, surface chemistry, and the accompanying osteogenic properties of AM volume-
porous implants (Chapter 7). Different oxidation times and current densities were investigated 
using PEO electrolytes that did or did not include strontium. We observed that increasing the 
oxidation times and current densities resulted in an enhanced titanium oxide layer thickness 
as well as increased release of ions and different phase compositions. The addition of 
strontium to the PEO electrolyte resulted in reduced calcium incorporation into the titanium 
oxide layer, thinner oxide layers, and enhanced porosity as compared to solely calcium- and 
phosphate- containing PEO electrolytes. These changes resulted in an enhanced osteogenic 
differentiation of preosteoblasts. Varying the PEO parameters is, thus, a powerful approach 
for optimizing the surface chemistry and morphology of implant surfaces to achieve optimal 
biofunctionalities.

To evaluate whether inorganic elements could be also used to enhance the formation 
of blood vessels (i.e., angiogenesis), the literature was reviewed for five different elements 
(Chapter 8). The important role of angiogenesis in bone regeneration was highlighted 
followed by the methodology used to evaluate the effects of inorganic elements on endothelial 
cells. The methodology and results on the ion release profiles, cell specificity, direct versus 
indirect assays, and incubation time were summarized and compared. Based on this review, 
we concluded that strontium and silicon are the most promising candidates to incorporate 
into titanium implants to enhance angiogenesis.

Finally, the synthesized multifunctional implants were assessed in an in vivo bone 
infection model (Chapter 9). Therefore, larger implants were manufactured to be implanted 
into the intramedullary tibial canal of a rat and were biofunctionalized with silver NPs using 
PEO. A bioluminescent MRSA strain was employed to follow the infection over time and the 
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bacterial load was assessed after 1 week. We demonstrated that the implants biofunctionalized 
with silver NPs significantly reduced the bacterial load associated with the implants and in 
the bone. However, this was dependent on the way of initiating infection, which shows that 
the in vitro inoculation of the implants prior to implantation may be a better way to assess the 
prevention of infection, as compared to the in vivo infection of the intramedullary canal. This 
study demonstrates the potential of PEO-biofunctionalized implants in pre-clinical studies. 

Ultimately, in the final chapter (Chapter 10) of this thesis, we reflect on the obtained 
results, provide a general discussion on multifunctional implants, and present a future 
outlook. Altogether, this thesis demonstrates that the AM porous implants biofunctionalized 
with PEO exhibit various types of favorable properties. We also demonstrated the potential 
of using combinations of silver with copper, zinc, and strontium. Furthermore, implants 
biofunctionalized with silver NPs reduce the infection burden in vivo. Therefore, the 
multifunctional implants developed in this thesis are promising candidates for further 
preclinical development and form a basis for the development of the future generations of 
implants that will prevent complications and serve a lifetime.
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SAMENVATTING

Ieder jaar krijgen miljoenen mensen een orthopedisch implantaat. Deze implantaten zorgen 
ervoor dat mensen hun mobiliteit terugkrijgen en dragen derhalve sterk bij aan verhoogde 
kwaliteit van leven. Echter, een significant aantal patiënten krijgt te maken met complicaties 
zoals implantaatinfecties en loslating van implantaatcomponenten. De verwachting is dat het 
aantal orthopedische implantaten de komende jaren zal stijgen vanwege een steeds oudere 
populatie en een groeiend aantal mensen met overgewicht en obesitas. Als gevolg hiervan zal 
het aantal complicaties ook toenemen. Daarnaast wordt de behandeling van implantaatinfecties 
gecompliceerd door de ontwikkeling van antibioticaresistente bacteriën. Om derhalve 
implantaten te ontwikkelen die een leven lang meegaan is de focus verschoven naar het 
voorkomen van complicaties. Zoals Desiderius Erasmus zei: “Voorkomen is beter dan genezen.”

Om zowel implantaatinfecties als loslating van het implantaat te voorkomen is het van 
belang om multifunctionele implantaten te ontwikkelen met optimale mechanische, chemische 
en biologische eigenschappen. De (oppervlakte) eigenschappen van dergelijke implantaten 
moeten zodanig zijn dat bacteriën zich niet kunnen hechten aan het implantaatoppervlak 
terwijl botregeneratie wordt gestimuleerd. Deze eigenschappen dragen eraan bij dat infectie 
wordt voorkomen en sterke fixatie tussen implantaat en botweefsel geïnduceerd. Implantaten 
met mechanische eigenschappen die zijn afgestemd op de behoefte van de patiënt kunnen 
tegenwoordig gefabriceerd worden door middel van 3D printen. Hierdoor wordt het mogelijk 
om voorheen onmogelijke ontwerpen te fabriceren die hoog poreus zijn. Deze implantaten 
worden dusdanig ontworpen om spanning-afscherming te voorkomen en daarmee bot 
ingroei te stimuleren terwijl tegelijkertijd de vermoeiing en levensduur van het implantaat 
verbeterd worden. Daarnaast dient het implantaatoppervlak behandelt te worden om optimale 
chemische en biologische eigenschappen te genereren.

Het doel van dit proefschrift was om multifunctionele implantaten te ontwikkelen 
en de antibacteriële en bot-stimulerende eigenschappen te onderzoeken. Implantaten met 
een zeer hoge porositeit werden rationeel ontworpen en vervolgens geproduceerd met een 
3D printer. Vervolgens werd het oppervlak van deze implantaten behandeld met plasma 
elektrolytische oxidatie (PEO), een elektrochemische oppervlaktebehandelingsmethode. 
Door incorporatie van antibacteriële elementen zoals zilver, koper en zink nanodeeltjes 
samen met bot-stimulerende componenten zoals calcium, fosfaat en strontium werden 
implantaten gegenereerd die enerzijds implantaatinfecties voorkomen terwijl anderzijds 
botregeneratie werd versterkt. Verschillende combinaties van zilver nanodeeltjes met koper, 
zink en strontium werden gebruikt om synergistische antibacteriële activiteit te verkrijgen en 
de ontwikkeling van bacteriële resistentie te dwarsbomen.
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De biomateriaaleigenschappen zoals de oppervlaktemorfologie, chemische- en 
fasecompositie, en afgifte van ionen werden bestudeerd, gevolgd door het onderzoeken van 
de antibacteriële eigenschappen alsmede de effecten op de biocompatibiliteit en osteogene 
differentiatie. De antibacteriële testen werden uitgevoerd met methicilline-resistente 
Staphylococcus aureus (MRSA), een resistente bacteriestam die frequent implantaatinfecties 
veroorzaakt en moeilijk te behandelen is met antibiotica. De antibacteriële testen werden 
voornamelijk in vitro uitgevoerd, maar de antibacteriële eigenschappen zijn ook getest in ex 
vivo en in vivo botinfectiemodellen. 

Allereerst hebben we een grondig literatuuronderzoek uitgevoerd op het gebied van 
titanium biomaterialen waarvan het oppervlak behandeld werd door PEO met zilver, koper en/
of zink, om antibacteriële implantaten te genereren (Hoofdstuk 2). We analyseerden de PEO 
procesparameters en methoden voor bepaling van antibacteriële activiteit en biocompatibiliteit. 
Daarnaast rapporteerden en vergeleken we de resultaten van de geïncludeerde studies. We 
concludeerden dat zilver de grootste antibacteriële activiteit bezat, maar tegelijkertijd ook het 
meeste cytotoxiciteit induceerde, terwijl een combinatie van zilver, koper en/of zink resulteerde 
in verhoogde antibacteriële activiteit zonder cytotoxiciteit. De meeste studies gebruikten S. 
aureus om de antibacteriële activiteit te bepalen en slechts een testmethode, wat de validiteit van 
deze studies verlaagde. We identificeerden het gebruik van de combinatie van zilver, koper en/of 
zink als een veelbelovende strategie voor toekomstig onderzoek. Bovendien zouden implantaten 
getest moeten worden in modellen die ontworpen zijn om de preventie van implantaatinfecties 
te onderzoeken, in plaats van behandeling van infectie zoals in de meeste modellen gebruikelijk 
is. Tot dusver zijn er geen onderzoeken uitgevoerd met in vivo botinfectiemodellen waarbij 
gebruik is gemaakt van PEO-gemodificeerde implantaten.

In Hoofdstuk 3 hebben we onderzocht of het oppervlak van poreuze 3D geprinte 
implantaten gemodificeerd kon worden door PEO met zilver nanodeeltjes. Daarnaast hebben 
we deze implantaten getest in een nieuw ex vivo botinfectiemodel. Poreuze implantaten 
werden ontworpen en gefabriceerd met een 3,75 keer vergroot oppervlakte vergeleken met 
massieve implantaten. Dit resulteerde in succesvolle incorporatie van zilver nanodeeltjes 
in het oppervlak van de poreuze implantaten met 4 keer verhoogde ion afgifte vergeleken 
met massieve implantaten. Dit resulteerde in verhoogde antibacteriële activiteit van poreuze 
implantaten in vitro en ex vivo. Terwijl PEO-behandeling op poreuze implantaten leidde 
tot vorming van hydroxyapatiet werd dit niet geobserveerd op massieve implantaten. 
De gefabriceerde implantaten met zilver nanodeeltjes induceerden geen cytotoxiciteit en 
verhoogden de metabole activiteit van humane mesenchymale stamcellen. Kortom, poreuze 
implantaten gemodificeerd met zilveren nanodeeltjes vertoonden verhoogde antibacteriële 
activiteit vergeleken met massieve implantaten.
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Vervolgens hebben we modificatie van poreuze 3D geprinte implantaten met een 
combinatie van zilver nanodeeltjes met koper nanodeeltjes (Hoofdstuk 4) of zink nanodeeltjes 
(Hoofdstuk 5) onderzocht. Koper en zink zijn beiden elementen met zowel antibacteriële als 
bot-stimulerende eigenschappen. Om de nanodeeltjes in het oppervlakte van de implantaten 
te incorporeren werden zilver nanodeeltjes gemixt met koper of zink nanodeeltjes in PEO 
elektrolyten in ratio’s variërend van 0 tot 100%. We observeerden dat oppervlaktebehandeling 
met zilver en koper of zink nanodeeltjes resulteerde in verlaagde zilver ion afgifte in de eerste 24 
uur en continue ion afgifte voor tenminste 28 dagen. De antibacteriële activiteit was synergistisch 
verhoogd en de dosis zilver ionen kon verlaagd worden met een factor 10 voor koper en een 
factor 100 voor zink wanneer beide elementen gecombineerd werden. Tegelijkertijd waren er 
geen tekenen van cytotoxiciteit voor preosteoblasten. Het combineren van zilver met koper en 
zink is een veelbelovende strategie voor het verhogen van de antibacteriële eigenschappen en 
biocompatibiliteit alsmede het verlagen van de kans op bacteriële resistentie.

In het volgende hoofdstuk hebben we de oppervlaktebehandeling van titanium 
implantaten met zilver nanodeeltjes en strontium onderzocht (Hoofdstuk 6). Strontium is een 
bot-stimulerend element dat gebruikt wordt om patiënten met osteoporose te behandelen. 
We vonden dat een combinatie van zilver en strontium ionen resulteerde in synergistische 
verhoogde antibacteriële activiteit en maakte het mogelijk om de hoeveelheid zilver ionen 
met 4-32 keer te verlagen. Er werd geen cytotoxiciteit gevonden en strontium verhoogde de 
metabole activiteit en de osteogene differentiatie van preosteoblasten. Het combineren van 
zilveren nanodeeltjes met strontium resulteert in multifunctionele implantaten met sterke 
antibacteriële activiteit en verhoogde botvormende eigenschappen. 

Daarna hebben we de effecten van PEO procesparameters op de oppervlaktemorfologie, 
chemische samenstelling en bijbehorende botvormende eigenschappen van poreuze 
implantaten onderzocht (Hoofdstuk 7). De oxidatietijd en stroomsterkte werden gevarieerd 
tijdens het PEO proces waarbij elektrolyten met en zonder strontium werden gebruikt. 
Langere oxidatietijden en grotere stroomsterktes resulteerden in een dikkere titaniumoxide 
laag, verhoogde afgifte van ionen en gevarieerde fasecomposities. Oppervlaktebehandeling 
met PEO elektrolyten die strontium bevatten leidde tot verlaagde hoeveelheden calcium in 
het implantaatoppervlak, dunnere titaniumoxide lagen en vergrote porositeit vergeleken 
met elektrolyten die alleen calcium en fosfaat bevatten. Deze veranderingen resulteerden in 
verhoogde osteogene differentiatie van preosteoblasten. Variatie van PEO procesparameters 
is een hulpmiddel voor het optimaliseren van de morfologie en chemische samenstelling van 
implantaatoppervlakken en het stimuleren van botvorming.

Voor botvorming is het essentieel dat er bloedvaten gevormd worden, dit proces wordt 
angiogenese genoemd. Derhalve hebben we een literatuuronderzoek uitgevoerd waarbij 
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we de potentie hebben onderzocht van vijf anorganische elementen voor het stimuleren 
van angiogenese in titanium implantaten (Hoofdstuk 8). De rol van angiogenese in 
botvorming werd uitgelicht gevolgd door een studie van de methoden die gebruikt werden 
voor het analyseren van de effecten van de anorganische elementen op endotheelcellen. De 
methodologie en resultaten betreffende ion afgifte, celspecificiteit, directe versus indirecte 
assays en incubatietijd werden samengevat en vergeleken. Uit deze analyse werd de conclusie 
getrokken dat strontium en silicium het grootste potentieel hebben om angiogenese in 
titanium implantaten te stimuleren.

Tot slot werden de gefabriceerde multifunctionele implantaten onderzocht in een in 
vivo botinfectiemodel (Hoofdstuk 9). Daarvoor werden grotere implantaten gefabriceerd die 
geïmplanteerd werden in het intramedulaire kanaal in de tibia van een rat. Deze implantaten 
werden behandeld door PEO met zilver nanodeeltjes. Door gebruik te maken van 
bioluminescente MRSA bacteriën was het mogelijk om de infectie gedurende de tijd te volgen. 
Na een week werd de bacteriële hoeveelheid in de tibia gekwantificeerd. We observeerden dat 
implantaten met zilver nanodeeltjes de hoeveelheid bacteriën verlaagden op het implantaat 
en in het bot. Dit was echter afhankelijk van de methode waarop infectie geïnitieerd werd: 
in vitro inoculatie van het implantaat voor implantatie is mogelijk een betere methode om 
infectiepreventie te bestuderen dan wanneer de bacteriën in vivo ingespoten worden in het 
intramedulaire kanaal. Deze studie toont het potentieel van PEO-behandelde implantaten 
aan in een preklinische studie.

In het laatste hoofdstuk van dit proefschrift wordt een reflectie op de behaalde 
resultaten gegeven samen met een algemene discussie over multifunctionele implantaten 
en suggesties voor toekomstig onderzoek (Hoofdstuk 10). Samenvattend beschrijft dit 
proefschrift dat de fabricatie van 3D geprinte multifunctionele implantaten door middel 
van PEO oppervlaktebehandeling resulteert in implantaten met een verscheidenheid aan 
eigenschappen. We tonen het potentieel aan van het gebruik van combinaties van zilver 
met koper, zink of strontium. Daarnaast verminderden implantaten met zilver nanodeeltjes 
infectie in vivo. Derhalve zijn de gefabriceerde implantaten potentiële kandidaten voor 
verder preklinisch onderzoek en vormen ze een prototype van toekomstige implantaten die 
complicaties bij patiënten voorkomen en een leven lang meegaan.
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An ounce of prevention is worth a pound of cure

- Benjamin Franklin
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Chapter 1  

20

1.1	 Need for life-long orthopedic implants
The use of orthopedic implants has been among the biggest success stories in the history of 
medicine. Every year, millions of people around the globe regain their mobility thanks to 
orthopedic implants that replace malfunctioning joints or bones. The majority of patients 
requiring an orthopedic implant suffer from osteoarthritis [1], but also patients with other 
diseases affecting joint functioning, such as rheumatoid arthritis [2] as well as patients 
requiring a bone-replacing implant, such as after a tumor resection [3] all benefit from 
metallic implants that replace the site of injury and fulfill the function of the resected tissue.

The need for orthopedic implants is expected to increase in the near future due to an 
increased life-expectancy [4] as well as an enhanced prevalence of medical conditions such as 
obesity [5]. The aging population will enhance the need for implants since old age is a major 
risk factor for the development of osteoarthritis [6]. Given that 18-42% of implants do not 
last longer than 25 years [7, 8], patients may outlive their implants. The patients will then 
require a revision surgery to install a new implant, which enhances the risk of complications. 
The extra body mass in obese patients increases the load on the joints, thereby damaging the 
cartilage [9]. Increased fat in obese patients also leads to inflammatory responses that are 
detrimental to cartilage health [10, 11]. Since such obese patients are more likely to receive 
their implants at a younger age, the likelihood of a revision surgery is increased. Therefore, 
orthopedic implants with longer service lives are urgently needed.

1.2	 Implant associated infections and aseptic loosening
As the number of implants increases, so does the number of complications. The current 
data suggest that 4-12% of patients will have to deal with such complications of which 4-5% 
requires medical intervention [12-14]. Eventually, complications may lead to implant failure. 
The two major complications resulting in implant failure are implant-associated infections 
(IAI) and aseptic loosening. 

IAI may be, for example, caused by the bacteria that invade the wound cavity during 
the surgery and subsequently adhere to the surface of the implant. The presence of a foreign 
body (i.e., the implant) hampers the function of the immune system and the clearance of the 
bacteria, making  infections more likely [15]. IAI can be classified into three major categories: 
1. early post-operative infections within 3 months of surgery, 2. delayed infections within 2 
years, and 3. late infections after 2 years. Early and delayed IAI are most likely established 
during the surgery as bacteria may stem from the tissues that are cut during the surgery (e.g., 
skin), the hands of the surgeon, or improperly sterilized surgical instruments [16]. Meanwhile, 
late infections predominantly have a hematogenous origin and may be the result of bacterial 
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1contamination due to surgery or trauma [17]. Following orthopedic surgery, between 0.5-9% 
of implants will become infected [18], of which 45% are early, 23% are delayed and 32% are 
late infections [19]. Higher infection rates of over 30% are seen for fracture-related procedures 
and trauma surgeries [20, 21].

In addition to IAI, implant failure is frequently caused by aseptic loosening, which refers 
to the large variety of cases not involving infections but is often associated with improper 
fixation of the implant as well as a lack of osseointegration or osteolysis induced by wear 
particles [22, 23]. After the primary mechanical fixation of uncemented implants (e.g., through 
press-fitting), secondary fixation is ideally achieved by sufficient ingrowth of the bone into the 
porous structure of the implant. This process can be disturbed by wear particles that may 
induce an inflammatory response, leading to the formation of a fibrous tissue layer between 
the implant and its surrounding bony tissue, ultimately resulting in implant loosening [24].

When implants fail, a revision surgery is often required. Revision surgeries have a 
higher risk of infection than primary surgeries [25]. In addition, candidates for revision often 
suffer from co-morbidities that adversely affect the clinical outcome [26-28]. Implants should, 
therefore, be designed such that they outlive the patients.

1.3	 Multifunctional implants
To ensure that implants are life-lasting, they need to demonstrate multiple functionalities at 
the same time, including bone-mimicking mechanical properties [29], antibacterial activity 
to ward off IAI [30] and osteogenic surface to promote bone ingrowth [31]. Furthermore, 
in order to fulfill its loadbearing function, the implants need to be rationally designed and 
properly adjusted to fill the defect [32]. To synthesize these implants, additive manufacturing 
is used since this layer-by-layer fabrication method allows for the free-form fabrication of 
increasingly complex designs. In addition, the implant surface needs to be tailored such that 
it actively repels bacteria and attracts bone stem cells [33]. Therefore, these implant surfaces 
need to have such properties to fulfill these criteria. In order to generate implants with the 
desired bioactive functions, one of the most effective options is to biofunctionalize the surface 
of the implants. 

1.4	 Additive manufacturing
Thanks to rapid progress in the field of additive manufacturing (AM), implants can nowadays 
be designed to possess optimal mechanical properties. Such implants often have a highly 
porous structure that can be only produced by AM, as it allows for nearly complete free-form 
fabrication. AM also allows for the adjustment of the bone-mimicking properties as well as 
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for the fabrication of implants with different sizes and shapes to fill up the bony defect. 
The properties of these biomaterials are directly derived from their microarchitecture. 
AM, therefore, enables the fabrication of materials with unique properties [34]. The 
high level of interconnected porosity of these AM implants translates to favorable 
mass transport properties, which will in turn facilitate the supply of nutrients and 
oxygen and the outbound transfer of metabolism byproducts [35]. Furthermore, 
these implants possess a vast internal surfaces area, often surpassing that of their solid 
counterparts by multiple orders of magnitude. While this may be beneficial for bony 
ingrowth, it may also enhance the risk of infection as there is a larger surface area for 
bacteria to attach to. Furthermore, once such an implant is fully integrated into the 
surrounding bone tissue, it will be difficult to remove it during a revision surgery. This 
complicates the treatment of IAI [36]. 

Most orthopedic implants are made of titanium or titanium alloys such as 
Ti6Al4V and Ti6Al7Nb due to their excellent mechanical, fatigue, and corrosion 
properties [37, 38]. Biodegradable implants made from biodegradable metals, such as 
magnesium [39], iron [40] and zinc [41] have shown potential. However, controlling 
the biodegradation behavior and the potential inflammatory response caused by the 
degradation products remains challenging [42, 43]. Moreover, not all patients and 
procedures may benefit from biodegradable implants as elderly patients have only 
limited bone regeneration capacity to replace the lost or damaged tissue [44]. 

1.5	 Inorganic nanoparticles as antibacterial agents
Nowadays, the systemic intake of antibiotics is the main measure taken to prevent 
IAI [45]. Over the years, however, bacteria have developed ever-increasing levels 
of resistance against antibiotics [46, 47]. Furthermore, the efficacy of antibiotics 
against bacterial biofilms is low [48]. Antibiotic resistance is of major concern for the 
future treatments of IAI since over 50% of all IAIs is inflicted by Staphylococci and 
the evolution of resistant strains, such as methicillin-resistant Staphylococcus aureus 
(MRSA), has given rise to an increased number of untreatable infections [49]. As a 
result, the clinical outcome of patients with an IAI caused by resistant strains is worse 
compared to antibiotic-susceptible strains [50].

The use of inorganic nanoparticles (NPs) composed from elements, such as 
silver, copper, and zinc, has been intensively studied during the recent years. These 
elements have shown to target a wide bacterial spectrum, including multi-drug 
resistant bacteria [51]. Furthermore, the small size and high surface area to volume 
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1ration of NPs makes them highly effective against bacteria. As a result, inorganic metallic NPs 
are effective at a low dose, which reduces the likelihood of side effects [52]. To date, bacteria 
have developed little resistance against such types of elements [53]. Combining these NPs 
may even further enhance the multifunctional properties of implants embedded with these 
NPs [54], to prevent the development of bacterial resistance, reduce side effects, and enhance 
bony ingrowth and the fixation of the implant. 

1.6	 Surface biofunctionalization by plasma electrolytic oxidation
In order to endow the implant surface with the required antibacterial and osteogenic 
properties, the surface needs to be biofunctionalized. However, the biofunctionalization of 
AM volume-porous implants is challenging due to the highly porous nature of these structures. 
Therefore, not all surface biofunctionalization techniques can be used. Electrochemical 
surface modification techniques are capable of transforming the surfaces of volume-porous 
implants [55]. Among these techniques, plasma electrolytic oxidation (PEO) has shown great 
potential to generate both antibacterial and osteogenic surfaces on titanium implants [56, 57]. 

A PEO setup consists of two electrodes, the anode and the cathode, which are placed in 
an electrolyte. Through the application of either a constant current or voltage, the formation 
of an oxide layer is initiated on the anode, which is formed by the implant. Following the 
dielectric breakdown, the oxide layer is thickened and sparks discharge, resulting in pore 
formation on the implant surface. PEO biofunctionalization, therefore, significantly modifies 
the surface morphology into a highly micro/nano-porous surface with a vast internal surface 
area. During PEO processing, the chemical elements present in the PEO electrolyte become 
part of the implant surface. Therefore, PEO electrolytes are frequently composed of calcium 
and phosphate elements because these elements make up the mineral part of the bone tissue 
and are known to promote bony ingrowth. The osteogenic capacity can be further improved 
through the addition of elements such as strontium [58]. In addition, PEO enables the 
incorporation of inorganic NPs onto the implant surface. As a result, antibacterial elements, 
such as inorganic NPs, can be added to the PEO electrolyte in order to generate implant 
surfaces with antibacterial properties [59].

The tight embedding of the incorporated chemical elements into the implant surface 
prevents nanotoxicity while also enabling the adjustment of the rate of metallic ion release 
over time [60]. Furthermore, the biofunctionalized surface layer has a high degree of bonding 
strength with the substrate as it is a converted surface layer rather than a deposited coating 
[61]. As the implant is fully immerged into the PEO electrolyte, PEO can biofunctionalize the 
entire surface of highly complex and porous geometries, such as AM implants. In addition, 



Chapter 1  

24

the PEO parameters, such as the oxidation time and current or voltage, can be regulated to 
tailor the chemistry and surface morphology of the formed oxide layer such that it meets 
the desired performance criteria [62]. PEO occurs within a low (i.e., room) temperature 
environment, even though the plasma discharges take place at > 2000 °C. Furthermore, PEO 
is easily scalable to clinically-relevant sized implants [63]. Finally, PEO does not alter the bulk 
material of the implant, thereby leaving the beneficial mechanical properties of AM implants 
intact [64].

1.7	 Thesis aim and objective
The increased number of implants and the projected number of complications underline the 
need for multifunctional implants that can prevent complications as much as possible and 
approach the ultimate aim of creating lifelong implants. The aim of this thesis, therefore, is to 
develop AM volume-porous implants biofunctionalized using PEO with the help of inorganic 
agents, and to evaluate their material, antibacterial, and osteogenic characteristics. To achieve 
this goal multiple research objectives were set:

•	 reviewing the state-of-the-art in this research area.
•	 design, synthesis, and biofunctionalization of volume-porous implants with 

multifunctional properties.
•	 comparing the functionalities of volume-porous implants with their solid counterparts.
•	 incorporating multiple antibacterial and/or osteogenic elements onto the surface of 

AM implants to harvest their potential additive and synergetic effects.
•	 study the role of PEO processing parameters on the surface morphology and 

osteogenic properties of the resulting implants.
•	 investigate the angiogenic potential of inorganic elements.
•	 test the developed multifunctional implants in a preclinical bone infection model. 
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Figure 1. A graphical overview of this thesis. Th e experiments generally start with the rational design and 
AM of titanium implants followed by surface biofunctionalization by PEO and subsequent testing of the 
antibacterial behavior and cytocompatibility of the biofunctionalized implants. Th e numbers indicate the 
focus of the diff erent chapters: (2) literature review on antibacterial and biocompatible implants; (3) rational 
design and surface biofunctionalization of porous implants; enhancing their multifunctional properties by 
combining silver nanoparticles with (4) copper nanoparticles, (5) zinc nanoparticles, or (6) strontium; (7) 
investigating the eff ects of PEO processing parameters on the surface morphology of the implant and their 
osteogenic properties; (8) a literature review on the inorganic agents that may be benefi cial for angiogenesis; 
(9) the preclinical testing of the synthesized implants in an in vivo bone infection model.
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1.8	 Thesis outline
This thesis consists of nine different chapters that reflect the research objectives stated above 
(Figure 1 & Table 1). Chapter 2 presents an overview of the state-of-the-art of PEO-based 
biofunctionalization of titanium implants using silver, copper, or zinc. A thorough overview 
is presented on the processing parameters of PEO, the antibacterial properties of the resulting 
implants, and the relevant biocompatibility aspects.  

In Chapter 3, the design and AM of volume-porous implants followed by PEO 
biofunctionalization with silver NPs is presented. These implants are compared to solid 
implants with similar dimensions. The biomaterial characteristics, antibacterial properties, 
and biocompatibility are investigated. In addition, the use of an ex vivo bone infection model 
is explored to investigate the antibacterial properties of the implants in a bony environment.

In Chapters 4-6, the combinations of silver NPs with copper NPs (Chapter 4), zinc NPs 
(Chapter 5), and strontium (Chapter 6) embedded through PEO on AM volume-porous 
implants are investigated. We study the effects of combining multiple agents on the surface 
properties and evaluated the synergistic antibacterial behavior. In addition, the effects of these 
combinations on the viability and osteogenic differentiation of bone cells are explored.

In Chapter 7, the contribution of different PEO processing parameters to the surface 
morphology, chemical composition, and phase composition of the implants biofunctionalized 
with strontium-containing PEO electrolytes are described. Furthermore, we analyze whether 
the observed changes in the implant surface morphology alter the osteogenic behavior.

In Chapter 8, we review the angiogenic potential of inorganic elements incorporated 
onto the surface of titanium implants. The role of angiogenesis in fracture healing and bone 
formation is discussed. Subsequently, an overview of the methodologies used for the in vitro 
assessment of the angiogenic properties is presented.

In Chapter 9, we analyze the preclinical potential of the generated multifunctional 
implants by testing the implants using an in vivo bone infection model. The implants are 
implanted intramedullary in the tibia of rats and the infection is continuously monitored 
using bioluminescent MRSA bacteria. The bacterial load, bone morphological changes, and 
immune response are analyzed. 

The final chapter concludes this thesis with a general discussion of the obtained results. 
Furthermore, the future of this line of research is discussed with special attention to the 
research required for the development of clinically-relevant implants.
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1Table 1. The structure of this thesis. 

Multifunctional implants: Prevention is better than cure
Chapter 1 Introduction
Chapter 2 What is the state of the art of antibacterial titanium implants 

biofunctionalized by PEO with silver, zinc or copper?
Chapter 3 Can porous implants be biofunctionalized by PEO and how do these 

implants compare to solid implants?
Chapter 4,5 & 6 Can we enhance the multifunctional properties of the implants by 

combining silver nanoparticles with copper, zinc or strontium?
Chapter 7 How do PEO processing parameters affect implant surface morphology 

and osteogenic properties?
Chapter 8 Which inorganic elements can be used to enhance angiogenesis of 

orthopedic implants?
Chapter 9 How do multifunctional implants perform in preclinical infection models?
Chapter 10 Discussion, reflection and future outlook
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Patients receiving orthopedic implants are at risk for implant-associated infections (IAI). 
A growing number of antibiotic resistant bacteria threatens to hamper the treatment of 
IAI. The focus has, therefore, shifted towards the development of implants with intrinsic 
antibacterial activity to prevent the occurrence of infection. The use of Ag, Cu, and Zn has 
gained momentum as these elements display strong antibacterial behavior and target a wide 
spectrum of bacteria. In order to incorporate these elements into the surface of titanium-
based bone implants, plasma electrolytic oxidation (PEO) has been widely investigated as 
a single-step process that can biofunctionalize these (highly porous) implant surfaces. 
Here, we present a systematic review of the studies published from 2009 until 2020 on the 
biomaterial properties, antibacterial behavior, and biocompatibility of titanium implants 
biofunctionalized by PEO using Ag, Cu, and Zn. We observed that 100% of surfaces bearing 
Ag (Ag-surfaces), 93% of surfaces bearing Cu (Cu-surfaces), 73% of surfaces bearing Zn (Zn-
surfaces), and 100% of surfaces combining Ag, Cu, and Zn resulted in a significant (i.e., > 
50%) reduction of bacterial load, while 13% of Ag-surfaces, 10% of Cu-surfaces, and none 
of Zn or combined Ag, Cu, and Zn surfaces reported cytotoxicity against osteoblasts, stem 
cells and immune cells. A majority of the studies investigated the antibacterial activity against 
S. aureus. Important areas for future research include the biofunctionalization of additively 
manufactured porous implants and surfaces combining Ag, Cu, and Zn. Furthermore, the 
antibacterial activity of such implants should be determined in assays focused on prevention, 
rather than the treatment of IAIs. These implants should be tested using appropriate in vivo 
bone infection models capable of assessing whether titanium implants biofunctionalized by 
PEO with Ag, Cu, and Zn can contribute to protect patients against IAI.
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2.1	 INTRODUCTION 
Implant-associated infections (IAI) are a devastating complication for patients receiving bone 
implants in total joint arthroplasty, trauma surgeries, and malignant bone tumor resections 
[1-3]. These infections form a tremendous burden for both patients and society. As the 
number of implantations continues to grow annually [4-6], the need for a cure increases. 
Given that the treatment of such infections is highly costly from both financial and societal 
points of view, the focus has shifted towards the prevention of IAI through the development 
of implants with intrinsic antibacterial activity.

Antibiotics form the primary source of antibacterial agents used to treat bacterial 
infections. However, a vast number of IAI is caused by Staphylococci and multiple strains have 
developed high levels of antibiotic resistance [7, 8], raising concerns for the future treatments 
of IAI. Infection by methicillin-resistant Staphylococcus aureus (MRSA) highly complicates 
the treatment of IAI and adversely affects the treatment outcomes [9, 10]. Other antibacterial 
agents are, therefore, being investigated. Metallic elements, such as Ag, Cu, and Zn have 
shown strong antibacterial behavior against a wide microbial spectrum, including resistant 
bacterial strains [11-14]. 

Ag has excellent antibacterial properties, but may also induce cytotoxicity [15, 16]. Cu 
and Zn, on the other hand, exhibit lower levels of antibacterial behavior but are essential trace 
elements. Furthermore, they have been found to enhance the cytocompatibility of implant 
surfaces [17, 18]. Therefore, combining these elements may result in the right balance between 
antibacterial behavior, chemical biocompatibility, and osteogenic response [19, 20]. 

The local administration of antibacterial agents at the implant site has been shown to 
greatly complement the systemic administration of antibiotics [21, 22]. The side effects of 
such agents can also be prevented as the required antibacterial dose is generally lower [23]. 
To deliver antibacterial agents locally, the surface of the implants can be biofunctionalized 
through surface treatment techniques. Antibacterial agents can be attached to implants either 
as a coating layer, embedded directly onto the implant surface, or incorporated as part of a 
converted surface layer [24]. 

Antibacterial agents can be deposited onto the implant surface by means of polymeric, 
ceramic or metallic coatings. To produce these coatings usually low temperatures are used 
and therefore little interaction occurs with the implant substrate. Coatings have a tendency to 
be thin and fragile, thereby limiting the availability of the antibacterial agent and hampering 
their use during surgical implantation. To enhance the diffusion, the antibacterial agent 
can be incorporated in a biodegradable polymer coating. In this way implants have been 
manufactured that contain Ag [25, 26], Cu [27] and Zn [28]. Polymeric coatings can be 
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attached onto an implant by dipping and drying, sol-gel technology, spray drying, layer-by-
layer manufacturing, and self-assembly monolayers. Downsides are the limited mechanical 
and chemical stability, local inflammatory response due to degradation products and 
uncontrolled release kinetics.

Another strategy is direct embedding of the antibacterial agent into the implant 
surface. In this way no new material is added on top of the substrate but the composition 
of the outermost layer of the implant substrate is altered. Examples of such methods are ion 
implantation, plasma immersion ion implantation [29] and in situ reduction [30]. Advantages 
are that the implant surface morphology remains intact, and the corrosive and biocompatible 
properties of the substrate material retained. However, this strategy is difficult to perform on 
complex geometries and does not allow for optimization of the surface morphology.

A third approach to incorporate Ag, Cu and Zn in the implant surface is through 
generation of a converted surface layer. One of such techniques is plasma electrolytic oxidation 
(PEO) which has been investigated to biofunctionalize the surface of highly porous implants 
made of specific metallic biomaterials [31]. During PEO, the native titanium oxide layer is 
transformed into a crystalline and microporous surface in a swift and single-step process. 

 Through the addition of antibacterial elements into the PEO electrolyte, these elements 
become part of the converted surface layer and result in a surface exhibiting antibacterial 
behavior [32, 33].Due to the tight embedding of the antibacterial agents into the surface, the 
release of these ions can be controlled and the undesired circulation of agents can be prevented, 
thereby avoiding nanotoxic effects [34]. PEO has been applied to generate titanium implants 
with antibacterial properties using Ag, Cu, and Zn [35-37]. In addition to the antibacterial 
behavior, PEO biofunctionalized surfaces have been shown to enhance osseointegration and 
stimulate bony ingrowth in vivo [38, 39].

Bone implants are increasingly produced through additive manufacturing (AM), as this allows 
free-form fabrication and customized treatment for patients. AM allows for the fabrication of 
highly porous implants with vast internal surface areas, which may make the implants more 
prone to infection while at the same time providing a challenging surface to modify through 
surface biofunctionalization techniques. PEO is capable of biofunctionalizing the surface of 
complex geometries. In addition, the parameters of the PEO process can be controlled which 
allows to tailor the chemistry of the surface layer [40, 41]. Furthermore, the synthesized 
surface layer adheres strongly to the implant substrate. Moreover, the method is easily scalable 
towards clinically sized implants. Limitations of PEO are that the surface morphology and 
chemistry of the surface are modified simultaneously and this makes the individual tuning 
of these properties difficult. Furthermore, the exact mechanism of plasma discharging is still 
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unknown, and thereby the fine-tuning of the PEO processing parameters difficult to predict 
[42].In order to develop clinically relevant antibacterial implants, it is important to assess the 
progress made in this area and compare the outcomes of different studies. As most implants 
available for current clinical use are made of titanium, we performed a systematic review on 
titanium implants biofunctionalized by PEO using Ag, Cu, and Zn. In order to illustrate the 
progress made in this area, we screened the studies published between 2009 and December 
2020. This area of research involves several scientific disciplines, including engineering, 
material sciences, microbiology, and orthopedics. We, therefore, analyzed a broad spectrum of 
aspects including the implant substrate, PEO parameters, surface characteristics, antibacterial 
assays, and cytocompatibility testing.

2.2	 METHODS
2.2.1	 Literature search
A comprehensive electronic search was performed using Scopus and Google Scholar search 
engines up until December 2020. In addition, a global screening was performed using PubMed. 
The article search was conducted using different combinations of the following keywords: 
plasma electrolytic oxidation, micro-arc oxidation, antibacterial activity, Ag, Cu, and Zn. To 
ensure that relevant publications were not excluded, combinations of subject headings, text-
word terms, and the Boolean operators AND and OR were used. The searches were limited to 
those studies published in English between 2009 and 2020. The reference lists of the included 
eligible studies were scanned to ensure no eligible studies were omitted. The last search date was 
24 December 2020. This systematic review was written according to the PRISMA (Preferred 
Reporting Items for Systematic Review and Meta-Analyses) statement [43].

2.2.2	 Inclusion and exclusion criteria
The inclusion criteria were – (1) the surface modification technique: plasma electrolytic 
oxidation (PEO), micro-arc oxidation (MAO), or anodic spark deposition (ASD); (2) implant 
substrate: titanium and its alloys; (3) antibacterial agents: Ag, Cu and Zn; (4) metallic-based 
antibacterial agents should have been incorporated in PEO-modified Ti-based surfaces and (5) 
assessment of the antibacterial behavior should have been performed. A study was excluded 
if it did not report any outcome variable. Furthermore, studies were not eligible for inclusion 
when – (1) articles were not published in English; (2) no surface modification technique was 
utilized; (3) PEO was performed in combination with other surface modification techniques 
or treatments; (4) no antibacterial testing was performed and (5) study was of one of the 
following document types: reviews, patents, conference abstracts/papers and case reports.
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2.2.3	 Study selection
The titles and abstracts were screened to assess the suitability of the search results. 
Subsequently, the full text of the studies selected in the first stage of screening were analyzed 
to assess whether or not they satisfied the inclusion criteria.  

2.2.4	 Risk of bias
The methodological details of the included studies were analyzed to minimize the risks of 
biases in the individual studies. Furthermore, excluding grey literature in Google Scholar 
decreased the risk of biases in the evaluation.

2.2.5	 Data extraction
Extracted information included the type of the titanium substrate, electrolyte composition, 
PEO processing parameters, surface topography, XRD phase composition, surface content 
of the incorporated elements, the release profile of the metallic (i.e., Ag, Cu, and Zn) 
ions, antibacterial assays, tested pathogens, eukaryotic cell types, and the outcomes (i.e., 
antibacterial behavior and cytocompatibility). The results were considered significant when 
p < 0.05.

2.2.6	 Search results
A total of 1261 studies were identified in the two search engines: 1190 from Google Scholar 
and 71 from Scopus. After screening the titles and abstracts, 1158 studies were excluded. The 
primary reasons for exclusion were no antibacterial or biocompatibility tests, PEO performed 
in combination with other surface modification techniques, and document types: reviews, 
patents, conference abstracts/papers, citations and case reports. As a result, 103 studies were 
selected for full-text analysis. The analysis led to the exclusion of 59 studies, as they failed to 
meet the inclusion criteria. Finally, 49 studies were included in this systematic review and 
were used for a qualitative analysis of their data and for comparison with each other. A flow 
diagram was created to represent the entire systematic search of the relevant studies (Suppl. 
fig. 1). The outline of the review is presented in Figure 1.
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Figure 1. A graphical presentation of the outline of this systematic review.

2.3 SUMMARY OF STUDY CHARACTERISTICS
A summary of the study characteristics is presented in Figure 2. Of the analyzed studies, 43% 
used Ag, 26% used Cu, and 21% worked with Zn, while 9% investigated a combination of Ag, 
Cu, and Zn (i.e., using two or more metallic agents. Various types of parameters have been 
reported in the studies (Figure 2A), including the PEO processing parameters (98%), phase 
composition (87%), surface content of the incorporated elements (80%), and ion release 
kinetics (48%). Furthermore, 92% of the studies have quantifi ed the antibacterial activity, 
which was reported to be > 50% for 100% of the studies using Ag, 93% of the studies using Cu, 
and 73% of those employing Zn as well as 100% of the studies combining multiple metallic 
agents (Figure 2B). Of those studies, 57% tested the effi  cacy of the surfaces against S. aureus, 
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31% of the studies tested their specimens against E. coli while 12% of the studies chose other 
bacterial species. Furthermore, the antibacterial activity was determined against adherent 
bacteria in 42% of the studies, while 35% of the studies assessed the antibacterial activity of 
their specimens against planktonic bacteria, and 23% assessed both.
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Figure 2. An overview of the (A) biomaterial, (B) antibacterial and (C) cytocompatibility specifications 
of the studies included in this systematic review of the literature. Combi: combination of Ag, Cu and/or 
Zn, HA: hydroxyapatite, NR: not reported. 

Cytocompatibility was tested in 71% of all studies, of which 10% tested against multiple cell 
types (Figure 2C). Of the studies assessing the cytocompatibility of their specimens, 78% 
used a cell line while 22% used cells obtained from a donor. The addition of the metallic 
antibacterial agent resulted in cytotoxicity for 13% of the Ag studies, 10% of the Cu studies, 0% 
of the Zn studies and 0% of the studies combining two or more metals. Meanwhile, improved 
cell response (i.e., enhanced cell viability and/or osteogenic differentiation) was observed for 
7% of the Ag surfaces, 50% of the Cu surfaces, and 33% of the Zn surfaces, as well as for 50% 
of the surfaces combining Ag, Cu, and Zn.

2.4	 SYNTHESIS AND CHARACTERIZATION OF PEO 	
	 BIOFUNCTIONALIZED SURFACES
PEO is an electrochemical process that converts the outer oxide layer of valve metals into a 
ceramic surface layer and is applied to enhance corrosion resistance [44], dielectric properties 
[45], and biocompatibility [46] of the substrates. A PEO setup has two electrodes: the cathode 
and anode (Figure 3A). Usually, either a constant current or voltage is applied, leading to the 
formation of an oxide layer on the anode (i.e., the specimen to be treated). After dielectric 
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breakdown, the oxide layer is thickened by spark discharges that lead to pore formation [47] 
(Figure 3B). As the process continues, the sparks become more intense, resulting in the 
formation of larger pores.

 

A

B

Figure 3. (A) A schematic drawing of the PEO setup with a cathode and an anode (implant). (B) During 
PEO processing, initially the titanium oxide layer grows outwards. After dielectric breakdown, plasma 
discharges occur at the surface, resulting in a highly porous structure. 

PEO biofunctionalization results in an altered surface morphology and chemical composition. 
In order to relate the antibacterial activity to certain surface characteristics, the surface 
of the biofunctionalized specimens is usually characterized (Table 1-4). The important 
surface parameters in this regard are the surface topography, chemical composition, phase 
composition, and ion release profile. In the following sections, we will discuss the results 
regarding each of these parameters in more detail.
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2.4.1	 Titanium substrate
Of the reviewed studies, most used commercially pure (CP) titanium (62%) followed by 
Ti6Al4V (23%), Ti6Al7Nb (4%) [15, 32], Ti40Nb [52], Ti29Nb13Ta4.6Zr [59], and Ti15Mo 
[86]. Titanium is used for bone implants because of its mechanical properties, corrosion 
resistance and chemical biocompatibility [46, 89]. Ti6Al4V has a higher strength to weight 
ratio than CP titanium and is, therefore, the natural choice for load-bearing applications, 
such as joint replacing implants, while CP titanium is more frequently applied for non-load 
bearing applications, such as maxillofacial implants [90]. Clinical studies comparing the 
longterm outcomes of patients treated with either CP-Ti or Ti-alloys are lacking [91, 92]. 

Ti6Al4V implants may release vanadium and aluminum ions that can induce cytotoxicity 
[93]. Other alloys employing niobium have, therefore, been developed, including Ti6Al7Nb 
and Ti40Nb that have similar mechanical properties but do not induce cytotoxicity [94]. In 
addition, the cytotoxic effects of Al and/or V can be mitigated by PEO since it reduces the 
ion release of those species [89]. PEO is easily scalable and can be applied to human-sized 
implants [95]. In order to translate the results from in vitro studies, it is, therefore, interesting 
to investigate the antibacterial behavior of substrates that are designed and produced like 
an implant, for instance, through additive manufacturing. This also highlights one of the 
advantages of PEO, namely that it can be applied on highly porous surfaces [31].

2.4.2	 PEO electrolyte
The bioactivity of PEO-biofunctionalized implant surfaces is determined for a large part by the 
composition of the PEO electrolyte, as the elements in the electrolyte eventually make up the 
chemical composition of the implant surface. More than 50% of the studies included in this 
systematic review used electrolytes with Ca and P elements. The presence of Ca and P in the 
electrolyte can result in the formation of hydroxyapatite, which forms more than 60% of bone tissue 
and is associated with a Ca/P ratio of 1.67 [96, 97]. Calcium acetate and calcium glycerophosphate 
were the primary source of Ca while CaCO3 [52] and C12H22CaO14 [67] were also used in some 
studies. P is usually added in the form of calcium glycerophosphate, β-glycerophosphate, H3PO4 
[52, 69], K4P2O7 [60], NaH2PO4 [48, 49, 65, 71, 74, 75], NaPO3 [67], or Na5P3O10 [85]. Another 
element used in about 30% of the included studies is Na in the form of NaOH, NaH2PO4 [48, 49, 
65, 71, 74, 75], NaPO3 [67], Na5P3O10 [85], or Na2SiO3 [73, 76, 78, 98]. The addition of Na roughens 
the surface and enhances the Ca/P ratio [99], which has been shown to enhance the osteogenic 
cell response [100, 101]. In addition, the implantation of Na through plasma immersion has been 
found to stimulate the osteogenic differentiation of cells [102]. Moreover, KOH [60, 70, 88] is used 
as an alternative base for NaOH given its similar effects on osteogenic differentiation [103].
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2.4.3	 PEO processing parameters
The electrical parameters of the PEO process affect the surface morphology [42] including the 
porosity [104], pore size [105], pore shape [106], and pore density [107] as well as the surface 
chemistry [83, 84]. Of the included studies, 54% controlled the voltage, 31% controlled the 
current density, and 13% controlled both while 1 study did not report the PEO processing 
parameters. The oxidation times ranged between 0 and 180 min, with 21% between 0 – 4 
min, 50% between 5 – 9 min, 19% between 10 – 14 min, 6% between 15 – 19 min, and 4% 
≥ 20 min. As the current density, voltage, or oxidation time increases, the spark discharge 
energy amplifies, affecting the mass of the oxide layer formed by a single pulse and resulting 
in enhanced growth of the oxide layer [40, 108]. Furthermore, as temperature of the local 
discharge area increases, the plasma effect is enhanced, resulting in larger pore sizes and the 
transformation of amorphous TiO2 to anatase and rutile phases. Meanwhile, the intensity of 
the spark discharge enhances with time, meaning that prolonged oxidation times results in 
the formation of hydroxyapatite on the implant surface [109, 110]. As such, PEO processing 
parameters largely affect the chemical and phase composition as well as the surface topography 
of the implant surface. 

2.4.4	 Surface morphology
As PEO greatly affects the surface topography of titanium surfaces, all studies investigated 
the surface topography by scanning electron microscopy (SEM) and most studies reported 
a porous surface topography with rounded pores (Figure 4A). PEO transforms the native 
titanium oxide layer into a highly porous surface with interconnected porous networks, which 
is frequently described as a volcanic landscape with micropores that are < 10 µm in diameter. 
In addition, flake-like morphologies [35, 55, 63] and needle-like structures [58] are often 
observed. Furthermore, the thickness and porosity of the oxide layer have been shown to 
depend on the composition of the PEO electrolyte and PEO processing parameters [54, 111]. 
The specifications of the surface morphology in turn have been shown to greatly influence 
the antibacterial behavior [112] and osteogenic properties [113, 114] of the implant surfaces.
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Figure 4. (A) SEM images of the typical surface morphology of titanium implants after PEO processing. 
(B) EDS analysis of the implant surface to characterize its chemical composition with spectrum of Cu 
(blue) and Ag (red) nanoparticles.

2.4.5	 Phase composition by XRD
One component of the surface that plays a major role in the biological behavior is the phase 
composition of the implants [115]. These phases can be analyzed with X-ray diffraction (XRD). 
Among the included studies, 87% analyzed the phase composition. Of those, all studies analyzed 
Ti phases and observed bare Ti (66%), anatase (81%), and/or rutile (66%). Some studies observed 
both Ti and anatase, but no studies reported solely Ti and rutile. This is in line with the observation 
that during PEO processing first the metastable anatase is formed, which then turns into the stable 
rutile [116]. While all studies that performed XRD analysis identified the TiO2 phases, not all 
studies analyzed the other phases formed by the elements incorporated from the electrolyte. Since 
many PEO electrolytes contain both Ca and P, 19% of the studies observed hydroxyapatite [31, 
35, 50, 55-58, 64, 65] and 28% other Ca/P phases including α-TCP [35, 52, 53], β-TCP [52, 53], 
TiP2O7 [70], CaTiO3 [31, 55-58, 65], Ca2P2O7 [35, 52] and Ca3(PO4)2 [31, 71]. In addition, phases 
with Cu, Cu2O, and CuO [76, 78] as well as ZnO [78, 79, 87] were observed.

These phases have been shown to affect the biological response. For instance, TiO2 is 
transformed from an amorphous phase into crystalline anatase and rutile phases that have 
been shown to produce reactive oxygen species (ROS) [117], which in turn contribute to the 
desired antibacterial behavior [118]. 

2.4.6	 Content of the antibacterial elements incorporated in the 		
	 PEO layers 
The antibacterial activity of Ag, Cu and, Zn that may be present on the implant surface is dose-
dependent [119-121]. Therefore, it is important to quantify the content of these elements on 
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the implant surface after PEO biofunctionalization. This analysis is usually done either by 
energy dispersive X-ray spectroscopy (EDS; Figure 4B) or X-ray photoelectron spectroscopy 
(XPS). Among the included studies, 80% reported the elemental composition of the surface 
while 20% did not. The studies have generally reported the elemental composition either in 
terms of atomic % or weight % and have found them to correlate with the amount of Ag, 
Cu, and Zn dispersed in the PEO electrolyte. The amount of Ag incorporated in the implant 
surfaces tended to be lower (1.35 ± 1.82 wt%) than Cu (7.70 ± 10.17 wt%) and Zn (18.79 ± 
12.06 wt%), reflecting the lower minimal inhibitory concentration (MIC) of Ag (0.03-8 µg/
ml) as compared to Cu (256-448 µg/ml) and Zn (765 µg/ml) [122]. However, EDS does not 
exclusively measure the elemental composition of the surface but may penetrate deeper into 
the oxide layer. This is an important point, because it is not clear to what extent the species 
present deeper inside the oxide layer, which can be up to 10 µm in thickness, contribute to 
the antibacterial properties of biofunctionalized implants [15]. The amount of active agents 
present on the implant surface may not be directly related to the antibacterial activity, since 
the form in which the element is present on the surface (i.e., ionic species, nanocrystals or 
nanoparticles) affects the antibacterial properties as well [123, 124].

2.4.7	 Ion release
An important antibacterial mechanism is through the release of metallic ions from the 
implant surface. These released ions do not only play a role in contact-killing but also target 
planktonic bacteria in the implant surrounding, as this area could form a niche for bacteria 
[125]. Ion release was studied in 48% of the included studies and was measured from 12 h up 
to 56 days. Overall, the release of Ag, Cu, and Zn ions was found to be higher for the implant 
surfaces with a higher elemental content and a higher concentration of the active agents in the 
PEO electrolyte. The combination of Ag with Cu or Zn NPs on the implant surface resulted 
in enhanced Cu or Zn release while the Ag release was reduced in the first 24 h [19, 20]. 
Similarly, higher concentrations of zinc acetate added to copper acetate resulted in enhanced 
Zn ion release while Cu ion release was reduced with higher concentrations of zinc acetate 
[77]. This may stem from galvanic coupling favoring the oxidation and release of one element 
over the other [126, 127]. When studied in detail, this may allow for controlled release profiles 
and accompanying antibacterial effects.

Ion release results depend on the liquid in which these measurements are performed. 
Frequently used liquids are phosphate-buffered saline (PBS) and simulated body fluid (SBF) 
[128]. Ion release does not only depend on the surface content, but also on the form in which 
the antibacterial agent is present on the surface (i.e., as ionic species, nanoparticles, or other 
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forms) [124]. Ideally, one could control the release of ions to not only prevent infection 
immediately after surgery but also ward off late implant-associated infections [129]. However, 
comparing the reported ions release kinetics is difficult due to the different units, specimen 
designs, and measurement setups being used. In addition to the previously mentioned 
parameters, the surface area plays an important role in determining the concentration of the 
released ions, as a larger area allows for more agents to be incorporated on the surface, in 
turn leading to a higher release rate [31]. The reported concentrations of release ions should, 
therefore, be normalized with respect to the surface area of the specimens to enable direct 
comparison between different studies. The information regarding the surface area is generally 
not reported in the studies, rendering a direct comparison impossible.

2.5	 ANTIBACTERIAL PROPERTIES
Surface biofunctionalization by PEO with Ag, Cu, and Zn results in antibacterial surfaces. In 
the following section, we will first compare the antibacterial activity of PEO biofunctionalized 
titanium implants bearing Ag, Cu, and Zn found by in vitro and ex vivo studies (Table 5). 
Then, we will discuss the factors that determine the antibacterial activity. First of all, the 
types of the bacterial species and strains have been shown to affect the susceptibility and 
resistance of bacteria to antibacterial agents [130], their ability to infect host cells [131], and 
their pathogenicity [132]. Moreover, the type of assay, the inoculation dose and the culture 
time used in the studies may affect the observed antibacterial activity. Finally, the activity 
against adherent and/or planktonic bacteria is discussed, as the adherence of bacteria may 
initiate biofilm formation while planktonic bacteria form a source for reinfection and host 
cell invasion [133].
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2.5.1	 Comparing antibacterial activities of Ag, Cu, and Zn
All the included studies reported antibacterial activity. Guidelines designate a material 
as antibacterial when it induces a > 99.9% (i.e., 3-log) reduction in the number of viable 
bacteria [134]. However, this is a guideline for treatment, while the required reduction in 
the bacterial load for the prevention of IAI is not known. In fact, 48% of the studies using 
Ag, 14% of the studies with Cu, 10% of the studies with Zn, and 80% of the studies that 
combined these metallic agents reduced the bacterial load by > 99.9%. This indicates that 
surfaces biofunctionalized with Ag demonstrate the highest degree of antibacterial activity 
while Cu and Zn are less effective, which is not surprising given the much lower MIC for Ag 
as compared to Cu and Zn [122]. Interestingly, combining Ag, Cu, and Zn resulted in much 
higher levels of antibacterial activity while the doses of single elements can be reduced [19, 
20, 87, 88].

Studies that focused on the antibacterial mechanisms of Ag, Cu and Zn NPs suggest 
that two antibacterial mechanisms play a role: ion release killing [135] and the generation 
of reactive oxygen species (ROS) [136]. Ions released from the implant diffuse across the 
bacterial cell wall and penetrate into bacteria where vital bacterial structures are targeted. 
Meanwhile, ROS are highly reactive and cause lysis of the bacterial cell wall. It was found that 
Cu shows best antibacterial activity as a result of contact killing [137], while Ag exhibits most 
of its antibacterial activity through both ion release and contact killing [138]. Furthermore, 
the synergistic antibacterial properties of AgNPs and Zn ions were observed to stem from 
long range Zn ion release and contact-killing effects from Ag through microgalvanic coupling 
[29, 139].

We have plotted a 3D graph showing the correlation between antibacterial activity, 
cytocompatibility and surface content of the antibacterial agent for the titanium substrates 
biofunctionalized by PEO with Ag, Cu or Zn (Figure 5). Very few studies reported all of these 
3 parameters. This analysis shows that Ag indeed results in the highest levels of antibacterial 
activity at lower doses compared to Cu and Zn, yet also induces cytotoxicity more frequently. 
However, a direct comparison between the included studies, and thereby of Ag, Cu, and Zn 
bearing surfaces, is hampered by a large number of variables that differ in the various studies 
and are addressed in the next paragraphs of this section.
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Figure 5. Th e relation between the antibacterial activity, cytocompatibility and surface content for 
titanium surfaces biofunctionalized by PEO with Ag, Cu or Zn. Th e reported antibacterial activity as a 
function of surface content and cytocompatibility is depicted by the blue dots. Th e green, red and yellow 
projections enable a comparison between the parameters. Cytocompatibility is depicted as cytotoxicity 
(-), no eff ect (0) or enhanced cytocompatibility (+).

2.5.2 Bacterial species and strains
Antibacterial results are aff ected by the tested bacterial species. Of the reviewed studies, 57% 
used S. aureus, 31% E. coli, and 12% other bacterial species, including S. epidermidis [63, 
86], S. sanguinis [61], S. mutans [57, 85], P. aeruginosa [82], and P. gingivalis [64]. Given that 
Ag, Cu, and Zn form an alternative to antibiotics, it is important to analyze the results on 
antibiotic resistant bacteria, such as MRSA, which are involved in up to 32% of fracture-related 
infections [140, 141]. MRSA was investigated in 9 studies and found to be strongly inhibited 
by Ag [15, 31, 32, 50, 65], Ag and Cu [19], Ag and Zn [20], Cu and Zn [88] bearing surfaces, 
while one study that included Zn surfaces did not observe any inhibition [86]. Th ukkaram et 
al. observed that the antibacterial eff ect of Ag containing surfaces against MRSA was lower 
compared to S. aureus and E. coli, although with increasing doses of Ag all bacterial species 
were targeted equally [65]. Furthermore, testing on multiple species was performed in 19% 
of the included studies. No studies tested multiple species in a single experiment (i.e., co-
culture of multiple species), which would be of interest given that 10-20% of IAI are induced 
by polymicrobial infections [142, 143]. 

We can, thus, conclude that most studies investigated antibacterial behavior against S. 
aureus. Th is bacterial species causes 20-46% of IAI [144-146]. Other gram-positive species, 
such as Streptococci caused up to 10% and Enterococci 3-7% of cases [147]. Enterococci have 
not been tested in studies with PEO-treated surfaces bearing Ag, Cu, or Zn. Gram-negative 
bacteria, such as P. aeruginosa and Enterobacteriaceae induce 6-17% of IAI [143, 148]. Given 
the relatively low rate of IAI induced by Enterobacteriaceae, it is surprising that 31% of the 
studies investigated the eff ects of the implant surfaces on E. coli. While some studies that 
analyzed both S. aureus and E. coli reported a stronger antibacterial eff ect against E. coli as 
compared to S. aureus [49, 51, 55, 65, 83, 98] others have reported a similar antibacterial eff ect 
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for both species [35, 37, 70, 74, 84, 88]. Interestingly, up to 42% of IAI in patients have been 
caused by culture-negative (i.e., undefined) bacteria [149, 150] and therefore warrant for an 
antibacterial agent effective against a wide antimicrobial spectrum. 

Among bacterial species, different levels of sensitivity to antibacterial agents have been 
reported [151], including against Ag and Cu [152]. To what extent the differences between 
strains does play a role depends on the bacterial species. The differences between strains in 
terms of their MIC/MBC values have been found to be negligible for S. aureus but are quite 
large in the case of E. coli strains [153]. It is, therefore, important that the bacterial strain 
is properly reported, which was done only in 79% of the included studies. Only one study, 
conducted by Leśniak-Ziółkowska et al., compared different strains within a bacterial species, 
namely S. aureus (ATCC 25923 and clinical MRSA 1030) and S. epidermidis (ATCC 700296 
and clinical 15560) [86]. No strain-dependent differences were observed after 4 h using a 
bacterial adhesion test.

2.5.3	 Source of antibacterial agent
The antibacterial behavior depends not exclusively on the antibacterial agent but also on 
the form in which Ag, Cu, and Zn are added to the PEO electrolyte and are subsequently 
incorporated onto the titanium implant surface [124]. Ag, Cu, and Zn elements are either 
completely dissolved in the electrolyte or are added in the form of NPs that form a suspension. 
The former will end up in the form of chemical compounds present all over the surface, 
while the latter (NPs) are spread over the surface. NPs may form a reservoir from which 
ions are released, thereby ensuring prolonged antibacterial activity [154]. In addition, the 
shape of the NPs determines the antibacterial activity as the surface-to-volume ratio affects the 
ion release and, thus, the efficacy of the surface biofunctionalization process [155]. Ionic forms 
only induce antibacterial activity through the action of ions, while NPs also produce reactive 
oxygen species and induce contact-killing [156]. Among the included studies, 33% used NPs, 
64% employed ionic species, and only a study by Zhang et al., combined ions and NPs [87]. 
This study combined Ag NPs with Zn acetate which resulted in much higher release of Zn ions 
compared to Ag ions. Furthermore, the antibacterial activity was assessed against both adherent 
and planktonic S. aureus after 24 h. The develop surface demonstrated significant antibacterial 
behavior with increasing concentrations of Ag and Zn leading to further reduction of viable 
bacteria. The authors reason that the antibacterial activity stems from ROS generation by both 
Ag and Zn as well as Ag+ release. Moreover, both Ag and Zn ion concentrations remain below 
cytotoxicity levels and thus stress the utility of combining these elements. Studies that investigate 
the differences in the antibacterial properties induced by NP and ionic forms are lacking.
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2.5.4	 Analysis method
The antibacterial properties can be investigated by different assays. Properties often 
investigated are the antibacterial leaching activity, the killing of adherent bacteria, and the 
prevention of biofilm formation. Although most of the included studies have used only one 
antibacterial assay (53%), the use of several assays is required for the assessment of the various 
types of antibacterial properties [157]. Therefore, 32%, 8%, and 8% of the included studies 
have used 2, 3, and 4 assays, respectively. To determine the leaching effects of the antibacterial 
ions released from the PEO surfaces, a zone of inhibition assay or a Kirby-Bauer assay is 
often used. The number of bacteria can be quantified either through a direct CFU count, by 
spread plate analysis, or by staining the live cells using a fluorescent dye. A few studies refer to 
ISO [51, 59] and ASTM [37, 76, 78] standards. With SEM, adherent bacteria and/or biofilm 
formation can be visualized in a non-quantitative manner. A wide variety in the type of assays 
used in the studies was found, with spread plate analysis (33%), SEM (24%), and viability 
fluorescence imaging (12%) being the most frequently applied assays.

In addition to in vitro assays, ex vivo models have been explored in which infected 
implants biofunctionalized with Ag and Cu, Zn, or Sr are inserted into a murine femur [19, 
20, 31, 50]. Subsequently, the number of CFU present are quantified (e.g., after 24 h). Although 
this ex vivo model does not allow to assess the effects of the implants on the immune system 
or bony ingrowth, some of the other in vivo effects such as those of the extracellular matrix 
and bone tissue [158] can be captured to some extent. Indeed, the gene expression profile of 
osteocytes has been found to be similar between an ex vivo bone infection model and tissue 
samples from IAI patients [159]. Thus far, no study has tested the antibacterial activity of 
titanium implants biofunctionalized by PEO with Ag, Cu, and Zn in vivo.

2.5.5	 Duration and inoculum of antibacterial assay
Over two third of IAIs are initiated during surgery [160]. A rapid antibacterial response to 
prevent the adherence of the bacteria that enter the human body peri-operatively is, therefore, 
desired. Almost all of the included studies (94%) have tested the antibacterial properties within 
24 h and 10% even within 2 h. However, IAI can also be initiated long after surgery, stemming 
from hematogenous origins. Prolonged antibacterial activity is, thus, desirable too [72, 85, 161]. 
Zhang et al., reported on the antibacterial activity of Cu-containing surfaces for longer periods of 
time [72]. It was observed that the number of viable adherent bacteria was significantly reduced 
on surfaces containing 0.67 – 1.98 wt% Cu up to 96 h. However, this is one of the few studies 
aiming to assess longterm antibacterial behavior, since prolonged in vitro culture of bacteria is 
challenging. Research into late IAI is, therefore, primarily performed in vivo [162, 163].



Antibacterial titanium implants biofunctionalized by plasma electrolytic oxidation with silver, zinc and copper

2

69   

The inoculum used in the antibacterial assays is another factor determining the 
antibacterial behavior of PEO-biofunctionalized implants. The exact number of bacteria 
required for IAI is unknown, but it has been shown that the presence of a foreign body 
can reduce the infection dose by 6 orders of magnitude [164] due to a hampered immune 
response [165]. The inoculum used in the included studies varied widely between 250 [53] 
and 109 CFU/ml [58, 85], and was not reported in two studies. Currently, most inocula are 
presented per volume or as a measure of optical density. However, also the surface area of the 
implant is of importance, as more area with more incorporated antibacterial agent is likely to 
have a greater antibacterial effect. Therefore, presenting the inoculum per volume per surface 
area would support comparative analyses of different studies.

2.5.6	 Planktonic vs. adherent bacteria
As both planktonic and adherent bacteria play an important role in IAIs, antibacterial implants 
should target both types of bacteria. Planktonic bacteria are present in the fluid and tissue 
surrounding the implant and have shown to be a reservoir for late-stage reinfections [125]. 
Once the bacteria adhere to the implant, bacteria should be targeted in order to prevent biofilm 
formation as this would induce bacterial resistance to antibiotic treatment [166]. In this respect, 
42% of the included studies investigated antibacterial activity against adherent, 35% against 
planktonic, and 23% against both planktonic and adherent bacteria. Targeting both planktonic 
and adherent bacteria should, therefore, be emphasized more in future studies.

2.6	 BIOCOMPATIBILITY
In addition to antibacterial properties, PEO-biofunctionalized implant surfaces should 
not induce cytotoxicity, and ideally even enhance cell response and bony ingrowth. The 
compatibility of the implants with mammalian cells is, therefore, an important topic that 
needs to be thoroughly investigated for any such implant. Several of the included studies 
report the results of such in vitro cytocompatibility experiments, which are affected by the 
type of the assay, cell type, and cell source (Supplementary Table 1). 

2.6.1	 Cytocompatibility of Ag, Cu and Zn surfaces
Cytocompatibility was investigated in 71% of studies. In those studies, Ag induced 

cytotoxicity in 13% of the studies  while 10% of the studies investigating Cu and 0% of those 
employing Zn have reported cytotoxic effects. None of the studies combining Ag, Cu, and Zn 
reported cytotoxicity. Cell response of the implants was improved in 7% of the studies using Ag, 
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50% of the studies focused on Cu, and 33% of the studies with Zn, as well as for 50% of the studies 
in which two or more antibacterial agents were combined. The control group often consists of PEO 
biofunctionalized surfaces without antibacterial elements. Cytotoxicity is, therefore, not considered 
a major concern by the vast majority of the included studies. Indeed, Cu and to somewhat lesser 
extent Zn have been shown to improve the cytocompatibility of PEO-treated implants.

2.6.2	 Type of assay
Several processes that occur in bone regeneration are investigated in vitro. Cells need to attach 
to the implant surface [167], spread [168], stay viable [169], proliferate, differentiate towards 
the osteogenic lineage [170], and eventually form an extracellular matrix [171]. Indicators 
for the bone regeneration process include cell morphology [172], expression of osteogenic 
markers [173], metabolic activity [174], and the production of specific proteins [175]. The 
parameters studied the most in the included studies were viability and proliferation (analyzed 
in 56% of the included studies), followed by adhesion and attachment (36%), differentiation 
(25%), cell spreading (22%), matrix calcification and mineralization (11%), metabolic activity 
(8%), gene expression (8%), morphology (3%), cell seeding (3%), and other assays (6%) 
including protein production, mitochondrial functioning, and cytokine production.

2.6.3	 Cell type
The cellular response has shown to differ in in vitro experiments between different cell types 
[176, 177]. In the reviewed studies, pre-osteoblasts (32%), osteosarcoma cells (22%), fibroblasts 
(20%), MSCs (17%) and SV-HFO, macrophages, adipose stem cells, and endothelial cells 
(each in 1 study) have been used. Pre-osteoblasts and MSCs are the main cells responsible 
for bone formation [178, 179]. Osteosarcoma and SV-HFO cells [180] are immortalized cells 
stemming from the osteogenic lineage. However, osteosarcoma has been shown to stem from 
defective differentiation [181]. Since these titanium implants will be used in bone tissue, it is 
surprising that 29% of the studies did not analyze the effects of the implants on bone-forming 
cells. Other cell types may support bone formation through indirect pathways. Endothelial 
cells play a role in angiogenesis, which plays a major role in bone regeneration as blood vessels 
carry nutrients and oxygen and facilitate the transport of immune cells to the regenerating 
bone tissue [182]. Meanwhile, macrophages form an important part of the immune response 
against IAI. Any potential toxicity of the synthesized implants against this cell type is of 
concern, as it may hamper the clearance of infections [16, 183]. Finally, fibroblasts have been 
shown to regulate osteoblast activity through tight junction interactions [184].
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2.6.4	 Cell source
About 22% of the included studies have used primary cells, whereas 78% have utilized cell 
lines. Primary cells are more representative of the clinical situation, as they have been isolated 
from donors. However, their variability is high. Cells from multiple donors, therefore, need 
to be tested [185]. Cell lines, on the other hand, are homogenous and stable, while exhibiting 
little variability. However, their immortalized nature makes them differ from the clinical 
situation [186]. Furthermore, the source of animal species from which the cells were derived 
differed greatly between the included studies with 56% using murine cells, 34% human cells, 
and 10% rat cells. The osteogenic differentiation capacity of stem cells is known to differ 
between human, mice, and rat MSCs [187, 188]. These differences in animal species make it 
difficult (if not impossible) to directly compare the cytocompatibility results reported in the 
different studies.

2.7	 DISCUSSION
In order to prevent IAI, the biofunctionalization of titanium implants by PEO using Ag, Cu, 
and Zn as the active agents has gained significant momentum in the last decade. Therefore, 
we systematically reviewed the progress made on those implants and summarized the various 
types of properties measured for such types of PEO-biofunctionalized implants.

2.7.1	 Antibacterial results
From the results of this study, it can be concluded that Ag is the most potent antibacterial 
agent followed by Cu and Zn. It is important to stress that different studies utilize different 
experimental protocols to determine the antibacterial properties of PEO-biofunctionalized 
implants. It has been shown that titanium surfaces bearing Ag, Cu, and Zn can kill bacteria 
through antibacterial leaching activity, contact killing, and the formation of ROS [156, 189]. 
These properties cannot be assessed in a single assay. The use of multiple assays is, therefore, 
warranted to support the claim of antibacterial activity [157]. Finally, it is important to make 
sure that the assays assess infection prevention rather than infection treatment.

Furthermore, the bacterial species and strains used are found to affect the level of antibacterial 
activity. For instance, surfaces demonstrating antibacterial activity against E. coli may not do the 
same against S. aureus [51, 55, 98]. Most studies have investigated the antibacterial activity of the 
implants against S. aureus or E. coli. While a large proportion of IAI is induced by S. aureus, only 
a small proportion of infections is caused by E. coli [144, 147]. The rationale for choosing E. coli 
is, thus, primarily methodological convenience rather than clinical prevalence. Meanwhile, S. 
epidermidis or polymicrobial infections are rarely studied, even though they cause a significant 
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proportion of IAI [142-144]. Moreover, the antibacterial behavior of PEO-biofunctionalized 
implants should be assessed in environments co-habited by multiple bacterial species, as this has 
been shown to influence the resistance profiles of bacteria [130].

The antibacterial experiments aim to mimic the clinical situation as closely as possible. 
In this respect, both adherent and planktonic bacteria should be warded off as adherent 
bacteria can form biofilms [133], while planktonic bacteria may infect the peri-implant tissue 
and form a reservoir for late-stage reinfection [125]. Furthermore, an antibacterial implant 
should prevent infections that occur immediately after surgery, as that is the point where 
most IAI occur [160] as well as late-stage infections from hematogenous origins [161]. At the 
moment, the focus primarily lies on preventing early-stage infections. Ultimately, Ag, Cu, and 
Zn may form an alternative to antibiotics, as bacteria are developing ever growing degrees of 
antibiotics resistance [144, 190]. As such, the development of resistance against Ag, Cu, and 
Zn and combination thereof is worthwhile to investigate given that resistance against Ag, Cu, 
and Zn has been reported in vitro [191-193] and in patients [194].

The observed antibacterial activity depends on a wide variety of factors described in 
this review, including the titanium substrate, composition of the PEO electrolyte, and PEO 
processing parameters that in turn affect the surface morphology, phase composition, surface 
content of the incorporated antibacterial agent, and ion release profile. These parameters 
determine the antibacterial properties and biocompatiblity of the implants. The measured 
antibacterial properties are highly dependent on the bacterial species and strains used, 
experimental techniques, the duration of the assays, bacterial inoculum, and the type 
of bacteria against which the implant performance is measured (i.e., planktonic and/or 
adherent). As for biocompatibility, the type of the assays, cell type, and cell source could all 
influence the final read-outs. These factors vary between the studies included in this review 
and make a one-to-one comparison between the different studies challenging.

The antibacterial activity is dependent on the dose of Ag, Cu, an Zn present on the surface 
of the titanium implants [119-121]. It is, therefore, essential to determine the amount of these 
elements present on the surface. In addition, the Ag, Cu, and Zn ions released from the implant 
surface are responsible for a significant part of the antibacterial activity, which is why it is 
important to measure the concentration of the ions released from the implant surface. From 
the results, it is clear that the surfaces bearing Ag have much lower elemental content and ion 
release as compared to those bearing Cu and Zn, which is expected due to the lower MIC of Ag 
as compared to Cu and Zn [122]. Both the surface content and ion release are also dependent 
on the surface area, as a larger surface area allows for the incorporation of a greater amount of 
elements and, thus, increased ion release [31]. Therefore, describing these properties relative to 
the surface area may aid in a comparison between the results of different studies.
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2.7.2	 Biocompatibility
Most of the included studied have found cytotoxicity to be a minor concern, with Ag inducing 
cytotoxicity in 13% of the studies. It is striking that 29% of the included studies have not 
investigated the effects of the implants on bone-forming cells, even though the implants are 
intended for bone tissue. In addition, cytotoxicity against other cell types, such as endothelial 
cells and immune cells is of interest, as these cells contribute to bone regeneration as well 
[195, 196]. Furthermore, the use of cell lines vs. donor cells and different mammalian species 
complicates the comparisons between different studies [197]. Moreover, biocompatibility 
needs to be investigated both in vitro and in vivo, as the results of in vitro and in vivo 
experiments are known to differ, for instance, in the case of Ag-bearing surfaces [16].

Another way to enhance the cytocompatibility of PEO-biofunctionalized implants 
is by combining two or more antibacterial metals (i.e., Ag, Cu, and Zn), as synergic effects 
between various such agents are reported to exist [19, 20] and could be used to reduce the 
concentration of Ag [126, 198]. In addition, combining these elements with other osteogenic 
elements, such as Sr [50] may enhance their antibacterial and biocompatible properties. 
Finally, the combination of multiple antibacterial elements significantly reduces the risk of 
the development of bacterial resistance, thereby ensuring that the prolonged use of these 
elements will remain possible [199].

PEO is frequently applied in combination with other surface treatments, such as 
hydrothermal treatment [200] and physical vapor deposition [201] to alter the chemical 
and phase composition of the surface. This may result in improved antibacterial behavior 
[98]. Furthermore, hydrothermal treatment has resulted in the enhanced formation of 
hydroxyapatite crystals, yet may reduce corrosion resistance too [202]. A major disadvantage 
of these additional surface treatments is that they make the entire process lengthier and more 
complex, thus making it more difficult to upscale the production of clinically sized implants.

2.7.3	 Towards clinically relevant implants
A decade of PEO biofunctionalization of titanium implants with Ag, Cu, and Zn has 
confirmed the great potential of this method as an effective, fast, and scalable process. At the 
moment, however, the research on antibacterial PEO-biofunctionalized titanium implants 
is still far away from clinical application, as the research has been primarily conducted in 
vitro with few studies also exploring ex vivo models [20, 50]. Furthermore, PEO has been 
shown to enhance the osteogenic capacity of titanium implants in vivo [38, 39, 203] including 
surfaces bearing Zn [204]. However, these studies did not analyze the antibacterial properties 
of such implants, which should be evaluated using bone infection models [205]. In this 
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respect, a major limitation of the state-of-the-art techniques is their limited relevance for the 
assessment of the preventive potential of antibacterial implants (as opposed to their treatment 
potential). However, studying prevention requires a much larger sample size, as it is associated 
with lower bacterial loads, meaning that infections are less likely to occur. This lower risk of 
infection has major ethical and financial implications. In addition, future implants will most 
likely be fabricated by AM and as such be highly porous. Not only is the risk of infection of 
such volume-porous implants higher, their IAI treatment is also highly challenging due to 
their usually high degree of bony ingrowth that may cause significant bone loss during their 
removal. The development of antibacterial surface treatments for such types of implants is, 
thus, highly relevant. In fact, the additional surface area of such implants may be exploited to 
enhance the bioactivity of PEO- biofunctionalized implants [31].

2.8	 CONCLUSIONS
In order to combat IAI, the biofunctionalization of titanium implants by Ag, Cu, and Zn 
has gained significant momentum in recent years and has resulted in the synthesis of potent 
antibacterial and biocompatible surfaces. Implant biofunctionalized with Ag, Cu, and Zn have 
demonstrated significant antibacterial behavior against a wide bacterial spectrum, including 
antibiotic-resistant bacterial strains. However, the antibacterial properties of these implants 
have been primarily investigated in vitro and occasionally ex vivo. Furthermore, many studies 
do not reach sufficiently high antibacterial levels, as indicated by international guidelines. 
Moreover, the biofunctionalization of volume-porous AM implants has not been investigated 
extensively. Finally, combining Ag, Cu, and Zn on the surface of titanium implants has been 
shown to result in potent antibacterial surfaces with reduced cytotoxicity. In order to take 
the PEO biofunctionalization of titanium implants by Ag, Cu, and Zn to clinical settings, in 
vivo studies should be conducted using relevant infection models for both solid and volume-
porous bone implants.
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Implant-associated infection (IAI) and limited longevity are two major challenges that 
orthopedic devices need to simultaneously address. Additively manufactured porous 
implants have recently shown tremendous promise in improving bone regeneration and 
osseointegration, but, as any conventional implant, are threatened by infection. In this study, 
we therefore used rational design and additive manufacturing in the form of selective laser 
melting (SLM) to fabricate porous titanium implants with interconnected pores, resulting 
in a 3.75 times larger surface area than corresponding solid implants. The SLM implants 
were biofunctionalized by embedding silver nanoparticles in an oxide surface layer grown 
using plasma electrolytic oxidation (PEO) in Ca/P-based electrolytes. The PEO layer of the 
SLM implants released silver ions for at least 28 days. X-ray diffraction analysis detected 
hydroxyapatite on the SLM PEO implants but not on the corresponding solid implants. 
In vitro and ex vivo assays showed strong antimicrobial activity of these novel SLM PEO 
silver-releasing implants, without any signs of cytotoxicity. The rationally designed SLM 
porous implants outperformed solid implants with similar dimensions undergoing the same 
biofunctionalization treatment. This included four times larger amount of released silver ions, 
two times larger zone of inhibition, and one additional order of magnitude of reduction in 
numbers of bacteria in an ex vivo mouse infection model.
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3.1	 INTRODUCTION 
Multifunctional orthopedic biomaterials 1 that improve bone regeneration and fixation 2-4 and at 
the same time offer protection against infections 5-11 are intensively researched. Unmet clinical 
needs, particularly in the case of large bony defects 12-14, complex bone reconstructions 15,16, and 
patients with compromised bone metabolism and immune systems such as those with malignant 
bone tumors that might receive large limb salvaging prostheses 17-20 motivate most of that research. 
Recent advances in additive manufacturing techniques have given rise to a new paradigm in which 
the novel functionalities of biomaterials do not necessarily depend on discovery of new materials 
with unique properties, but are rather driven by rational design of biomaterials.

The properties and, thus, functionalities of rationally designed biomaterials are direct 
functions of their topologies otherwise known as their micro-architectures. The seemingly 
limitless form-freedom offered by additive manufacturing techniques in fabricating arbitrarily 
complex topologies has been exploited in the last few years to design and manufacture porous 
biomaterials with unique properties. It has been, for example, shown that the type and dimensions 
of the repeating unit cell can be adjusted to achieve mechanical properties close to those of 
native bone 21, thereby preventing stress-shielding and improving implant longevity. The other 
geometrical parameters of the porous biomaterials such as pore size 22, pore shape 23, porosity 
22, and curvature 24,25 that have been shown to influence bone tissue regeneration 26 can be also 
rationally designed to achieve improved tissue regeneration performance and implant fixation. 
Finally, rationally designed and additively manufactured fully porous biomaterials can achieve 
surface areas that are up to several orders of magnitude larger than those of the corresponding 
solid biomaterials. Such a huge surface area, as we have shown before 27, can then be used for 
biofunctionalization purposes to markedly improve bone tissue regeneration performance. A 
potential risk of increasing the surface area is that bacteria contaminating the surgical site at 
implantation may have a higher chance of adhering to the surface and initiate biofilm formation. 
It is therefore vital to protect this increased surface area against infecting bacteria.

In this study, we aimed to develop rationally designed and additively manufactured 
porous metallic implants equipped with antimicrobial functionality to prevent implant-
associated infection (IAI), including infections by worst case pathogens such as methicillin-
resistant Staphylococcus aureus (MRSA). The use of porous metallic biomaterials provides the 
benefit of a superior mechanical support relative to the biodegradable candidate materials. 
Furthermore, for applications such as spinal cages or parts for reconstruction surgery in 
orthopedics and dentistry, permanent metallic porous implants are needed. However, the 
presence of such implants in the body for the rest of the patients’ lifetime poses challenges 
with regard to cytotoxicity and IAI.
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Long (i.e. high aspect-ratio) implants were rationally designed and additively manufactured 
using selective laser melting (SLM) from Ti6Al4V to increase the surface area. The surface of the 
implants was then biofunctionalized using plasma electrolytic oxidation (PEO), chosen because 
of its great potential for inducing multiple functionalities in a fast single-step process. When 
performed in presence of silver nanoparticles (AgNPs), PEO not only results in a bioactive 
surface with interconnected micro-/nano-porosity that can improve implant osseointegration 
28-31 but also dopes the surface of the implants with fully dispersed and firmly attached AgNPs 
all within the span of a few minutes. AgNPs were chosen because, when oxidized, they release 
Ag ions that are known to be potent antimicrobial agents and have shown strong bactericidal 
behavior against a wide spectrum of bacteria including MRSA 32-37 through multiple mechanisms 
such as damage to bacterial membranes and production of reactive oxygen species 38.

The most important feature of PEO-treated surfaces that sets them apart from other 
antimicrobial surfaces based on AgNPs is the fact that in PEO the AgNPs are entrapped in 
an in-depth growing oxide layer which fully immobilizes them and prevents them from freely 
circulating through the blood stream, thereby preventing any potential nanotoxic effects 39,40. 
At the same time, AgNPs are fully dispersed within the huge and hierarchical surface area of 
additively manufactured porous implants which greatly facilitates oxidation of the AgNPs 
and, thus, the release of Ag ions. Following biomaterials synthesis and characterization, their 
antimicrobial activity and cytotoxicity were assessed.

3.2	 MATERIALS AND METHODS
3.2.1	 Rational design and additive manufacturing
We designed implants suitable for implantation in a mouse femur model, which therefore 
needed to simultaneously meet multiple design criteria. First, the entire volume of the 
implant was designed to be porous with the aim of substantially increasing the surface area 
while providing ample space for bone ingrowth and implant fixation. Second, the pore size 
was required to be larger than 300 µm to maximize the bone regeneration performance of the 
porous biomaterials 22. Third, the diameter of the implant was defined not to exceed 0.5 mm 
to make sure the implants can be fit in murine femurs used to assess ex vivo antimicrobial 
activity. Fourth, the porous structure had to be designed for selective laser melting (SLM) 
additive manufacturing. Since the laser spot in metal additive manufacturing techniques 
is between 100-150 µm, not every porous structure with the desired diameter of 500 µm 
(only 3-4 times the laser spot size) can be additively manufactured. Various designs of unit 
cells were evaluated against the above-mentioned criteria using design and computational 
software. Two-dimensional cross-section drawings were first produced in SolidWorks 
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(Dassault Systèmes, Vélizy-Villacoublay, France) to evaluate the porosity and pore size of the 
porous structure. The two-dimensional drawings were then used to create the required three-
dimensional geometries based on a vector space generated using a MATLAB (MathWorks, 
Natick, Massachusetts, United States) script. Moreover, design constraints were imposed on 
the coordinates of the top and bottom planes of the unit cell to ascertain the designed unit 
cells were space-filling, i.e. they could be repeated along the required directions to give rise 
to the desired porous structure. The unit cell fulfilling all the above-mentioned criteria, i.e. 
hexagonal unit cell was selected for SLM manufacturing of the implants.

Implants of 4 cm in length were produced at the Additive Manufacturing Lab (TU Delft, 
Delft, The Netherlands) using an SLM machine (SLM-125, Realizer, Borchem, Germany) with 
YLM-400-AC Ytterbium fibre laser (IPG Photonics Corporation, Oxford, USA), under inert 
atmosphere (i.e. Argon) with an oxygen content below 0.2%. Medical-grade (grade 23, ELI) 
Ti6Al4V powder (AP&C, Boisbriand, Quebec, Canada) with particle sizes between 10 and 45 
µm and spherical particle morphology was used. The laser spot size and layer thickness were 
145 µm and 50 µm, respectively. A parametric study was performed to determine the optimum 
laser processing parameters, which resulted in an exposure time of 300 µs, a wavelength of 
1070 ± 10 nm and laser power of 96 W. After the SLM procedure, the loose powder was 
removed by vacuum cleaning followed by ultrasonication in acetone, 96% ethanol, and 
demineralized water for 5 minutes each. For comparison with SLM implants, solid annealed 
Ti6Al4V implants (Goodfellow, Cambridge, England) with a diameter of 500 µm were used.

3.2.2	 Surface biofunctionalization
The surface of the implants was biofunctionalized using an electrochemical process, namely 
PEO. The PEO electrolyte consisted of 0.02 M calcium glycerophosphate and 0.15 M calcium 
acetate as well as AgNPs. The AgNPs (Sigma-Aldrich, St. Louis, Missouri, United States) 
ranging in size between 7 and 25 nm and with a spherical shape were dispersed in the PEO 
electrolyte at a concentration of 3.0 g/l. To obtain a homogeneous dispersion of AgNPs, the 
electrolyte was ultrasonicated 2 times 3 min. In between the sonication steps, the electrolyte 
was stirred at 500 rpm for 5 min using a magnetic stirrer (IKA-Werke GmbH & Co. KG, 
Staufen, Germany) with a stir bar of 40×8 mm (Radnor, Pennsylvania, United States).

A custom-made PEO setup 41-43 consisting of an AC power source (50Hz, type ACS 1500; 
ET Power Systems Ltd, Eyam, England), a computer interface connected to the power supply 
through a data acquisition board (SCXI, National Instruments, Austin, Texas, United States) 
and a double-walled glass electrolytic cell with two electrodes containing 800 ml electrolyte was 
used. The implant (4 cm in length and 0.5 mm in diameter) functioned as the anode during the 
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PEO process performed under galvanostatic conditions. A cylindrical-shaped stainless steel 
cathode was placed against the inner wall of the electrolytic cell. A current density of 20 A/dm2 
has been applied via the power source. The temperature of the electrolyte was kept constant 
at 5 ± 2 °C with a thermostatic bath (Thermo Haake, Karisruhe, Germany) that delivered 
cooling liquid to the electrolytic cell through a pump system. To ensure a homogeneous 
particle distribution the electrolyte was continuously stirred at 500 rpm. The voltage-time 
(V-t) curves were recorded during the PEO process at a sampling rate of 1 Hz. After PEO 
treatment, implants were rinsed for 1 min in running tap water to remove residual electrolyte. 
Subsequently, the implants were sterilized by ultrasonication for 30 s in 70% ethanol, 5 min 
submersion in demineralized water, 30 s ultrasonication in demineralized water and heat 
treatment for 1 hour at 110 °C in an oven (Nabertherm TR60, New Castle, United States).

A series of SLM implants were biofunctionalized using PEO but without inclusion of 
AgNPs in the electrolyte. The resulting implants (SLM PEO) served as controls to enable 
separating the effects of PEO treatment from those of AgNPs. SLM implants without any 
biofunctionalizing treatment (SLM NT) served as additional controls. Solid and SLM 
implants biofunctionalized using PEO including AgNPs were labeled as solid PEO+Ag and 
SLM PEO+Ag, respectively. The solid implants undergoing only the PEO treatment were 
labeled as solid PEO. An overview of all experimental groups is depicted in Table 1.

Table 1. Overview of the experimental groups

Abbreviation Content
SLM NT Selective laser melting Ti6Al4V implants non-treated
SLM PEO Selective laser melting Ti6Al4V implants oxidized by plasma electrolytic 

oxidation
SLM PEO+Ag Selective laser melting Ti6Al4V implants oxidized by plasma electrolytic 

oxidation + silver nanoparticles
Solid PEO Solid Ti6Al4V implants oxidized by plasma electrolytic oxidation 
Solid PEO+Ag Solid Ti6Al4V implants oxidized by plasma electrolytic oxidation + silver 

nanoparticles

3.2.3	 Biomaterial characterization
Scanning electron microscopy (SEM)
The surface morphology of the implants before and after biofunctionalization and throughout 
the in vitro and ex vivo assays was assessed using two scanning electron microscopes, namely 
JSM-6500F (JEOL, Tokyo, Japan) and JSM-IT100LA (JEOL). Beam energies ranging between 
5 and 20 kV and a working distance of 10 mm were used. Prior to imaging, the implants (n = 
3/group) were cleaned in acetone and 2-propanol (Sigma-Aldrich) for 30 s each and coated 
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with a carbon or gold layer of 5 ± 2 nm to improve electrical conductivity. Energy-dispersive 
X-ray spectroscopy (EDS) was performed to investigate the presence of AgNPs through spot 
analyses that revealed the chemical composition at specific areas on the surface.

X-ray diffraction (XRD)
The phase composition of SLM NT, SLM PEO and solid PEO specimens (n = 2/group) was studied 
using a Bruker D8 (Bruker, Billerica, Massachusetts, United States) advanced X-ray diffractometer 
with Bragg-Brentano geometry and Lynxeye position sensitive detector. The following settings were 
used: Cu Kα radiation detector: LL 0.11 W 0.14, divergence slit: V6, scatter screen height: 5 mm, 
voltage: 45 kV, and current: 40 mA. The samples were analyzed without spinning. Measurements 
were performed with coupled θ-2θ scan from 20-120° using a step size of 0.034° 2θ and counting 
speed of 10s/step. Data was evaluated with the Bruker DiffracSuite.Eva 4.1 software (Bruker).

Inductively coupled plasma (ICP)
The release kinetics of Ag ions was studied by inductively coupled plasma optical emission 
spectrometry (ICP-OES) with a ThermoFisher iCAP6300 Duo instrument (Thermo Fisher 
Scientific, Waltham, Massachusetts, USA). SLM PEO+Ag and solid PEO+Ag implants (n = 
3/group) were immersed in 1 ml phosphate buffered saline (PBS) in a brown glass vial, and 
incubated at 37 °C in a water bath. The PBS was collected and refreshed after 0.5, 1, 2, 4, 7, 14, 
and 28 days and the concentration of Ag ions measured.

3.2.4	 Antimicrobial assays
Preparation of bacterial inoculum
A bacterial inoculum was prepared by adding a single colony of methicillin-resistant 
Staphylococcus aureus (MRSA) strain AMC201 44,45 from a blood agar plate to 5 ml tryptic 
soy broth (TSB; Sigma-Aldrich) and incubating the suspension overnight at 37 °C, shaking. 
The overnight culture was diluted 50-fold in TSB and incubated for 4-5 hours at 37 °C at 200 
rpm. Thereafter, 1 ml of this culture was centrifuged for 30 s at 14,000 rpm and the pellet was 
resuspended and washed twice in 1 ml of 10 mM phosphate buffer containing 1% TSB (PT). 
After final resuspending in 1 ml PT the optical density at 620 nm (OD620) was measured. 
Based on this OD620, the culture was diluted to the required bacterial concentration using 
PT. This inoculum was quantitatively cultured by plating quadruplicate 10 µl aliquots of 10-
fold serial dilutions on blood agar plates (Biomerieux, Marcy-l’Étoile, France), incubating 
overnight at 37 °C and counting colony forming units (CFU) the following day. All implants 
used in antimicrobial assays had a length of 1 cm and a diameter of 0.5 mm.
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In vitro leachable antimicrobial activity assays
To study the in vitro leachable antimicrobial activity of the implants, a modified version of the 
Petrifilm assay was performed. The Petrifilm Aerobic Count Plates (3M Health Care) consists 
of a bottom film containing a gelling agent, nutrients, and indicators for bacterial growth. 
To inoculate, 1 ml of bacterial suspension containing 107 CFU/ml was pipetted in the center 
of the bottom film and the transparent top cover film was closed on top of it and uniform 
distribution was obtained by gentling applying pressure. After 2 min of gelation, the top cover 
was lifted, an implant was placed on the bottom gel using forceps, and the cover was closed. 
The Petrifilm plate was incubated for 24 hr in a humid atmosphere at 37 °C. The diameter of 
the zone of growth inhibition was measured using image processing software (analySIS auto5, 
Olympus, Tokyo, Japan) to quantify antimicrobial activity (n = 3/group).

Agar assay for implant bactericidal activity
To determine the bactericidal capacity of implants, an agar assay was performed. To produce 
the agar, 0.1 gram of low electro-endosmosis agarose powder (Sigma-Aldrich) was dissolved 
in 10 ml modified RPMI 1640 medium (R7388, Gibco, Gaithersburg, Maryland, United States) 
and heated to boiling in a microwave oven under continuous shaking. Subsequently, aliquots 
of 1.5 ml were prepared and placed in a 45 °C thermostatic bath to prevent solidification of the 
agar. To these aliquots 15 µl of inoculum suspension containing 3×107 CFU of MRSA strain 
AMC201 was added and 400 µl was pipetted onto preheated microscopic slides and covered 
with a cover glass. Samples were kept at 37 °C for 3 min and cooled down for another 3 min to 
allow solidification. Next, the cover glass was removed with a disposable scalpel and implants 
were placed in the center of the agar layer. These agar slides were incubated for 24 hr at 37 °C 
in a humid environment. In order to assess whether the bacteria within the zone of growth 
inhibition had been killed, samples of the agar were taken with a pipet tip from three different 
locations: (i) under the implant, (ii) in the zone of inhibition, and (iii) outside the zone of 
inhibition. In case of no zone of inhibition, the sample was taken under the implant. The 
agar samples were sonicated in 100 µl PT and numbers of CFU were assessed by quantitative 
culture. Two specimens were used for every type of implant and for each location per implant.

Surface bactericidal activity assay
The capacity of the antimicrobial implants to kill surface-adherent bacteria was assessed 
using a simplified surface bactericidal activity assay. Implants were inoculated with 2 µl of 
102 CFU/µl of MRSA AMC201 in demineralized water. To assess rapid bactericidal activity, 
the implants (n = 3/group) were incubated for 3 and 15 min in a laminar flow cabinet, which 
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resulted in drying of the applied inoculum. Subsequently, the implants were sonicated in 100 
µl PT, and the sonicates were quantitatively cultured.

Biofilm formation and characterization
Biofilm formation was assessed by static incubation of the implants at 37 °C in 1 ml TSB medium 
containing 1% glucose (D(+)-glucose, Merck, Darmstadt, Germany) and inoculated with 108 
CFU/ml of MRSA AMC201 [46]. After 24 and 48 hr, the implants were fixed using the McDowels 
fixative (4% paraformaldehyde and 1% glutaraldehyde in phosphate buffer at pH 7.4) and stored 
at 4 °C. For SEM imaging, they were rinsed in demineralized water for 10 min, dehydrated in 
ethanol (15 min in 50%, 20 min in 70%, and 20 min in 96%) and hexamethyldisilazane (HDMS) 
for 30 min, dried in air for 2 hr and coated with a gold layer of 5 ± 2 nm. Two specimens (n = 2/
group) were used for each experimental group per time point.

Ex vivo experiments
The antimicrobial activity of the implants was evaluated in an ex vivo model utilizing explanted 
femurs from mouse cadavers, provided by the Animal Research Institute AMC (ARIA) of the 
AMC (Amsterdam, The Netherlands). After removal of adherent soft tissue the femurs were 
sterilized in 70% ethanol for 10 min followed by 10 min submersion in demineralized water to 
remove residual traces of ethanol. Thereafter, the femurs were prepared to receive the implant. 
Using a 0.5 mm drill, a hole was drilled through the epicondyle into the intramedullary canal. 
Subsequently, bone marrow was removed with a syringe. To mimic the in vivo wet environment, 
2 µl of PT was injected into the bone cavity. Before implantation the implants were inoculated 
with 2 µl PT containing 200 CFU of MRSA AMC201 and left to dry in a laminar flow cabinet for 
15 min. Subsequently, the implants (n = 3/group) were implanted under slight pressure.

To confirm effective sterilization of the femurs prior to implantation, one femur 
did not receive an implant and was not challenged with bacteria but was subjected to the 
homogenization and culturing procedure after the drilling step (sterilization control). To 
determine the validity of the model, 2 µl of doxycycline (50 mg/ml; Sigma-Aldrich) was 
injected into the bone cavity prior to implantation of an inoculated SLM NT implant (positive 
control). After implantation, the femurs were incubated in 0.5 ml tubes for 24 hr at 37 °C on 
a rotating platform to allow intraosseous flow of fluid.

Following incubation, the femurs including the implant were submersed in 800 µl PT 
with 15 zirconia beads (Ø 2 mm, BioSpec, Bartlesville, Oklahoma, United States) and the bone 
was homogenized using a MagNA Lyser (Roche Diagnostics, Risch-Rotkreuz, Switzerland) 
at 7000 rpm for 2 cycles of 30 s each, with cooling on ice for 30 s in between. The resulting 
homogenates were quantitatively cultured.
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3.2.5	 Cytotoxicity
The cytotoxicity of the SLM implants for human mesenchymal stem cells (hMSCs) was 
evaluated by live/dead staining and MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl 
tetrazolium bromide]) metabolic activity assay.

Live/dead staining
SLM NT, SLM PEO and SLM PEO+Ag implants (n = 3/group) with a length of 1 cm were sterilized 
by autoclaving at 121 °C for 20 min. Each implant was placed in a 0.5 ml tube with 8x105 hMSCs 
in 400 μl α-Minimum Essential Medium (Invitrogen, Thermo Fisher Scientific, Waltham, MA, 
United States) supplemented with 10% v/v Fetal Bovine Serum, 50 g/ml Gentamycin, 1.5 g/
ml Fungizone/AmphotericinB (all Invitrogen), 1 ng/ml fibroblast growth factor 2 (FGF-2; Bio-
Rad, Hercules, California, United States) and 10-4 M vitamin C (Sigma-Aldrich). The samples were 
incubated at 37 °C and 5% CO2, and turned 180° every 10 min three times. After 40 min, the 
implants were placed in a 6 well plate and fresh medium was added to each well (2 ml/well). The 
samples were incubated for 24 hr (37 °C, 5% CO2) and the medium refreshed after 1 and 6 hr. 
After incubation, the samples were rinsed 3 times in 0.9% w/v NaCl (saline), stained with Calcein 
AM and Ethidium homodimer-1 (CyQuant kit) and incubated for 40 min at 37 °C and 5% CO2. 
Thereafter, the samples were rinsed 3 times with saline and imaged by confocal microscopy using 
a Zeiss LSM510 Meta (Carl Zeiss Microscopy, Jena, Germany). Samples were placed in a glass 
bottomed petri dish (MatTek, Ashland, MA, United States) and imaged using 488 and 543 nm 
lasers with a bandpass filter (505-530 nm) for the green channel and a 560 nm long pass filter used 
for the red channel.

MTT assay
The hMSCs were seeded on the implants as described in the live/dead assay with 3 
specimens for each experimental group at every time point (i.e., 1, 4 and 7 days). Prior to 
the measurement, the implants were placed in a new well plate, rinsed 3 times with PBS and 
then incubated for 3.5 hr in 250 μg/ml MTT in serum free α-Minimum Essential Medium 
(Invitrogen, Thermo Fisher Scientific, Landsmeer, the Netherlands) at 37 °C and 5% CO2. 
Subsequently, the medium was removed and purple MTT formazan crystals were dissolved 
in 100% ethanol. Thereafter, the optical density (OD570-670) was measured with a Versmax 96 
Wells plate reader (Versamax, Molecular devices, Workingham, United Kingdom).
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3.2.6	 Statistical analysis
All data are expressed as mean ± standard deviation. Statistical analysis was performed with 
GraphPad Prism (GraphPad Software, La Jolla, California, United States) using one-way and 
repeated measures ANOVA. The differences between the groups were considered statistically 
significant when p < 0.05.

3.3	 RESULTS
3.3.1	 Additive manufacturing of implants
The repeating unit cell used in the design of implant together with the resulting porous 
structures with different aspect ratios of the unit cell are presented in Figure 1A. The porosity 
and surface area of the porous structures with different aspect ratios are also indicated. The 
porosity of the implant is a function of the aspect ratio. The aspect ratio with the largest surface 
area (i.e. 1.0) was chosen for further processing by SLM. The nominal value of the porosity 
of these implants was 14.4%. The manufactured SLM implants (Figure 1B) demonstrated a 
clear porous structure with a rough surface (Figure 1C). The spherical shape of a number of 
unmolten or partially molten particles was observed with SEM (Figure 1D,E). These particles 
further increase the surface area of the implants.

3.3.2	 Surface biofunctionalization and resulting morphology
The V-t curves recorded for SLM PEO, SLM PEO+Ag, solid PEO, and solid PEO+Ag implants 
show similar characteristics (Figure 2A). Initially, the voltage during the PEO process rapidly 
increased at a rate of 16 ± 2 V/s. The slope of the V-t curves inflected when plasma discharging 
started at 115 ± 5 V after 6 ± 1 s, indicating that dielectric breakdown had occurred. After about
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Figure 1. Th e design and morphology of SLM Ti6Al4V porous implants. (A) the repeating unit cell 
together with the resulting SLM porous structures with diff erent aspect ratios (AR=1.0, 1.5 and 2.0), as 
well as their corresponding porosities and surface areas; (B) Th e macro-scale view of an SLM implant 
with an aspect ratio of 1.0; (C) SEM micrographs revealing the surface morphology of the SLM implants 
with the diff erent aspect ratios; (D) Enlargement of the selected area in (C) showing the fully molten 
Ti6Al4V particles (arrows) following the SLM process; and (E) Detailed view of the selected area in (D) 
presenting partially molten and unmolten Ti6Al4V particles.
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Figure 2. (A) Th e voltage-time transients recorded during the PEO process of diff erent implants, i.e.
SLM PEO, SLM PEO+Ag, solid PEO and solid PEO+Ag. (B) Th e evolution of surface morphology of 
the SLM PEO implants as a function of diff erent (10-300 s) oxidation times (NT = non-treated surface), 
recorded by SEM (scale bar = 10 μm).

180 s, the voltage was increasing almost linearly with the fi nal voltage of 245 ± 5 V being 
reached aft er 300 s. Th e SEM images of implants revealed the gradual growth of the oxide 
layer and the formation of an interconnected micro-/nano-porous structure (Figure 2B). 
Aft er 10 s, non-uniformly distributed nanopores with elongated morphology were observed. 
Th is corresponds with dielectric breakdown aft er 6 ± 1 s observed in the V-t curves. Both the 
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bulk material and some (but not all) of the spherical titanium particles showed formation of 
the nanoporous structures. The porous structure seemed to have followed the laser scanning 
lines originating from the SLM process (Figure 2B, 10 and 30s).

As oxidation continued, the number of pores increased and pores grew in size. After 30 
s, some spherical particles were still smooth without surface porosity. After 60 s, the surface 
was completely covered with a structure of micro- and nano-pores and the overall shape of 
the pores tended to be circular. Continued oxidation resulted in fusion of micropores and 
formation of bigger circular pores. In addition, pores started to protrude from the surface 
and the TiO2 layer was thickening after 90-120 s. As the oxidation time reached 180 s, the 
protruding pores had grown in size up to several µm, which coincided with the observation 
of larger plasma discharges. This morphology was maintained until the end of the oxidation 
process at 300 s. The specific PEO morphology was developed throughout the 3D porous 
structure of the SLM PEO implant, as shown in Figures 1-3 [47]. PEO in the presence 
of AgNPs indicated similar results with the entire surface of the SLM PEO+Ag and solid 
PEO+Ag implants uniformly covered by the micro-/nano-porous oxide layer (Figure 3A,B). 
However, the SLM PEO+Ag implants (Figure 3A) showed clearly higher levels of surface 
micro-/nano-porosity as compared to the solid PEO+Ag implants (Figure 3B). 

3.3.3	 Surface chemistry of Ag based implants
The presence of AgNPs incorporated during the PEO process after 300 s has been studied 
for both solid and SLM implants by SEM+EDS analysis. As revealed by both secondary and 
backscattered SEM images, the AgNPs were fully embedded in the grown oxide layer after 
300 s and uniformly distributed throughout the surface area of the implants (Figure 3C). 
EDS point analysis showed the presence of Ag in the areas of the oxide layer appearing to 
embody AgNPs while no Ag EDS peaks were revealed in the TiO2 matrix where Ag was not 
present (Figure 3D). Furthermore, Ca, P, O, Ti, Al, and V were observed on the surface of the 
implants. Ca and P are incorporated species from the PEO electrolyte whereas Ti, Al and V 
are alloying elements of the metallic implants.
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Figure 3. Comparison between the surface morphology of (A) SLM PEO+Ag and (B) solid PEO+Ag 
implants aft er 300 s oxidation, recorded by SEM. (C) Secondary (left ) and backscattered (right) SEM 
images presenting the location and distribution of AgNPs – indicated by dotted circles – on SLM 
PEO+Ag implants. (D) EDS spectra of areas of Ag (left ) and TiO2 matrix (right; arrows in C) of SLM 
PEO+Ag implants revealing the presence of Ag, Ca and P elements.

3.3.4 Surface phase composition of implants
XRD analysis of the PEO implants (Figure 4) revealed a highly crystalline oxide layer with 
high levels of rutile and relatively lower levels of anatase phases in both solid and SLM 
implants, aft er 300 s of PEO treatment. While the oxide layer grown on the surface of solid 
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implants did not show any peaks of hydroxyapatite, this phase was present on the oxide layer 
created during the biofunctionalization process of the SLM implants. Hydroxyapatite phase 
was already present in the oxide layer of SLM implants after 120 s of PEO treatment and 
continued to grow at longer treatment time (i.e. 240 and 300 s). Along with hydroxyapatite 
phase, Ca-based phases such as CaTiO3 (perovskite) and Ca3(PO4)2 (calcium phosphate) were 
also found in the XRD patterns after 120, 240 and 300 s of oxidation.
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Figure 4. XRD patterns of SLM NT, SLM PEO (after different oxidation times: 120, 240 and 300 s) and 
the solid PEO after 300 s.

3.3.5	 Silver release and antimicrobial activity
Silver release kinetics
Both SLM PEO+Ag and solid PEO+Ag implants continued to release Ag ions at least up 
to 28 days (Figure 5A). The cumulative release rate of Ag ions was highest in the first 3-4 
days and decreased to a more or less constant level after 4 days. At all time points, SLM 
PEO+Ag showed a significantly higher (p < 0.001) release, up to 4.35 times higher, than the 
solid PEO+Ag implants.
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Figure 5. Cumulative silver ion release and antimicrobial activity of SLM PEO+Ag implants against 
MRSA AMC201. (A) Ag release profiles (n=3) of SLM PEO+Ag and solid PEO+Ag implants measured 
by ICP-OES. Silver release of SLM PEO+Ag was higher than of solid PEO+Ag implants at all time points 
(p < 0.001). (B) Inhibition zones around implants in a Petrifilm assay. The diameters of the zones of 
inhibition of SLM NT, SLM PEO and SLM PEO+Ag were statistically compared with each other, and 
the zones around SLM PEO+Ag were compared to those of solid PEO+Ag (n=3; ***, p < 0.001). (C) 
Assessment of viability of MRSA AMC201 at 24h after incubation in an agar around SLM NT, SLM PEO, 
SLM PEO+Ag and solid PEO+Ag implants. Agar was sampled under all implants and in- and outside 
the zones of inhibition (SLM PEO+Ag) (n=2; ***, p < 0.001). (D) Surface microbicidal activity after 3 
and 15 min against an inoculum of 200 CFU of MRSA AMC201. Numbers of CFU cultured from SLM 
NT, SLM PEO and SLM PEO+Ag implants were statistically compared with each other, and those from 
SLM PEO+Ag to those from solid PEO+Ag implants (n=3; *, p < 0.05; **, p < 0.01; ***, p < 0.001).
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Released antimicrobial activity, inhibition zones
Released antimicrobial activity was assessed in a zone of inhibition assay using MRSA as the target 
bacteria (Figure 5B). The diameter of the inhibition zone around SLM PEO+Ag implants was 
approximately twice the diameter around the solid PEO+Ag implants (i.e. 2.5 mm as compared 
to 1.3 mm, p < 0.001). The SLM NT and SLM PEO implants did not show any zone of inhibition. 
Large numbers of CFU were cultured from agar under the SLM NT and SLM PEO implants as well 
as from agar originating from outside the inhibition zone of the PEO+Ag implants (Figure 5C). 
Cultures of agar originating from the inhibition zone, either around or under the SLM PEO+Ag 
implants, were all negative, proving that the released Ag ions were bactericidal to the MRSA.

Surface microbicidal activity
A surface microbicidal activity assay was performed, with short term exposure of MRSA to 
the implant surfaces. Contact with the SLM PEO (p < 0.05) and SLM PEO+Ag (p < 0.001) 
implants significantly reduced the numbers of MRSA CFU as compared to SLM NT implants 
after 3 and 15 min of exposure (Figure 5D). Moreover, SLM PEO+Ag implants performed 
significantly better (p < 0.01) than SLM PEO implants after 15 min. After 3 min there was 
a significant reduction of the numbers of CFU on the SLM PEO implants relative to those 
on the SLM NT implants, but the numbers at 15 min were not reduced any further. In case 
of the SLM PEO+Ag implants, the numbers of CFU did decline further between 3 and 15 
minutes, indicating a continuing antimicrobial effect. The decrease in numbers of CFU on 
the solid PEO+Ag implants was similar to the decrease observed on SLM PEO+Ag implants, 
indicating a similarly rapid bactericidal capacity for both types of implants.

Anti-biofilm activity
To assess the effect of the surface microbicidal activity on biofilm formation, the implants 
were incubated with MRSA for 24 and 48 hr under conditions inducing biofilm formation and 
analyzed by SEM (Figure 6). After 24 hr of incubation the SLM NT implants demonstrated 
bacterial adhesion on a substantial part of the surface. Bacteria were grouped in large clusters 
varying from dozens to hundreds of bacterial cells per cluster. Furthermore, these bacteria 
had grown in up to 3-4 layers of cells. In addition, dividing cells were observed and identified 
by an inclined septation plane. After 48 hr of incubation, biofilms had formed on SLM 
NT implants and an increased area of the surface was covered by bacteria as compared to 
24 hr. Furthermore, bacteria were increasingly stacked on top of each other for up to 4-5 
layers. Moreover, an extracellular matrix covering the bacteria could be observed, indicating 
multiplication of the bacteria and the formation of a biofilm.
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After 24 hr, the SLM PEO implants demonstrated less bacterial adhesion than those 
from the SLM NT group. Bacteria were grouped in small clusters of up to approximately 10 
cells and were found to penetrate into the micro-pores of the PEO TiO2 surface layer. After 
48 hr, fewer bacteria were attached to the surface and were grouped in similar clusters as 
compared to 24 hr. No sign of biofilm formation was observed.

The SLM PEO+Ag implants demonstrated reduced numbers of adherent bacteria as 
compared to SLM NT implants after 24 hr. Furthermore, bacteria were attached to the surface 
in smaller clusters. Occasionally, bacteria on the surface were observed in clusters, while 
individual bacteria were found to be dwelling in the micropores present on the surface. After 
48 hr, this distribution had not changed, and no biofilm formation was observed.

Ex vivo microbicidal activity
To assess microbicidal activity in a model representing the in vivo situation, we used an ex vivo 
implant infection model, utilizing freshly explanted mouse cadaver femurs. In this ex vivo 

Figure 6. Low (2,000×) and high (5,000-10,000×) magnification SEM images of MRSA AMC201 biofilm 
formation on SLM NT, SLM PEO and SLM PEO+Ag implants (n=2) after 24 and 48 hr of incubation in 
TSB 1% glucose.
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model, the SLM PEO and SLM PEO+Ag implants caused a significant (p < 0.001) reduction 
of the numbers of CFU as compared to the SLM NT implants of approximatively 2- and 
4-logs, respectively (Figure 7). Two out of 3 femurs with SLM PEO+Ag implants were entirely 
culture negative. None of the femurs carrying solid PEO+Ag implants were culture negative.

3.3.6	 Cytotoxicity of the SLM implants for hMSCs
Live/dead staining indicated that neither of the SLM NT, SLM PEO and SLM PEO+Ag 
specimens showed signs of cytotoxicity for hMSCs after 24 hours (Figure 8A). Cells attached 
uniformly on the entire surface of these porous SLM implants and only very few dead cells 
were observed in any of the samples compared to the number of live cells. In addition, the MTT 
assay demonstrated an enhanced metabolic activity of hMSCs after 7 days on both SLM PEO 
and SLM PEO+Ag implants relative to the SLM NT implants (p < 0.001), suggestive of cell 
proliferation on these surfaces over time (Figure 8B). Furthermore, no significant differences 
have been detected between the SLM PEO and SLM PEO+Ag groups. These findings indicate 
that incorporation of AgNPs in the oxide layer did not induce cytotoxic effects for hMSCs.

Figure 7. Microbicidal activity of implants against MRSA in the ex vivo mouse femur model. Mouse 
femurs were inoculated with 200 CFU of MRSA AMC201 in 2 µl PT prior to implantation. Log CFU 
of MRSA on SLM NT was statistically compared to SLM PEO and SLM PEO+Ag implants, and SLM 
PEO+Ag to solid PEO+Ag implants. To assess efficacy of the sterilization procedure a femur without 
implant or MRSA bacteria was processed and cultured (sterilization control). To validate the model 2 µl 
of doxycycline was injected into the femur cavity prior to implantation of an MRSA inoculated SLM NT 
implant (positive control; SLM NT+doxy). Femurs were homogenized and quantitatively cultured after 
24 hr of incubation (n=3; ***, p < 0.001).
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3.4	 DISCUSSION
Additive manufacturing is a major breakthrough in medical device manufacturing with high 
potential of application, particularly in the field of orthopedics. There is however a strong need 
for antimicrobial strategies to prevent IAI when these implants are produced with high porosity 
and concomitant increased surface area. The results of our current study clearly show the strong 
in vitro and ex vivo antimicrobial activity of the porous implants that were rationally designed, 
additively manufactured by SLM, and biofunctionalized through PEO treatment to grow a 
firmly adherent oxide layer that incorporated AgNPs and released Ag ions over time. The SLM 
PEO+Ag implants had bactericidal activity against MRSA, one of the most challenging bacterial 
pathogens causing IAI. They prevented biofilm formation of these bacteria in vitro, as well as 
bacterial survival and growth in an ex vivo mouse femur implant infection model. Moreover, the 
implants produced in this study were not cytotoxic for hMSCs.

3.4.1	 Antimicrobial activity of porous SLM PEO+Ag implants
The SLM PEO+Ag implants caused a clear zone of inhibition of MRSA, which was larger than 
the zone observed around solid PEO+Ag implants. This correlated with the higher release 
of Ag ions by the SLM PEO+Ag implants. Cultures from the zone of inhibition, and surface 
microbicidal assays showed that the implants not only inhibited bacterial growth but killed 
the bacteria. Indeed, biofilm formation in vitro was prevented and ex vivo antimicrobial assays 
using a mouse femur implant infection model confirmed an over time bactericidal effect of the 
solid PEO+Ag as well as the SLM PEO+Ag implants, the latter being superior in clearing the 
MRSA. It is important to note that ex vivo experiments do not benefit from the performance 
of an active immune system that could be instrumental in even further reducing the number 
of bacteria in in vivo experiments. The ex vivo setup in this study did not clarify whether 
MRSA adhered to the implant’s surface or migrated into the bone tissue. Nevertheless, the 
results of the current study unequivocally demonstrate a strong antimicrobial activity of SLM 
PEO+Ag implants. Considering that Ag tends to work against many different bacterial species 
[48], testing with a wider panel of bacteria would strengthen the general protective capacity 
observed in this study. The strong antibacterial activity of SLM PEO+Ag implants is a result 
of several factors including the presence of AgNPs, the increased surface area due to additive 
manufacturing, and the effects of PEO treatment. 
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Figure 8. Cytotoxicity of the SLM NT, SLM PEO and SLM PEO+Ag implants (n=3) on human 
mesenchymal stem cells (hMSCs): (A) live/dead staining demonstrating viable cells in green and dead 
cells in red aft er 24 hr; (B) MTT assay showing the metabolic activity of the hMSCs expressed as optical 
density (OD570-670 nm) aft er 1, 4 and 7 days of in vitro culture (***, p < 0.001). 

3.4.2 Th e eff ects of additive manufacturing and increased surface area
Th e eff ects of increased surface area created through rational design of the porous structure 
and additive manufacturing of the designed structure can be separated from those of the PEO 
treatment and AgNPs when comparing the implants from the SLM PEO+Ag group with those 
from the solid PEO+Ag group. Th e SLM PEO+Ag implants released more than four times larger 
amounts of Ag ions, caused zones of inhibition of MRSA with a two times larger diameter and 
showed a more pronounced decrease in number of CFU of MRSA in the ex vivo experiments, 
as compared to the solid PEO+Ag implants. Th is clearly shows the importance of the more 
than 3-fold increase of the surface area in the SLM porous implants, and highlights the utility 
of rational design and advanced additive manufacturing techniques in creating advanced 
functionalities such as strong antimicrobial activity. Th is can easily be combined with other 
functionalities such as improved bone regeneration performance to achieve multifunctional 
implants. In this context, it is important to underline that in addition to providing pore space 
for bone regeneration, the geometrical parameters of the porous structure of the implants were 
designed taking into account established requirements for bone regeneration performance of 
porous biomaterials, such as using appropriate range of pore sizes.
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Another important difference between solid and SLM implants is the presence of 
hydroxyapatite phases in the oxide layer of the additively manufactured porous implants 
revealed by the XRD analysis, which were not present in the XRD patterns of the solid 
implants. Many studies have shown hydroxyapatite could improve the bone regeneration 
performance of biomaterials and improve osseointegration of the implants 46-49. The presence 
of hydroxyapatite phases is therefore important as these implants are aimed for orthopedic 
applications. The presence of the hydroxyapatite phases cannot be directly explained by the 
larger surface area of additively manufactured implants. A more likely reason for development 
of hydroxyapatite phases in our porous implants is the higher temperatures during the plasma 
discharges of the PEO process, as the internal surfaces of the implants have different states 
of fluid flow, with the velocity of cooled electrolyte expected to be lower within the internal 
pores of the additively manufactured porous implants, resulting in momentarily higher local 
temperatures during and right after plasma discharges. Higher temperature could work 
similar to thermal treatments and cause formation of hydroxyapatite phases 50,51.

3.4.3	 The effects of PEO treatment
The results of various antimicrobial assays including the ex vivo assay, surface microbicidal 
assay, and biofilm formation assay show certain levels of antimicrobial activity for the SLM PEO 
implants. Since these implants lack AgNPs in their oxide layers, the observed antimicrobial 
effects might be associated to their surface characteristics rather than to release of any type 
of antimicrobial agent. The PEO treatment creates a micro-/nano-porous structure on the 
surface of implants with specific nanotopographical features 47. A few pioneering studies 
have recently reported that nanotopographical features can influence bacterial adhesion and 
biofilm formation and that surfaces with high aspect ratio show bactericidal behavior 52-55. In 
concert with the results of the current study, it has been recently shown that the antimicrobial 
effect of nanotopographical features is limited to adherent bacteria and does not include free 
living (i.e. planktonic) bacteria 52. The antimicrobial activity of surface nanotopographies are, 
however, expected to diminish over time 52.

Another factor possibly contributing to the antimicrobial activity of the SLM PEO 
implants is the presence of crystalline titanium oxide layers in the form of anatase and rutile 
phases, which can decrease bacterial adhesion and cause formation of reactive ion species 56,57. If 
the antimicrobial activity of the SLM PEO implants is, indeed, caused by the nanotopographical 
features and anatase/rutile phases created through the PEO treatment, it is important that the 
rationally designed porous structure used in the current study increases the surface area of the 
implants by a factor of 3.75. As mentioned above, the PEO treatment in the presence of AgNPs 
maximized the surface antimicrobial activity and showed released activity through the release 



Chapter 3

112

of Ag ions thus providing antimicrobial function in the peri-implant area. This is essential as the 
tissue around the implant represents a niche for bacteria colonization 58,59.

3.4.4	 Cytotoxicity
Titanium implants with a large surface area have shown to be cytotoxic 55. In addition, AgNPs 
may also be associated with toxicity, caused either by high levels of Ag ions or by the small size 
of AgNPs (nanotoxicity 39,40). The biofunctionalization process developed here was designed 
to minimize both these types of cytotoxicity. Embedding the AgNPs in the oxide layer grown 
through PEO minimizes the risk that they would freely circulate and cause nanotoxicity. The 
embedding of the AgNPs in the oxide layer is also the reason behind the gradual nature of 
Ag ion release, which results in a sustained release profile. Indeed, both SLM PEO and SLM 
PEO+Ag implants in this study did not induce cytotoxicity to hMSCs but rather supported 
an increase in their metabolic activity with time relative to the SLM NT implants, suggestive 
of cell proliferation on these samples. The maximum cumulative release of 0.6 ppm silver 
ions from SLM PEO+Ag implants over 28 days is far below the mean half maximal inhibitory 
concentration (IC50) of osteoblasts viability of 10 ppm 63. In general, mammalian cells with their 
larger size, superior structural and functional organization, and ability to produce extracellular 
matrix are more tolerable to silver than the bacterial cells 64. Nevertheless, over-doses may induce 
cytotoxicity through mechanisms comparable to bacterial cells involving AgNPs uptake and 
interactions of released silver ions with intracellular biomolecules leading to impairment of cell 
membrane permeability, various metabolic pathways and cellular functions 65-67. PEO surfaces 
with their specific morphology and Ca/P chemistry are known to support cellular functions 
such as adhesion, as also observed in this study, but also osteogenic differentiation and matrix 
mineralization 31,60-62. The presence of hydroxyapatite on our PEO surfaces will likely further 
increase the potential of our surfaces for optimal host cell interaction.

3.4.5	 Clinical implications
Preventing infections associated with orthopedic implants is often complicated by the fact that 
prevention of early (i.e. peri-operative 10) infections requires a different strategy as compared 
to late, hematogenous or contiguous infections 10. Preventing peri-operative infections may 
require release of high doses of antimicrobial agents in the first few hours to first few days 
after surgery. In contrast, preventing late infections requires sustained release of limited doses 
of antimicrobial agents, but sufficiently high to prevent resistance development. Biomaterials 
that combine a high dose release in the first few hours/days with sustained release of limited 
dosages of antimicrobial agents are however rare.
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The additively manufactured porous implants developed in the current study release 
high doses of Ag ions within the first 12-24 hr and much smaller doses for up to one month. 
The release of the Ag ions is expected to continue past the first month as the AgNPs are 
embedded in the oxide layer of the implant and are gradually oxidized, as opposed to other 
biomaterials that release the AgNPs themselves and may therefore rapidly deplete their 
reservoir of antimicrobial agents. 

From the practical viewpoint, the PEO process is a single step and fast process (5 min in 
the current study) that could cover the internal surface areas of additively manufactured porous 
implants. The biomaterial selected (i.e. Ti6Al4V) is also widely 63-68 used for manufacturing 
of orthopedic implants. The above-mentioned aspects of the developed implant make it 
attractive for clinical application, as practical barriers are relatively limited. Moreover, the 
implants developed in the current study have the potential of addressing the other important 
challenge in orthopedic implants, namely improved bone regeneration performance and 
implant osseointegration. Previous studies have shown the huge potential of combining 
additively manufactured porous biomaterials with mechanical design 69-71, biofunctionalizing 
surface treatments 72,73, and drug delivery approaches 74 for improving the bone regeneration 
performance and biomechanical stability of orthopedic implants. The results of the current 
study show that using an additively manufactured porous biomaterial stimulates formation 
of hydroxyapatite phases in the PEO layer that are considered beneficial for improving bone 
tissue regeneration and implant fixation. Moreover, it has been shown by biomechanical and 
quantitative histomorphometric analyses that the micro-/nano-porous structure created 
through PEO can stimulate bone regeneration performance of the implants when compared to 
non-treated implants 61,75,76. Finally, similar to the way AgNPs were incorporated in the oxide 
layer of the implants developed in the current study, inorganic particles such as some of the 
trace elements 77-82 could be added to stimulate bone tissue regeneration and osseointegration 
of the implants. One could therefore use additively manufactured porous biomaterials 
biofunctionalized through PEO to simultaneously address both major challenges in design 
and manufacturing of orthopedic implants, namely IAI and implant loosening.

3.5	 CONCLUSIONS
To address the problem of IAI, additively manufactured porous titanium implants with large 
surface areas were rationally designed, manufactured by SLM, and biofunctionalized using 
the PEO surface treatment to incorporate immobilized AgNPs in the grown oxide layer 
and to create a micro-/nano-porous structure on the surface of the implants. Biomaterial 
characterization techniques, in vitro and ex vivo antimicrobial assays, and cytotoxicity assays 
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were used to evaluate the performance of the developed implants. Antimicrobial assays 
consistently showed strong antimicrobial activity of the developed implants against MRSA 
including released activity, surface antimicrobial activity and prevention of biofilm formation. 
Furthermore, XRD analysis revealed formation of hydroxyapatite phase in the oxide layer of 
additively manufactured porous implants, whereas no such phase was detected in the oxide 
layer of the corresponding solid implants. The novel implants had no cytotoxic effects for 
hMSCs. Moreover, the porous implants showed four times larger amount of released Ag ions, 
two times larger zones of inhibition, and one additional order of magnitude of reduction in 
the number of CFU in the ex vivo antimicrobial assay compared to solid PEO+Ag. Based on 
these data we consider the novel implants promising for further (pre)clinical development.
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Effective preventive measures against implant-associated infection (IAI) are desperately 
needed. Therefore, the development of self-defending implants with intrinsic antibacterial 
properties has gained significant momentum. Biomaterials biofunctionalized with silver (Ag) 
have resulted in effective antibacterial biomaterials, yet regularly induce cytotoxicity. In this 
study, the use of both Ag and copper (Cu) nanoparticles (NPs) on TiO2 surfaces was investigated 
to generate antibacterial and osteoconductive biomaterials. Hence, additively manufactured 
Ti6Al4V volume-porous implants were biofunctionalized with plasma electrolytic oxidation 
(PEO) through the incorporation of varying ratios of Ag and/or Cu NPs in the TiO2 layer 
covering the implant surface. For all experimental groups, the surface morphology, chemical 
composition, ion release profile, generation of reactive ion species, antibacterial activity 
against methicillin-resistant Staphylococcus aureus (MRSA) in vitro and ex vivo, as well as the 
response of pre-osteoblastic MC3T3-E1 cells in metabolic activity and differentiation assays 
were determined. PEO biofunctionalization resulted in rough and highly porous surfaces that 
released Ag and Cu ions for 28 days and generated hydroxyl as well as methyl radicals. A 
strong synergistic bactericidal behavior between Ag and Cu ions was detected, which allowed 
to decrease the concentration of Ag ions by 10-fold, while maintaining the same level of 
antibacterial activity. Antibacterial agar diffusion and quantitative assays indicated strong 
antibacterial activity in vitro for the implants containing Ag and Ag/Cu, while no antibacterial 
activity was observed for implants bearing only Cu NPs. Moreover, the biofunctionalized 
implants with ratios of up to 75% Ag and 25% Cu NP totally eradicated all bacteria in an ex 
vivo model using murine femora. Meanwhile, the biofunctionalized implants did not show 
any signs of cytotoxicity, while implants bearing only Cu NPs improved the metabolic activity 
after 7 and 11 days. The biomaterials developed here, therefore, exploit the synergistic behavior 
of Ag and Cu to simultaneously offer strong antibacterial behavior while fully mitigating the 
cytotoxicity of Ag against mammalian cells.  
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4.1	 INTRODUCTION 
Implant-associated infection (IAI) is one of the most devastating complications for patients 
with orthopedic implants. Despite extensive preventive methods and antibiotic prophylaxis, 
up to 2.5% of primary hip and knee replacements and 10% of revision surgeries are complicated 
by IAI [1]. The prevalence of IAI is anticipated to increase, given an aging and progressively 
obese population that requires joint replacement surgeries at younger age as well as a rapid 
development of bacterial resistance against antibiotics, leading to persistent and difficult-to-
treat infections [2]. Moreover, IAI accounts for extremely high healthcare costs, which are 
projected to be $1.62 billion in the US alone by 2020 [3]. The development of orthopedic 
implants that minimize the risk of IAI are, therefore, of utmost importance. 

To prevent the bacterial colonization of the implant surface, orthopedic implants with 
intrinsic antibacterial properties are being developed [4]. Since in this case the antibacterial 
agents are applied directly at the implantation site, the required dose is lower as compared to 
systemic intake, thereby decreasing the side effects [5]. Inorganic nanoparticles (NPs), such as 
silver (Ag) and copper (Cu) have been explored as alternatives to antibiotics that suffer from 
ever increasing bacterial resistance [6, 7]. The large surface area of NPs leads to their amplified 
oxidation on the implant surface while the accompanying release of metallic ions induces 
strong bactericidal effects [8]. 

To incorporate antibacterial agents, the surface of the metallic implant needs to be 
biofunctionalized. While the modification of the surface chemistry and morphology may be 
used to prevent bacterial adhesion, the incorporation of antibacterial agents on the implant 
surface allows for actively targeting the bacteria residing in the adjacent tissues [9, 10]. To 
produce an antibacterial surface, the antibacterial agent is either embedded on the implant 
surface, incorporated in a conversed surface layer, or applied as a coating [11]. Through these 
approaches, functional, and antibacterial biomaterials have been synthesized containing 
antibiotics, inorganic NPs, or antimicrobial peptides [12-14].

Among surface biofunctionalization techniques, plasma electrolytic oxidation (PEO) is 
a single-step, electrochemical process that is particularly suited for the biofunctionalization of 
highly porous metallic biomaterials, such as additively manufactured porous titanium implants 
[8]. The use of additive manufacturing (AM) facilitates the fabrication of novel implant designs 
that allow for the fine-tuning of the mechanical properties such that stress shielding is prevented 
and bony ingrowth is enhanced [15-17]. However, due to their vast surface area, these porous 
implants are prone to bacterial adhesion, and, therefore, require surface biofunctionalization. 

During PEO, the native metallic oxide layer (i.e., TiO2) is vastly expanded, resulting 
in a bioactive surface with high levels of nano/micro-porosity, enhanced roughness, and 
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crystalized (i.e., rutile or anatase) TiO2 phase compositions [18, 19]. Addition of inorganic 
NPs during PEO results in a firmly attached and homogeneous layer of immobilized NPs on 
the implants surface, thereby preventing the free circulation of the NPs and associated adverse 
effects. Furthermore, the incorporation of NPs in the growing TiO2 layer during PEO enables 
the sustained release of metallic ions, contributing to prolonged antibacterial effects [20, 21]. 

Previous studies have demonstrated that PEO treatment using Ag NPs, indeed, results 
in highly effective antibacterial biomaterials [22-24]. Ag NPs are potent against a wide range of 
bacterial strains including methicillin-resistant strains that are often involved in IAI [25, 26]. 
Moreover, bacterial resistance against Ag is uncommon and rarely develops during treatment [27]. 
However, Ag NPs may induce cytotoxicity against host cells including mesenchymal stromal cells 
and neutrophils [28-31]. Meanwhile, Cu NPs have demonstrated antibacterial properties while 
simultaneously stimulating osteogenesis and angiogenesis [32]. Moreover, there are reports in 
the literature regarding the synergistic effects of Ag and other antibacterial agents [33-35]. We, 
therefore, hypothesized that there is a synergistic effect between Ag and Cu and that by exploiting 
those effects the antibacterial properties of implants can be enhanced, ultimately resulting in a 
reduced amount of the required Ag NPs and, thus, the mitigation of the cytotoxic effects.

4.2	 EXPERIMENTAL
4.2.1	 Implant design and additive manufacturing
Volume-porous Ti6Al4V implants were designed and fabricated according to a protocol and 
design rationale that we have presented elsewhere [8]. Briefly, the implants of 4 cm in length 
and a diameter of 0.5 mm were manufactured by a selective laser melting (SLM) printer (SLM-
125, Realizer, Borchem, Germany) using a YLM-400-AC Ytterbium fiber laser (IPG Photonics 
Corporation, Oxford, United States) in an argon atmosphere with less than 0.2% oxygen content. 
Medical-grade (grade 23, ELI) Ti6Al4V powder particles (AP&C, Boisbriand, Quebec, Canada) 
with spherical morphology, particle sizes ranging from 10 to 45 µm, and a layer thickness of 50 
µm were used. SLM laser processing was performed with a laser power of 96 W, a wavelength 
of 1070 ± 10 nm, and an exposure time of 300 µs, resulting in a laser spot size of 145 µm. 
Subsequently, loose powder particles were removed by vacuum cleaning and the implants were 
ultrasonicated at 35 kHz in acetone, 96% ethanol, and demineralized water for 5 min each.

4.2.2	 Surface biofunctionalization
The surface of Ti6Al4V implants was modified by PEO, resulting in a uniform and highly 
porous superficial titanium oxide layer. The PEO electrolyte contained 0.15 M calcium 
acetate (≥ 99%, Sigma-Aldrich, St. Louis, Missouri, United States) and 0.02 M calcium 
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glycerophosphate (≥ 99%, Dr. Paul Lohmann GmbH, Emmerthal, Germany) dissolved in 
demineralized water in which Ag NPs (65 – 75% Ag, Sigma-Aldrich, St. Louis, Missouri, 
United States) and/or Cu NPs (99.8% Cu, SkySpring Nanomaterials, Houston, Texas, United 
States) were dispersed at varying ratios with 3.0 g/L designated as 100 %, generating different 
experimental groups. SLM implants that did not receive any PEO biofunctionalization were 
designated as non-treated (NT). PEO biofunctionalization was performed without any NPs 
(PT), 3.0 g/L or 1.5 g/L Ag NPs (PT – Ag, PT – Ag 50), 3.0 g/L Cu NPs (PT – Cu), and varying 
ratios of both Ag and Cu NPs (PT – Ag Cu, PT – Ag Cu 75 25 and PT – Ag Cu 50 50). 

The particle sizes of the NPs ranged between 7 and 25 nm for Ag NPs and 40 and 60 
nm for Cu NPs while both particles displayed a spherical morphology. The PEO electrolyte 
was sonicated 2 times for 3 min and stirred in between for 5 min at 500 rpm with a magnetic 
stirrer (IKA-Werke GmbH & Co. KG, Staufen, Germany) and a stir bar of 40×8 mm (VWR, 
Radnor, Pennsylvania, United States).

The implants were biofunctionalized by PEO using a custom-made laboratory setup that 
consisted of 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) that connected the computer interface and power supply, and an electrolytic cell 
consisting of double-walled glass with two electrodes. PEO processing was performed under 
galvanostatic conditions at a current density of 20A/dm2 for 5 min in 800 ml electrolyte. In 
this process, the implant functioned as the anode and a ring-shaped stainless steel formed the 
cathode. The electrolytic cell was cooled with a thermostatic bath and the temperatures ranged 
between 6 and 8°C at the beginning and the end of the PEO process. To ensure homogeneous 
distribution of the particles, the electrolyte was stirred continuously at 500 rpm. During PEO 
processing, the voltage-time (V-t) transients were recorded every second.

Following PEO biofunctionalization, the implants were rinsed in running tap water 
for 1 min. Thereafter, the implants were sterilized by 30 s ultrasonication in ethanol, 5 min 
immersion and 30 s ultrasonication in demineralized water, and subsequently heat treated for 
1 h at 110°C in an oven (Nabertherm TR60, New Castle, United States). 

4.2.3	 Characterization of the surface morphology and chemical 
composition 
The surface morphology of the biofunctionalized implants was analyzed using scanning electron 
microscopy (SEM, JSM-IT100LV, JEOL, Tokyo, Japan). The electron beam energy ranged between 
5 – 20 kV and working distance of 10 mm was used. Prior to imaging, the specimens were sputtered 
with a gold layer of 5 ± 2 nm to enhance their electrical conductivity. To analyze the chemical 
composition, spot analysis was performed with energy dispersive X-ray spectroscopy (EDS). 
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4.2.4	 Ion release kinetics
To study the release kinetics of Ag and Cu ions, biofunctionalized specimens (n = 3/group) 
were submerged in 1 ml phosphate-buffered saline (PBS) in dark Eppendorf tubes. The 
specimens were kept in a water bath at 37°C under static conditions. The PBS was collected 
and replaced after 12 h and 1, 2, 4, 7, 14, and 28 days. The collected PBS was acidified with 5% 
nitric acid to dissolve all the ion species entirely. Subsequently, the ion concentrations were 
detected using inductively coupled plasma – optical emission spectrometry (ICP-OES) using 
a PerkinElmer Optima 3000DV (PerkinElmer, Zaventem, Belgium).

4.2.5	 Electron paramagnetic resonance
To elucidate whether the implants generated reactive oxygen species (ROS) that contribute 
to contact-killing of adhesive bacteria, the ROS formation from the implant surfaces was 
measured using an electron paramagnetic resonance (EPR) spectrometer (Bruker EMX 
Plus, Billerica, Massachusetts, United States). The implants (n = 2/group, length = 0.5 cm) 
were inserted inside a quartz capillary tube and were placed inside the EPR spectrometer. 
First, the baseline spectrum of the implants itself was measured followed by the detection of 
the formed radicals, which was performed through the submersion of 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 EPR measurements were performed using 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. The radical generation was analyzed every 
10 min for 2.5 h.

4.2.6	 Antibacterial assays
4.2.6.1	Preparation of the bacterial inoculum
The bactericidal properties of the biofunctionalized biomaterials were evaluated in vitro and 
ex vivo against methicillin-resistant Staphylococcus aureus (MRSA, strain USA300) [36]. 
Bacterial inocula were prepared by the addition of a single colony into 3 ml tryptic soy broth 
(TSB) or cation-adjusted Mueller Hinton broth (CAMH) and incubated for 2 h at 37°C while 
shaking at 120 rpm. Subsequently, the optical density at 600 nm (OD600) was measured and the 
desired bacterial inoculum was prepared. The inoculum was quantified by plating 10-fold serial 
dilutions of 10 µl triplicates on blood agar plates (Becton Dickinson, Franklin Lakes, United 
States) followed by overnight incubation and colony forming unit (CFU) quantification.
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4.2.6.2	Agar diffusion assay
The antibacterial leaching activity of the implants was tested in an agar diffusion assay. Agar 
plates were poured from 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. A bacterial inoculum of 107 CFU/ml was 
prepared in TSB. Subsequently, bacteria were distributed over the agar plates using a cotton 
swab. Thereafter, 1.5 cm implants were pressed onto the agar surface and incubated at 37°C 
in a humid environment for 24 h. Following incubation, the area of the zone of inhibition 
was analysed using an image processing program (Photoshop CS6, Adobe, California, United 
States) to determine the antibacterial leaching activity (n = 3/group).

4.2.6.3	Minimal inhibitory concentration (MIC) and minimal bactericidal 
concentration (MBC)
In order to determine the MIC and MBC of Ag+ and/or Cu2+ ions, Ag nitrate and Cu nitrate 
(both from Sigma-Aldrich, St. Louis, United States) were dissolved in CAMH broth. A 
bacterial inoculum of OD600 0.09 was prepared from which 65 µl was transferred to 10 ml 
of CAMH. Subsequently, two-fold serial dilutions were prepared in 96-well plates starting 
at initial concentrations of 2 mM for Ag+ and 80 mM for Cu2+ respectively. Next, 50 µl of 
bacterial inoculum and 50 µl of both Ag+ and Cu2+ dilutions were added to a 96-well plate and 
were incubated overnight at 37°C under static conditions. The following day, the MIC was 
determined as the lowest concentration of Ag+ and/or Cu2+ where no turbidities were present. 
To determine the MBC, 10 µl aliquots of each well were plated on blood agar plates, incubated 
overnight at 37°C, and the numbers of CFU were determined. The MBC was defined as the 
lowest concentration of Ag+ or Cu2+ ions without any bacterial colonies.

4.2.6.4	Bactericidal CFU count
The bactericidal activity of the biofunctionalized implants against adherent and planktonic 
bacteria was assessed by inserting 4 implants of 1 cm in a 200 µl MicroAmp® Fast Reaction 
Tube (Life Technologies, Carlsbad, California, United States) with a bacterial inoculum of 
2 × 103 CFU in 100 µl TSB + 1% glucose. Subsequently, the specimens (n = 3/group) were 
incubated overnight under static conditions at 37°C. To quantify the number of the adherent 
CFU, the implants were rinsed 3 times in PBS, ultrasonicated in 200 µl PBS for 3 min. 
Subsequently, 10-fold serial dilutions of 10 µl aliquots were plated on blood agar plates. The 
numbers of the non-adherent CFU present in the incubation medium were quantified by 
plating 10 µl of the incubation medium of 10-fold dilutions on blood agar plates. Following 
overnight incubation at 37°C, the number of CFUs was quantified.
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4.2.6.5	Biofilm formation and characterization
The biofilm formation on the implants (n = 2/group) was determined through static incubation 
at 37°C in 100 µl TSB + 1% glucose with 2 x 103 CFU/ml for 24 h. Subsequently, 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). Prior to SEM imaging, the fixated implants were cleaned 
in demineralized water for 5 min, dehydrated in 50% ethanol for 15 min, 70% ethanol for 20 
min, 96% ethanol for 20 min, and hexamethyldisilazane for 15 min. Next, the implants were left 
to dry in air for 2 h, sputtered with a gold layer of 5 ± 2 nm, and inspected by SEM. 

4.2.6.6	Ex vivo experiments
The ex vivo antibacterial properties of the biofunctionalized implants were studied using murine 
femurs provided by the Central Laboratory Animal Institute (Utrecht University). The surrounding 
tissue was removed from the femurs, which were subsequently sterilized in 70% ethanol for 10 
min and submerged in demineralized water for 10 min. To insert the implants into the femur, a 
hole (Ø 0.5 mm) was drilled through the epicondyle into the intramedullary canal of the femur. 
Subsequently, the bone marrow was extracted using a syringe followed by 2 µl injection of PBS 
into the medullary cavity. Then, the implants were inoculated with an inoculum of 200 CFU in 2 
µl demineralized water, left to dry in air for 15 min, and inserted into the femora.

To validate the system, 2 µl tetracycline (50 mg/ml, Sigma-Aldrich, St.Louis, Missouri, 
United States) was inserted into the intramedullary cavity after implantation with an inoculated 
NT implant. To verify the proper sterilization of the femora, one femur was not implanted 
with an implant (negative control). Following implantation, the femora were incubated in 0.5 
ml Eppendorf tubes on a rotating platform at 37°C for 24 h to simulate intraosseous fluid flow. 
Subsequently, the femora were homogenized in 800 µl PBS using 15 zirconia beads (Ø 2mm, 
BioSpec, Bartlesville, Oklahoma, United States) with a MagNA Lyser (Roche Diagnostics, 
Risch-Rotkreuz, Switzerland) at 7000 rpm for 2 cycles of 30 s and cooling on ice in between. 
Consequently, 10-fold serial dilutions of the homogenate were plated on blood agar plates, 
incubated overnight at 37°C, and the CFU numbers were quantified.

4.2.7	 Cytotoxicity assays
4.2.7.1	Cell seeding and culturing
Osteoblast-like cells (MC3T3-E1, Sigma-Aldrich) were pre-cultured for 7 days in α-MEM 
supplemented with 1% penicillin-streptomycin and 10% fetal bovine serum (all from 
ThermoFisher, Waltham, Massachusetts, United States). The culture medium was refreshed 
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every 2–3 days. The cells were seeded on 1 cm implants in 0.2 ml tubes containing 1.5 x 105 
MC3T3-E1 cells in 100 µl culture medium. The implants were then tilted every 20 min (for 2 
h in total) at 37°C in 5% CO2 and were placed in a 48 well plate with 200 µl of fresh medium. 
Following 2 days of culturing, osteogenic differentiation was induced by the addition of 50 µg/
µl ascorbid acid and 4 mM β-glycerophosphate (both from Sigma-Aldrich). Thereafter, the 
medium was refreshed every 2 – 3 days. 

4.2.7.2	Presto blue assay
The metabolic activity of the MC3T3-E1 cells was determined by a PrestoBlue assay 
(Thermofisher, Waltham, MA, United States) after 1, 3, 7, and 11 days. The implants were 
incubated in 200 µl fresh culture medium with 20 µl PrestoBlue cell viability reagent for 1 h at 
37°C. Thereafter, the absorbance was measured at a wavelength of 530 – 595 nm with a Wallac 
plate reader (Victor X4, PerkinElmer, Massachusetts, United States).

4.2.7.3	Alkaline Phosphatase (ALP) assay
The ALP activity of MC3T3-E1 cells on the implant was determined after 11 days. As such, 
the implants (n = 4/group) were rinsed with PBS and inserted in 250 µl PBS-Triton (8% 
NaCl, 0.2% KCl, 1.44% Na2HPO4, 0.24% KH2PO4, and 0.1% Triton X-100). Subsequently, 
the implants were ultrasonicated for 10 s to dissociate the cells and were incubated with 
100 µl p-nitrophenyl phosphate (pNPP, Sigma-Aldrich) for 10 min at 37°C. Thereafter, the 
reaction was stopped by the addition of 250 µl NaOH. The absorbance was then measured 
at a wavelength of 405 nm with a Wallac plate reader (PerkinElmer). A standard curve was 
prepared by the addition of 100 µl PBS-Triton and 250 µl NaOH to each well to determine 
the ALP activity and the total protein content was determined using a bovine serum albumin 
(BSA) protein assay kit (Invitrogen, California, United States). Subsequently, the ALP levels 
were normalized to the total protein content.

4.2.7.4	Cell morphology
To assess cell morphology on the implant’s surface, the implants were fixated after 11 days 
in McDowels fixative and kept at 4°C. Prior to SEM imaging, the implants were rinsed twice 
in demineralized water for 5 min and dehydrated in ethanol (for 15 min in 50%, for 20 min 
in 70%, and for 20 min in 96%). Subsequently, the implants were left to dry in air for 2 h, 
sputtered with a gold layer (5 ± 2 nm) and analyzed by SEM (n = 2/group).
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4.2.8	 Statistical analysis
All data are expressed as mean ± standard deviation. The statistical analyses were performed 
using GraphPad Prism (GraphPad Software, La Jolla, California, United States) with one-
way ANOVA and Bonferroni post hoc test. Differences between groups were considered 
statistically significant at p < 0.05.

4.3	 RESULTS
4.3.1	 Surface morphology and PEO biofunctionalization
Following SLM, SEM analysis demonstrated that the highly porous implants had partially 
molten or unmolten powder particles attached to the implant surface, which further enhanced 
the surface area of the implants (Figure 1A). PEO biofunctionalization (Figure 1B) resulted 
in similar V-t curves recorded for all experimental groups (Figure 1C). Up to the point of 
dielectric breakdown, the voltage increased with a rate of 14 ± 1 V/s after which the ascent 
of the curve decreased to 0.49 V/s and plasma discharging started at 115 ± 5 V, resulting in a 
final voltage of 249 ± 6 V. SEM analysis demonstrated homogenous coverage of the implants 
surfaces with a micro-/nano-porous oxide layer (Figure 1D). The addition of Ag and/or Cu 
NPs did not alter the surface morphology as compared to the PT implants.

4.3.2	 Surface chemistry and phase composition of 
biofunctionalized implants
The presence of Ag and Cu NPs on the implants after PEO biofunctionalization was 
demonstrated by EDS analysis (Figure 2). Secondary electron and backscattering mode 
indicated a wide spread of Ag and/or Cu NPs on the surface which were fully embedded into 
the TiO2 surface layer. Point analysis demonstrated the presence of Ti, Al, V, Ca and P in the 
surface layer for all biofunctionalized implants as well as Ag, Cu, and both Ag and Cu NPs for 
the PT – Ag, PT – Cu, and PT – Ag Cu implants, respectively. 
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Figure 1. (A) The surface morphology of a selective laser melted Ti6Al4V implant visualized using SEM 
imaging. (B) A schematic drawing of the electrolytic cell used for PEO biofunctionalization depicting 
the electrolyte species, silver and copper nanoparticles, and the arrangement of the implants and the 
cathode. (C) The recorded V-t transients during the PEO biofunctionalization process of the selective 
laser melted implants with different electrolytes containing varying ratios of Ag and/or CuNPs. (D) The 
SEM images of the surface morphology following 300 s of PEO biofunctionalization with 100x (top), 
500x (middle) and 2000x (bottom) magnifications. 
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Figure 2. The EDS analysis of the biofunctionalized implants containing Ag and/or CuNPs. The 
locations of the AgNPs (red circles) and CuNPs (blue circles) on the implant surface were demonstrated 
by SEM using secondary (left) and backscattered (right) modes. Spot analysis confirmed the presence of 
Ag and Cu NPs as part of a surface layer containing Ti, Al, V, C, O, Ca, and P.
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Figure 3. The ion release profile and the generation of oxygen radicals. (A) The Ag and (B) Cu ions 
released from the biofunctionalized implants (n=3) after 24 h in PBS were detected by ICP-OES. The 
cumulative release profiles of (C) Ag and (D) Cu ions for up to 28 days. (E) The generation of oxygen 
radicals by the implants measured using electron paramagnetic resonance and DMPO spin traps. 
Simulations of OH and CH3 radical spectra are depicted by DMPO – OH and DMPO – CH3 respectively. 
(F) 2D electron paramagnetic resonance spectrum demonstrating the oxygen radical formation for 150 
min. *, p<0.05, **, p<0.01, ***, p<0.001. 

4.3.3	 Ion release and formation of reactive oxygen species
In the first 24 h, combined application of Ag and Cu NPs reduced the release of Ag+ for the PT 
– Ag 50, PT – Ag Cu, PT – Ag Cu 75 25, and PT – Ag Cu 50 50 groups as compared to the PT 
– Ag group (p < 0.05,  p < 0.01, p < 0.001 and p < 0.001, respectively; Figure 3A). Meanwhile, 
the release of Cu2+ was not affected by the presence of Ag NPs in the implant surface (Figure 
3B). The ion release continued for the entire duration of our measurements (i.e., 4 weeks). 
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When the entire duration of the release experiment is considered, combining Ag and Cu NPs 
reduced the Ag+ release from the PT – Ag Cu, PT – Ag Cu 75 25, and PT – Ag Cu 50 50 groups 
as compared to the PT – Ag specimens (p < 0.05, p < 0.01 and p < 0.01, respectively; Figure 
3C) while the release of Cu2+ was enhanced for the PT – Cu group as compared to the PT – Ag 
Cu 50 50 specimens (p < 0.05; Figure 3D).
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Figure 4. The antibacterial leaching activity and quantification of bactericidal activity in vitro against MRSA 
USA300. (A) The images of the antibacterial inhibition zones around implants after 24 hours on agar plates 
using an inoculum of 107 CFU/ml. (B) Quantification of the area of the inhibition zones. (C) The minimum 
inhibitory and (D) bactericidal concentrations for the different concentrations of Ag+ and/or Cu2+ ions. 
The bactericidal activity against (E) the Adherent and (F) planktonic bacteria. Dashed line represents the 
inoculum. *, p<0.05, **, p<0.01, ***, p<0.001. n=3 per group for all experiments. Scale bar = 1 cm.

All biofunctionalized implants did generate both hydroxyl and methyl radicals, while the 
NT implants did not generate any oxygen radicals (Figure 3E). Following the hydroxyl 
radical formation up to 2.5 h, the groups containing Ag NPs demonstrated enhanced radical 
formation as compared to all other groups (Figure 3F).
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4.3.4	 Antibacterial assays
After 24 h incubation, all the specimens containing Ag NPs demonstrated a zone of inhibition 
whereas the specimens from the groups NT, PT, and PT – Cu did not (Figure 4A). The size 
of the inhibition zones did not differ significantly between all the groups containing Ag NPs 

(Figure 4B). To explore the synergistic antibacterial behavior between Ag+ and Cu2+ 
ions, we determined the MIC and MBC for Ag+ and Cu2+ against MRSA USA300. The MIC 
for Ag+ was 4 µM and 5 mM for Cu2+ while combining 2 µM Ag+ and 2.5 mM Cu2+ prevented 
bacterial growth (Figure 4C). Similarly, the MBC was 60 µM and 10 mM for Ag+ and Cu2+ 
respectively while combining 30 – 0.47 µM Ag+ with 0.63 – 5 mM Cu2+ resulted in total 
eradication of the bacterial inoculum (Figure 4D). 

The specimens from the PT – Ag, PT – Ag 50, PT – Ag Cu, and PT – Ag Cu 75 25 groups 
totally prevented bacterial adhesion, whereas those from the PT – Ag Cu 50 50 group (3.4 × 104 
CFU) showed a 3-log reduction in the number of the adherent CFUs as compared to the specimens 
from the NT, PT, and PT – Cu groups (1.7 × 108, 2.5 × 108 and 5.0 × 106 CFU respectively; p < 0.001; 
Figure 4E). Similar results were obtained for the planktonic bacteria with PT – Ag Cu 50 50 (1.2 
× 107 CFU) demonstrating a 2-log reduction in the number of CFUs as compared to the NT, PT, 
and PT – Cu groups (4.1 × 106, 1.7 × 108 and 1.6 × 107 CFU respectively; p < 0.001; Figure 4F). The 
NT, PT, and PT – Cu groups did not prevent biofilm formation on the implants where bacteria had 
stacked on top of each other in multiple layers (Figure 5). The PT – Ag and PT – Ag Cu implants 
only showed sparsely attached bacteria, which were mostly entrapped inside the micropores.

NT

PT

PT - Ag

PT - Cu

PT - Ag Cu

PT - Ag Cu 75 25

Figure 5. Biofilm formation on the implants (n=2) after incubation in TSB 1% glucose for 24 h visualized 
using low- (2000x) and high-magnification (8000x) SEM images. 
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To determine the ex vivo bactericidal activity, the implants were inserted into a murine 
femoral infection model (Figure 6A). After 24 h of incubation, the specimens from the PT 
– Ag, PT – Ag Cu, and PT – Ag Cu 75 25 groups fully eradicated the bacterial inoculum 
while those from the PT – Ag 50 group (3.7 × 105 CFU) reduced the bacterial growth by two 
orders of magnitude as compared to the NT and PT specimens (5.4 × 107 and 6.1 × 106 CFU 
respectively; p < 0.001; Figure 6B).
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Figure 6. The bactericidal capacity of implants in an ex vivo femoral mouse model against MRSA 
USA300. (A) A 0.5 mm hole was created to access the intramedullary cavity of mouse femora. Thereafter, 
the bone marrow was extracted and 2 µl PBS injected. The implants were inoculated with 2×102 CFU 
and implanted intramedullary. After 24 h incubation, the femora were homogenized and 10-fold serial 
dilutions of the homogenate were plated on blood agar plates. (B) The quantification of the number 
of CFU following 24 h incubation ex vivo. To confirm proper sterilization of the femors, one femur 
without implant and bacterial inoculum was prepared and analyzed (negative control). To validate the 
system, 2 µl tetracycline was inserted into the femoral canal before implantation (NT+tetra). Dashed 
line represents the bacterial inoculum. n=3, ***, p <0.001.

4.3.5	 Cytocompatibility
At day 1 and 3, the specimens from all groups demonstrated similar metabolic activity while after 
7 days PT, PT – Ag 50, PT – Cu and PT – Ag Cu 75 25 exhibited enhanced metabolic activity 
as compared to the NT specimens (p < 0.001, p < 0.05, p < 0.001 and p < 0.001, respectively; 
Figure 7A). Furthermore, the PT implants had enhanced metabolic activity as compared to the 
specimens from the PT – Ag, PT – Ag 50, and PT – Ag Cu 75 25 groups (p < 0.001, p < 0.001 
and p < 0.01, respectively). The same held for the PT – Cu implants as compared to those from 
the PT – Ag and PT – Ag 50 groups (p < 0.05 and p < 0.01, respectively;). After 11 days, the PT 
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Figure 7. The cytotoxicity assessment of the implants (n=4) were performed using the 
MC3T3-E1 pre-osteoblasts. The osteogenic capacity of MC3T3-E1 cells cultured on the NT and 
biofunctionalized implants were determined as well (n=4 per group). (A) The metabolic activity of 
MC3T3-E1 cells indicated in terms of the optical density (OD530-590nm) determined by Presto blue 
assay after 1, 3, 7, and 11 days of culture. (B) The ALP activity and (C) SEM images demonstrating 
the cell morphology and the spread of the MC3T3-E1 cells on the implants after 11 days of culture. 
Cell covered areas appear dark gray, while the implant substrate has a bright appearance. *, p<0.05, 
**, p<0.01 ***, p<0.001. * vs NT, # vs PT, ¥ vs PT – Ag, $ vs PT – Ag 50, † vs PT – Cu.
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and PT – Cu implants displayed enhanced metabolic activity as compared to the NT implants 
(p < 0.001). The same held for the PT group as compared to PT – Ag,  PT – Ag 50, and PT – Ag 
Cu 75 25 groups (p < 0.01, p < 0.05 and p < 0.01, respectively) as well as for the PT – Cu group as 
compared to the PT – Ag, PT – Ag 50, and PT – Ag Cu 75 25 groups (p < 0.001). Furthermore, 
the ALP activity after 11 days did not differ significantly between the different groups (Figure 
7B). The cell morphology after 11 days demonstrated that all surfaces had cell attachment on 
significant parts of their surfaces (Figure 7C). Cells showed an elongated morphology and were 
found to span large surface areas. 

4.4	 DISCUSSION
Given the widespread research into and the increasing demand for highly porous orthopedic 
implants manufactured by AM, there is an ever increasing need for implant surfaces 
with intrinsic antibacterial activity. While targeting adherent and surrounding bacteria, 
antibacterial agents should not induce adverse effects in the surrounding host tissue. 
Therefore, we explored the use of combining Ag and Cu NPs, incorporated onto the surface 
of AM Ti6Al4V implants through PEO biofunctionalization, to produce potent antibacterial 
surfaces. We report here that Ag and Cu NP bearing implant surfaces with ratios of up to 75% 
Ag and 25% Cu NPs display leaching and direct-contact bactericidal activity against MRSA in 
vitro and ex vivo, while not inducing cytotoxicity to pre-osteoblastic MC3T3-E1 cells. 

To prevent IAI, immediate antibacterial activity is required as most infections arise at 
an early stage after implantation [37, 38]. In this study, the PT – Ag and PT – Ag Cu implants 
with ratios of up to 75% Ag and 25% Cu NPs fully eradicated adherent and planktonic bacteria 
in vitro and ex vivo within 24 h. The prevention of bacterial adherence is essential to prevent 
biofilm formation, which gives rise to untreatable infections as the dose required to remove 
bacteria within a biofilm may be up to 1000-fold higher as compared to planktonic bacteria 
[39]. The fact that the biofunctionalized implants demonstrated strong antibacterial activity 
against MRSA is of clinical significance, since Staphylococci account for over 60% of IAI [29]. 
Furthermore, IAI caused by MRSA are more difficult to treat resulting in a reduced number of 
cured patients after 1 year, as compared to methicillin-susceptible Staphylococcus aureus [40]. 

To enhance the antibacterial activity of the implant, reduce cytotoxicity, and reduce 
the likelihood of bacterial resistance, we incorporated both Ag and Cu NPs onto the implant 
surfaces of our biofunctionalized implants. Combining Ag+ and Cu2+ resulted in synergistic 
effects in the MIC and MBC assays by up to 2 and 10-fold respectively. The same synergistic 
behavior resulted in the antibacterial results of the PT – Ag Cu 75 25 group being comparable 
to those of the PT – Ag and PT – Ag Cu groups whereas the specimens from the PT – Ag Cu 
50 50 group resulted in 3-log and 2-log inhibition of the adherent and planktonic bacteria, 



Chapter 4

138

respectively. Our results concur with previous studies where combining Ag and Cu enhanced 
the bactericidal activity against MRSA compared to either Ag or Cu [41, 42]. The underlying 
mechanism causing this synergistic effect remains to be elucidated [43].

The sensitivity of bacteria to Cu is generally lower as compared to Ag [44], as reflected by 
the MIC-values obtained in this study. Cu is a cofactor in enzymatic reactions [45], required 
for proper bacterial cell metabolism, and therefore present in most bacterial culture media 
[46]. At the same time, elevated levels of freely circulating Cu are toxic to bacterial cells as 
they interfere with iron-sulfur cofactors [47], prevent other metals from binding to specific 
protein sites [48], and result in the generation of ROS [49]. Therefore, bacteria have developed 
several Cu defense mechanisms [50] including Cu exporting ATPases, multi-Cu oxidases, 
and resistance-nodulation-cell division efflux pumps that contributed to the development of 
highly Cu-resistant bacterial strains [51]. 

Contrary to Cu, Ag is not required for proper bacterial cell metabolism. Bacteria are, 
therefore, highly sensitive to Ag as is evident from 50 to 8000 times lower MIC-values as 
compared to Cu [44]. Ag targets a wide spectrum of bacteria by disturbing protein function, 
disruption of the cell membrane, generation of ROS, and blocking iron-sulfur clusters resulting 
in disturbed bacterial homeostasis and DNA damage [28]. Furthermore, Ag has demonstrated 
to make antibiotic-resistant Gram-negative bacteria, both in biofilms and planktonic cells, 
susceptible to antibiotic treatment again [52]. Therefore, the synthesis of Ag-containing 
antibacterial biomaterials has been studied intensively and has been demonstrated to reduce the 
clinical infection rates in patients receiving large limb salvaging prostheses [53-55]. 

However, mammalian cells are also susceptible to Ag, meaning that cytotoxicity is 
a concern too [31]. In this study, the PEO biofunctionalized implants containing Ag NPs 
did not show any signs of cytotoxicity against pre-osteoblastic cells and even demonstrated 
enhanced metabolic activity as compared to the NT implants after 7 days, while the PT and 
PT – Cu implants outperformed the Ag-containing implants after 7 and 11 days. Furthermore, 
no significant differences were observed on the ALP expression after 11 days of culture. All 
these results indicate that our surface biofunctionalized implants induce no cytotoxic effects 
against the pre-osteoblast cells. Indeed, the incorporation of Ca and P species onto the TiO2 
implant surface layer during the PEO biofunctionalization process results in the formation of 
hydroxyapatite [8] that together with the nano-/micro-porous structure of the created oxide 
layer enhance the osteogenic properties of the implants [56, 57]. Furthermore, the addition 
of Cu to titanium surfaces stimulates the ALP activity, the expression of the osteogenic and 
angiogenic markers, such as osteopontin, osteoprotegerin, hypoxia-inducible factor-1α, and 
vascular endothelial growth factor, and the matrix mineralization of mesenchymal stromal 
cells [32, 58]. In this study, we did not observe any effect on osteogenic differentiation nor 
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antibacterial activity by PT – Cu implants, probably because the Cu2+ ion release from our 
biofunctionalized implants is substantially lower as compared to other studies that applied 
PEO [59, 60]. The results presented in the current study suggest that the synergistic effects of 
Ag and Cu make it possible to reduce the amount of the Ag released from the antibacterial 
surfaces while maintaining similar levels of antibacterial properties, thereby minimizing the 
potential adverse effects of Ag on the host cells. Moreover, given the fact that the Ag and Cu 
NPs are tightly embedded inside the oxide layer during the PEO process, the circulation of the 
NPs and, thus, any adverse effects associated with that can be prevented.

In addition to the above-mentioned advantage, combining Ag and Cu on titanium surfaces 
reduces the likelihood of bacteria developing resistance against such antibacterial agents [61]. 
Even though bacterial resistance to either Ag or Cu is not regarded currently as a threat for 
their clinical application, Ag-resistant MRSA strains have been isolated from nasal and wound 
sources in patients [62] and mobile elements carrying Ag resistance are widely spread among 
pathogenic bacteria [63]. Moreover, Staphylococcus aureus has demonstrated increased levels 
of resistance against Ag in a polymicrobial environment due to the presence of Ag-reducing 
factors secreted by other bacterial species [64]. In addition, Cu-resistance inducing genes have 
been reported in Staphylococci, including MRSA, resulting in hyper-resistant strains [65, 66]. 
Therefore, preventing further development of resistance against Ag or Cu is essential for the 
extensive usability of these antibacterial agents. This further underlines the importance of 
exploiting the synergistic effects between multiple inorganic NPs.

Apart from immediate bactericidal activity, long-term antibacterial leaching activity is 
desired, as IAI may arise even years after surgery stemming from a haematogenous origin 
[67]. It is, therefore, of interest to create a reservoir of antibacterial agents on the surface 
of orthopedic biomaterials. In this study, the Ag and Cu NPs were firmly embedded and 
immobilized in the biofunctionalized TiO2 layer during the PEO process, thereby forming a 
reservoir that released significant levels of Ag and Cu ions for at least one month. We confirmed 
the purity of the NPs as well as preservation of shape and composition of the NPs after PEO 
biofunctionalization by transmission electron microscopy [18] and EDS analysis.  The Ag+ 
and Cu2+ ion release was responsible for the clearance of planktonic bacteria in vitro and is 
important as the surrounding peri-implant tissue may form a niche for bacteria to infect the 
implant surface at later time points and generate systemic infections [12]. The combination of 
Ag and Cu NPs affected the ion release profile of both Ag and Cu ions compared to implants 
that possessed either Ag or Cu NPs. The underlying mechanism for the altered Ag and Cu 
ion release was not studied, but may stem from the micro-galvanic coupling processes at the 
implant surface [68]. 
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Next to antibacterial leaching activity, antibacterial surfaces require contact-killing 
properties to extinguish adherent bacteria. ROS are known to play an important role in this 
process due to their extremely reactive nature, which also results in a short life-span. Previous 
studies have indicated the importance of ROS in bacterial killing by antibacterial surfaces 
containing either Ag or Cu [68-71]. We, therefore, investigated the generation of ROS from 
the implants with EPR and observed that PEO biofunctionalization resulted in the formation 
of both hydroxyl and methyl radicals. Furthermore, Ag incorporated into the implant 
surface enhanced the generation of hydroxyl radicals even further, whereas Cu NPs did not. 
Previously, we observed rutile and anatase TiO2 phases in the surface layer of the implants 
by X-ray diffraction [8]. Anatase and rutile have shown to generate ROS and subsequent 
antibacterial activity [72, 73]. Therefore, ROS formed on the implant surfaces are likely to 
contribute to the observed antibacterial behavior in this study.  

Given the fact that bacteria may infect both the implant surface and surrounding tissue, 
it is important to test multiple antibacterial properties in vitro such as the antibacterial leaching 
activity and contact killing. However, such studies lack the presence of the surrounding tissue. 
Therefore, we tested the implants in an ex vivo infection model consisting of murine femurs 
[8]. In this model, specimens from both PT – Ag and PT – Ag Cu groups with ratios of up 
to 75% Ag and 25% Cu demonstrated complete eradication of a bacterial inoculum, while 
those from the PT – Ag 50 group reduced the bacterial growth by two orders of magnitude. 
In the applied ex vivo setup, no distinction was made between the bacteria adhering to the 
implant or those that evaded into the adjacent bone tissue. In addition, in this model, no 
immune system is active that may aid in the eradication of the bacteria. Nonetheless, the 
results demonstrate a strong antibacterial behavior of all Ag NP-bearing implants.

The aforementioned antibacterial functionalities in vitro and ex vivo are generated through 
a single-step incorporation of both Ag and Cu NPs, and Ca and P elements in the electrolyte 
during the PEO process. PEO is highly suitable for the biofunctionalization of the surface of AM 
porous biomaterials, as it ensures a homogenous modification of the surface all over the implant 
surface, while not altering their mechanical properties [74]. These properties make PEO highly 
suitable for the modification of AM meta-biomaterials, that are currently under development 
and may in the future significantly improve the fixation of bone scaffolds and orthopedic 
implants [75]. Assigning antibacterial properties to these highly porous structures will be 
crucial to fight off IAI. Thus far, some studies have indicated that the enormous surface area of 
AM porous biomaterials allows for enhanced antibacterial performance of biofunctionalized 
implants bearing Ag NPs alone [8] or in combination with antibiotics [14, 31]. 
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4.5	 CONCLUSIONS
To develop novel antibacterial biomaterials that prevent IAI, Ti6Al4V implants were rationally 
designed, fabricated by SLM, and subsequently biofunctionalized by PEO with varying ratios 
of Ag and Cu NPs from 0 to 100%. The material and morphological properties, release 
profiles, generation of reactive ion species, antibacterial behavior, and biocompatibility 
of the developed biomaterials were assessed using various material characterization 
techniques, antibacterial assays, and cytotoxicity tests. ICP-OES and EPR analysis revealed 
a sustained release of Ag and Cu ions up to 28 days and the generation of hydroxyl radicals 
in the first 2.5 h, respectively resulting in strong antibacterial leaching and direct-contact 
activity against MRSA as well as a synergistic behavior between Ag+ and Cu2+. Very strong 
antibacterial behaviors against both planktonic and adherent bacteria were also observed 
in vitro. Furthermore, the biofunctionalized implants containing both Ag and Cu NPs with 
ratios of up to 75% Ag and 25% Cu fully eradicated a bacterial inoculum in a murine ex 
vivo infection model. The synthesized implants did not induce cytotoxicity in pre-osteoblastic 
cells. Therefore, PEO biofunctionalization with Ag and Cu NPs is a promising strategy for 
preventing the infections associated with AM porous implants.
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Antibiotic-resistant bacteria are frequently involved in implant-associated infections (IAI), 
making the treatment of these infections even more challenging. Therefore, multifunctional 
implant surfaces that simultaneously possess antibacterial activity and induce osseointegration 
are highly desired in order to prevent IAI. 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 embedded into the 
growing titanium oxide layer. After the surface biofunctionalization process, silver and zinc 
ions were released from the implant surfaces for at least 28 days resulting in antibacterial 
leaching 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 antibacterial 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 activity 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 IAI caused by antibiotic-resistant bacteria.
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5.1	 INTRODUCTION 
Implant-associated infections (IAI) are one of the main causes of implant failure [1, 2]. IAI 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 insusceptible 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 increasing number of untreatable 
infections and significant patient mortality [6-10]. There is, therefore, an urgent need for the 
development of novel antibacterial strategies that minimize the risk of such infections.

There are two major strategies that could be used to minimize the risk of IAI caused by 
antibiotic-resistant strains. The first strategy is to minimize the risk of biofilm formation by 
stimulating 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]. Furthermore, 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 combinations of potent antibacterial 
agents against which bacteria cannot easily develop resistance. 

Here, we merged both of the aforementioned strategies to design and manufacture 
porous metallic implants to maximize the likelihood of preventing IAI caused by antibiotic-
resistant strains. Our approach consists of AM porous titanium using a rationally designed 
porous structure [14], which is then surface-biofunctionalized using plasma electrolytic 
oxidation (PEO) to create multifunctional surfaces that promote the osseointegration of the 
implants while exhibiting a potent antibacterial behavior against antibiotic-resistant bacteria. 
More specifically, the electrolyte 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 bacterial 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 
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behavior, providing the same level of bactericidal behavior with a much lower concentration of 
silver ions. This is particularly 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 TiO2 
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 mechanisms of their 
antibacterial behavior by evaluating the ion release kinetics and the generation of reactive 
oxygen species (ROS). Finally, 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.

5.2	 MATERIALS AND METHODS
5.2.1	 Implant design and additive manufacturing
We aimed to manufacture titanium implants suitable for testing in an ex vivo murine infection 
model. Therefore, we designed a hexagonal unit cell that was subsequently stacked to create 
implants with a length of 4 cm and a diameter of 5 mm. Subsequently, the implants were 
produced at the Additive Manufacturing 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 Photonics Corporation, Oxford, United 
States) under an argon atmosphere with less than 0.2% oxygen. The parameters of the SLM 
process were as follows: a wavelength of 1070 ± 10 nm, an exposure 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-4V powder (AP&C, Boisbriand, 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 ultrasonicated 
subsequently in acetone, 96% ethanol, and demineralized water for 5 min each.
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5.2.2	 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 glycerophosphate (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 dispersed in varying ratios with 3.0 g/l indicated as 100% 
in the electrolyte. 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, respectively), 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 laboratory setup that comprised 
an AC power supply (50Hz, 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/dm2 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. 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 conditions. 

5.2.3	 Zeta potential of nanoparticles in PEO electrolyte
The stability of the Ag and/or Zn nanoparticles in the PEO electrolyte 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.
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5.2.4	 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 
composition on the surface of the implants was determined using spot analyses. 

In addition, a cross-sectional analysis was performed to analyze the titanium oxide 
layer on the implant surface. Therefore, implants 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 4000, 2000, 800, 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 analyzed by SEM. Furthermore, the chemical 
composition of the titanium layer was determined by EDS (n = 5).

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 
3000DV (PerkinElmer, Zaventem, Belgium).

5.2.6	 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 capillary 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 
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was analyzed 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. 

5.2.7	 Antibacterial assays
5.2.7.1	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 (OD600) was measured and the required bacterial 
inoculum 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 incubation at 37 °C and colony forming unit (CFU) quantification.

5.2.7.2	Inhibition zone
The antibacterial leaching activity of the implants was determined 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 107 CFU/ml in 
TSB was distributed 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. Following incubation, the area of the inhibition zones was determined by an 
image processing program (Photoshop CS6, Adobe, California, United States) to determine 
the antibacterial leaching activity of the specimens.

5.2.7.3	Minimal inhibitory concentration (MIC) and minimal bactericidal 	
	 concentration (MBC)
The MIC and MBC of Ag+ and Zn2+ ions, as well as combinations 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 Zn2+, respectively. 
Subsequently, an inoculum at OD600 0.09 was prepared of which 65 µl was transferred to 10 ml 
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of CAMH. Next, 50 µl of the bacterial inoculum and 50 µl of both Ag+ and Zn2+ dilutions were 
added to a 96-well plate and incubated overnight at 37 °C under static conditions. Following 
incubation, the MIC was denoted as the lowest concentration of Ag+ and/or Zn2+ 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 Zn2+ ions without any bacterial colonies present.

5.2.7.4	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 2×103 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 implants of 1 cm in length were added. The specimens 
(n = 3/group) were incubated overnight under static conditions at 37 °C. Subsequently, the 
number of the adherent CFU was quantified by rinsing the specimens 3 times in PBS and 
ultrasonication in 200 µl PBS for 3 min of which 10 µl aliquots of subsequent 10-fold serial 
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.

5.2.7.5	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 2×103 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 hexamethyldisilazane 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. 

5.2.7.6	Ex vivo infection model
The antibacterial properties of the specimens were also studied 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 femurs were 
sterilized using 70% ethanol for 10 min and were subsequently submerged in demineralized 
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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 injecting 2 µl tetracycline (50 mg/ml, Sigma-Aldrich, 
St. Louis, Missouri, 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 incubated on a dynamic platform to simulate intraosseous fluid flow at 37 °C 
for 24 h. After overnight incubation, the femurs were homogenized 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 7000 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.

5.2.8	 Cytocompatibility of MC3T3-E1 cells on implants
5.2.8.1	Pre-culture of cells and cell seeding
Pre-osteoblast MC3T3-E1 cells (Sigma-Aldrich) were cultured 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 refreshed every 2 
– 3 days. For cell seeding on 1 cm implants, 1.5 x 105 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% CO2) and were thereafter placed in a 48 well plate with 200 
µl fresh medium. After 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. 

5.2.8.2	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).
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5.2.8.3	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 submersion in 250 µl PBS-Triton (8% NaCl, 0.2% KCl, 1.44% 
Na2HPO4, 0.24% KH2PO4, and 0.1% Triton X-100 in H2O). 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 measured 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.

5.2.8.4	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. Subsequently, the implants were cleansed twice for 5 min in demineralized 
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).

5.2.9	 Statistical analysis
All data are expressed as mean ± standard deviation. The statistical 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.

5.3	 RESULTS
5.3.1	 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 (Figure 1A). Subsequently, the implants were 
biofunctionalized in a PEO setup (Figure 1B) 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 (Figure 1C). 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 



Multifunctional implants with silver and zinc

5

159   

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 (Figure 1D). Surface 
characterization by SEM revealed a homogenous micro-/nano-porous oxide layer on the 
outer surface of the implants (Figure 1E). Furthermore, the surface morphology 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 (Figure 1F). In the oxide layer the presence of Ti, Al, V, O, 
Ca, P and C elements was confirmed by EDS (Figure 1G).
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Figure 1. (A) The surface morphology of selective laser melted Ti-6Al-4V implants imaged using SEM. 
(B) An illustration of the electrolytic cell used for PEO biofunctionalization depicting the electrolyte, Ag 
and Zn nanoparticles, the arrangement of the implants, and cathode. (C) The V-t curves recorded during 
the PEO biofunctionalization of the 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. 
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5.3.2	 Surface chemistry and phase composition
Following PEO processing, Ag and Zn NPs were observed on the implant surfaces as 
demonstrated by EDS analysis (Figure 2). Ag and/or Zn NPs were fully embedded onto the 
TiO2 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 implants while Ag and/or Zn NPs were 
found for PT – Ag, PT – Zn, and PT – Ag Zn implant surfaces, respectively. 
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Figure 2. EDS analysis of the biofunctionalized implants containing Ag and/or Zn NPs. The locations 
of the Ag NPs (red circles) and Zn NPs (blue circles) on the implant surface were demonstrated using 
secondary (left) and backscattered (right) SEM images. EDS spot analysis confirmed the presence of Ag 
and Zn NPs as part of a surface layer consisting of Ti, Al, V, C, O, Ca, and P. Scale bar = 1 µm.

5.3.3	 Ion release kinetics and formation of reactive oxygen species
5.3.3.1	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; Figure 3A). The release of Zn ions was not affected by the incorporation of Ag NPs 
onto the implant surface (Figure 3B). The release of the ions persisted up to at least 28 days. 
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Combining Ag and Zn NPs reduced the release of Ag ions from the PT – Ag Zn, PT – Ag Zn 
75 25, and PT – Ag Zn 50 50 groups as compared to the PT – Ag implants (p < 0.001, p < 0.05, 
and p < 0.001, respectively; Figure 3C) 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; Figure 3D).

5.3.3.2	Reactive oxygen species formation
Both hydroxyl and methyl radicals were generated by all of the biofunctionalized implant 
groups, while NT implants did not generate any ROS (Figure 3E). 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 (Figure 3F).

5.3.4	 Antibacterial assays
5.3.4.1	Antibacterial leaching activity and minimal inhibitory and 		
	 bactericidal concentration
Following 24 h incubation, the implants bearing Ag NPs demonstrated zones of inhibition 
whereas the NT, PT, PT – Zn and PT – Zn implants showed no such zones (Figure 4A). 
The size of the inhibition zones was similar between the implants indicating that the 
antibacterial leaching activity did not differ significantly (Figure 4B). The synergistic effects 
on antibacterial activity between Ag+ and Zn2+ ions were studied by determining the MIC 
and MBC for Ag+ and Zn2+ against MRSA USA300. The MIC was 4 µM for Ag+ and 630 
µM for Zn2+ while combining 2 µM Ag+ and 310 µM Zn2+ fully prevented bacterial growth 
(Figure 4C). Similarly, the MBC was respectively 60 µM and 5000 µM for Ag+ and Zn2+ while 
combining 30 – 0.47 µM Ag+ with 160 – 2500 µM Zn2+ resulted in total eradication of the 
bacterial inoculum (Figure 4D). 
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Figure 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 electron paramagnetic resonance using DMPO spin trap. DMPO – OH 
and DMPO – CH3 depict a simulation of OH and CH3 radical spectra respectively. (F) The 2D electron 
paramagnetic resonance spectrum measured for the hydroxyl radical formation for up to 150 min. *, p 
< 0.05, **, p < 0.01, ***, p < 0.001. 

5.3.4.2	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 (Figure 4E). 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, 
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and PT – Zn implants (Figure 4F). 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 (Figure 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 on the surface of the 
PT – Ag and PT – Ag Zn implants, they were primarily observed inside the PEO micropores.
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Figure 4. The antibacterial leaching activity and quantification of bactericidal activity in vitro against 
MRSA USA300. (A) The images of the antibacterial inhibition zones around the specimens after 24 h on 
agar with an inoculum of 107 CFU/ml. (B) The quantification of the area of the inhibition zones. (C) The 
minimum inhibitory and (D) bactericidal concentration for the different concentrations of Ag+ and/or 
Zn2+ ions. (E) The adherent and (F) planktonic bactericidal activity against an inoculum of 2×103 CFU/
ml after 24 h. *, p < 0.05, **, p < 0.01, ***, p < 0.001. All experiments were performed in triplicates. Scale 
bar = 1 cm.
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Figure 5. Biofilm formation on the implants (n=2) following 48 h incubation in TSB 1% glucose as 
visualized using low (2000x) and high (8000x) magnification SEM images. Scale bar = 5 µm. 
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Figure 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 mouse femurs by drilling through 
the epicondyle. Thereafter, the bone marrow was removed and 2 µl PBS was injected. The mouse femurs 
were inoculated with 2×102 CFU and were implanted intramedullary. After 24 h of incubation, the 
femurs were homogenized and 10-fold serial dilutions of the homogenate were plated on blood agar 
plates. (B) The quantification of the number of CFU following 24 h incubation ex vivo. To confirm 
proper sterilization, one femur without implant and bacterial inoculum was processed and analyzed 
(negative control). For validation of the model, 2 µl of tetracycline was injected intramedullary prior to 
implantation with an inoculated implant (NT+tetra). n=3, ***, p < 0.001.
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5.3.4.3	Ex vivo antibacterial activity
The ex vivo bactericidal activity of the implants was evaluated in a murine femoral infection model 
(Figure 6A). After 24 h of incubation, 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 (Figure 6B).

5.3.5	 Cytocompatibility of MC3T3-E1 cells on biofunctionalized 		
	 implants
At day 1, the MC3T3-E1 cells cultured on all implants demonstrated similar metabolic 
activities while after day 3 the metabolic 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; Figure 7A). After 7 days, the metabolic activities of the 
cells present on the PT and PT – Zn implants 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, respectively). 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). After 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 (Figure 7B). The cell morphology after 11 days demonstrated that all surfaces had 
cell attachment on significant parts of their surface (Figure 7C). The cells showed elongated 
morphologies and were found to span large areas. 
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Figure 7. Cytocompatibility assessment using MC3T3-E1 pre-osteoblasts cultured on the implants 
(n=4). (A) The metabolic activity of the MC3T3-E1 cells indicated as the optical density (OD530-590nm) 
determined by the Presto blue assay after 1, 3, and 7 days of culture. (B) The ALP activity and (C) SEM 
images demonstrating the cell morphology and the spread of the MC3T3-E1 cells on the implants after 
11 days of culture. *, p < 0.05, **, p < 0.01 ***, p < 0.001. *vs NT, # vs PT, ¥ vs PT – Ag, $ vs PT – Ag 50, 
† vs PT – Zn. Scale bar = 50 µm.

5.4	 DISCUSSION
To improve implant longevity, the prevention of IAI induced by antibiotic-resistant bacteria 
is essential. Multifunctional implant surfaces that possess antibacterial activity and stimulate 
bony ingrowth are important tools in our quest to achieve that goal. AM enables the fabrication 
of highly porous implants that could benefit 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, however, the much larger internal surface area 
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of AM porous biomaterials amplifies the effects of the applied surface biofunctionalization. 
In this study, PEO biofunctionalized SLM porous titanium implants bearing Ag and Zn NPs 
demonstrated multifunctional behavior 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, IAI 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 enhancing patient morbidities [32]. With the number of patients anticipated 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 efficacy 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 
differentiation 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 surface as well as those 
present in the tissue surrounding the implant. 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 properties of the implant. The use of PEO with Ca/P-based electrolytes 
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 cytotoxicity 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 [48, 49]. 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 Zn2+ 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 may originate from a 
reduced incorporation of Ag NP onto the implant surface or a reduced rate of Ag+ oxidation and 
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subsequent release due to galvanic coupling [46, 50]. Since Zn has a lower standard electrode 
potential as compared to both Ag and the TiO2 surface layer [51], the Zn NPs will function 
as local anodes, Ag NP as local cathodes, and the TiO2 surface layer as the electron pathway, 
ultimately resulting in the oxidation of the Zn NP and subsequent Zn2+ 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 antibacterial zone in the proximity of the implant surface [51]. 

The ion release from the implant surface results in an antibacterial leaching behavior, 
which in this study is reflected by the zone of inhibition. We observed that the PT – Ag and 
PT – Ag Zn implants exhibited a significant zone of inhibition, whereas the PT – Zn implants 
did not, which concurs with the fact that the MIC of Zn2+ is 100 to 150 times higher than 
that of Ag+ [52]. We also observed that combining Zn2+ 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 crucial in various bacterial 

metabolic processes, such as ATP synthesis, and has been shown to play a role in inter-
bacterial communication between Staphylococci resulting in enhanced bacterial adhesion and 
biofilm formation [53, 54]. In contrast, Ag is not vital for bacterial cells and irreversibly targets 
cytoplasmic proteins, enzymatic 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 antibacterial behavior between Zn2+ 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 TiO2 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 hydroxyl radical formed and annihilated the formation of methyl radicals. Ag doping 
of Zn photocatalytic microspheres has demonstrated to enhance the formation of hydroxyl 
radicals [61, 62].  However, the exact mechanisms through which the biofunctionalization of 
SLM titanium implants with both Ag and Zn NPs affects the formation 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 
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in an adequate model against MRSA. Therefore, we investigated the antibacterial activity in a 
murine ex vivo model to simulate in vivo conditions. 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 aureus and, thus, affect the infection 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 implants, the addition of Zn 
to Ag-bearing surfaces is important to reduce the cytotoxicity caused by Ag. In our study, the 
PT – Zn implants enhanced the metabolic activity of the MC3T3-E1 cells after 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 studies 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 Zn2+ on our implants 
might have been too low to initiate 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]. 
Combining Ag and Zn in a plasma sprayed hydroxyapatite coating has resulted 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 investigated 
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 current 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 IAI are induced by Staphylococci [6], and S. aureus and S. epidermidis 
strains exhibit ever increasing levels of antibiotic-resistance [72-74], the current prophylaxis 
regimes are becoming less effective [7], thereby putting patients at risk and warranting the 
development of novel strategies to prevent IAI by resistant bacteria. 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 surface. This 
will make the development of bacterial resistance unlikely, which is crucial to prevent future 
infections on AM porous implants. 
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5.5	 CONCLUSIONS
To improve the longevity of orthopedic implants, multifunctional 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 biofunctionalized 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 
formation. 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 biofunctionalized with Ag and Zn NPs hold great promise as candidates for 
further development towards multifunctional bone implants.
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The holy grail of orthopedic implant design is to ward off both aseptic and septic loosening 
for long enough that the implant outlives the patient. Questing this holy grail is feasible only 
if orthopedic biomaterials possess a long list of functionalities that enable them to discharge 
the onerous task of permanently replacing the native bone tissue. Here, we present a rationally 
designed and additively manufactured (AM) topologically ordered porous metallic biomaterial 
that is made from Ti6Al4V using selective laser melting and packs most (if not all) of the 
required functionalities into a single implant. In addition to presenting a fully interconnected 
porous structure and form-freedom that enables realization of patient-specific implants, the 
biomaterials developed here were biofunctionalized using plasma electrolytic oxidation to 
locally release both osteogenic (i.e., strontium) and antibacterial (i.e., silver ions) agents. The 
same single-step biofunctionalization process also incorporated hydroxyapatite into the surface 
of the implants. Our measurements verified the continued release of both types of active agents 
up to 28 days. Assessment of the antibacterial activity in vitro and in an ex vivo murine model 
demonstrated extraordinarily high levels of bactericidal effects against a highly virulent and 
multi-drug resistant Staphylococcus aureus (MRSA) strain (i.e., USA300) with total eradication 
of both planktonic and adherent bacteria. This strong antibacterial behavior was combined 
with a significantly enhanced osteogenic behavior, as evidenced by significantly higher levels of 
alkaline phosphatase (ALP) activity compared to non-biofunctionalized implants. Finally, we 
discovered synergistic antibacterial behavior between strontium and silver ions, meaning that 
4-32 folds lower concentrations of silver ions were required to achieve growth inhibition and 
total killing of bacteria. The functionality-packed biomaterial presented here demonstrates a 
unique combination of functionalities that make it an advanced prototype of future orthopedic 
biomaterials where implants will outlive patients.
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6.1	 INTRODUCTION 
Orthopedic implants are the jewels of the medical device industry: they help keep tens of 
millions of people mobile. Like all other functional devices, however, they too have a limited 
service life. Generally, loosening marks the end of the lifespan of orthopedic implants when 
debilitating pain sets in and the patient’s mobility diminishes to the point of complete 
evanescence. 

Implant loosening can generally be categorized as being either aseptic or septic. The 
holy grail of orthopedic implant design is to ward off both aseptic and septic loosening for 
long enough that the implant outlives the patient. Researchers have been questing for this holy 
grail using a host of methodological approaches such as the synthesis of new biomaterials [1], 
the surface biofunctionalization of implants [2, 3], conceiving implants with bone-mimicking 
mechanical properties [4-7], and the local delivery of active agents [8, 9]. 

Frequently, however, these developments fall short of the ultimate goal, as the strenuous 
task of permanently replacing biological tissues requires mustering more than one single 
craft. Therefore, multiple functionalities need to be packed into one single piece of implant. 
To prevent aseptic loosening for as long as possible, one should improve the primary stability 
of the implant [10, 11], minimize stress shielding through bone-mimicking mechanical 
properties [12-15], provide a fully-interconnected volume-porous structure to allow for 
optimal bony ingrowth [16, 17], and stimulate the osteogenic differentiation of stem cells [18, 
19]. As for septic loosening, both short-term and long-term implant-associated infections 
(IAIs) should be staved off through obliteration of the bacteria reaching the implant surface 
post-operatively, hematogenously, or contiguously [20]. This lengthy list of design objectives 
necessitates a re-interpretation of the term “multi-functional biomaterials” as biomaterials that 
are packed with many multi-domain functionalities that have been traditionally considered 
difficult to obtain and at times even contradictory.

A number of recent developments in additive manufacturing (AM) technologies 
[21-25], rational design processes [26, 27], and surface biofunctionalization techniques 
[28-30] have, however, made it feasible to incorporate many or all of the above-mentioned 
functionalities into one single piece of orthopedic implant. Here, we present an advanced 
prototype of such functionality-packed biomaterials that has the potential of meeting most 
(if not all) of our design objectives. First, we used rational design principles and AM for 
fabrication of topologically ordered porous titanium that present a fully interconnected porous 
micro-architecture to allow for optimal bony ingrowth [21, 22, 31], while exhibiting highly 
adjustable bone-mimicking mechanical properties [32-34] that minimize stress shielding. We 
also used the form-freedom offered by AM [35] to create bespoke implants that maximize 
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their primary stability. In the case of the present study, the bespoke geometry is that of the 
murine femora used for our ex vivo animal experiments. These miniaturized geometries also 
demonstrate the potential of our approach for fabrication of implants with fine geometrical 
details. These three functionalities are not the only advantages of our complex topological 
design: it was also optimized to increase the surface area of our implants by more than 
threefold as compared to a corresponding solid implant [36]. This multi-fold increase in the 
surface area amplifies the effects of the unique surface biofunctionalization technique used 
for addressing the remaining design objectives.

In addition to being functionality-packed, much of the novelty of the biomaterials 
presented here originates from the surface biofunctionalization technique applied to 
simultaneously prevent aseptic loosening through stimulation of the osteogenic differentiation 
of stem cells as well as septic loosening through both short- and long-term delivery of 
antibacterial agents from the entire volume of the AM porous biomaterials. Although the 
osteogenic [37-40] and antibacterial [29, 41-43] properties of the locally delivered active 
agents (i.e., strontium and silver nanoparticles, respectively) are known, we explored the 
use of both agents simultaneously to generate multi-functional properties on the complex 
geometry of our highly porous AM implants.

6.2	 MATERIALS AND METHODS
6.2.1	 Topological design and AM
We used a hexagonal unit cell with an ultra-high surface to volume ratio [36] to design the 
micro-architecture of our topologically ordered porous structures. Miniaturized implants with 
a geometry optimized for implantation in murine femora were designed with a length of 4 cm 
and a diameter of 0.5 mm, resulting in a 35.6 surface to volume ratio. The specimens were AM 
using a customized selective laser melting (SLM) equipment (SLM-125, Realizer, Borchem, 
Germany) at the Additive Manufacturing Laboratory (TU Delft, Delft, The Netherlands) 
employing a YLM-400-AC Ytterbium fiber laser (IPG Photonics Corporation, Oxford, United 
States) operated inside an argon atmosphere with less than 0.2% oxygen content. Medical-
grade (grade 23, ELI) Ti6Al4V powder (AP&C, Boisbriand, Quebec, Canada) with a spherical 
morphology, particles sizes between 10 and 45 µm, and a layer thickness of 50 µm was used. 
Laser processing was performed with an exposure time of 300 µs, a wavelength of 1070 ± 
10 nm, and a laser power of 96 W, resulting in a laser spot size of 145 µm. Following SLM 
manufacturing, the loose powder particles were removed by vacuum cleaning. The specimens 
were subsequently ultrasonicated in acetone followed by immersion in 96% ethanol and 
demineralized water for 5 min each.
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6.2.2	 Surface biofunctionalization
The surface of AM porous implants was biofunctionalized using plasma electrolytic oxidation 
(PEO) in a custom-made setup consisting of an AC power source (50 Hz, type ACS 1500, 
ET Power Systems Ltd, Eyam, United Kingdom), a data acquisition board (SCXI, National 
Instruments, Austin, Texas, United States), a computer interface, and a double-walled glass 
electrolytic cell containing 800 ml electrolyte [44, 45]. The PEO electrolyte contained 0.15 
M calcium acetate, 0.02 M calcium glycerophosphate, 0.3 M strontium acetate, and 3.0 g/L 
silver nanoparticles (AgNPs) (Sigma-Aldrich, St. Louis, Missouri, United States). AgNPs 
with a spherical morphology and a size distribution of 7 – 25 nm were dispersed in the PEO 
electrolyte by ultrasonication of 2 times 3 min to obtain a homogenous suspension in the 
electrolyte. In between the sonication steps, the electrolyte was stirred for 5 min at 500 rpm 
with a magnetic stirrer (IKA-Werke GmBH & Co. KG, Staufen, Germany) and stir bar of 40 x 
8 mm (VWR, Radnor, Pennsylvania, United States).

PEO processing was performed under galvanostatic conditions with a current density of 
20 A/dm2. The implant served as the anode whereas a stainless-steel cylinder placed against 
the inner wall of the electrolytic cell formed the cathode. To maintain the homogeneity 
of the electrolyte, it was continuously stirred at 500 rpm. Furthermore, the temperature 
of the electrolyte was kept in a range of 6 ± 2 °C through a thermostatic bath (Thermo 
Haake, Karlsruhe, Germany) connected to the electrolytic cell. During the PEO process, 
the voltage-time (V-t) transients were recorded at a sampling rate of 1 Hz. After surface 
biofunctionalization, the implants were rinsed in running tap water for 1 min and sterilized 
by heat treatment for 1 h at 110 °C in an oven (Nabertherm GmbH, Lilienthal, Germany).

As-manufactured implants without any surface biofunctionalization were designated as 
the non-treated (NT) group. Additional experimental groups included PEO-treated implants 
without strontium or silver (PT), as well as those with strontium (PT-Sr), AgNPs (PT-Ag), or 
both (PT-AgSr). 

6.2.3	 Biomaterial characterization
6.2.3.1	Scanning electron microscopy (SEM) 
The surface morphology of the specimens was studied using a SEM (JSM-IT100LA, JEOL, 
Tokyo, Japan) with electron beam energies in the range of 5 – 20 kV and a working distance 
of 10 mm. Prior to imaging, the implants (n = 3/group) were coated with a gold layer of 5 ± 
2 nm to enhance electrical conductivity. To analyze the chemical composition of the implant 
surface, energy-dispersive X-ray spectroscopy (EDS) was performed.
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6.2.3.2	X-ray diffraction (XRD)
The phase compositions of the specimens from the NT, PT, and PT-Sr groups were studied 
with a D8 advanced diffractometer (Bruker, Billerica, Massachusetts, United States) with 
Bragg-Brentano geometry and Lynxeye position sensitive detectors. The following settings 
were applied: CuKα radiation detector = LL 0.11 W 0.14, divergence slit = V6, scatter screen 
height = 5 mm, current = 40 mA, and voltage = 45kV. No sample spinning was applied during 
the experiments. The specimens were measured using a coupled θ - 2θ scan from 20 – 120°, a 
step size of 0.034° 2θ, and a counting speed of 10 s/step. The obtained data was analyzed using 
the DiffracSuite.Eva (version 4.1) software (Bruker).

6.2.3.3	Inductively coupled plasma optical emission spectroscopy (ICP-OES)
The release kinetics of strontium and silver ions were analyzed using ICP-OES. 
Biofunctionalized specimens (n = 3 per experimental group, length =1.5 cm) were submerged 
in 1 ml phosphate buffered saline (PBS) in a brown glass vial and kept at 37 °C in a water bath. 
The medium was sampled after 0.5, 1, 2, 4, 7, 14 and 28 days to measure the concentrations of 
silver and strontium ions using a spectrometer (Spectro Arcos, Kleve, Germany). 

6.2.4	 Antibacterial assays
6.2.4.1	Preparation bacterial inoculum
To prepare a bacterial inoculum, a single colony of methicillin-resistant Staphylococcus aureus 
(MRSA; strain = USA300 [46-48]) was suspended in either 3 ml tryptic soy broth (TSB) or 
cation-adjusted Mueller Hinton broth (CAMH) and incubated for 2 h at 37°C while shaking 
at 120 rpm. Following incubation, the optical density at 600 nm (OD600) was measured 
and the required bacterial inoculum was prepared based on the OD600 value. The prepared 
inoculum was quantified by plating 10 µl triplicates of 10-fold serial dilutions on blood agar 
plates (Becton Dickinson, Franklin Lakes, United States) followed by overnight incubation at 
37 °C and quantification of colony forming units (CFU).

6.2.4.2	Minimal inhibitory concentration (MIC) and minimal bactericidal 	
	 concentration (MBC)
The MIC and MBC of Ag+ and Sr2+ ions as well as combinations thereof were determined in 
CAMH broth using silver nitrate and strontium acetate (both from Sigma-Aldrich, St. Louis, 
United States). An MRSA USA300 inoculum of OD600 0.09 was prepared of which 65 µl was 
transferred to 10 ml of CAMH. Two-fold serial dilutions were prepared in a 96-well plate starting 
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from 2 mM for Ag+ and 80 mM for Sr2+. Subsequently, 50 µl of bacterial inoculum and 50 µl of 
both Ag+ and Sr2+ dilutions were added together in a 96-well plate and incubated overnight at 37 
°C under static conditions. The following day, the MIC was scored as the lowest concentration of 
Ag+ and Sr2+ where no turbidities were present. To determine the MBC, 10 µl aliquots of each well 
were plated on blood agar plates and incubated overnight at 37 °C, followed by CFU counting. 
The MBC was noted as the lowest concentration of Ag+ and Sr2+ where no colonies were observed.

6.2.4.3	Leachable antibacterial assay
To determine the antibacterial leaching activity, agar plates were prepared from Luria broth 
(LB) consisting of 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. A bacterial inoculum of OD600 0.01 was prepared in TSB and bacterial 
suspensions were evenly distributed over the surface of the agar plates using a sterile swab. 
Subsequently, 1.5 cm implants were placed on the agar surface and incubated at 37 °C in 
a humid environment for 24 h. After incubation, the area of the zone of inhibition was 
measured with image processing software (Photoshop CS6, Adobe, California, United States) 
to determine the antibacterial leaching activity (n = 3 per group).

6.2.4.4	Quantitative bactericidal assay
To quantify the bactericidal activity, the numbers of adherent and non-adherent (i.e., 
planktonic) CFU were quantified. Therefore, 4 implants of 1 cm were inserted in 200 µl 
MicroAmp® Fast Reaction Tubes (Life Technologies, Carlsbad, California, United States) with 
a bacterial inoculum of 2×103 CFU MRSA USA300 in 100 µl TSB + 1% glucose and incubated 
overnight at 37 °C under static conditions (n = 3 per group). To determine the number of 
adherent CFU, the implants were washed 3 times in PBS, ultrasonicated for 3 min in 200 
µl PBS, and 10 µl aliquots of 10-fold serial dilutions were plated on blood agar plates. The 
number of non-adherent CFU were quantified from the inoculation medium by plating 10 µl 
aliquots of 10-fold dilutions on blood agar plates. Following overnight incubation at 37 °C, 
the number of CFU were quantified.

6.2.4.5	Biofilm formation and characterization
To evaluate the formation of biofilms, implants (n = 2 per group) were statically incubated at 
37 °C in 1 ml TSB + 1% glucose and inoculated with 108 CFU/ml MRSA USA300. After 48 h, 
the implants were washed with PBS and fixated in McDowels fixative (4% paraformaldehyde 
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and 1% glutaraldehyde in 10 mM phosphate buffer at pH 7.4). Biofilm formation was 
analyzed by dehydrating the fixated implants according to the following procedure: rinsing 
in demineralized water for 5 min and dehydration in 50% ethanol for 15 min, 70% ethanol 
for 20 min, 96% ethanol for 20 min and hexamethyldisilazane for 15 min. Subsequently, the 
implants were dried in air for 2 h and coated with a gold layer of 5 ± 2 nm. 

6.2.4.6	Ex vivo animal experiments
To assess the intraosseous antibacterial properties, the biofunctionalized implants were 
evaluated ex vivo in murine femora explanted from mouse cadavers by the Central 
Laboratory Animal Institute (Utrecht University). Following removal of the surrounding 
tissue, the femora were sterilized in 70% ethanol for 10 min and subsequently submerged in 
demineralized water for 10 min. A hole of 0.5 mm was drilled through the epicondyle into 
the intramedullary canal and bone marrow was removed with a syringe. To simulate in vivo 
conditions, 2 µl of PBS was inserted into the medullary cavity. Prior to implantation, the 
implants were inoculated with an inoculum of 200 CFU MRSA USA300 in 2 µl PBS, left to 
dry in air for 15 min, and implanted into the femur.

As a control for the ethanol sterilization of the femora, one femur did not receive an 
implant (negative control). To validate the model, 2 µl of tetracycline (50 mg/ml, Sigma-
Aldrich, St.Louis, Missouri, United States) was injected into the bone cavity after implantation 
with an inoculated NT implant. Following implantation, the femora were incubated in 0.5 
ml tubes at 37 °C on a rotating platform to simulate intraosseous fluid flow. After 24 h, the 
femora were submersed in 800 µl PBS with 15 zirconia beads (Ø 2mm, BioSpec, Bartlesville, 
Oklahoma, United States) and homogenized using a MagNA Lyser (Roche Diagnostics, 
Risch-Rotkreuz, Switzerland) at 7000 rpm for 2 cycles of 30 s and cooled on ice in between. 
From the resulting homogenate, 10-fold serial dilutions were prepared on blood agar plates, 
incubated overnight at 37 °C, and the numbers of CFU were quantified.

6.2.5	 Osteogenic cell assays
6.2.5.1	Cell seeding and culturing
Osteoblastic murine MC3T3-E1cells (Sigma-Aldrich) were cultured for 7 days in culture 
medium consisting of α Minimum Essential Medium (αMEM), supplemented with 1% 
penicillin-streptomycin and 10% fetal bovine serum (all from ThermoFisher Scientific). The 
medium was refreshed every 2 – 3 days. Prior to cell seeding, the implants were cut to 1 cm 
length and sterilized at 110 °C for 1 h in an oven (Nabertherm GmbH, Lilienthal, Germany). 
Cell seeding was performed by inserting an implant in a 0.2 ml tube with 1.5×105 MC3T3-E1 
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cells in 100 µl culture medium. Subsequently, the implants were incubated at 37 °C and 
5% CO2 in a horizontal position and tilted every 20 min for 2 h in total. After seeding, the 
implants were placed in a 48 well plate with 200 µl fresh medium. After 2 days of culturing, 
osteogenic differentiation was induced by the addition of 50 µg/ml ascorbic acid and 4 mM 
β-glycerophosphate (all from Sigma-Aldrich). Thereafter, the medium was refreshed every 
2 – 3 days. Two independent experiments were performed (each time in quadruplicates).

6.2.5.2	Presto blue assay
The metabolic activity of the MC3T3-E1 cells was determined by a PrestoBlue assay 
(Thermofisher, Waltham, MA, United States) after 1, 3, 7 and 11 days of culture. The same 
replicates were used for all time points. The implants (n = 4 per group) were incubated in 
200 µl fresh culture medium supplemented by 20 µl PrestoBlue cell viability reagent for 1 h 
at 37°C. Thereafter, the fluorescence was measured at an excitation wavelength of 530 nm 
and an emission wavelength of 595 nm with a Victor X3 microplate reader (PerkinElmer, 
Nederland B.V., Groningen, The Netherlands). Furthermore, we determined the cell 
seeding efficiency on the implants (n = 4 per group) immediately after seeding by deducting 
the number of live cells present in the culture medium from the total number of seeded cells.

6.2.5.3	Alkaline phosphate (ALP) assay
The ALP activity of the differentiated MC3T3-E1 cells was determined 11 days after cell 
seeding. The implants (n = 4 per group) were rinsed with PBS and 250 µl PBS-Triton added 
(8% NaCl, 0.2% KCl, 1.44% Na2HPO4, 0.24% KH2PO4 and 0.1% Triton X-100 in H2O). The 
cells were dissociated from the implants by ultrasonication for 10 min and incubated with 100 
µl p-nitrophenyl phosphate (pNPP, Sigma-Aldrich) at 37 °C for 10 min. Subsequently, 250 µl 
NaOH was added to stop the reaction. The absorbance was then measured at a wavelength of 
405 nm with the same Victor X3 microplate reader. To determine the ALP activity, a standard 
curve was prepared by addition of 100 µl PBS-Triton and 250 µl NaOH to each well and the 
total protein content was determined with a BCA protein assay kit (Invitrogen). Subsequently, 
the ALP levels were normalized to the total protein content.

6.2.5.4	Cell morphology
The number and morphology of MC3T3-E1 cells on the surface of the implants were assessed 
by SEM after 5 days of incubation. The implants were fixed in McDowels fixative (4% 
paraformaldehyde and 1% glutaraldehyde in 10 mM phosphate buffer at pH 7.4) and stored at 
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4 °C. Prior to SEM imaging, the implants were rinsed twice in demineralized water for 5 min 
and dehydrated in ethanol (15 min in 50%, 20 min in 70% and 20 min in 96%). Subsequently, 
the implants were dried in air for 2 h, coated with a gold layer of 5 ± 2 nm, and analyzed by 
SEM (n = 2 per group).

6.2.6	 Statistical analysis
All data are presented as mean ± standard deviation. Statistical analysis was performed with 
GraphPad Prism (GraphPad Software, La Jolla, California, United States) using one-way and 
repeated-measured ANOVA tests. The differences between various experimental groups were 
considered as statistically significant when p < 0.05. 

6.3	 RESULTS
6.3.1	 Surface morphology and PEO biofunctionalization
AM porous biomaterial presented highly porous structures with various partially molten 
Ti6Al4V powder particles attached to the surfaces (Figure 1A). The V-t curves (Figure 1B) 
recorded for the specimens from the PT and PT-Ag groups demonstrated similar transients 
whereas those of the PT-Sr and PT-AgSr groups had a much lower final voltage. Up until 
dielectric breakdown, the voltage increased with 14 ± 1 V/s for the PT and PT-Ag implants 
after which the slope of the curve reduced to 0.49 V/s and plasma discharging started at 115 ± 
5 V, resulting in a final voltage of 249 ± 6 V. For the PT-Sr and PT-AgSr implants, the voltage 
rose slower with a rate of 11.3 ± 1 V/s. Furthermore, the increase rate of the voltage was lower 
(i.e., 0.28 V/s) as compared to the specimens from the PT and PT-Ag groups resulting in final 
voltages of 170 ± 4 for the PT-Sr and PT-AgSr groups. SEM analysis demonstrated uniform 
coverage of the implant surfaces with a micro-/nano-porous oxide layer (Figure 1C). The 
addition of strontium acetate in the PEO electrolyte resulted in smaller pore sizes for the 
PT-Sr group as compared to the PT group. The addition of AgNPs did not alter the surface 
morphology of the biofunctionalized implants compared to PT and PT-Sr implants.

6.3.2	 Surface chemistry and phase composition of 				  
	 biofunctionalized implants
Spot EDS measurements demonstrated the presence of Ca, P, Ti, Al, and V on the surface of 
all biofunctionalized specimens (Figure 2A). Sr was detected on the surface of the specimens 
from the PT-Sr and PT-AgSr groups. Furthermore, backscattered SEM images as well as EDS 
measurements verified the presence of AgNP on the surface of PT-Ag and PT-AgSr implants. 
AgNPs were spread homogenously over the surface and fully embedded in the TiO2 layer. 
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Phase analysis with XRD demonstrated a crystalline TiO2 layer consisting of mainly rutile as 
well as lesser extents of anatase phases (Figure 2B). Moreover, the hydroxyapatite phase (Ca1

0(PO4)5.64(CO3)0.66(OH)3.03) and strontium apatite (Sr5(PO4)3(O2)0.24(OH)1.52) were detected on 
PT and PT-Sr specimens, respectively. In addition, strontium titanium oxide (SrTiO3) and 
strontium-Ca/P (Sr2Ca(PO4)2) were observed on the surface of the PT-Sr implants.  
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Figure 1. (A) SEM micrograph demonstrating the surface morphology of the implants after SLM. (B) 
The V-t transients recorded during the PEO processing of the SLM implants with different electrolytes. 
(C) Low (500×) and high (2000×) magnification SEM images of the PT, PT-Sr and PT-AgSr implants 
after 300 s of oxidation.

6.3.3	 Ion release and antibacterial activity
6.3.3.1	Ion release kinetics
Sr and Ag ions were released from the biofunctionalized specimens up to 28 days (Figure 
3A,3B). Ion release was highest in the first 4 days followed by a gradual release profile. Sr ion 
release was up to 1.15 times higher (p < 0.01) for the PT-Sr specimens as compared to those 
from the PT-AgSr group while the release of Ag ions was 1.23 times higher for the PT-Ag 
group compared to the PT-AgSr implants (p < 0.01).
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6.3.3.2	Minimal inhibitory concentration and zone of inhibition
The MIC values for Ag+ and Sr2+ were 16 µM and 20 mM respectively while combining 4 
µM of Ag+ and 2.5 mM of Sr2+ prevented bacterial growth altogether (Figure 3C). Similarly, 
the MBC values of Ag+ and Sr2+ were respectively 256 µM and 80 mM while combining 128 
– 16 µM of Ag+ with 5 – 40 mM of Sr2+ resulted in total absence of bacterial growth (Figure 
3D). After 24 h incubation, PT-AgSr implants demonstrated a significantly enhanced zone 
of inhibition (1.52 versus 1.12 cm2, p < 0.05) as compared to the specimens from the PT-Ag 
group while no inhibition zones were detected for the NT, PT, and PT-Sr implants (Figure 
3E). 

6.3.3.3	Quantification of bactericidal activity and prevention of biofilm 		
	 formation
Both PT-Ag and PT-AgSr completely prevented bacteria from adhering onto the surface after 
24 h (Figure 3F). Furthermore, PT-Ag and PT-AgSr implants eradicated all non-adherent 
bacteria (Figure 3G). The NT, PT and PT-Sr implants did not prevent the growth of either 
adherent or non-adherent bacteria after 24 h. After 48 h, the specimens from the NT, PT and 
PT-Sr groups demonstrated bacterial adhesion on a substantial part of their surface area, 
while PT-Ag and PT-AgSr demonstrated almost no attached bacteria, save for a few found 
after substantial effort (Figure 4). On the surface of the NT implants, these clusters of bacteria 
had grown into multiple layers of bacterial cells. After 48 h, no instances of stacked bacterial 
clusters were found on the surfaces of the PT-Ag and PT-AgSr implants.  
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Figure 2. (A) Secondary (left) and backscattered (right) SEM images demonstrating the location and 
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Figure 3. The ion release profile and in vitro antibacterial activity against MRSA USA300. The 
cumulative ion release of (A) Sr2+ and (B) Ag+ ions released from biofunctionalized implants in PBS as 
determined by ICP-OES. (C) The results of the minimum inhibitory and (D) bactericidal concentration 
tests demonstrating the level of bacterial growth for different concentrations of Ag+ and/or Sr2+ ions. (E) 
The photographs (left) and size (right) of the inhibition zones formed around the specimens after 24 
hours of incubation on an agar plate with an inoculum of 107 CFU/ml. (F) The number of adherent and 
(G) non-adherent bacteria following the incubation of the implants with an inoculum of 2×103 CFU/ml 
for 24 h. *, p<0.05, **, p<0.01, ***, p<0.001. n=3 per group for all experiments.

6.3.3.4	Ex vivo antibacterial activity
The antibacterial activity was determined ex vivo using an intraosseous infection model 
consisting of murine femora (Figure 5A). The specimens from the PT-Ag and PT-AgSr 
groups fully eradicated the bacterial inoculum while those from the NT, PT, and PT-Sr did 
not prevent bacterial growth ex vivo (Figure 5B). 
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Figure 4. Low (2000×) and high (8000×) magnification SEM images of the MRSA USA300 bacteria and 
their biofilm formation on the specimens after 48 h of incubation in TSB 1% glucose. 

6.3.4	 Osteogenic activity of MC3T3-E1 cells on biofunctionalized 
implants
After 1 and 3 days the metabolic activity of the MC3T3-E1 cells on all specimens was similar 
while after 7 and 11 days the metabolic activity on specimens from the PT, PT-Sr and PT-
AgSr groups was significantly enhanced as compared to the NT implants (p < 0.001 and p < 
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0.01, respectively; Figure 6A). In addition, after 7 days metabolic activity of the PT implants 
was higher as compared to those from the PT-Ag and PT-AgSr groups (p < 0.001 and p < 
0.05 respectively) as well as PT-Sr compared to PT-Ag (p < 0.001). Furthermore, after 11 
days the metabolic activity of PT-Sr, PT-AgSr and PT implants was enhanced compared to 
PT-Ag implants (p < 0.001, p < 0.01 and p < 0.05 respectively). The efficiency of the cell 
seeding was 83 ± 6 % and did not differ significantly between experimental groups (Figure 
6B). After 11 days, the ALP activities of the specimens from the PT-Sr and PT-AgSr groups 
were significantly higher as compared to the NT implants (p < 0.01 and p < 0.05 respectively) 
as well as PT-Sr compared to PT-Ag (p < 0.05; Figure 6C). While all surfaces demonstrated 
cell attachment on substantial parts of their surfaces, the surface of all biofunctionalized 
implants was almost fully covered by the cells (Figure 6D). Cells demonstrated elongated 
morphologies and were attached onto and into the micropores. Furthermore, the cells crossed 
the gaps in between the 3D morphology of the implant surfaces.
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Figure 5. Bactericidal activity of implants in an ex vivo femoral mouse model against MRSA USA300. 
(A) (a) A hole was drilled through the epicondyle of the femur starting under an angle of 45° and 
lowering to the longitudinal axis of the femur. (b) Subsequently bone marrow was removed and (c) 
implants were inoculated with 2×102 CFU prior to (d) implantation. (e) After 24 h incubation, the 
femora were homogenized and (f) the number of CFU was determined. (B) Number of CFU in murine 
femurs after 24 h incubation ex vivo. To confirm sterilization, a femur without implant and bacterial 
inoculum was processed and analyzed (negative control). To validate the model, 2 µl of tetracycline was 
injected into the femoral cavity prior to implantation (NT+tetra). n=3, ***, p <0.001.
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Figure 6. The osteogenic activity of MC3T3-E1 cells cultured on NT and biofunctionalized implants 
(n=4 per group). (A) The metabolic activity of MC3T3-E1 cells determined by the Presto blue assay after 
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after 11 days of culture. (D) SEM images revealing the cell morphology and spread of MC3T3-E1 cells 
on the specimens after 11 days of culture (magnification: 100× and 500×). *, p<0.05, **, p<0.01, ***, 
p<0.001.
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6.4	 DISCUSSION
We presented an advanced prototype of a functionality-packed porous metallic biomaterial 
made through AM and surface biofunctionalized to stimulate its bone regeneration 
performance and to prevent IAIs. The results presented here clearly verified the presence of 
all intended functionalities and revealed a number of unique features that this biomaterial 
possesses. In particular, we showed that these functionality-packed porous biomaterials 
are extremely potent against the multi-drug resistant strain MRSA USA300 that is resistant 
against various antibacterial agents including erythromycin, levofloxacin, mupirocin and 
tetracycline [48]. In fact, we observed total eradication of planktonic and adherent bacteria 
both in our in vitro experiments as well as in our ex vivo murine femoral model. 

Antibacterial surfaces based on silver that exhibit strong antibacterial activities are usually 
extremely cytotoxic against host cells to the point that very few to no viable host cells could be 
found in vitro [49]. The biomaterials biofunctionalized with silver nanoparticles presented here, 
however, exhibit a combination of significantly increased osteogenic activity with unusually 
high levels of bactericidal behavior against a potent multi-drug resistant bacterial strain. On 
top of these unique multi-functional properties, we reported for the first time the synergistic 
antibacterial behavior of silver and strontium ions, which could be used to decrease the required 
concentration of silver ions by 4-32 folds. Such a huge decrease in the required concentration 
of silver ions (corresponding to the synergistic levels of MIC and MBC) allows for minimizing 
cytotoxicity against host cells while fully eradicating multi-drug resistant bacterial strains that 
form severe infection burdens for patients and for healthcare systems worldwide. 

Combined with other functionalities such as a fully interconnected porous structure, 
bone-mimicking mechanical properties, form-freedom allowing for the design of patient-
specific implants, and highly increased surface area that amplifies the effects of biofunctionalized 
surfaces, the functionality-packed AM porous biomaterials presented here constitute a very 
promising candidate for fabrication of a new generation of orthopedic implants.

Morphological assessment of the AM porous implants confirmed that a number of design 
objectives that were set out to obtain the required functionalities have been achieved. The 
results of this study clearly show a fully interconnected porous structure with a regular, ordered 
topology that closely matches the design, an increased surface area, micro/nanotopographical 
features that are known to improve cell attachment [50-52], the formation of hydroxyapatite 
(Ca10(PO4)5.64(CO3)0.66(OH)3.03) and strontium apatite (Sr5(PO4)3(O2)0.24(OH)1.52) that stimulate 
bone tissue regeneration as a result of the same one-step biofunctionalization process  [36, 
53-55], and continuous release of both Sr2+ and Ag+ for up to 4 weeks. This confirms the 
functionality-packed nature of the presented porous biomaterial.
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Permanent protection against both septic and aseptic loosening requires that the 
release of active agents continues for several years particularly in the case of antibacterial 
agents. That is because bacteria may be able to reach the implant surface even years after 
the surgery through the blood stream or as a consequence of infection in a nearby organ 
[20]. Such long-term release of antibacterial agents is, first of all, not easily achieved using 
most biofunctionalization techniques and may not be even desired in the case of antibiotics. 
That is because the depletion of the reservoir of antibacterial agents will gradually result in 
lower concentrations being released. Long-term exposure of bacteria to sublethal doses of 
antibiotics is widely confirmed to result in the development of antibacterial resistance and 
appearance of multi-drug resistant bacteria that are not easily treated. 

The biomaterials developed in the current study offer three advantages in this regard. 
First, immobilization of the silver nanoparticles within the firmly attached oxide layer that 
grows from the bulk of the biomaterial itself ensures very long term delivery of the active 
agents [23, 56]. Second, it is known that, as opposed to antibiotics, bacteria do not easily 
acquire resistance against silver ions [57]. Indeed, long term delivery may be only advisable 
for the antibacterial agents against which bacteria do not easily acquire resistance such as 
silver ions. Finally, the synergistic behavior resulting from simultaneous release of silver and 
strontium ions results in an unusually strong antibacterial behavior, which is expected to be 
even more difficult for the bacteria to acquire resistance against.

While a beneficial osteogenic effect of silver addition to strontium-containing surfaces 
has been described [58], in this study, for the first time ever a synergistic antibacterial behavior 
between silver and strontium is reported. The underlying mechanism of this behavior is 
not clear, yet our MIC and MBC measurements clearly show that between 4- and 32-folds 
lower concentrations of silver are required to inhibit growth and kill bacteria depending 
on the concentration of strontium ions available in the solution. The release of strontium 
ions at concentrations of about 10-fold higher than silver ions may change the peri-cellular 
environment locally (e.g., increase in pH, osmotic pressure [59, 60]) and influence molecular 
interactions with the cell wall, potentially favoring the ingress of silver ions, in addition to their 
own inhibitory effects on bacteria via inactivation of ATP synthesis and induced oxidative stress 
[61]. Similar types of synergistic behavior have been previously shown when silver has been 
combined with antibiotics (e.g., vancomycin [28]) or other inorganic materials such as zinc [62] 
or copper [63]. However, the synergistic behavior observed here has a major advantage over all 
those reported previously: strontium is not known to cause bacterial resistance such as those 
caused by antibiotics nor does it cause cytotoxicity at doses reported for other metallic ions [64]. 
Indeed, our results demonstrate an improved cell response and an osteogenic behavior which is 
beneficial for improving the bone tissue regeneration performance of our biomaterials. 
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To fully exhibit the functionality of the developed biofunctionalized AM porous 
implants, in vivo studies are to be conducted that include an active immune system which 
apart from preventing infection strongly affects bone regeneration [65]. Prior studies on 
silver-bearing biomaterials demonstrated strong antibacterial behavior in vitro [28, 66, 67] yet 
showed varying results in vivo where silver was capable to prevent bacterial adhesion [68, 69] 
while it may also hamper the immune response to infection [29]. Meanwhile, strontium has 
shown to compensate for the observed cytotoxic effects of silver [70, 71] and promote bone 
formation in critical-sized defects [72]. Furthermore, strontium reduces osteoclastogenesis 
and modulates the macrophage response towards enhanced bone formation [73, 74].  

Evidence is mounting in support of the osteogenic behavior of strontium [75-79]. 
Although the exact mechanisms are not yet fully understood, it is known that strontium 
enhances osteoblast activity and inhibits bone resorption via activation of the calcium-
sensing receptor, upregulation of osteoprotegerin and downregulation of RANKL expression 
[80, 81]. A local and sustained release of therapeutic levels of strontium in the peri-implant 
area can stimulate bone formation while eliminating the adverse side effects associated with 
a systemic treatment.

Next to its osteogenic effect, strontium may stimulate angiogenesis which is essential 
for osteogenesis [82]. Our results also support the osteogenic behavior of strontium including 
significantly increased ALP activity. This enhanced osteogenic response means that our 
biomaterials satisfy one of the other design objectives, required for secondary fixation of 
orthopedic implants.

6.5	 CONCLUSIONS
In summary, we presented an AM porous biomaterial with the full range of the functionalities 
that are required to enhance the longevity of orthopedic implants to the point that neither 
septic nor aseptic loosening will occur throughout their expected service life. The AM 
porous biomaterials were biofunctionalized using PEO to incorporate multiple active agents 
(i.e., silver nanoparticles and strontium) into the micro- and nanotopographical structure 
that uniformly covered their entire surface. Moreover, the same single-step process also 
integrated hydroxyapatite into the biofunctionalized oxide layer. Our results confirm that 
this biomaterial satisfies all the design criteria set out and is packed with the full range of 
intended functionalities including a much larger surface area, a fully interconnected porous 
structure and most importantly a combination of strong antibacterial and osteogenic 
behaviors. The data resulting from both our in vitro experiments and ex vivo murine model 
show total eradication of both planktonic and adherent MRSA within 24 h. Furthermore, 
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our biomaterials resulted in significantly higher level of ALP activity compared to non-
biofunctionalized implants, confirming their osteogenic response. Finally, we discovered an 
unexpected synergistic antibacterial behavior between silver ions and strontium that is of 
tremendous potential utility, given that it allows for simultaneously reducing the required 
dose of silver ions by 4-32 folds while inducing osteogenic behavior. The functionality-packed 
biomaterials presented here therefore have a unique potential for clinical applications and 
prolonging the longevity of orthopedic implants. 
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Surface biofunctionalization is frequently applied to enhance the functionality and 
longevity of orthopedic implants. Here, we investigated the osteogenic effects of additively 
manufactured porous Ti6Al4V implants whose surfaces were biofunctionalized using plasma 
electrolytic oxidation (PEO) in Ca/P-based electrolytes with or without strontium. Various 
levels of Sr and Ca were incorporated in the oxide layers by using different current densities 
and oxidation times. Increasing the current density and oxidation time resulted in thicker 
titanium oxide layers and enhanced the release of Ca2+ and Sr2+. Biofunctionalization with 
strontium resulted in enhanced pore density, a thinner TiO2 layer, four-fold reduced release 
of Ca2+, and mainly anatase phases as compared to implants biofunctionalized in electrolytes 
containing solely Ca/P species under otherwise similar conditions. Different current densities 
and oxidation times significantly increased the osteogenic differentiation of MC3T3-E1 cells 
on implants biofunctionalized with strontium, when the PEO treatment was performed with 
a current density of 20 A/dm2 for 5 and 10 min as well as for a current density of 40 A/dm2 
for 5 min. Therefore, addition of Sr in the PEO electrolyte and control of the PEO processing 
parameters represent a promising way to optimize the surface morphology and osteogenic 
activity of future porous AM implants.
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7.1	 INTRODUCTION 
The demand for orthopedic bone implants that last for extensive lifetimes is increasing [1]. 
To support the longevity of cementless bone implants, proper fixation between implant and 
bone tissue is of utmost importance. Such implants are increasingly made using additive 
manufacturing (AM), as it allows for the free-form fabrication of customized (titanium) 
implants for a variety of purposes including the treatment of large bony defects [2-4]. The 
mechanical behavior of AM porous implants can be controlled through geometrical design 
to further enhance the longevity of such implants [5, 6]. The highly porous nature of such 
implants means that they possess vast surface areas, which make these implants prone to 
infection. Surface biofunctionalization of these AM implants has been, therefore, used to not 
only prevent implant-associated infections but also to stimulate osteogenic properties [7] of 
AM porous implants. Such biofunctionalization procedures, however, have been found to be 
challenging.

Plasma electrolytic oxidation (PEO) is an electrochemical surface treatment that has 
been shown to enhance the bioactivity of titanium implants [8-10]. PEO transforms the 
native amorphous titanium oxide surface layer into a surface consisting of nanocrystalline 
titanium oxide phases in a single-step process [11, 12]. At the start of the PEO process, the 
voltage rises steadily until dielectric breakdown occurs, resulting in local spark discharges 
at the interface between substrate and electrolyte [13]. As the surface layer grows, the spark 
discharges decrease in number, but increase in intensity. With increasing oxidation time, gas 
bubbles arise at the surface contributing to the development of large, protruding pores. At 
the same time, nanocrystalline phases form as a result of the locally high temperatures that 
are experienced during the spark discharges and the accompanying pressures. During layer 
growth, species from the electrolytes as well as from the titanium substrates are incorporated 
in the porous oxide layer. 

PEO is suitable for the surface biofunctionalization of complex, porous geometries 
[14], does not alter the mechanical behavior of the substrate due to limited heat input [15], 
and results in strong bonding between the titanium oxide layer and the substrate [16-19]. 
The bioactivity of the implant surface can be adjusted through the composition of the PEO 
electrolyte. The use of Ca/P-based electrolytes results in the formation of crystalline Ca/P 
phases including hydroxyapatite [20-22], which can stimulate bone tissue regeneration. 
Through the addition of inorganic nanoparticles, such as Ag, Cu, and/or Zn, the implant 
surfaces are endowed with antibacterial properties [23, 24].

Strontium has been used to treat osteoporotic patients effectively due to its initiation 
of bone formation and its simultaneous reduction of bone resorption, thereby reducing the 



Chapter 7

208

risk of fracture [25, 26]. However, systemic strontium intake may induce cardiac events [27]. 
Therefore, local administration at low, yet effective doses, is necessary to prevent the side 
effects associated with the medicinal use of strontium [28]. As such, strontium has been 
applied on the surface of titanium biomaterials and has been shown to enhance the osteogenic 
differentiation of mesenchymal stromal cells in vitro [29, 30] and repair bone defects in vivo 
[31, 32]. Titanium biomaterials treated with strontium using PEO have been shown to result 
in enhanced osteogenic properties [33-35].

Apart from altering the chemical composition of the PEO electrolyte, the electrical 
processing parameters can change the surface morphology of the implants and the phase 
composition. For example, increasing the current density and oxidation time will result in 
thicker oxide layers, larger surface pores and increased formation of crystalline phases [36, 
37].

The contributions of these processing parameters to the osteogenic properties of 
the resulting surfaces have not yet been investigated. The characterization of the surface 
morphology and osteogenic properties is required to understand the missing link between the 
surface biofunctionalization process and the resulting bioactivity. Insight into these effects will 
contribute to an optimized performance of future orthopedic implants. In previous research 
[38], we have observed a synergistic effect of the incorporated Sr and Ag on the antibacterial 
activity of PEO-treated porous AM titanium implants highlighting the potential of further 
optimization of the incorporated elements for achieving the desired biofunctionalities. 
Therefore, in this study, we incorporated different levels of Sr into the titanium implants by 
modifying the PEO processing parameters including the current density and oxidation time, 
and assessed their effects on the surface morphology and the osteogenic properties of porous 
AM titanium implants. 

7.2	 MATERIALS AND METHODS
7.2.1	 Implant manufacturing and surface biofunctionalization
Porous  implants were rationally designed and manufactured by AM as previously described 
[14]. Biofunctionalization of these implants was performed by PEO using a customized setup 
which included an AC power source (ACS 1500, 50 Hz, ET power Systems Ltd., Chesterfield, 
United Kingdom), connected to a data acquisition board through a computer interface (SCXI, 
National Instruments, Austin, Texas, United States), and an electrolytic cell consisting of 
double-walled glass. During PEO processing, the implant functioned as the anode while a 
stainless steel cylinder formed the cathode. The PEO electrolyte was continuously stirred at 
500 rpm and voltage-time (V-t) transients were sampled at a rate of 1 Hz.
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The PEO electrolyte was prepared by dissolving 0.15 M calcium acetate (Sigma-Aldrich, 
St. Louis, Missouri, United States) and 0.02 M calcium glycerophosphate (Dr. Paul Lohmann 
GmbH, Emmerthal, Germany) in 800 ml demineralized water supplemented with 1.0 M 
strontium acetate (Sigma-Aldrich). The conductivity of the electrolytes was measured in 
three-fold using a conductivity meter (Consort, Topac Inc., Cohasset, Massachusetts, United 
States). The experimental groups included implants without any PEO biofunctionalization 
and were labelled non-treated (NT), implants that were treated with PEO but without 
strontium acetate (PT), and PEO-treated implants with strontium acetate (PT – Sr). The PEO 
processing was conducted galvanostatically using RMS current densities of 20, 30, and 40 
A/dm2 for 5 and 10 min with sinusoidal input signals. After PEO biofunctionalization, the 
implants were rinsed under running tap water for 1 min, sonicated in 70% ethanol for 30 
s, rinsed in demineralized water for 5 min, sonicated in demineralized water for 30 s and 
sterilized in an oven at 110 °C for 1 h. 

7.2.2	 Assessment of titanium oxide layer and surface morphology
In order to investigate the titanium oxide layer surrounding the implant, cross-sections were 
prepared (n = 3/group). Therefore, perpendicular sections were made along the longitudinal 
axis of the implant and fixed in a conductive resin (Polyfast, Struers, Copenhagen, Denmark). 
Then, the specimens were successively ground for 2 min each with 80, 180, 320, 800, 1200, 
2000 and 4000 SiC abrasive paper successively (Struers, Copenhagen, Denmark) using tap 
water for lubrication. The grinding steps were followed by ultrasonication in isopropanol for 5 
min and air drying. Finally, the specimens were polished with DiaDuo-2 suspension (Struers) 
containing diamonds of 3 µm, rinsed with isopropanol and tap water, and then polished with 
DiaDuo-2 diamonds of 1 µm.

To characterize the morphology of the implant surfaces, scanning electron microscopy 
(SEM, JSM-IT100LV, JEOL, Tokyo, Japan) was used. In order to increase the electrical 
conductivity, a gold layer of 5 ± 2 nm was sputtered onto the surface. SEM imaging was performed 
at a working distance of 10 mm and an electron beam energy between 5 and 20 kV. The thickness 
and porosity were measured at 5 different spots on 3 implants for each experimental group. Pore 
diameter and pore density were determined using ImageJ. Chemical analysis was performed by 
energy-dispersive X-ray spectroscopy (EDS) at 6 different spots for each experimental group.

7.2.3	 Inductively coupled plasma optical emission spectrometry
The ion release profiles of Ca2+ and Sr2+ were evaluated using inductively coupled plasma – 
optical emission spectrometry (ICP-OES). The ion release of the biofunctionalized implants 
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(n = 3/group) was studied through the immersion of 1 cm implants in 1 ml phosphate-buffered 
saline (PBS) in light-shielding 1.5 ml Eppendorf tubes at 37 °C under static conditions. The 
PBS was sampled and refilled after ½, 1, 2, 4, 7, 15, and 30 days. Subsequently, the sampled 
PBS was diluted in 5% nitric acid. The chemical element levels were measured by ICP-OES 
(Spectro Arcos, Kleve, Germany).

7.2.4	 X-ray diffraction
To investigate the composition of phases present on the implant surfaces, X-ray diffraction 
(XRD) analysis was conducted using a D8 advanced diffractometer (Bruker, Billerica, 
Massachusetts, United States). For XRD analysis, the following settings were used: voltage = 
45kV, current = 40 mA, scatter screen height = 5 mm, and CuKα radiation detector = LL 0.11 
W 0.14. The specimens were analyzed statically with a coupled θ - 2θ scan ranging from 20 to 
120°, a counting rate of 5 s/step, and a step size of 0.030° 2θ. Subsequently, the collected data 
was evaluated using DiffracSuite.Eva (version 5.0, Bruker).

7.2.5	 Osteogenic cell response
7.2.5.1	Cell seeding and culturing
The osteogenic properties of the implant surfaces were evaluated using preosteoblast cells 
(MC3T3-E1, Sigma-Aldrich). We tested the osteogenic capacity of NT, PT – 20 A/dm2 – 5 
min, and all PT – Sr implants. The cells were pre-cultured for 7 days in α-MEM supplemented 
with 10% fetal bovine serum and 1% penicillin-streptomycin (both from ThermoFisher, 
Waltham, Massachusetts, United States). During experimentation, the cell culture medium 
was renewed every 2–3 days. In order to seed the cells, implants of 1.0 cm length were placed 
in 0.2 ml tubes together with 100 µl culture medium containing 1.5 × 105 cells. Subsequently, 
the tubes were kept in an incubator (at 37 °C, 5% CO2) and tilted every 20 min for 2 h. 
Thereafter, the samples were transferred into a 48 well plate with 200 µl fresh medium. 
We performed the experiments under two conditions: either in standard culture medium 
throughout the entire experiment or switching after 2 days of culture to osteogenic medium 
through supplementation of the standard culture medium with 50 µg/ml ascorbic acid and 4 
mM β-glycerophosphate (all from Sigma-Aldrich). 

7.2.5.2	Metabolic activity assay
To determine the metabolic activities of the MC3T3-E1 cells on the implants, a Presto Blue assay 
(Thermofisher, Waltham, MA, United States) was performed after 1, 3, 7, 11, and 14 days. At 
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these time points, 20 µl Presto Blue reagent and 180 µl fresh culture medium were added to the 
implants, which were subsequently kept in the incubator for 1 h at 37 °C. Finally, the absorbance 
of the supernatant was determined at 530 nm excitation wavelength and 590 nm emission 
wavelength using a micro-plate reader (Victor X3, PerkinElmer, Groningen, The Netherlands).

7.2.5.3	Alkaline Phosphatase assay
Osteogenic differentiation was investigated after 11 and 14 days by measuring the alkaline 
phosphatase (ALP) activity of the MC3T3-E1 cells. Therefore, the specimens (n = 4/group) 
were cleansed in PBS, submerged in 250 µl of PBS-Triton (containing 0.1% Triton X-100) 
and subsequently the specimens were ultrasonicated for 10 min, to dissociate the cells from 
the implant. Then, the specimens were kept in 100 µl p-nitrophenyl phosphate (pNPP, 
Sigma-Aldrich) at 37 °C for 10 min after which 250 µl of NaOH was supplemented to halt 
the process. The ALP activity was determined using a standard curve with 0 – 100 µl of 
pNPP, with 100 µl of PBS-Triton as well as 250 µl of NaOH in every well. Subsequently, the 
absorbance measurement was performed at a wavelength of 405 nm with a Victor X3 plate 
reader (PerkinElmer). Finally, using a bicinchoninic acid (BCA) kit (Invitrogen, California, 
United States), the overall protein content of every specimen was measured, followed by the 
normalization of the ALP activity to the overall protein content.

7.2.5.4	Cell morphology
The morphology of the cells cultured on the implant surfaces was analyzed by SEM after 7 
days of culture (n = 2/group). To that end, the specimens were fixated for 20 min in McDowels 
fixative consisting of 4% paraformaldehyde and 1% glutaraldehyde in 10 mM phosphate 
buffer at pH 7.4 and kept in demineralized water at 4 °C. Then, the specimens were rinsed 
two times in demineralized water for 5 min, dehydrated in diluted ethanol series of 50% for 15 
min, 70% for 20 min, and 96% for 20 min, and air-dried for 2 h. Subsequently, the specimens 
were sputtered with a 5 ± 2 nm gold layer and investigated by SEM.

7.2.6	 Statistical analysis
All statistical analyses were performed using GraphPad Prism (GraphPad Software, La Jolla, 
California, United States) applying one-way and repeated-measures ANOVA and Bonferroni 
post hoc tests. Data are reported as mean ± standard deviation. The differences between the 
groups were considered statistically significant at p < 0.05.
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7.3	 RESULTS
7.3.1	 Voltage transients
The recorded V-t curves demonstrated that implant biofunctionalization by PEO resulted in 
higher voltages for the PT implants in comparison with PT–Sr implants (Figure 1A). Initially, 
the voltage rose sharply until the dielectric breakdown with a rate of 12, 15, and 18 V/s for PT–
20 A/dm2, PT–30 A/dm2 and PT–40 A/dm2, respectively. The dielectric breakdown occurred 
after 10 ± 2 s at 117 ± 2 V for PT–20 A/dm2, after 8 ± 1 s at 119 ± 2 V for PT–30 A/dm2, and 
after 7 ± 1 s at 129 ± 2 V for PT–40 A/dm2. For the PT–Sr groups, the dielectric breakdown 
occurred after 8 ± 1 s at 80 ± 1 V, after 6 ± 1 s at 80 ± 3 V, and after 5 ± 1 s at 81 ± 4 V for 20 
A/dm2, 30 A/dm2 and 40 A/dm2, respectively. After the dielectric breakdown, the slope of the 
V-t curve inflected resulting in a final voltage (after 10 min of oxidation) of 261 ± 3 V, 278 ± 6 
V, and 283 ± 3 V for the PT–20 A/dm2, PT–30 A/dm2, and PT–40 A/dm2 groups, respectively 
while the voltage rose to 127 ± 2 V for PT–Sr–20 A/dm2, 139 ± 5 V for PT–Sr–30 A/dm2 and 
144 ± 3 V for PT–Sr–40 A/dm2. The electrical conductivity of the PT – Sr electrolyte was 
enhanced more than three-fold compared to that of the PT electrolyte (Figure 1B).
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Figure 1. (A) The V-t transients registered during the PEO processing of AM  implants. Arrows indicate 
dielectric breakdown. (B) The electrolyte conductivity of PT and PT – Sr electrolytes (n = 3). (C) The 
SEM images showing the surface morphology of the implants after PEO biofunctionalization. Scale bars 
are 200 µm (low magnifications) and 40 µm (high magnifications).
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7.3.2	 Implant surface morphology after PEO biofunctionalization
Following PEO biofunctionalization, the implant surface morphology was analyzed by 
SEM (Figure 1C). All conditions displayed a homogenous coverage of the titanium oxide 
layer over the entire implant as identified by a highly interconnected microporous surface, 
which is characteristic for PEO biofunctionalization. Oxidation of the PT implants for 5 min 
with 20 A/dm2 resulted in the highest pore density with the smallest pore sizes while PEO 
biofunctionalization with increased current densities resulted in relatively rougher surfaces 
with fewer pores and larger pore sizes (Table 1). Enhancing the oxidation time from 5 to 10 
min resulted in an even further enlargement of pore sizes and the roughening of the surface 
except for 10 min with 40 A/dm2 which showed reduced pore sizes compared to 10 min with 
30 A/dm2. In the case of the PT–Sr implants, the changes in morphology were less prominent. 
Increasing the current density did not result in a change in the surface morphology of the 
implants after 5 min. After 10 min, however, the PT–Sr–30 A/dm2 and PT–Sr–40 A/dm2 
groups revealed a less circular pore shape and the roughening of their surfaces. EDS analysis 
demonstrated the presence of Ti, Al, O, C, P, Ca and Sr species and indicated that Ca was 
largely replaced by Sr when comparing PT and PT–Sr implants (Table 1).

Table 1. Porosity and chemical analysis of the implant surfaces. The proportion of chemical elements is 
indicated as at%.

Pore density (%) Pore diameter (µm) Ca (at%) Sr (at%)

PT – 5min – 20A/dm2 2.6 ± 0.1 2.7 ± 1.1 9.8 ± 2.9 -

PT – 5min – 30A/dm2 2.2 ± 0.7 3.3 ± 1.7 7.1 ± 2.0 -

PT – 5min – 40A/dm2 1.6 ± 0.5 5.2 ± 1.9 7.8 ± 2.2 -
PT – 10min – 20A/dm2 0.8 ± 0.4 4.5 ± 3.2 9.1 ± 2.5 -

PT – 10min – 30A/dm2 0.6 ± 0.2 4.9 ± 2.4 9.7 ± 2.9 -

PT – 10min – 40A/dm2 0.4 ± 0.2 2.0 ± 1.5 8.1 ± 1.4 -

PT – Sr – 5min – 20A/dm2 1.2 ± 0.5 1.3 ± 0.3 0.5 ± 0.1 3.0 ± 0.5

PT – Sr – 5min – 30A/dm2 1.2 ± 0.1 1.5 ± 0.4 0.7 ± 0.3 3.5 ± 1.4

PT – Sr – 5min – 40A/dm2 2.0 ± 0.4 1.7 ± 0.4 0.7 ± 0.1 3.8 ± 0.4

PT – Sr – 10min – 20A/dm2 1.3 ± 0.9 1.4 ± 0.3 1.8 ± 0.8 11.9 ± 5.5
PT – Sr – 10min – 30A/dm2 2.5 ± 0.3 2.3 ± 0.6 1.1 ± 0.3 7.2 ± 2.5

PT – Sr – 10min – 40A/dm2 3.6 ± 0.8 2.0 ± 0.4 1.0 ± 0.2 3.5 ± 0.6
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7.3.3	 Cross-section morphology and thickness of the 
biofunctionalized TiO2 layers
The morphology and thickness of the titanium oxide surface layers were analyzed through 
cross-section analysis by SEM (Figure 2A). For the PT implants, the oxide layer morphology 
differed across their thickness. At the interface with the substrate (inner side), a fully dense 
and uniform layer with an intact interface with the substrate was observed for all the implant 
groups. This barrier layer had a thickness of ca. 2 µm. Moving outwards, a porous morphology 
was visible while the surface oxide layer was found to be dense in all the groups except for the 
PT– 10min–40 A/dm2 group, which only displayed a porous outer layer. The PT–Sr implant 
groups also displayed a fully dense oxide layer at the implant substrate interface, followed by 
a middle porous layer, and a denser surface layer on top. Increasing the current density and 
oxidation time resulted in enhanced cross-sectional pore sizes up to an oxidation time of 10 
min with 40 A/dm2 (Figure 2B).
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Figure 2. The thickness of the surface layer of TiO2 implants. (A) The SEM images of the surface layer in 
backscattering mode. (B) Cross-sectional pore-size analysis by SEM (n = 3). (C) A quantitative analysis 
of the thickness of the implant surface layers (n = 3). * p < 0.05, *** p < 0.001. Scale bar = 10 µm.
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The thickness of the implant oxide layer was enhanced both by an increased current density and 
an increased oxidation time (Figure 2C). For the PT implants, the thickness of the oxide layer 
increased after 10 min as compared to 5 min for treatments with current densities of 20, 30, and 
40 A/dm2 (p < 0.001, p < 0.05 and p < 0.001, respectively), after 5 min with 40 A/dm2 as compared 
to 20 A/dm2 (p < 0.05), and after 10 min with 40 A/dm2 as compared to 20 A/dm2 and 30 A/dm2 
(p < 0.05). For the PT–Sr implants, the oxide layer was enhanced after oxidation for 10 min with 
40 A/dm2 as compared to 5 min with 40 A/dm2 and as compared to 10 min with 20 A/dm2 (p < 
0.001). The thickness of the titanium oxide layer was significantly larger for the PT implants in 
comparison with the PT–Sr implants under similar current densities and oxidation times, varying 
between 12 and 26 µm for the PT implants and between 2 and 10 µm for the PT–Sr implants.
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Figure 3. The cumulative ion release profiles. (A) The calcium and (B) strontium ion release from the 
implant surfaces (n = 3) measured by ICP-OES.

7.3.4	 Ion release kinetics
The Ca and Sr ion release kinetics were analyzed by ICP-OES for up to 30 days. For the PT 
implants, the Ca2+ release was increased 1.37 fold for treatment with a current density of 40 
A/dm2 as compared to a current density of 30 A/dm2 (Figure 3A). Comparing 5 and 10 min 
of oxidation time resulted in 1.21, 1.28, and 1.14 fold increase in the Ca2+ release for the PT 
implants treated with current densities of 20, 30, and 40 A/dm2, respectively. For the PT–
Sr implants, the Ca2+ released increased by 1.26 fold for the implants treated with a current 
density of 40 A/dm2 as compared to those subjected to a current density of 30 A/dm2 while 
treatment with 10 min as compared to 5 min resulted in 0.97, 1.16, and 1.30 fold increase in 
the Ca2+ release for the PT–Sr implants treated with current densities of 20, 30, and 40 A/dm2, 
respectively. The Ca2+ release was at least 4-fold higher for all the PT implants as compared to 
the PT–Sr implants. Furthermore, for both the PT and PT–Sr implants, the Ca2+ release was 
highest for 10 min and a current density of 40 A/dm2.
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The Sr2+ release was the highest for 10 min oxidation with 40 A/dm2 and increased 
with both the oxidation time and current density (Figure 3B). The Sr2+ release was 2.49 and 
2.09 fold higher when the current density increased from 20 to 30 A/dm2 for 5 and 10 min 
oxidation time, respectively. The implants treated with 40 A/dm2 further increased the Sr2+ 
release by 1.54 fold. Elongating the oxidation time from 5 to 10 min, resulted in 2.98, 2.50, 
and 2.48 fold increase in the Sr2+ release for the PT–Sr implants treated with current densities 
of 20, 30, and 40 A/dm2, respectively. The PT–Sr implants released between 0.63 and 2.11 fold 
higher levels of Sr2+ as compared to Ca2+ after 5 min and between 1.87 and 4.04 fold after 10 
min. 

7.3.5	 Phase composition of the titanium oxide layer
The phase composition of the implants’ oxide layer was evaluated by XRD (Figure 4). While 
differences in the phase composition were frequently observed between 5 and 10 min of 
oxidation time, few phase changes were observed between the current densities of 20, 
30, and 40 A/dm2. For the PT implants, mainly the rutile TiO2 phase was observed, while 
anatase was exclusively observed for 5 min of oxidation time. Both after 5 and 10 min of PEO 
processing, the Ca10(PO4)6(OH)2 (hydroxyapatite) phase as well as CaTiO3 and Ca3(PO4)2 

were present. CaTiO3 and hydroxyapatite were not detected on the PT–Sr implants, while 
Ca4H2(P3O10)2 and Sr8Ca2.5(PO4)7 phases were detected exclusively on the PT–Sr implants 
after 10 min of oxidation with current densities of 30 and 40 A/dm2. Furthermore, SrTiO3 
and Sr10(PO4)6(OH)2 were detected on all the PT–Sr implants, with Sr10(PO4)6(OH)2 being 
observed more frequently with current densities of 30 and 40 A/dm2. On the PT–Sr implants, 
primarily the phases pertaining to the base metal were observed with scarce rutile phases for 
current densities of 30 and 40 A/dm2. After 10 min of PEO processing with current densities 
of 30 and 40 A/dm2 anatase was detected.
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Figure 4. The X-ray diffraction spectra of the implants after PEO biofunctionalization.
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Figure 5. The osteogenic capacity of the MC3T3-E1 cells cultured on the implant surfaces (n = 4). 
Determination of the metabolic activity by the Presto Blue assay of MC3T3-E1 cells cultured on the 
implants after 1, 3, 7, 11, and 14 days of culture (A) with and (B) without the addition of the osteogenic 
differentiation medium after 2 days. The measurement of the ALP activity after 11 and 14 days (C) with 
and (D) without the addition of the osteogenic differentiation medium. (E) The SEM images of the cells 
on the implants after 7 days of culture in osteogenic and standard culture medium. * p < 0.05, ** p < 0.01, 
*** p < 0.001.  Scale bar = 50 µm.
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7.3.6	 Bioactivity of biofunctionalized implants
In general, the surface of the PT–Sr implants resembled the surface of the PT implants 
oxidized for 5 min at 20 A/dm2. Therefore, the metabolic activity of MC3T3-E1 cells cultured 
on the implants in standard and osteogenic media was determined using a Presto Blue assay 
on NT, PT implants biofunctionalized for 5 min at 20 A/dm2 and all PT–Sr implants. With 
the osteogenic medium and after 3 days of culture (Figure 5A) the metabolic activity differed 
significantly between the NT and PT (p < 0.05) and PT–Sr 20 A/dm2 implants for 10 min (p 
< 0.001), PT and PT–Sr 30 A/dm2 for 10 min (p < 0.001) and PT–Sr 40 A/dm2 for 10 min (p 
< 0.001). After 7 days of culture, significant differences were observed between the NT and 
PT–Sr 30 A/dm2 for 10 min (p < 0.05) and PT–Sr 40 A/dm2 for 10 min (p < 0.001) as well as 
between PT–Sr 20 A/dm2 and PT–Sr 40 A/dm2 for 10 min (p < 0.01). After 14 days, there was 
a significant difference between NT and PT–Sr 40 A/dm2 for 10 min (p < 0.05). Without the 
osteogenic medium and after 3 days of cell culture, the metabolic activity differed significantly 
(Figure 5B) between NT and PT–Sr 20 A/dm2 for 10 min (p < 0.05), PT and PT–Sr 30 A/dm2 
for 5 min (p < 0.05), PT and PT–Sr 30 A/dm2 for 10 min (p < 0.05) and PT–Sr 20 A/dm2 and 
PT–Sr 30 A/dm2 for 10 min (p < 0.05). After 7 days, there were significant differences between 
PT–Sr 20 A/dm2 and PT–Sr 40 A/dm2 for 10 min (p < 0.05) as well as PT–Sr 40 A/dm2 for 
5 and 10 min (p < 0.05). Comparing the metabolic activity in the presence of or without 
osteogenic medium, the results did not differ significantly.

The levels of ALP activity in osteogenic medium (Figure 5C), differed significantly after 
14 days between NT and PT–Sr 20 A/dm2 for 5 min (p < 0.05), PT–Sr 20 A/dm2 for 10 min (p 
< 0.001) and PT–Sr 40 A/dm2 for 5 min (p < 0.05). Without the osteogenic medium (Figure 
5D), there were significant differences in the ALP activity after 11 days between PT–Sr 20 A/
dm2 and PT–Sr 40 A/dm2 for 10 min (p < 0.01). After 14 days, there was only a significant 
difference between PT and PT–Sr 40 A/dm2 for 10 min (p < 0.01). Without the osteogenic 
medium, the levels of the ALP activity were on average 4-fold lower than in the presence of 
the osteogenic medium. SEM analysis of the cultured cells on the implant surface for 7 days 
demonstrated a wide coverage of the surface by the MC3T3-E1 cells under all conditions 
(Figure 5E).

7.4	 DISCUSSION
Given the enhanced need for orthopedic implants, the surface biofunctionalization of AM 
porous titanium implants has gained significant momentum. However, the biofunctionalization 
of porous structures remains challenging. While PEO has been successfully applied to create 
bioactive surfaces with osteogenic and antibacterial behavior on highly porous AM titanium 
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implants [14, 38], there is limited understanding of the contribution of individual PEO 
processing parameters to the generation of bioactivity on titanium biomaterials. Therefore, 
the possibilities to maximize the bioactivity of titanium implants by this versatile process are 
not fully explored and harnessed.

During PEO processing, ionic species present in the PEO electrolyte can become part 
of the titanium oxide layer. The composition of the electrolyte, therefore, directly governs 
the bioactivity of the biofunctionalized implant surfaces. In this study, we used Ca/P-based 
PEO electrolytes as they have been shown to generate osteogenic surfaces, partly due to 
hydroxyapatite formation during the PEO process [14]. In addition, strontium was added as 
this has been shown to further enhance the osteogenic capacity [33, 39] and, more recently, 
to possibly boost the antibacterial potential of AgNPs incorporated in such layers [38]. To 
incorporate different levels of Sr, various current densities (namely 20, 30 and 40 A/dm2) and 
oxidation time (namely 5 and 10 minutes) were used. Altering the PEO electrolyte affects the 
PEO process, which in turn changes the surface morphology [20]. The SEM analysis of the 
surface of the PT–Sr implants revealed a porous surface with smaller pores as compared to the 
PT implants. An oxidation time of 10 min with current densities of 30 and 40 A/dm2 resulted 
in reduced porosity due to a partial destruction of the top surface layer. The smaller pore size 
of the PT-Sr implants may be associated with the lower voltage stems from a higher electrolyte 
conductivity for the PT–Sr electrolytes compared to the PT electrolytes. 

Both enhancing the current density and oxidation time affected the surface morphology 
of the PT implants, as the pore density was reduced while the pore size increased. This 
continued until 10 min oxidation with 40 A/dm2 which resulted in destruction of the oxide 
layer and subsequent reduction of pore sizes. The changes were more pronounced for longer 
oxidation times, which is in line with the findings of other studies [40, 41]. This increased 
pore diameter is caused by the rising spark size and intensity and the accompanying buildup 
of pressures, causing an expansion in the pore diameter and making pores increasingly 
interconnected [42]. However, the surface morphology of the PT–Sr implants was barely 
affected by the current density or oxidation time, due to the small and less intense spark 
discharges caused by the presence of strontium to the PEO electrolyte. Notably, the surface 
morphology of the PT-Sr implants resembled the morphology of the PT implants oxidized at 
the lowest current density and shortest time (i.e., 20 A/dm2 and 5 minutes).

Since the current density and oxidation time alter the growth of the TiO2 layer during 
PEO processing, we also explored the thickness and cross-section morphology of the TiO2 
surface layer. For all experimental groups, three different sections were observed in the TiO2 
layer: a thin, fully dense, and continuous barrier layer at the interface between oxide layer 
and implant substrate, followed by a layer with large pores, and on top a denser outer layer. 
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This layer build-up is the result of different phases during the PEO process. The barrier layer 
is formed before dielectric breakdown by the inwards migration of the O2- and the migration 
of titanium ions outwards [43]. After dielectric breakdown, the continuous build up and 
destruction of the layer occurs, leading to the outwards expansion of the oxide layer and 
intensified spark discharging resulting in the formation of larger, protruding pores that are 
increasingly interconnected [12]. The oxide layer was thinner for all the PT–Sr implants as 
compared to the PT implants. In addition, the pore size of the PT–Sr implants was smaller, 
reflecting the surface pore analysis. The thickness of the oxide layer was enhanced to a large 
extent by extending the oxidation time and to smaller extents by increasing the current 
density, which is in line with the results of previous studies [44].

An analysis of the ion release kinetics indicated that both the oxidation time and current 
density enhanced the release of the Ca and Sr ions, which correlated with the enhanced 
thickness of the oxide layer that functions as a reservoir for ions to be released. Due to 
increased current densities and prolonged oxidation times, the electrical field between anode 
and cathode is increased, thereby enhancing the migration of the Ca and Sr ions into the 
growing oxide layer [45]. The release of Ca was reduced for the PT–Sr implants in comparison 
with the PT implants, reflecting the observation that Ca is largely replaced by strontium in 
the case of PT–Sr implants, as confirmed by EDS analysis. This phenomenon has also been 
observed in other studies  [46]. For all the PT–Sr implants, except for 5 min of oxidation with 
a current density of 20 A/dm2, the release rate of Sr2+ was higher than that of Ca2+.

During PEO processing, spark discharges may lead to local temperatures of up to 3500 K 
[47], resulting in the mixing of the species that originate from the substrate and those present 
in the electrolyte. Nanocrystalline phases are formed due to the increasing temperatures and 
their formation increases with the applied energy input [48]. Initially, anatase is formed during 
the PEO process, followed by increased rutile formation over time due to more intense spark 
discharges with concurring rise in local temperature and pressure [49]. These nanocrystalline 
phases are known to induce photocatalytic activity and contribute to antibacterial activity 
[50]. In this study, we observed that enhanced oxidation time and current densities induced 
numerous phase changes. The composition of the electrolyte affects the crystallinity of the TiO2 
layer due to altered spark discharge formation and the incorporation of the species present in 
the PEO electrolyte [51]. We observed that the PT–Sr implants demonstrated more intense Ti 
peaks from the substrate, indicating a thinner oxide layer in comparison with the PT implants. 
Furthermore, less rutile was observed in comparison with the PT implants. This is due to a less 
intense spark discharging and concurring lower temperatures during the PEO process.

The formation of both rutile and anatase phases has been shown to stimulate the 
formation of hydroxyapatite and other Ca/P phases on titanium surfaces [52]. Furthermore, 
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the photocatalytic activity of anatase and rutile increases with the hydroxyl density at the 
implant surface during spark discharging [53, 54]. As a result, Ti-OH is formed that, together 
with Ca2+ and PO4

3- delivered by the electrolyte, induce the nucleation and formation of 
hydroxyapatite crystals [55, 56]. We observed higher numbers of crystalline Ca/P and 
strontium-Ca/P phases on the implant surfaces which were treated for longer oxidation 
times and also displayed higher levels of rutile and anatase. Interestingly, we observed 
hydroxyapatite on the PT implants, but not on the PT–Sr implants. Therefore, altering the 
oxidation time and composition of the PEO electrolyte directly affected the formation of 
crystalline TiO2 and Ca/P phases on the implant surface. In previous work [14], we have 
observed that the growth rate observed during the PEO process is not affected by the different 
microstructure of additively manufactured implants in comparison with that of solid implants 
made from annealed Ti6Al4V. However, the complex micro-architecture of selective laser 
melted implants is likely to affect the internal fluid flow, resulting in altered local cooling of 
the electrolyte and potentially increased temperature during plasma discharging. These local 
increases of temperature in turn could contribute to the formation of hydroxyapatite phases.

Surface biofunctionalization by PEO has been shown to improve cellular behavior 
including cell adhesion, osteogenic differentiation, and matrix mineralization, which is 
generally attributed to the microporous surface morphology [57, 58] and the presence of Ca/P 
as well as strontium on the implant surface [59-61]. Moreover, the presence of hydroxyapatite 
has been shown to enhance the osseointegration of titanium implants [62-64]. We, therefore, 
investigated whether the observed changes in the implant surface morphology and phase 
composition due to the addition of strontium to the PEO electrolyte as well as the variation 
of the current density and oxidation time affected the osteogenic behavior of preosteoblast 
MC3T3-E1 cells cultured on the implant surfaces. 

We performed those experiments both in standard culture medium and in an osteogenic 
medium. The metabolic activity was analyzed up to 14 days and was not significantly different 
between the specimens cultured in standard and osteogenic medium. Moreover, after 
7 days, the metabolic activity decreased for all surfaces and culture conditions and this is 
likely caused by a stop in cell proliferation as the implant surface was increasingly covered. 
The osteogenic medium enhanced the ALP activity, which is a differentiation marker, of the 
MC3T3-E1 cells on any implant at each time point as compared to the specimens cultured in 
the standard medium. After 14 days, the ALP activity of the PT–Sr implants biofunctionalized 
with a current density of 20 A/dm2 for both 5 and 10 min as well as a current density of 40 A/
dm2 for 5 min was enhanced in comparison with the NT implants. The trend also indicates 
higher average ALP activities of these PT–Sr implants relative to the PT implants oxidized at 
20 for 5 minutes, although not statistically significant. These PT–Sr implants had a surface 
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morphology comparable with the PT implants oxidized at 20 A/dm2 for 5 minutes and 
released the lower amounts of Sr ions compared to the other PT–Sr implants. 

Our results suggest that the osteogenic behavior of the implants may be determined 
by a combination of surface morphology and Sr ion release, since an unfavorable surface 
morphology and too high doses of strontium may hamper the osteogenic differentiation of 
cells and induce apoptosis [65-67]. Surface characteristics including porosity [57], pore size 
[68], pore shape [69], and the presence of TiO2 [70] and Ca/P/Sr-based phases [21, 33, 60] all 
have been shown to affect osteogenesis. On the macroscale, a lower porosity has been shown 
to enhance osteogenic differentiation in vitro, while a higher porosity and larger pore size has 
been found to result in greater bone ingrowth in vivo due to enhanced vascularization [68]. 
The PEO-biofunctionalized implants with increased microporosity have exhibited enhanced 
peri-implant bone formation in vivo [57]. Furthermore, both hydroxyapatite- and strontium 
hydroxyapatite-containing PEO-biofunctionalized implants are found to stimulate osteogenic 
differentiation in vitro and result in a higher bonding strength in vivo [33]. Finally, previous 
studies have reported an association between an increased microporosity and enhanced cell 
adhesion, cell proliferation, and ALP activity in vitro [59]. To fully pinpoint the contribution 
of each individual surface characteristic in our study, an extensive investigation of each 
separate characteristic needs to be performed, which is suggested for future studies.

In this study PEO processing was performed in AC mode, however also other PEO 
processing parameters can be explored, including the use of DC mode, pulsed uni- or bipolar 
current, different frequencies and varying duty cycles. The use of DC mode may result in 
difficulties to control the surface discharge kinetics [18]. Therefore, unipolar or bipolar pulse 
current regimes are used to control the spark duration [71]. Thereby the heat conditions during 
PEO are regulated and as such the surface morphology and chemical composition. Surfaces 
produced in pulsed bipolar mode possess a higher porosity due to enhanced spark discharges 
compared to unipolar mode [72]. In addition, with pulsed bipolar mode a larger proportion 
of the oxidized implant surface was composed of elements from the PEO electrolyte, rather 
than from the implant substrate [73]. However, when the cathode pulse was increased over a 
certain optimum the thickness of the titanium oxide layer was decreased [74].

The properties of the surfaces can be influenced by the duty cycles of the unipolar and 
bipolar pulsed modes, i.e. varying the time of current during each period. In this way the power 
of the plasma discharge can be enhanced by shorter pulse durations and increased voltages 
or currents [75]. As a result enhanced duty cycles will lead to increased heat generation and 
spark energy, thereby generating larger pores [76]. In addition, the frequency of the pulses can 
be changed, with higher frequencies leading to enhanced porosity and corrosion resistance 
[77]. Furthermore, the fraction of anatase and rutile phases can be affected by varying the 
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frequencies [78]. Moreover, long duty cycles combined with high frequencies have shown 
to support the apatite forming capacity of the implant surfaces [79]. However, the effects of 
these PEO processing parameters on the osteogenic capacity of the implant surface remain 
to be elucidated. 

Further exploration of the effects of the concentration of strontium in the PEO electrolyte 
and the electrical parameters is needed to fully optimize the ratio of strontium and Ca release 
on an implant with osteogenic surface morphology. Combined with antibacterial agents [7, 
14], such as antibiotics or inorganic nanoparticles, this will generate potent multifunctional 
surfaces on future AM porous titanium implants. The next evaluation steps should include in 
vivo experiments.

7.5	 CONCLUSIONS
In this study, we investigated the effects of the composition of calcium and strontium-based 
electrolytes, current density, and oxidation time on the surface morphology, phase formation, 
ion release, metabolic activity, and osteogenic properties of AM porous titanium implants. 
The implants biofunctionalized with strontium displayed smaller pore sizes, a thinner TiO2 
layer thickness, four-fold lower rate of Ca2+ release, predominantly anatase TiO2 phases and 
Sr-containing phases as compared to the implants biofunctionalized in electrolytes containing 
only Ca/P species. Increasing the oxidation time resulted in a rougher surface with bigger 
pores, up to 4.4 fold thickening of the TiO2 surface layer, and enhanced formation of Ca/P and 
TiO2 phases to a further extent than increasing the current density. The rate of the Ca2+ release 
was enhanced by up to 1.3 and 1.2 folds and that of the Sr2+ release by up to 3.5 and 2.7 folds 
when the higher values of the current density and oxidation time were used, respectively. The 
different current densities and oxidation times resulted in varying metabolic activities after 3 
and 7 days of the culture of MC3T3-E1 cells while the ALP activity was enhanced after 14 days 
for PEO biofunctionalization in Sr-containing electrolytes with a current density of 20 A/dm2 
for both 5 and 10 min, as well as with a current density of 40 A/dm2 for 5 min. Altogether, 
changing the oxidation time and current density caused significant changes in the surface 
morphology, Sr incorporation and bioactivity of AM porous titanium implants.
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Aseptic loosening of a permanent prosthesis remains one of the most common reasons for 
bone implant failure. To improve the fixation between implant and bone tissue as well as 
enhance blood vessel formation, bioactive agents are incorporated into the surface of the 
biomaterial. This study reviews and compares five bioactive elements (copper, magnesium, 
silicon, strontium, and zinc) with respect to their effect on the angiogenic behaviour of 
endothelial cells (ECs) when incorporated on the surface of biomaterials. Moreover, it 
provides an overview of the state-of-the-art methodologies used for the in vitro assessment 
of the angiogenic properties of these elements. Two databases were searched using keywords 
containing endothelial cells and copper, magnesium, silicon, strontium, and zinc. After 
applying the defined inclusion and exclusion criteria, 59 articles were retained for the final 
assessment. Here, we present an overview of the angiogenic properties of five bioactive 
elements and the methods used for assessment of their in vitro angiogenic potential. The 
findings showed that silicon and strontium can effectively enhance osseointegration 
through the simultaneous promotion of both angiogenesis and osteogenesis. Therefore, 
their integration onto the surface of biomaterials could ultimately decrease the incidence of 
implant failure due to aseptic loosening.
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8.1	 INTRODUCTION 
Despite the great technological advancements in total joint replacements over the past 
decades, implant failure remains a concern for approximately 10% of patients undergoing 
primary total hip arthroplasty (THA) [1,2]. Many of the causes leading to failures are 
attributed to poor or delayed osseointegration of the permanent implants [2,3], as it has been 
established that achieving osseointegration is a key prerequisite for implant stability and 
proper loading of the implant [2,4,5]. Unsatisfactory osseointegration is often associated with 
the formation of fibrous tissue between the biomaterial and the bone, which represents a soft 
interlayer not able to sufficiently anchor the implant. Moreover, an unsecured attachment can 
result in micromovements and subsequent generation of wear debris, which may elicit an 
inflammatory reaction and excessive bone resorption, eventually leading to the loosening of 
the prosthesis [6–10].

Presently, metallic and ceramic biomaterials are used for the majority of load-
bearing orthopaedic implants due to their high strength [11,12]. Bioinert alumina and 
zirconia ceramics demonstrate superiority in hardness and wear resistance among available 
biomaterials resulting in minimal immune response, which makes them extremely suitable 
for the fabrication of the articulating components of total joint replacements (TJRs), such 
as femoral heads [10,12]. Among metallic biomaterials, titanium alloys are increasingly 
used for TJRs. They are often praised for their high corrosion resistance and moderate 
elastic modulus, the latter reducing the stress shielding effect and preventing undesired 
bone resorption [6,7,9]. Even though these biomaterials exhibit an exemplary chemical and 
mechanical stability, their bioinert nature does not encourage the establishment of a stronger 
and more physiological connection between the implant and the new bone, thus necessitating 
further surface treatment of the implants [2,10,11]. Many of the approaches currently used 
to promote osseointegration are based on the attraction of mesenchymal stem cells (MSCs) 
and the stimulation of their osteogenic differentiation, leading to new bone tissue formation 
on the implant surface. This can be achieved through the adjustment of the chemical and 
physical surface properties of the used biomaterial [2,4,6].

Given the highly vascularized nature of the bone [13,14] and the importance of blood 
supply in the bone repair process [15], angiogenesis plays a crucial role and remains a major 
challenge in bone tissue engineering and regeneration. Furthermore, the research on the effects 
of inorganic elements on angiogenesis is relatively scarce when compared to the research on 
osteogenic agents [16]. Due to their vital role, damaged blood vessels are repaired through 
the angiogenic process in the initial stages of bone regeneration [5,17,18]. This restores 
the blood flow, thereby ensuring delivery of oxygen, nutrients, signalling and molecules as 
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well as facilitating the supply of cells to the affected site and enabling the removal of waste 
products [19–21]. Implants with both osteogenic and angiogenic surface biofunctionalities 
are, therefore, highly desirable to enhance osseointegration [22].

Among the available methods used for the modulation of cellular responses by an 
implant, modification of the chemical composition of the biomaterials is an approach that 
enables the incorporation of multiple agents with different action mechanisms, thereby 
yielding a biomaterial with versatile surface properties. Essential and trace elements are 
known for their inherent role in many molecular mechanisms in the human body, and the 
increased understanding of their signalling and structural functions associated with bone 
metabolism has led to their utilization in therapeutic applications for bone (e.g., osteoporotic 
treatments, promoting osseointegration) [5,13,14,23]. The calcium (Ca) and phosphorus (P) 
essential elements, which are constituting the hydroxyapatite crystals found in bone, were 
among the first elements with osteogenic potential and recognized suitability for orthopaedic 
applications [14,23]. Nowadays, trace elements such as copper (Cu), magnesium (Mg), silicon 
(Si), strontium (Sr), and zinc (Zn), which may additionally enhance angiogenesis, are also 
incorporated into bulk biomaterials or onto their surfaces, delivering their stimulatory effect 
to the intended site through tunable release kinetics. They can modulate the activity of stem/
progenitor cells, thereby inducing new bone and/or blood vessel formation and enhancing 
osseointegration [5,13,23–25].

Due to its biodegradable nature and mechanical properties comparable to the bone, Mg 
is an attractive metallic biomaterial for resorbable scaffolds intended for bone regeneration 
[13,26]. The presence of Mg may favour osseointegration through the recruitment of bone 
marrow stromal stem cells [13] and more recent research has indicated its angiogenic potential 
through the upregulated expression of angiogenic factors [14]. Sr is used as strontium ranelate 
(Protelos) for treating osteoporotic patients [23,27]. The superiority of strontium ranelate 
over other osteoporotic drugs is related to its ability to decouple the various processes 
involved in bone remodelling by promoting osteogenesis while simultaneously suppressing 
bone resorption [28–30]. The antimicrobial activity of Cu has been utilized in the medical 
field for decades [31]. However, this metal is also gaining increasing recognition for its wide 
range of catalytic and structural functions in other biological processes [23,32], such as 
tissue regeneration [33,34]. As far as orthopaedic applications are concerned, Cu can not 
only decrease the incidence of implant-associated infections, but it could also improve bone 
quality around the implant by increasing its mineral density [32,35] and promoting the 
formation of a new vascular network [36]. The majority of Zn found in the human body is 
stored within bone [13,23,32], reflecting its essential involvement in bone homeostasis. Zn 
promotes osteogenesis by regulating the activity of osteoblasts and osteoclasts [23,27,32] and 
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similar to Cu, it could also be employed as an antibacterial agent [13]. Si is involved in bone 
metabolism through both anabolic and catabolic processes, it promotes bone homeostasis, 
regeneration, and increases its mineral density [37,38]. One of the introduced osteogenic 
mechanisms of silicon is the promotion of collagen 1 deposition and stabilization [32,38], as 
well as the recruitment of progenitor cells through immunomodulation of monocytes [37].

This review aims to provide the reader with a state-of-the-art overview on the angiogenic 
properties of trace elements incorporated on the surfaces of permanent orthopaedic 
biomaterials with a focus on the in vitro assays used to evaluate the response of endothelial 
cells (ECs) to such biomaterials, the comparative angiogenic potential of the trace elements 
for bone implants, and the mechanisms underlying the observed angiogenic activity.

8.2	 METHODS
PubMed and Web of Science were used as the primary search databases. The search terms 
and strategy are summarized in Table 1 and supplementary Figure S1. First, the databases 
were screened for the general term endothelial cells and the selected elements. The search 
terms were further specified by the addition of angiogenic components and the intended 
applications while the period was set to the time window between 2010 and 2020. The 
search from both databases yielded 465 articles. After removal of duplicates, 419 articles 
were individually screened. Based on the relevance of the title and abstract, 109 articles were 
selected and further classified with consideration to the application requirements mentioned 
in the motivation section above. Finally, 75 articles were included for full-text assessment out 
of which 58 were included in the final comparison of the five inorganic elements.

All included articles discussed the effects of one or more of the selected ions/nanoparticles 
(Cu, Mg, Si, Sr, or Zn) on endothelial cells. The composition of the tested materials, 
concentrations of the potential angiogenic agent (in the form of ions or nanoparticle), and the 
reported effects on ECs were summarized and compared. The articles were also screened for 
the different assessment methods of the angiogenic properties of the agents to evaluate their 
widespread use whilst critically reviewing their suitability, with consideration of the reliability 
of the output data, costs, and other general (dis)advantages (e.g., duration, complexity level, 
etc.). The findings were compared and completed with the results of several review articles on 
in vitro angiogenic assessment methods, yielding the final overview.
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Table 1.Summary of inclusion and exclusion criteria.

Screening Inclusion criteria

Web of Science PubMed
Initial search term: TS=((endothelial cells) AND 

(angiogen*) AND (magnesium OR 
mg OR copper OR Cu OR silicon OR 
Si OR zinc OR Zn OR strontium OR 
Sr) AND (implant OR scaffold OR 
material))

endothelial cells AND angiogen* AND 
(magnesium OR Mg OR copper OR 
Cu OR silicon OR Si OR zinc OR Zn 
OR strontium OR Sr) AND (implant 
OR scaffold OR material)

Year: 2010-2020
First screening: Relevance of title and abstract; discussing effect of the ions/particles on 

endothelial cells/angiogenesis
Second screening: Bone related field of application (orthopaedic/dental)
Full-text screening: Effect of one of the ions on angiogenic behaviour of endothelial cells

8.3	 ANGIOGENESIS AND ITS ROLE IN FRACTURE 		
	 HEALING
After a bone replacement surgery, the body suffers local tissue damage analogous to that of a 
fracture. The blood supply is disrupted and the local environment loses mechanical stability 
[18,39]. New bone and vascular tissue must both be generated to restore homeostasis and 
to secure a strong tissue-biomaterial interface, which is vital for the success of cementless 
permanent implants. The mutual dependence of angiogenesis and osteogenesis has been 
recognized by many studies as being critical for achieving successful bone repair, as impaired 
angiogenic ability or significantly damaged vasculature has been associated with increased 
occurrence of nonunions or delayed repair [20,21,40–42]. The fracture healing process is 
illustrated in Figure 1.

In the immediate aftermath of tissue damage, the wound elicits inflammatory and 
haemostatic reactions, defined by orchestrated molecular cascades, blood vessel constriction, 
blood coagulation, and the formation of a fibrin-rich blood clot at the affected site [20,41,43]. 
The clot is characterized by hypoxia and low pH and serves as a temporary scaffold at the 
wounded site [20]. It is also a source for cytokines and signalling molecules, which together 
with environmental factors (hypoxia) are responsible for the recruitment of MSCs, endothelial 
progenitor cells (EPCs), and inflammatory cells from their local sources [15,19,39,43,44].
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Figure 1. An illustration depicting the stages of fracture healing: 1) In the initial inflammatory phase 
(lasting up to 7 days after injury), the increased blood delivery to the affected site results in the formation 
of hematoma with a high content of cytokines; 2) Cells attracted by cytokines and environmental factors 
(hypoxia, low pH, HIF1-alpha, VEGF) are responsible for the repair of damaged vessels and formation 
of provisional fibrous tissue called callus (7-10 days after injury); 3) At around two weeks after injury, 
MSCs undergo differentiation into osteoblasts and chondrocytes governed by Wnt and BMP signalling 
and provisional woven bone is generated; 4) In the final phase starting 3-4 weeks after injury and lasting 
up to several years, the woven bone is replaced by lamellar bone.

The initial inflammatory reaction has a substantial influence on the formation of a callus, i.e. a 
fibrovascular tissue that provides a more stable support/matrix for the further development of 
blood vessels and bone tissue [18,39,42]. Through reciprocal signalling, vasculature and bone 
mature side by side. Hypertrophic chondrocytes and cells of the osteoblastic lineage contribute 
to the secretion of vascular endothelial growth factor (VEGF) [45], a pro-angiogenic factor 
that, in synergy with several bone morphogenic proteins (BMPs), increases the recruitment 
of MSCs and encourages their differentiation towards osteoblasts [18]. Stimulated ECs 
proliferate, migrate, and develop into structures to form new vessels and restore the blood 
flow in the callus. The vasculature surrounding and growing into the provisional fibrous 
tissue is vital for its replacement by the hard callus, as it enables sufficient delivery of oxygen 
and nutrients required for this endochondral ossification and helps to convey osterix-
positive osteoprogenitor cells from the perichondrium into the metaphysis, contributing to 
osteoblastogenesis inside the bone [15,18,21,39,40,45–47]. Finally, the provisional woven 
bone is remodelled through repetitive tissue resorption and deposition cycles and replaced by 
a functional lamellar bone [15,39,40].

The vascular network can be formed via two processes, angiogenesis and vasculogenesis, 
which are often incorrectly interchanged despite their substantial differences. Vasculogenesis 
employs the endothelial progenitor cells (EPCs), which are obtained from different sources. 
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The recruitment of EPCs is governed by molecular (cytokines) and environmental (hypoxic) 
factors. These cells then further differentiate into mature endothelial cells and develop de 
novo (new) blood vessels [17–19,43]. The importance of vasculogenesis in the onset of 
vascularization during embryonic development has been known for decades, but recent 
studies confirmed its role also postnatally [17]. Angiogenesis, on the other hand, utilizes the 
existing vasculature and is the dominant vessel formation process in tissue repair and tumour 
growth. It differentiates between two mechanisms of network growth: sprouting and splitting 
of the blood vessels [17–19,43]. The latter process, also called intussusceptive angiogenesis, 
is usually observed in well-perfused regions undergoing morphological changes, such as 
remodelling or growth. In contrast, areas with no or very little blood supply, such as wounds, 
are characterised by proliferative branching (sprouts) from the remaining vasculature, 
thus forming a new capillary network [17,48,49]. Sprouting angiogenesis, the prevailing 
revascularization mechanism for fracture healing, is defined by the following stages which are 
also illustrated in Figure 2.

1.	 Firstly, the basement membrane of the blood vessels, which together with mural 
cells (vascular smooth muscle cells and pericytes) prevents ECs from leaving their 
designated location in the vascular wall, must be degraded to liberate the ECs. Major 
biomolecular factors of this phase include matrix metalloproteinases, which define 
the extent of the membrane degradation and at the same time are responsible for the 
secretion of angiogenic factors, such as VEGF, fibroblast growth factor (FGF), and 
transforming growth factor beta (TGF-β), as well as activation of relevant angiogenic 
chemokines [17,22,50].

2.	 The sprouting angiogenesis is characterized by endothelial cells of distinct (but 
reversible) function and morphology. The new branches comprise of tip and stalk 
cells. The establishing capillaries are guided by mildly proliferative tip cells, contain 
many filopodia and navigate the new vessels toward a relevant (angiogenic) stimulus 
(hypoxia, biochemical gradient) [17,22].

3.	 The new endothelial branch is initially formed as a solid cord without a lumen. The 
growth and branching of the new vessel are mainly determined by the proliferation 
of stalk cells, which, in contrast to tip cells, are characterized by fewer filopodia [17]. 
Moreover, they are responsible for the production of the basement membrane and the 
establishment of junctions with neighbouring cells [17,50].

4.	 Stalk cells are responsible not only for the elongation of the branches but also for 
lumen formation, which is achieved by the tubular arrangement of these cells. Past 
studies introduced two mechanisms, in which the lumen is formed either by “cell 
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hollowing” or “cord hollowing”. The “cell hollowing” theory works on the assumption 
that the intracellular vacuoles of adjacent endothelial cells connect, thus creating 
inner space. The more recent “cord hollowing” theory, on the other hand, explains the 
lumen formation with cells acquiring a distinct phenotype, subsequent rearrangement 
of neighbouring cells, and lumen opening as a result of repulsive forces on the 
established inner membrane [17,50,51].

5.	 Once the lumen is established, the blood flow initiates. The contiguous tubular 
branches are then coalesced, forming an interconnected network. The new vasculature 
is then corrected through remodelling and pruning; the nutritional demands give 
rise to small and large vessels, whereas local levels of oxygen and VEGF determine 
apoptosis of some ECs to accomplish the optimal vascular density [17,50].

Figure 2. An illustration of sprouting angiogenesis. The presence of different factors (hypoxia, HIF1- 
alpha, VEGF) can initiate angiogenesis, which is divided into 4 stages: 1) In the first stage, the membrane 
degrades resulting in the liberation of ECs; 2) The cells proliferate and migrate, thereby establishing new 
branches of the vascular network; 3) The new branches are initially formed without a lumen and are 
hollowed in a subsequent stage; 4) The new endothelium matures, and blood flow is established through 
the new vessels.

The blood vessel formation process is governed by several biomolecular factors. The hypoxic 
conditions and increased lactate levels, characteristic for the hematoma and callus at the site 
of an injury, stabilize expression of hypoxia-inducible factor 1 alpha (HIF1-α) [15,19,20,44]. 
According to some studies conducted in mice, the increased expression of HIF1-α was 
associated with hyper-vascularisation, while its depletion resulted in delayed callus formation 
[19]. HIF1-α drives expression of VEGF, which promotes both the angiogenic and vasculogenic 
processes [19,20], and more than 60 factors related to adaptation in hypoxic conditions [51]. 
VEGF is secreted by many cells, including MSCs, osteoblasts, hypertrophic chondrocytes, 
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but also inflammatory cells [18]. It stimulates proliferation and sprouting of endothelial cells 
and its expression attracts EPCs towards the site of injury. Studies have shown that inhibition 
or deficiency of VEGF is reflected in the reduced angiogenic potential, healing ability, and 
quality of the newly formed tissue [15,19,20,39,44]. Platelet endothelial cell adhesion molecule 
(PECAM1), also known as cluster of differentiation 31 (CD31), is an adhesion and signalling 
molecule expressed by vascular cells. In coordination with other molecules, it has been 
demonstrated to promote the migration of endothelial cells while also ensuring maintenance of 
cellular integrity in terms of proper barrier function (permeability) and cell-cell junctions [52]. 

8.4	 FREQUENTLY USED IN VITRO METHODS FOR 
ASSESSMENT OF SPROUTING ANGIOGENESIS 
INDUCED BY INORGANIC AGENTS

In vitro assays are usually the starting point of an investigation and often represent a very 
simple setup lacking many physiological cues (such as mechanical strain and chemotaxis) 
and interaction with other cell types. Although this is considered a hindrance while aiming 
to simulate an accurate in vivo situation, those simple in vitro assays are advantageous for 
examining a direct effect of an agent on an isolated cellular system and studying individual 
mechanisms found in complex tissues.

The in vitro angiogenic assays are designed to emulate the process of blood vessel 
formation and to investigate the effect of new stimuli on the behaviour of endothelial cells at the 
different stages of angiogenesis. The cellular response is tested for the proliferative, migrating, 
and sprouting capacity, attachment, morphology, viability, and phenotype commitment. 
The angiogenic assessment should cover multiple stages of the vessel formation process and 
consider the biomolecular complexity and selectivity, in which only specific factors and/or 
behavioural aspects are promoted/suppressed and how those events are coupled [53].

The articles yielded from the literature were also screened for the different angiogenic 
assessment methods, which were summarized and compared in terms of their approach 
(direct (D) culturing of cells on the material’s surface, indirect (I) culturing of cells in the 
material’s extract) usability, reliability, costs, and general (dis)advantages (Table 2).

The next subsections provide an overview of the different types of endothelial cells and 
describe the in vitro assays that study endothelial behaviour and the different stages of angiogenesis. 

8.4.1	 Type of endothelial cells
Together with smooth muscle cells, ECs represent the fundamental structural units of the vascular 
system. They line the lumen of blood vessels and are therefore employed in the in vitro models 
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for angiogenic assessment. There are several types of endothelial cells that can be used in in vitro 
models intended to study angiogenesis. Naturally, their origin (human or animal) determines 
their phenotype, size (10-20 µm in diameter), and morphology; the cells differ in expression 
and release of biomolecular factors and in the tendency to form tissue-specific structures, such 
as sprouting ability [54–57]. Therefore, the cell type should be selected according to the desired 
outcome of the experiment, and results should be interpreted with care [57].

Primary cells are strongly preferred for assessment of angiogenesis, albeit the use of 
immortalized cell lines is also possible. Primary cells are isolated from a donor tissue without 
being subjected to any modifications and therefore represent a more accurate approximation 
of the actual tissue. They pose some disadvantages such as differences between individual 
batches and limited passage-dependent proliferation capacity. The most commonly used 
human primary cells are human umbilical vein endothelial cells (HUVECs). HUVECs are 
relatively large cells obtained from the endothelium of an umbilical vein. They are easy to 
isolate and harvest, highly proliferative, and capable of forming capillaries. For those reasons, 
they are frequently chosen for studying the angiogenic behaviour of endothelial cells, 
although they are not of microvascular origin [53–57]. Besides HUVECs, human arterial 
endothelial cells (HAECs) are another type of macrovascular ECs, suitable for models studying 
pathological vascular disorders [57]. Among other commonly used primary ECs are human 
microvascular endothelial cells (HMECs) [57], which are suitable for studying endothelium 
and neoangiogenesis in the surroundings of tumorous tissue, bovine aortic endothelial cells 
(BAECs) [53,54], and human dermal microvascular endothelial cells (HDMECs) [53–55].

An immortalized cell line, on the other hand, is mostly established from a single cell 
where all cells possess identical genetic information [58,59]. Cell lines can be used for initial 
experiments assessing cytotoxicity and chemical biocompatibility of various molecules, 
however, due to their atypical behaviour, which must be taken into consideration during 
experiments, they are not suitable for advanced steps of the research process [60]. Unlike 
primary cells, they do not lose their proliferative ability after several passages. Therefore, they 
are not a representative sample for assessing cellular proliferation [58,61]. An example of an 
immortalized cell line is EA.hy926, a human umbilical vein cell line with a differentiation 
profile suitable for angiogenic in vitro models [62,63].

The conditions for the culture of endothelial cells are specified by the manufacturer who 
usually supplies or advices appropriate culturing media. Cell line EA.hy926 can be cultured in 
Dulbecco’s Modified Eagle Medium (DMEM, Lonza) supplemented with fetal bovine serum, 
streptomycin and penicillin [64,65]. Primary HUVECs supplied from Lonza, however, require 
use of specific media (Endothelial Cell Basal Medium) enriched by a number of growth factors 
such as VEGF, FGF and epidermal growth factor (hEGF), also offered by Lonza.
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8.4.2	 Assessment of basal membrane degradation
Degradation of the basal membrane is a critical step, which liberates the endothelial cells from 
the tightly ordered monolayer and allows for proceeding with proliferation and migration, and 
the eventual generation of a new capillary network. Methods for assessment of the first stage 
of angiogenesis, the degradation of the basal membrane, are based on measuring the activity 
of matrix metalloproteinases (MMPs) produced by the endothelial cells. Those enzymes are 
responsible for digestion of the membrane and liberating the endothelial cells from the blood 
vessel wall [17,54].

In a gel zymogen assay, a gelatinous substrate, such as collagen, fibrinogen, or gelatine, 
is embedded (co-polymerized) in a polyacrylamide gel. Collected supernatants from the 
endothelial cells, cultured for a defined period of time, are then electrophoresed through the 
prepared gel. For evaluation of the protease activity, Coomassie staining is utilized to detect 
remaining protein, with the proteolyzed regions in the gel appearing clear against the dark 
background [53,54].

Another assay enabling to assess the degradative capability of ECs is the matrix invasion 
assay. Cells are placed in a transwell system. The chamber membrane, which normally permits 
the permeation of cells through its pores, is occluded with an extract of the basal membrane; 
cells cannot migrate through unless they degrade the extract and thereby free the pores. The 
quantification of cells migrated into the lower chamber is proportional to the proteolytic 
activity of the cellular enzymes [54,66]. Both assays are relatively time-consuming and were 
not found among the most frequently used assays in the reviewed papers.

8.4.3	 Cell proliferation
The reproductive capacity of stalk cells determines the growth rate of establishing capillaries. 
Hence, it is fundamental to analyse the effects of the biomaterial and/or its extract on the 
proliferative capacity of endothelial cells. There are many assays available, which can deliver 
information about cell proliferation. They can be divided into categories, based on the 
principle they utilize to determine the cell proliferative capacity.

8.4.3.1	Cell staining and counting
Cells are usually cultured for several hours/days in the presence of the investigated (potential) 
stimulus. Upon reaching the defined time points, a suitable staining technique can be chosen 
based on the desired information.

The most commonly employed fluorescent stain is 4’,6-diamidino-2-phenylindole 
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(DAPI) [67], which binds to adenine-thymine-rich regions and is dependent on the 
permeability of the cellular membrane (fixed/dead cells). DAPI can be used for quantification 
of all cells present in individual wells, in which case it requires fixing of the cell culture with 
an appropriate fixative (e.g. formaldehyde). An alternative to DAPI is propidium iodide (PI) 
[68], which also binds to the DNA of all fixed/dead cells, with little sequence preference.

Without fixing, DAPI or PI can permeate dead cells only. In combination with another 
fluorescent dye, that can stain live cells (e.g. Hoechst, calcein), DAPI or PI can be used for 
Live/Dead staining.

The quantification of the stained cultures can be completed by automated/manual 
analysis of images obtained from a microscope, or by using a flow cytometer. Another 
option is labelling the cells with Trypan Blue and counting them in a haemocytometer or an 
automated cell counter [54].

8.4.3.2	Quantification of DNA synthesis 
More advanced albeit more time consuming and costly techniques use fluorescent or 
radioactive labels to monitor the mitotic division of cells. A labelling agent ([3H] thymidine 
[57], bromodeoxyuridine (BrdU) [69,70], 5-ethynyl-2’-deoxyuridine (EdU) [71]) is added to 
the culture and during subsequent cellular divisions, it becomes incorporated into the DNA. 
The output signal can then be monitored throughout a defined period of time in a device 
with an appropriate detector. The quantification of incorporated thymidine requires the use 
of radiation, which is proportional to the division rate and can be measured in a scintillation 
counter. BrdU is a newer analogue of thymidine and uses immunochemical detection 
methods. The most advanced EdU incorporation technique uses click chemistry instead of 
an antibody and unlike BrdU does not require denaturation of the DNA for detection of the 
signal. Both a flow cytometer and a fluorescent microscope can be used for the detection and 
evaluation of the proliferative capacity of cells [53,54,57,71,72].

8.4.3.3	Colorimetric assays
Colorimetric assays employ specific compounds that can be modified by chemical reduction 
through mitochondria of active cells and of which their fluorescently reduced products can 
be measured using spectrophotometry. The output signal is often correlated with the number 
of active cells and is used to reflect the proliferation rate of the culture. The compound is 
added to the cell culture at the end of a defined cultivation period. It is usually incubated 
with the cells for about 1-2 hours (could be more in case of slowly dividing cells), and the 
intensity can then be analysed on an absorbance- or a fluorescent-based plate reader. The 
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most commonly used colorimetric assays are MTT [73,74] (reduction of yellow tetrazolium 
salt to purple formazan), AlamarBlue, and PrestoBlue [68,75] (reduction of blue resazurin to 
red resorufin) [53,54,72].

8.4.4	 Cell migration
Assays reflecting the motility and guidance of tip cells during sprouting angiogenesis can 
be divided into two categories: (a) response and attraction of endothelial cells towards an 
environmental factor along its concentration gradient (chemotaxis), (b) general cellular 
motility (chemokinesis), and ability of cells to restore a disrupted monolayer (heal the 
emulated wound) after being introduced to a (potentially) proangiogenic agent.

One of the most frequently employed experimental setups of the first group is the transwell 
[76,77]: a two-chamber system with a separative cell-permeable membrane. Precultured cells 
are placed in the upper chamber (the well insert), while the medium containing the active agent 
is in the lower chamber. The cells are then incubated for several hours. The size of the pores in 
the membrane requires active adjustment of cell morphology to allow the cells to pass through. 
Afterward, the cells are fixed, stained and the number of cells migrated through the membrane 
is analysed [54,55,57,72]. Another assay intended for the evaluation of cellular chemotaxis is the 
under-agarose assay. In this experimental setup, the cells migrate from one well towards a well 
with an attractant under the agarose gel, which separates the wells [54]. 

The general cellular motility can be assessed through a wound-healing/scratch assay 
[78,79]. First, cells are cultured until confluence is reached after which the monolayer is 
scratched. The cells are usually monitored for several hours and pictures are taken at defined 
time points. The wound healing capacity can then be evaluated from the pictures using an 
ImageJ plugin (MRI Wound Healing Tool). 

Cell starvation in a serum-free medium prior to those experiments is a common practice 
to maximise the migratory and motility response of endothelial cells [54,80,81].

8.4.5	 Tube formation/Sprouting
The ability of endothelial cells to organize into tube-like structures is the first visual indication 
of establishing capillary lumen and the new vascular network. In principle, it can be tested in 
several gel-containing models [82,83]. 

Generally, wells intended for cell seeding are coated with one of several available 
substrates (collagen, laminin, fibrin, Matrigel) and allowed to solidify. Subsequently, cells are 
seeded onto the gel and their sprouting behaviour is monitored for several hours. Microscope 
imaging can then be used for evaluation of the ECs sprouting ability. The most common 
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methods for quantification are counting the number of nodes/branches/sprouts or the length 
of rings/tubes formed. Such an analysis can be done either manually or fully automated [84]. 

Unlike other substrates, Matrigel contains many growth factors, enhances attachment, 
and highly stimulates migration and differentiation of cells. The potential overstimulation 
has been demonstrated by seeding other non-vascular cell types (e.g. fibroblasts) into 
Matrigel, which were also able to form tubular structures, although it does not belong to their 
normal behavioural features. Hence, the use of growth factor-reduced Matrigel is strongly 
recommended for the assessment of sprouting.

To approximate the 3D in vivo conditions and allow for both horizontal and vertical 
migration and sprouting of cells, the thickness of the coated layer can be increased, cells can 
be mixed with the gel or seeded between gel layers [53,54,57,72].

8.4.6	 Gene/protein expression 
The type and concentration of specific biomolecules expressed by ECs reflect their angiogenic 
behaviour. In addition, the maturity and phenotype specificity of ECs can be determined 
through the detection of specific types of gene and protein expression. When assessing the 
angiogenic capacity of endothelial cells, the most frequently tested angiogenic factors are 

VEGF, HIF1—α, and PECAM1 (CD31).
To determine the types and quantities of activated genes, reverse transcription-

quantitative polymerase chain reaction (RT-qPCR) is performed [85,86]. In this method, 
extracted and reversely transcribed genetic information is multiplied, bound to a detectable 
molecule (a fluorescent marker), and analysed in a qPCR machine.

Enzyme-linked immunosorbent assay (ELISA) is a commonly used diagnostic tool 
capable of detecting synthesized or secreted proteins in vitro [87]. The method utilizes 
protein-specific antibodies and fluorescent substrates (added in defined order) that enable 
quantification of the existing proteins using a spectrophotometer. Protein concentration and/
or its subcellular localization can be quantified using Western Blotting [69], where proteins 
are denatured prior to their loading into an electrophoretic gel setup [55,56].

8.4.7	 Other assays
8.4.7.1	Attachment, morphology, viability
Although evaluation of the cellular attachment is not directly assigned to any of the stages 
of sprouting angiogenesis, it is often included in the angiogenic assessments, as proper 
attachment and morphology are considered to be pivotal for further angiogenic development 
stages [88]. Monitoring of cells cultured with (extracts of) a given biomaterial can provide 
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information about their response to its (bio)chemical composition. To observe and evaluate 
the behaviour of cells influenced by both chemical and physical properties, cells can be seeded 
directly onto the biomaterial surface. The most common methods to assess the morphology, 
spreading, and viability of ECs include scanning electron microscopy (SEM) and confocal 
laser scanning microscopy (CLSM) [83,87,89]. 

8.4.7.2	NO production
Nitric oxide (NO) is the most important substance produced by the endothelium. 
Proper functioning of ECs is dependent on balanced levels of NO, and their disruption is 
associated with severe impairments of the vascular system (vasoconstriction, inflammation, 
atherosclerosis) [51,90]. 

Measuring the produced NO is a good way to gain information about the quality of the 
established endothelium [91,92]. Its very short half-life led to the development of methods based 
on colorimetric or fluorometric detection. They utilize the rapid oxidation of NO and subsequent 
enzymatic conversion of the nitrate to nitrite by nitrate reductase to form a coloured quantifiable 
product (Griess test), which can be analysed on a plate reader or other suitable detector [93]. 

8.4.7.3	Coculture with other cell types
Depending on the intended application, ECs are often cultured in the presence of other cells 
to emulate the in vivo conditions and the mutual biological interactions. 

For bone tissue engineering purposes, ECs are most frequently cultured with MSCs or 
osteoblasts, which secrete VEGF and other specific proteins to facilitate the differentiation of 
ECs (increased expression of CD31) towards angiogenesis [94–96]. 

Various approaches taken for the evaluation of the interactions were identified. The 
response of ECs to the growth factors secreted by other cell types, such as MSCs, can be studied 
in a simple culture setup combining the endothelial culture medium with the conditioned 
medium from the other cell type [16]. Introducing a second cell type significantly increases 
the complexity of the experimental setup [67]. The additional challenges encountered in 
these models are mostly related to the seeding protocol, establishment of a proper media 
composition required for the survival of included cells and the ratio of seeded cells.

Many publications have established protocols with recommended cell number ratios 
and temporal order in which ECs and MSCs/osteoblasts should be seeded. The readers are 
advised to seek detailed guidance for those assays elsewhere (e.g. [96–98] ) as it is beyond the 
scope of this review. 
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8.5	 INTERACTION OF ENDOTHELIAL CELLS WITH 	
	 INORGANIC ANGIOGENIC AGENTS
8.5.1	 Copper
Copper is known for its antibacterial activity and angiogenic potential [13,87]. An optimal 
concentration of copper has been also shown to stimulate normal bone metabolism and 
reduce the bone resorption rate [99,100]. Therefore, the element represents nowadays an 
attractive choice for general tissue engineering solutions, including bone regeneration. 

Seventeen articles were identified in the literature and included in the comparison 
(Table 3) The largest group of biomaterials that incorporated copper were bioceramics 
[67,74,82,91,101–103]. Titanium was found to be the most common metallic material 
used in combination with copper, due to its superior mechanical properties and excellent 
suitability for orthopaedic applications [64,73,79,87,104]. Mg-Cu alloy represented a group of 
biodegradable metals and a solution for long-lasting antibacterial effects [83]. 

Generally, the addition of copper to different materials resulted in increased proliferative, 
migration and tube formation capability, secretion of angiogenesis dependant factors (VEGF) 
by ECs in vitro, and favourable vessel formation, also in in vivo models. Some studies reported 
morphological alteration of the materials surface with the additions of different concentrations 
of the agent [64,67,74,79,87,89,91,103]. Along with the chemical stimulatory agents, surface 
morphology in the form of nanostructures, or wettability can also favour angiogenic capacity 
of ECs and their adhesion and spreading on the material [103]. 

The investigation of the effect of medium-supplemented Cu on the angiogenic behaviour 
of HUVECs yielded data of the cellular response to various doses of the pure ion [78,104]. 
The stimulatory effects on proliferation were observed with a concentration of up to 14.1 
mg/l, while migration was enhanced only up to 0.06 mg/l of copper in the medium [78]. Cu-
Zn supplemented medium with Cu concentration of 6.3 mg/l showed improved migration 
activity, while increased amount of Cu (31.5 mg/l) was associated with cytotoxic effects on 
ECs [104]. Similarly, the effect of CuSO4 on endothelial cells was investigated [105]. Those 
findings showed improvement in endothelial activity with 19.9 mg/l of Cu2+ (equivalent to 
50 mg/l of CuSO4), which is somewhat higher than the above-mentioned findings [78]. The 
optimal concentration of Cu ions released from the materials indicated in the publications 
also differed. The effective range of Cu2+ released from the majority of bioceramics was 
between 0.7 and 1.2 mg/l [67,82,101]. However, lower concentrations of ions leading to a 
positive endothelial response were also reported, such as 0.098 mg/l of Cu2+ released (on day 
7) from a Cu-modified calcium phosphate cement [91]. Similar release profiles favouring the 
ECs were detected in the case of N/Cu doped titanium where the concentration of Cu2+ was 
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0.10 mg/l [79]. Much higher doses of Cu2+ have been reported from Zn/Cu-doped calcium 
phosphate [67] and Cu-crosslinked alginate with bioactive glass nanoparticles [102], with 
concentrations of 1.0 and 5.0 mg/l (day 7), respectively.

8.5.2	 Magnesium
Magnesium is a very light and biocompatible metal. Its essential role in bone metabolism 
and degradability make it a promising solution for some areas of regenerative medicine 
demanding a new type of degradable metallic medical devices [14].

Nine articles discussing the effect of Mg on ECs were identified in the search and the 
summary of the findings can be found in Table 4. Unlike copper or strontium, magnesium 
was much more often incorporated within metallic materials [69,75,83,106,107] rather than in 
bioglasses or bioceramics [108]. The response of ECs to the magnesium-containing materials 
varied and greatly depended on the concentration. Several studies showed improvement in 
angiogenic capacity in terms of proliferation, migration, tube formation, and expression of 
angiogenic genes, after introducing the culture to magnesium [69,107–109]. The effective 
concentrations reported were usually much higher compared to the other elements being 
mostly in the range of 60-122 mg/l [75,76,83], although endothelial activation was also observed 
at a much lower concentration of 0.015 mg/l Mg2+ released from Zn/Mg-coated titanium 
[107]. Concentration-dependent cytotoxicity was studied using a tricalcium phosphate (TCP) 
material [108]. The TCP doped with 1.0 wt.% Mg stimulated ECs, while a TCP scaffold with 
4.0 wt.% Mg had an inhibitory effect on their proliferative activity and growth. Similarly, the 
cytotoxic effects of untreated Mg-Ca alloy due to excessive generation of corrosion products 
were discussed in another study [75]. To mitigate the adverse inhibitory activity, the alloy was 
subjected to plasma electrolytic oxidation (PEO) treatment. Similarly, alkali heat treatment was 
adopted to achieve a more moderate release profile of the Mg-Ca alloy [106].

8.5.3	 Silicon
Silicon is a major component of bioglasses and bioceramics. For its capacity to stimulate both 
MSCs/osteoblasts towards osteogenesis and ECs towards angiogenesis, silicon is utilized for 
many tissue engineering applications [14,110]. 

Within this review, 16 articles were identified and included in the comparison presented 
in Table 5. The findings showed that silicon was often used in combination with a titanium 
alloy and incorporated within its surface [65,73,92,111–115]. Such a solution exhibits good 
mechanical properties imparted by titanium and utilizes bioactive osteogenic/angiogenic 
component in the form of silicon ions/particles [7]. The addition of silicon often resulted in 
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an alteration of the surface morphology. Decreasing roughness with the addition of silicon 
was reported [92,112] as well as improved wettability [65,113]. Bioceramics often incorporate 
silicon directly in their matrices. A frequently reported bioceramic was Ca-Mg-Si [116,117], a 
combination of three known bioactive components, or silicon-containing hydroxyapatite [118].

The literature findings showed that silicon is capable to effectively promote the 
angiogenic behaviour of ECs by increasing their proliferation, migration capacity, enhancing 
the tube formation process, and upregulating the expression of angiogenesis-related genes 
(VEGF, HIF1—α). The optimal concentration varied among the studies but could generally be 
divided into a low concentration and a high concentration group. Favourable concentrations 
between 1.0 and 7.0 mg/l were reported [65,75,77,115–117], while enhanced ECs activity in a 
concentration range of 17-27 mg/l was also observed [73,111,118–120].

8.5.4	 Strontium
Strontium and its role in the bone formation process have been addressed by many studies. 
The robust capacity of this element to stimulate osteoblast differentiation and promote 
formation of new bone tissue represents a promising solution for orthopaedic implants, 
granting a stronger attachment between to the implant [16,28,121–123]. However, despite 
the importance of angiogenesis in the fracture healing process, the effect of strontium on 
endothelial cells has not been widely investigated. 

This review yielded 14 articles discussing the effect of strontium on endothelial cells 
(Table 6). The employed materials ranged from ceramics and metals to polymer matrices. 
Strontium was incorporated either in the bulk material or on its surface (either as an ion or 
nanoparticle), which determines its release profile characteristics.

The effect of strontium ranelate (SrR), commercially known as Protelos/Protos, an 
antiosteoporotic drug, on endothelial cells was discussed in [124]. The group reported a 
stimulatory capability of strontium on migration and tube formation properties of HUVECs 
with concentrations of around 7.5 mg/l Sr2+. However, they also addressed concerns about 
the increased incidence of cardiovascular events associated with the systemic use of SrR, 
which were also discussed in other studies [125]. Nevertheless, they concluded that locally 
administered doses of the agent, smaller than those required by the oral intake of Protelos, 
should not be regarded as high risk.

Several publications discussed the effect of strontium incorporated in calcium-
polyphosphate scaffolds (CPP) [86,126,127]. Their findings, which complied with other 
strontium containing bioceramics [85,121,128–130], generally implied enhanced proliferative 
and migration capacity, and higher tube formation ability of ECs in the presence of strontium. 
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Titanium-based alloys with strontium incorporated on their surface yielded similar results 
[16,131,132]. The studies reported improved adhesive, migration, and tube formation 
properties in vitro, suggesting likely enhanced vessel formation in vivo. 

A group of researchers reported varying surface morphologies between calcium-
polyphosphate-doped with strontium (SCPP) and without (CPP) and discussed their possible 
effect on ECs activity. The SCPP presented larger and more interconnected pores, resulting in 
a smoother surface with greater amounts of Ca2+ and (PO4)3-, and appeared to be favourable 
for ECs [86,126,127]. 

The concentration of Sr2+ improving the angiogenic behaviour from studies that included 
the ion release profiles ranged from less than 1.0 to several milligrams per litre. Most findings on 
optimal Sr2+ concentrations for ECs were within the range of 0.1 – 6.0 mg/l (cumulative release 
after 7 days or extract with constant concentration) [16,77,86,128,130]. Higher concentrations 
between 13-27 mg/l, released from a bioceramic material, were reported by Zhu at al [85].

8.5.5	 Zinc
Another abundant trace element found in the human body is zinc. Zinc is important for many 
biological reactions and plays an essential role in the metabolic processes of bone. Next to 
magnesium, it is another biocompatible biodegradable metal, with its corrosion rate being 
somewhat lower than that of magnesium [70]. 

Ten articles identified within the literature search have been summarized in Table 7. The 
findings showed that Zn can be incorporated in coatings on metallic substrates [69,104,107,133] 
as well as in bioglass and other ceramic materials [14,67,68]. Similar to magnesium and 
copper, the angiogenic ability of zinc is strongly dependent on its concentration and high 
doses can have adverse effects on the viability of endothelial cells. An investigation of the 
effect of pure metal zinc on endothelial cells showed that low concentrations of zinc of up to 
3.92 mg/l (60 μM) promoted the angiogenic behaviour of endothelial cells, while higher doses 
inhibited their activity [70]. This was in line with other observations of positive effects on ECs 
at concentrations of 1.4 mg/l after 7 days of culture [67], although even higher concentration 
of up to 32.5 mg/l favouring the migration activity of ECs was reported [104]. 

Owing to its high corrosion rate, supplementary surface modification was often adopted to 
control the ion release and improve the cytocompatibility of zinc [133]. Zinc was often found as 
a co-doped agent in combination with other bioactive elements such as copper [67], magnesium 
[69,107], phosphorus/calcium [67,133,134] or silicon [14,68], which also reported improved 
viability of endothelial cells in vitro [14,135] and formation of blood vessels in vivo [134]. However, 
the positive effects were often attributed to the synergistic effect of zinc and the other element.
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8.6	 DISCUSSION
Aseptic loosening is recognized as one of the leading causes of implant failure after primary 
THA. Through ion and particle doping, angiogenesis and osteogenesis boosting agents can 
be introduced onto the surfaces of bioinert biomaterials (such as titanium) and thereby 
strengthen the attachment at the interface and very likely improve the failure odds. The results 
summarized in the previous section (section 5) showed that all reviewed elements (copper, 
magnesium, silicon, strontium, and zinc) present a concentration-dependent angiogenic 
potential. In this section, the properties of these elements will be further discussed with 
respect to the methodological approach used for angiogenic assessment. Furthermore, the 
elements will be compared based on their angiogenic mechanism of action and their effect 
on other cell types engaged in the bone repair process. Finally, the acquired knowledge will 
be utilized to propose a solution, which could improve osseointegration of a permanent 
implant through the effective delivery of dual angiogenic and osteogenic promoters from the 
biomaterial’s surface.

8.6.1	 Assessment methods for angiogenesis induced by inorganic 
agents
For this review, publications discussing the interaction of one or multiple of the selected 
elements with endothelial cells are compared. Direct (D) and indirect (I) testing strategies of 
the materials were identified; the cells were either seeded directly on the surface or cultured 
with extracts (also referred to as degradation fluid or conditioned medium) of the respective 
biomaterial on a standard culture dish. Depending on the biomaterial, the two approaches 
can yield different results and their mutual comparison may not be accurate [14]. Extracts 
obtained from the material stimulate the cell only via released ions/particles (chemical 
composition) from the biomaterials. On the other hand, the cells in direct contact with the 
biomaterial will be also affected by its surface morphology, wettability, or surface energy 
[138–141]. Several studies have discussed the morphological changes of the biomaterial’s 
surface and its potential effect on the ECs. For example, the changes of the surface of the 
biomaterial achieved by the incorporation of silicon were reported to be substantial for 
attachment, spreading, and further activity of cells [92,111]. However, they did not provide 
both sets of data (from direct and indirect testing of the biomaterial), which could clarify 
the hierarchy of the chemical and physical stimuli, i.e. which one is primary for initiation of 
the desired cellular response. Generally, treating cells with extracts is relatively simple while 
seeding, detaching and collecting cells from a biomaterial with complex surface morphology 
require optimized protocols  which are methodologically more challenging and laborious.
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The vast majority of biomaterials found in this review were very complex with 
multiple (bioactive) elements in their composition. Despite the rigorous testing of different 
concentrations of the studied elements, the other bioactive agents present in the biomaterials 
and the possible additive/synergistic effect must always be taken into consideration and 
ideally should be compared with studies examining the effect of pure ions [70,78] or very 
simple molecules separately [124].

The incubation time of the ECs with the various biomaterials/ions varied per study, but 
was generally in the range of several days (some studies reported incubation of only a few 
hours). This experimental variable also affects the results as short incubations might not be 
sufficient to take any/the full effect and elicit response whereas long incubations may lead to 
undesired effects as well, such as toxicity.

Focusing on methodologies, the most frequently studied cell properties related to 
angiogenesis are proliferation, migration, and sprouting. Due to their simple protocol, 
colorimetric assays are often chosen for the determination of cellular proliferative activity. For 
the ambiguous character of the output data and their potential misinterpretation [72,142], 
the number of studies included in this review which interpreted the results of colorimetric 
metabolic assays as proliferation data rather than metabolic activity was concerning. The 
highly reducing environment does not necessarily reflect the higher number of cells as 
this may also be the result of increased metabolic activity due to stimulating biochemical 
cues. Therefore, careful data interpretation is essential and the use of another assay (such as 
DAPI cell count) for validation of the obtained results is strongly recommended [53,54,72]. 
An obstacle that can be encountered using DAPI and other fluorescent imaging methods is 
autofluorescence of certain materials (such as some polymers) [143].

A weakness of the scratch/wound healing assay, assessing the cell motility, is its 
reproducibility, as the size of the scratch is not always uniform. Additionally, it should be noted 
that the wound closure is not necessarily accomplished by migration alone, and the contribution 
of proliferation should be considered as well [53,54,57,72]. Finally, the transwell assay allows for 
testing with extracts or conditioned media only, while the wound healing assay can be performed 
also on substrates with smooth surfaces allowing to create a scratch in the cellular monolayer.

The tube formation assays were mostly performed in Matrigel-coated wells. Despite its 
relatively high price, its batch-to-batch composition variation, and the fact that it is derived 
from murine breast tumour tissue, it seems to be the standard material for this assay. However, 
its high growth factor content has been demonstrated to induce an atypical tendency towards 
the formation of tubular structures by non-endothelial cells.

Phenotype commitment is most frequently assessed using RT-qPCR and ELISA 
methods (quantification of VEGF, HIF1-α, PECAM1 expression) and detection of released 
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NO ions. Besides the already discussed angiogenesis-related growth factors and molecules 
(HIF1-α, VEGF, PECAM1), the process is also guided by a number of other signalling 
pathways involved in transcriptional and post-translational regulation. Wnt pathways are 
groups of signalling proteins mediating cellular proliferation, migration, differentiation, 
survival, and apoptosis, and they are potent guides for bone healing and vessel remodelling. 
With regards to angiogenesis, Wnt/ß-catenin is one of the known Wnt pathways governing the 
transcription of genes associated with vascular growth (VEGF) [144–147]. Notch signalling 
ligands and receptors are involved in vascular homeostasis [148–150], regulating phenotype 
commitment of endothelial tip and stalk cells responsible for migration and proliferation, 
respectively, during vascular sprouting [148]. 

None of the studies included in this review investigated the effect of ions on the first 
stage of angiogenesis, which is the basal membrane degradation. A possible explanation 
could be that researchers consider an already broken/damaged basement membrane in their 
models and do not feel the need to address it. Those assays may, however, be highly relevant 
for assessment of osteoconductive scaffolds supporting large defects/injuries and requiring 
regeneration of greater portion of bone and its vasculature.

Studies testing the response of cells seeded directly on the biomaterials often included 
observation of the cellular morphology. This simple experiment grants direct (although not 
quantitative) feedback about the biomaterial cytocompatibility for ECs. 

All in all, there is a wide spectrum of available methods for assessment of angiogenic 
behaviour of endothelial cells in 2D. The recommended approach drawn from the findings of 
this review is in favour of testing multiple behavioural features of endothelial cells in the presence 
of a potential angiogenic stimulus in order to evaluate its angiogenic potential. Moreover, it is 
advisable to perform cell cultures in extracts obtained from the biomaterials (indirect test), and 
on biomaterial’s surfaces (direct test) to decouple and distinguish between effects of chemical 
composition and physical properties of the used biomaterial, as they both play a significant role 
in the cellular response. Considering the growing trend of porous and degradable biomaterials 
necessitating proper bone ingrowth, relevant angiogenic models with transition from 2D to 3D 
will become a fundamental aspect of research dealing with osteoconductive biomaterials. The 
3D methodologies lay ground for closer approximation of intercellular interactions and their 
innate matrices which as well are pivotal for tissue regeneration [146,151].

8.6.2	 Role of ions in angiogenesis at the implant-bone interface
An ideal element should feature a dual incentive towards angiogenic and osteogenic commitment 
of endothelial cells and MSCs/osteoblasts respectively, and thereby simultaneously promote 
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blood vessel and bone matrix formation. All reviewed elements (copper, magnesium, silicon, 
strontium, and zinc) demonstrated pro-angiogenic characteristics at certain concentrations 
(discussed in section 5). Considering the relatively wide range of effective concentrations 
reported in the different studies, the obtained responses of ECs to the elements were very 
likely conditioned by additional factors, such as other released ions from the biomaterials or 
physical properties of the substrates. 

The role of zinc in blood vessel formation has been ascribed to its regulatory actions 
towards VEGF secretion through its high affinity to zinc proteins [152], and other zinc 
sensing receptors [153], which can additionally promote survival and growth of ECs through 
activation of intracellular signalling pathways. The enhancing effects of magnesium on 
migratory properties of ECs, on the other hand, have been associated with its chemoattractant 
role [154] and increased integrin function [155]. Both magnesium and zinc show auspicious 
potential for scaffolds in bone tissue engineering applications for their biodegradable 
properties. However, according to the current research, their degradation process has not 
been well contained yet. This may be reflected by the concentrations of released magnesium 
and zinc ions, which were usually much higher than concentrations detected with copper, 
silicon, or strontium. The high corrosion rate of both reviewed metals (magnesium and 
zinc) can result in adverse effects on bone regeneration: in the case of magnesium scaffolds, 
uncontrollable development of hydrogen bubbles and alkaline environment have been shown 
to severely inhibit the osteogenic process [13]. In addition, such a scaffold might not ensure 
the required mechanical stability throughout the healing process until the new bone tissue is 
formed [136]. The current attempts to moderate the negative effects of the rapid corrosion 
include alloying with other more stable metals or surface modifications, possibly making the 
fabrication process excessively complex. Incorporation of Mg on the surface of a permanent 
orthopaedic implant needs further scrutiny regarding surface design, taking into account the 
effects on both the osteogenic and angiogenic processes [75,106].

The clear superiority of copper for bone tissue engineering and vascular applications 
is attributed to its dual antibacterial and angiogenic capacity. Even in relatively small 
concentrations, copper can mitigate the risks of fatal peri-implant bacterial infection, leading 
to septic loosening of a prosthesis [13,87,101]. Besides its antibacterial activity, copper could 
potentially accelerate bone healing through enhanced angiogenesis. The mechanism by which 
copper promotes the formation of new blood vessels is based on the stabilization of HIF1-α 
and further stimulation of VEGF expression [13,36,91]. Despite the inherent role of copper 
in the bone metabolic processes, several publications reported severe sensitivity and possible 
inhibitory effects of copper on MSCs and osteoblasts at concentrations which, at the same 
time, were found to be beneficial for ECs [78,156]. Regarding orthopaedic applications, an 
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appropriate amount of copper favouring both cell types must be carefully chosen to avoid 
compromising the bone healing process. Alternatively, fabricating a coating with a properly 
tuned ion release profile could systematically stimulate the most relevant cells in the individual 
stages of the healing process and thereby effectively promote bone regeneration. 

Another element with a dual character is silicon. Owing to its favourable properties 
for endothelial and osteoblastic cells, which have been known for years, it is being employed 
for applications in tissue engineering, including solutions for bone regeneration, where 
positive interactions with both cell types are crucial [65,111,115]. Silicon is a stable element 
and unlike copper, magnesium, or zinc, it does not exhibit as many risks regarding possible 
cytotoxicity and it is the only element in this study that is well accepted by tissues even in large 
concentrations (it is present in the majority of active bioceramic materials). Its mechanism 
of action is analogous to that of copper: it increases expression of proangiogenic molecules, 
such as VEGF and FGF, it activates kinase insert domain receptor (KDR) and stimulates the 
production of nitric oxide [157,158].

Strontium is currently known for its excellent capacity to encourage the formation of new 
bone and represents a new generation of promising orthopaedic solutions [27,30]. Due to its 
mechanism of action, it can promote bone formation more effectively than calcium, and most 
likely, it also surpasses the capacity of silicon to secure a strong attachment with the implant. 
Despite the intensive research, little has been reported regarding its effect on ECs. The data from 
the reviewed literature indicate that strontium can favour the viability of ECs and also promote 
angiogenesis by stimulating MSCs to produce VEGF [124,127]. The exact mechanism by which 
strontium activates ECs and guides their angiogenic behaviour is not yet fully known, however, 
the involvement of the calcium-sensing receptor (CaSR) has been discussed [159]. This receptor 
is inherently involved in the mechanism of strontium-facilitated osteogenesis. It can bind 
strontium instead of calcium due to its similar atomic and ionic properties [28,123]. Confirming 
the role of CaSR in the strontium-mediated angiogenic commitment of ECs would introduce 
a new and possibly very effective system for the early development of well-vascularized bone.

Taken together, the comparison of the five elements and requirements for the intended 
application (Table 8) suggests that strontium and silicon could be a superior choice to the other 
three elements with the currently available processing methods. The aims to utilize zinc and 
magnesium are challenged by their rapid corrosion (unproperly controlled ion release could 
result in adverse effects), while copper may hamper the osteogenic process at concentrations 
beneficial for ECs. Strontium is known for its tremendous potential to promote osteogenesis, 
for which it has been utilized in osteoporotic treatments in the past, and the findings of this 
study imply promising results for the endothelial interaction as well. Silicon is utilized across 
many tissue engineering areas and presents a dual angiogenic and osteogenic activity. 
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Table 8. Overview of the criteria assessment per element.

Intended 
use

Tolerable 
ion content 
for ECs

Angiogenic 
properties

Osteogenic 
properties

Other 
properties

Current 
biocompatibility for 
bone applications

Cu Cardio. 
and ortho. 
applications

20 mg/l Excellent Inhibitory 
effect at high 
conc.

Antibacterial 
properties

Good

Mg Degradable 
scaffolds

190 mg/l Good Good Biodegradability Low due to high 
corrosion rate and 
cytotoxicity due to 
degradation products 

Si All tissue 
engineering

27 mg/l Good Good Applicability for 
various tissues

Excellent

Sr Ortho. 
applications

27 mg/l Good Excellent Antiosteoporotic 
drug

Good

Zn Degradable 
ortho. 
scaffolds

32 mg/l Good Good Biodegradability Low due to high 
corrosion rate (the 
same consideration 
as for Mg)

8.6.3	 Angiogenic response of ECs mediated through other cell types 
Indirect cellular interactions with materials, mediated via other cell types, are certainly of great 
importance as they represent a closer approximation of the in vivo situation in in vitro models. 
Although they were not the main focus of this review, some included publications [16,67,86,126,131] 
discussed these interactions and therefore will be briefly addressed in this section.

The mutual interaction of MSCs, osteoblasts, chondrocytes, fibroblasts, and immune 
cells with endothelial cells is certainly vital for proper fracture repair. Although a coculture 
of MSCs/osteoblasts with ECs is the most commonly used model for bone fracture-related 
angiogenesis, these cells do not interact until later in the healing process. The initial 
inflammatory reaction, with the onset of angiogenesis, is guided by immune cells. The 
description of the relationship between macrophages and ECs showed an improved angiogenic 
response of ECs cultured in conditioned medium from stimulated mouse monocytes [128]. 

Endothelial cells thrive in the presence of MSCs/osteoblasts and vice versa. The 
angiogenic and osteogenic differentiation potentials are higher in comparison to respective 
monocultures, leading to successful bone regeneration [96,97]. MSCs belong to a group of cell 
types capable of VEGF secretion. Via paracrine signalling pathways, this cytokine can mediate 
the activity of ECs, including their differentiation, proliferation, and migration [16,94,160]. 
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The performed experiments showed that cocultures of ECs and MSCs were beneficial for 
differentiation of endothelial phenotype and expression of specific markers, such as CD31 
and von Willebrand factor, likely due to the delivery of VEGF to endothelial cells [94]. The 
symbiotic relationship of the coculture has also been illustrated by the mutual attachment of 
MSCs and ECs (particularly endothelial progenitor cells), which augments the pluripotency 
of MSCs and simultaneously promotes angiogenesis [95,161]. 

Under optimal conditions, VEGF production by MSCs can be increased. The use of 
strontium-containing titanium material was reported to stimulate MSCs towards higher 
secretion of VEGF and platelet-derived growth factor (PDGF)-BB, which are both essential 
for angiogenesis [16]. In their experiments, much higher concentrations of those molecules 
were detected in conditioned medium obtained from MSCs cultured with strontium, which 
subsequently ensured greater recruitment and tube formation capacity of HUVECs. An 
experiment yielding similar findings was described in other studies, using conditioned media 
from MSCs stimulated by Sr [131] and Mg [76] ions, respectively and, for EC cultures.

These findings support the arguments, that despite their importance in the initial stages of 
research, monocultures are not an optimal representation of the in vivo interactions, and they 
further imply that the angiogenic function should be assessed from a broader angle. Generally, it 
also suggests that elements, which do not necessarily trigger endothelial cells could still (strongly) 
boost the blood vessel formation indirectly through stimulation of other cell types and subsequent 
activation of endothelial cells. The relationship between MSCs and ECs, which has proven to serve 
as an example, is critical for angiogenesis and most likely determines the outcome. 

8.6.4	 Future perspectives
Considering the causes leading to failures of permanent hip implants, promoting bone 
formation and strengthening the attachment at the interface could potentially reduce their 
aseptic loosening, which is usually attributed to the insufficient bioactivity of those biomaterials. 

The fracture healing model is used to emulate the bone repair process after replacement 
surgeries. This complex set of events, which is governed by many molecular cascades and 
environmental factors, can be modulated by various physical or biochemical agents interfering 
in individual of multiple stages of this process. The scientific evidence for the mutual dependency 
between bone matrix deposition and blood vessel formation, and its role in the fracture healing 
process, has commenced the development of biomaterials, which could promote both processes 
simultaneously through relevant agents, and thereby ensure early deposition of well-vascularized 
bone and secure a stronger connection with the implant [15,22].
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The current strategies to improve angiogenesis usually rely on the favourable 
environment created by structures with pores of appropriate volumetric ratio, which allow for 
vessel ingrowth [11,18]. Those, however, must ensure complete interconnectivity, else they 
hinder the cellular invasion and formation of a new vascular network [162]. Local delivery 
of proangiogenic factors such as VEGF is limited by natural properties of those molecules, 
including low protein stability and short circulating half-life and therefore their therapeutic 
use compels advanced engineering methods [22,163–165]. Angiogenic stimulation through 
inorganic ions [25] offers another approach with a potentially tunable release profile of the 
active element adapted to the needs of the different stages in the healing process. 

In this review, five inorganic elements (copper, magnesium, silicon, strontium, and 
zinc) were analysed and compared with respect to their angiogenic capacity. Taking into 
account the currently available surface biofunctionalisation methods, the properties of silicon 
and strontium showed the best match with the defined criteria. Both elements present low 
or no risk of cytotoxicity, effectively promote osteogenesis, and this review confirmed also 
their angiogenic potential. Therefore, a suitable approach would be to design titanium-based 
implants with silicon and/or strontium-doped surfaces, which could deliver angiogenic and 
osteogenic stimuli simultaneously and in a controlled manner. 

The incorporation of such agents can be achieved through various processes, e.g. 
chemical and physical vapour deposition, electrochemical deposition, or plasma spraying 
[6,166]. Electrochemical methods are often preferred for their relatively short procedure, 
applicability for large and complex titanium substrates, and a wide range of elements/
molecules, which can be incorporated on the surface [167,168]. Moreover, by altering the 
input parameters, such as time, applied potential, and electrolyte composition, the methods 
can produce a surface with desired (tailored) topography. One of the available electrochemical 
methods is plasma electrolytic oxidation (PEO; also known as micro-arc oxidation - MAO), 
which generates a porous oxide layer through local plasma discharges [169,170]. Silicon and 
strontium can be both incorporated into the surface of titanium-based alloys through the 
PEO process [75,171,172] and a gradual release of ionic products from the formed layer may 
lead to desired angiogenic and osteogenic effects at the affected site. Such a bioactive system 
should be firstly tested in vitro using the most relevant and accurate assays, as presented in 
this review. In addition, the cellular response to such biomaterials should be tested not only in 
monocultures of ECs, but also in cocultures of ECs and MSCs/osteoblastic cells to approximate 
the biomolecular interactions occurring during the mutually dependent processes, namely 
the vessel and bone formation. Only with a rigorous set of in vitro experiments as described 
above, followed by relevant in vivo studies, will any given biomaterial containing Cu, Mg, Si, 
Sr, or Zn prove itself as a superior implant in THA.
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8.7	 CONCLUSIONS 
The role of angiogenesis in the fixation of permanent orthopaedic implants in bone tissue 
has remained underinvestigated. Therefore, we have conducted a review of the angiogenic 
properties of trace elements (Cu, Mg, Si, Sr, and Zn) incorporated in the biomaterials’ surfaces. 
We have evaluated the assays used to study the response of endothelial cells to these surfaces, 
made a comparative analysis of the angiogenic properties of the elements investigated, and 
evidenced the mechanism underlying their angiogenic properties. 

The results described in this review showed that the methodological approach for 
angiogenic assessment comprised of similar in vitro 2D assays among the reviewed studies. 
Differences were identified in the incubation period of cells with the bioactive agent(s). The 
most frequently used assays included proliferation, migration, and sprouting assays followed 
by gene expression methods. All five reviewed elements (Cu, Mg, Si, Sr, Zn) displayed in vitro 
pro-angiogenic capacity, but were in some cases strongly concentration-dependent. Silicon 
and strontium appear to be superior for orthopaedic implants as agents with dual angiogenic 
and osteogenic properties, considering the currently available processing containment of those 
materials. They are known for their robust potential to promote osteogenic capacity and the 
findings in this study suggest promising results for the early development of vascularized bone. 
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ABBREVIATIONS
ANG-1/2 Angiopoietin 1/2
BAECs Bovine aorta endothelial cells
(B)MSCs (Bone marrow-derived) mesenchymal stem cells
BrdU Bromodeoxyuridine
CaSR Calcium sensing receptor
cc Coculture
CD31 Cluster of differentiation 31
CLSM Confocal laser scanning microscopy
CM Conditioned medium
d Days
DAPI 4’,6-diamidino-2-phenylindole
ECs Endothelial cells
EdU 5-ethynyl-2’-deoxyuridine
ELISA Enzyme-linked immunosorbent assay
EPCs Endothelial progenitor cells
FGF Fibroblast growth factor
h Hours
HA Hydroxyapatite
hADSC Human adipose-derived stem cells
HAECs Human aortic endothelial cells
HCECs Human coronary artery endothelial cells
HDMECs Human dermal microvascular endothelial cells
HIF1-α Hypoxia inducible factor 1 alpha
HMECs Human microvascular endothelial cells
HUVECs Human umbilical vein endothelial cells
IRP Ion release profile
MAO Microarc oxidation
MC Material composition
MMPs Matrix metallopeptidases/ metalloproteinases
NO Nitric oxide
OB Osteoblasts/osteoblastic cells
PDGFs Platelet-derived growth factor
PECAM1 Platelet endothelial cell adhesion molecule
PEO Plasma electrolytic oxidation
PI Propidium iodide
ROS Reactive oxygen species
RT-qPCR Reverse transcription-quantitative polymerase chain reaction
SC Surface composition
(S)CPP (Strontium) calcium polyphosphate
SD rats Sprague Dawley rats
SEM Scanning electron microscopy
TCP Tricalcium phosphate
TGF-β Transforming growth factor beta
VEGF Vascular endothelial growth factor
w weeks
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The high human and financial burdens of implant-associated infections (IAI) as well as the 
ever-growing problem of antibiotic-resistant bacteria have underscored the importance of IAI 
prevention. Additively manufactured (AM) porous titanium implants that are increasingly 
used in clinical practice are of particular interest in this regard, because they may cause 
an increased risk of infection due to their huge, internal surfaces. However, the same huge 
surface, when biofunctionalized, can be used to prevent IAI. Here, we used a rat implant 
infection model to evaluate both the biocompatibility and infection-prevention performance 
of AM porous titanium against bioluminescent methicillin-resistant Staphylococcus aureus 
(MRSA). The specimens were biofunctionalized with Ag nanoparticles (NPs) through 
plasma electrolytic oxidation (PEO). Infection was initiated using either intramedullary 
injection in vivo or through in vitro inoculation of the implant prior to implantation. The 
course of infection was followed at days 1, 3, 5, and 7 using bioluminescent imaging. Non-
treated (NT) implants were compared with PEO-treated implants with Ag NPs (PT-Ag), 
without Ag NPs (PT) and infection without an implant. After 7 days, the bacterial load and 
bone morphological changes were evaluated. When the infection was initiated through in 
vivo injection, the presence of the implant did not enhance infection, indicating that this 
technique may not assess the prevention but rather the treatment of IAI. Following in vitro 
inoculation, the bacterial load after 7 days on the PT-Ag implants was significantly reduced as 
compared to the PT implants. Moreover, we found that the bacterial load of the peri-implant 
bony tissue was decreased with 90% as compared to both NT and PT implants. All infected 
groups had enhanced osteomyelitis scores as compared to non-infected controls. These 
findings demonstrate the potential of PEO-biofunctionalized AM porous titanium for further 
development, testing, and eventually use in clinical settings.
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9.1	 INTRODUCTION 
Implant-associated infections (IAI) are a devastating complication for patients who 
experienced total joint replacement, trauma and bone tumor resection surgeries [1-3]. These 
infections also form a tremendous societal and financial burden for our societies in general 
and our healthcare systems in particular. As the number of implantations continues to increase 
[4], the urgency of addressing IAI further increases. Moreover, an increasing incidence of 
antibiotic resistant bacteria [5] has only intensified this urgency. Given that the treatment of 
IAI, particularly those caused by multi-drug resistant bacteria, is associated with extremely 
high human and monetary costs, the focus has shifted towards the prevention of IAI through 
the development of self-defending implants [6, 7].

While infection prevention is important for all types of orthopedic implants, it is even 
more so for additively manufactured (AM) porous implants that are increasingly used in 
clinical settings due to their favorable mechanical properties [8, 9] and high potential for 
bony ingrowth [10]. That is because of two main reasons. First, the huge, internal surfaces 
of such implants may increase the risk of IAI. Second, the treatment of infections associated 
with such types of implants is extremely difficult as the substantial amount of bony ingrowth 
complicates the implant removal procedure in the event of high-grade infections. On the 
other hand, the vast internal surface area of such implants, when biofunctionalized, can be 
used to prevent IAI.

The surface biofunctionalization of orthopedic implants has received much attention 
including antibiotic-releasing coatings that have been studied for some time and are shown 
to reduce infections in vivo [11, 12]. Such coatings are, however, ineffective against antibiotic 
resistant bacteria. In fact, a widespread use of such coatings may even trigger the emergence 
of new antibiotic resistant strains. Alternative approaches are, therefore, needed to combat 
IAI [13]. 

Inorganic nanoparticles (NPs), such as Ag, are among the most effective antibacterial 
agents against antibiotic resistant bacteria, because they exhibit strong antibacterial activity 
against a wide microbial spectrum with very limited risk of resistance [14]. Clinically, Ag-
coated mega-prostheses have been demonstrated to reduce infection rates in oncology 
patients receiving an implant following tumor resection [15-17]. However, some concerns 
have been raised about the cytotoxicity caused by Ag-coated surfaces [18].

Here, we study the in vivo biocompatibility and infection prevention performance of 
biofunctionalized AM porous titanium against methicillin-resistant Staphylococcus aureus 
(MRSA). The surface biofunctionalization of such implants is challenging due to the difficulties 
associated with the homogeneous treatment of their entire surface area and the creation of 



Chapter 9

294

a durable protective layer. Electrochemical surface modifications have been particularly 
successful in producing antibacterial surfaces on porous biomaterials [19]. Among those, 
plasma electrolytic oxidation (PEO) is a single-step process that transforms the native 
titanium oxide layer into a bioactive surface in a matter of minutes. PEO biofunctionalization 
with Ag has resulted in implant surfaces with strong antibacterial activity in vitro [20-23]. 
Furthermore, PEO biofunctionalization has resulted in osteogenic implants in vivo [24-26]. 
More recently, we have applied PEO and Ag NPs to produce multifunctional surfaces on AM 
porous implants [27]. These implants demonstrated antibacterial activity in vitro and ex vivo 
against MRSA without inducing any cytotoxicity. However, the antibacterial properties of 
implants biofunctionalized by PEO with Ag have never been tested in vivo.

In this in vivo study, we investigated the infection-prevention capacity of AM implants 
biofunctionalized by PEO with Ag NPs, by implanting the implants in the intramedullary 
canal of rat tibiae. We explored the use of bioluminescent bacteria to follow the course of 
infection in this model. These bacteria are genetically modified to emit light while living. The 
development of infection in the same animal can, thus, be monitored in real-time and non-
invasively, thereby increasing the number of time points at which the infection metrics can be 
measured [28-30]. We then analyzed the development of the infections and bone morphology, 
associated with each implant type.

9.2	 MATERIALS AND METHODS
9.2.1	 Study design
Volume-porous Ti-6Al-4V implants were manufactured with selective laser melting (SLM) 
and were subsequently biofunctionalized with PEO using Ag NPs as the active antibacterial 
agent, resulting in three different types of implants: non-treated implants without any surface 
modification (NT), PEO-treated implants without Ag NPs (PT), and PEO-treated implants 
with Ag NPs (PT-Ag). Thereafter, infections were initiated and the implants were implanted 
into the intramedullary cavity of rat tibia. The infections were initiated in two different ways: 
either through in vivo injection of the MRSA bacteria into the intramedullary cavity and the 
subsequent implantation of the implant or by in vitro inoculation of the implant with MRSA 
prior to implantation into the intramedullary cavity. Altogether, seven different experimental 
groups can be identified (Table 1): In the first three groups, the in vivo injection of bacteria 
into the intramedullary cavity was immediately followed by the implantation of the NT 
implants (inject-NT, n = 9), PT-Ag implants (inject-PT-Ag, n = 5), or no implants (inject-
no-implant, n = 3). In the 4 remaining groups, the in vitro inoculation of the implant prior 
to the implantation was performed with MRSA bacteria for the first 3 groups, including NT 
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implants (ino-NT, n = 6), PT implants (ino-PT, n = 6), and PT-Ag implants (ino-PT-Ag, n 
= 6), and without bacteria for the last group, i.e. NT implants (ino-NT-no-infection, n = 2).

Table 1. The experimental groups used in this study.

Bacterial inoculation 
method

Bacterial 
infection

Implant PEO treatment 
(PT)

Ag NPs Label

In vivo injection of bacteria 
into intramedullary cavity

Yes Yes - - inject-NT  
(no treatment)

Yes Yes Yes Yes inject-PT-Ag
Yes - - - inject-no-implant

In vitro inoculation 
of implant prior to 
implantation

Yes Yes - - ino-NT
Yes Yes Yes - ino-PT
Yes Yes Yes Yes ino-PT-Ag
No (PBS) Yes - - ino-NT-no-inf

9.2.2	 Implant design and additive manufacturing
The rationale behind the implant design has been presented elsewhere [27]. The geometry of 
the implant was adapted to make it befit the intramedullary tibial rat model. The final design of 
the implant was 1.1 mm in diameter and 15 mm in length (total). It had a solid proximal part 
of 3 mm to prevent the leakage of fluids from the intramedullary cavity into the knee joint. 
The implants were additively manufactured in-house using a selective laser melting (SLM) 
machine (SLM-125, Realizer, Borchem, Germany) with a LM-400-AC Ytterbium laser (IPG 
Photonics Corporation, Oxford, United States). The laser power was 96 W with a wavelength 
of 1070 ± 10 nm and an exposure time of 300 µs. The implants were fabricated under argon 
flow, resulting in an oxygen content < 0.2%. Medical-grade (grade 23, ELI) Ti-6Al-4V powder 
(AP&C, Boisbriand, Quebec, Canada) with spherical particle morphology and particle sizes 
ranging from 10 to 45 µm was used as the feedstock. Following SLM, loose powder particles 
were cleared by vacuum cleaning. The specimens were subsequently ultrasonicated in acetone, 
96% ethanol, and demineralized water for 5 min each.

9.2.3	 Surface biofunctionalization
The implant surface was biofunctionalized by PEO using electrolytes consisting of 0.15 M 
calcium acetate and 0.02 M calcium glycerophosphate (both from Sigma-Aldrich, St. Louis, 
Missouri, United States) dissolved in demineralized water. In the case of the PT-Ag implants, 
3.0 g/L Ag NPs (Sigma-Aldrich) with a spherical morphology and particles sizes between 7 
– 25 nm were dispersed into the PEO electrolyte. The PEO electrolytes were sonicated twice 
for 3 min and were stirred in between at 500 rpm for 5 min with a magnetic stirrer (IKA-
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Werk GmbH & Co. KG, Staufen, Germany) using a stir bar of 40×8 mm (VWR, Radnor, 
Pennsylvania, United States). 

The PEO biofunctionalization process was performed using a custom-made setup 
consisting of an AC power source (50Hz, ACS 1500, ET powder Systems Ltd., Chesterfield, 
United Kingdom), a data acquisition board (SCXI, National Instruments, Austin, Texas, 
United States) that connected the computer interface to the power supply, and two electrodes 
placed in a double-walled glass electrolytic cell that contained 800 ml of the electrolyte. The 
implants served as the anode while a cylindrical shaped stainless-steel ring placed against the 
inner wall of the electrolytic cell formed the cathode. PEO processing was performed with 
a constant current density of 20 A/dm2 for 5 min. Homogeneous particle distribution was 
ensured through continuous stirring of the electrolyte at 500 rpm. During biofunctionalization, 
the voltage-time (V-t) transients were recorded every second and the temperature was kept 
constant at 5 ± 2 °C using a thermostatic bath (Thermo Haake, Karlsruhe, Germany). The 
PEO treatment was followed by 1 min of rinsing the implants in running tap water and 
autoclaving for sterilization.

9.2.4	 Characterization of the surface morphology and chemical 
composition 
The surface morphology of the implants prior to and after the PEO treatment was characterized 
using a scanning electron microscope (SEM, JSM-IT100LV, JEOL, Tokyo, Japan). Before 
imaging, a gold layer of 5 ± 2 nm was sputtered onto the specimens. The chemical composition 
of the implants was determined using energy dispersive X-ray spectroscopy (EDS).

9.2.5	 Ion release kinetics
To investigate the release kinetics of Ag ions from the PT-Ag implants, 3 specimens from each 
group were immersed in 1 ml phosphate buffered saline (PBS) in a dark Eppendorf tube and 
were kept at 37 °C in a water bath under static conditions. Subsequently, the specimens were 
extracted after 0.5, 1, 2, 4, and 7 days of immersion. The concentration of the elements was 
then measured through inductively coupled plasma optical emission spectroscopy (ICP-OES) 
(PerkinElmer Optima 3000DV, PerkinElmer, Zaventem, Belgium).

9.2.6	 X-ray diffraction
The phase composition of the implants was analyzed by X-ray diffraction (XRD) using a D8 
advanced diffractometer (Bruker, Billerica, Massachusetts, United States). The settings were as 
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follows: voltage = 45 kV, current = 40 mA, scatter screen height = 5 mm, divergence slit = V6, 
and CuKα radiation detector = LL 0.11 W 0.14. The specimens were analyzed with a coupled 
θ - 2θ scan ranging between 20 and 120°, a counting rate of 5 s/step, and a step size of 0.030° 2θ. 
Thereafter, the acquired data was analyzed using DiffracSuite.Eva (version 5.0, Bruker).

9.2.7	 Preparation of bacterial culture and implant inoculation
The antibacterial properties of the implants were tested in vivo in a rat tibial infection model 
against the MRSA strain AH4802 [31]. Preparation of the bacterial inoculum was initiated 
one day prior to surgery by suspending a single colony into 3 ml of tryptic soy broth (TSB) 
and incubating it overnight at 37 °C. Thereafter, the bacteria were washed and centrifuged 
twice in PBS at 14,000 rpm for 2 min and the optical density was measured at a wavelength 
of 600 nm. For intramedullary injection, the inoculum was diluted to a concentration of 106 
CFU / 10 µl. For the inoculation of the implant, an inoculum of 108 / ml was prepared in 
Eppendorf tubes and the implants were incubated statically in the horizontal position for 
1 min. To determine the number of CFUs present on the implants after the inoculation 
process and prior to implantation, the implants (n = 3/group) were sonicated in PBS and the 
inoculum was quantified by plating 10-fold serial dilutions in quadruplicates onto blood agar 
plates followed by overnight incubation at 37 °C and CFU quantification.  

9.2.8	 Animal experiment
The animal experiment was approved by the local ethics committee for animal experiments 
(Utrecht University, The Netherlands) and the central authority for scientific procedures on 
animals (approved protocol AVD115002017446). This study was conducted according to 
the ARRIVE guidelines for reporting animal research [32]. For the experiment, 14-week-
old male Sprague Dawley rats (Charles River, L’Arbresle, France) were housed in groups of 
three in individually ventilated cages at the central laboratory of the animal institute (Utrecht 
University). Food and water were available ad libitum. Animals were housed in the animal 
facility one week prior to the experiment to acclimatize and were randomly allocated to an 
experimental group using the RAND function in Microsoft Excel.

Prior to surgery, the animals were given 0.03 mg/kg of buprenorphine (Temgesic®, RB 
Pharmaceuticals Limited, Slough, United Kingdom) and 4 mg/kg of carprofen (Rymadil®, 
Pfizer Animal Health, Capelle aan den IJssel, The Netherlands) subcutaneously as well as 
Carprofen post-operatively after 24 h. The surgery was performed under general anesthesia 
with 2 – 3% isoflurane. The left hind leg was shaved and soaked in iodine to disinfect the 
skin. Subsequently, a para-patellar incision was made to open the skin and fascia. The patella 



Chapter 9

298

tendon was dissected laterally and was dislocated medially. Next, a hole was drilled through 
the cortical bone into the intramedullary canal of the tibia. Infection was induced either 
through the in vivo injection of 10 µl bacterial inoculum into the medullary cavity using a 
micro syringe (Hamilton, Reno, Nevada, United States) or through 1 min incubation in vitro 
of the specimens in 1 ml of the prepared bacterial inoculum (static, horizontal position). 
Thereafter, the implant was inserted into the intramedullary canal. If no implant was inserted, 
the hole was sealed with bone wax. Subsequently, wound closure was performed using PDS 
II and Monocryl sutures (both from Ethicon, Somerville, New Jersey, United States). The rats 
were euthanized after 7 days with CO2.

The surgery was performed by two surgeons in a laminar flow cabinet, assisted by one 
assistant to guarantee sterile conditions throughout the surgery. In total, 43 animals were 
used. Based on a previous study using this model [33], we anticipated a bacterial load of 
2×106 CFU on the NT implants after 1 week with a standard deviation of 60%. A reduction 
of 90% in the bacterial load was considered clinically significant. Assuming an 80% power, 
the required sample size was 6 per group. Considering the risk of dropouts, we decided to 
use 7 animals per group. The inject-NT group included 10 animals to obtain an accurate 
estimate of the infection rate. Furthermore, the inject-no-implant group had 3 animals, as 
this was merely a control group for the presence of an implant. In addition, the ino-NT-no-
inf group has 2 animals as it had to simply confirm that we had conducted the surgery under 
sterile conditions. Due to the misalignment of the implant with the intramedullary canal, 6 
specimens were excluded from the analysis, including 1 inject-NT, 2 inject-PT-Ag, 1 ino-NT, 
1 ino-PT, and 1 ino-PT-Ag specimens.

9.2.9	 Bioluminescence measurement
At the day of surgery and 1, 3, 5 and 7 days after surgery, the bioluminescent signal of the 
bacteria was measured for 5 min using the optical imaging system of MIlabs (Utrecht, the 
Netherlands) while the animals were under general anesthesia with 2% isoflurane. The 
bioluminescent images were processed using the optical imaging unit of the MIlabs software 
(version 2.3.5). A square-shaped region of interest (ROI) with a size of 260×260 pixels was 
used to measure the integrated density of the determinant leg. Subsequently, an ROI of the 
same size was used to measure the integrated density of the background. Ultimately, the 
integrated density of the luminescent area was determined by subtracting the background 
signal from the ROI of the concerned leg.
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9.2.10	Micro-CT
Tibiae were harvested and cleansed from their surrounding tissue under sterile conditions. 
Subsequently, micro-CT scanning was performed with a Quantum FX scanner (PerkinElmer, 
Waltham, Massachusetts, United States) using a tube current of 180 mA, a tube voltage of 90 
kV, and a 20 mm field of view. The images were stacked with a resolution of 20 µm and were 
analyzed using the BoneJ plugin (version 1.3.12) of ImageJ (version 1.48).

The implant was excluded from the analysis based on a global threshold. To cover the 
same bone area in all the specimens, the proximal fusion point between the tibia and fibula 
served as an anatomical reference. The total bone volume (BV) was determined for 600 
slices distally (1.2 cm) from the point of reference. The bone was segmented by applying an 
adaptive threshold based on the mean local grayscale distribution. The peri-implant BV was 
defined as the volume of the bone tissue present in the region of interest (ROI) within the 
inner cortical perimeter, while the cortical BV represented the BV present outside the ROI. 
Both peri-implant and cortical BVs were determined for 10 slides at 3 mm (proximal) and 
9 mm (distal) from the point of reference. The porosity of the cortical bone tissue was also 
determined. In addition, the outer perimeter of the harvested tibiae was measured as a sign 
of cortical expansion.

9.2.11	Osteomyelitis score
Bone changes indicating osteomyelitis were scored twice by 2 blinded observers using the 
raw micro-CT scans with the following criteria: 0 (no abnormalities), 1 (mild osteolysis and/
or periosteal response), 2 (significant osteolysis and/or cortical thickening), 3 (focal loss of 
cortex with extensive osteolysis), and 4 (complete loss of cortical morphology).

9.2.12	CFU count
To quantify the CFU count, a 1 cm long bone sample was obtained from the proximal part of 
the tibia with a sterilized saw (Dremel rotary saw, Breda, The Netherlands). Subsequently, the 
implant and the bony tissue were separated. The bony tissue was weighed and homogenized 
(Polytron PT3100, Kinetic Benelux, Best, The Netherlands). The implants were rinsed three 
times in PBS and were subsequently sonicated for 1 min. Thereafter, the implants were 
weighed, serial dilutions were prepared on blood agar plates, and the number of CFU was 
counted after overnight incubation. The CFU count was normalized to the weight of the 
bones and the full length of the implants to determine the normalized CFU counts of the bone 
tissue and the implants, respectively. The assessment of the contralateral (i.e., right) tibiae did 
not demonstrate any bacterial infection in any of the animals. 
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9.2.13	Biofilm formation
The ability of the implants to prevent biofilm formation (n = 2/group) was analyzed on the 
distal part of the implant. Using a sterilized saw (Dremel rotary saw, Breda, The Netherlands), 
a 0.5 mm thick bone slice was cut. The implant and the bony tissue were subsequently 
separated. The bony tissue was used for histology. The implant was rinsed twice in PBS and 
was subsequently fixated in 4% paraformaldehyde. Thereafter, the implants were rinsed with 
demineralized water for 5 min and were dehydrated in 50% ethanol for 15 min, in 70% ethanol 
for 20 min, in 96% ethanol for 20 min and in hexamethyldesilizane for 15 min. Finally, the 
implants were air-dried for 2 h and were inspected using SEM.

9.2.14	Statistical analysis
All data are expressed as mean ± standard deviation. Statistical analyses were performed with 
GraphPad Prism (GraphPad Software, version 9.3.0, La Jolla, California, United States) using 
one and two-way ANOVA followed by Bonferroni post-hoc test. The differences between the 
groups were considered statistically significant when p < 0.05.

9.3	 RESULTS
9.3.1	 Implant synthesis and surface biofunctionalization
The 3D implant design with repetitive unit cell structure is presented in Figure 1A. The 
implants synthesized by SLM displayed a highly porous structure with partially molten 
particles attached to the implant surface (Figure 1B). The V-t transients of the PEO process 
showed similar characteristics for PT and PT-Ag implants (Figure 1C). At the initial stage, 
the voltage rose sharply to 93 ± 3 V after 10 s until dielectric breakdown occurred followed 
by a gradual increase of the voltage until a final voltage of 220 ± 5 V and 229 ± 4 V was 
reached for the PT-Ag and PT implants, respectively. The PEO processing markedly altered 
the macroscopic appearance of the implants (Figure 1D).
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Figure 1. The design, surface morphology, and V-t transients of AM porous titanium implants. (A) The 
design and (B) macroscopic as well as microscopic images of the AM porous implants designed using 
a repetitive unit cell with a diameter of 0.5 mm, and a solid and porous part of 3 and 12 mm length 
respectively. (C) The V-t transients recorded during the surface biofunctionalization of the PT and PT-
Ag implants using PEO. (D) The macroscopic images of the PT and PT-Ag implants after the PEO 
biofunctionalization process. Scale bar = 500 µm.

9.3.2	 Biomaterial characterization
SEM imaging demonstrated a highly porous surface with interconnected pores, which 
homogeneously spanned the entire surface of the PEO-biofunctionalized implants (Figure 
2A). EDS analysis confirmed the presence of Ag NPs (Figure 2B). Ti, Al, and V were detected 
as the alloying elements of the implants. Ca, P, O, and C, which were present in the PEO 
electrolyte, were also detected. Ag ions were continuously released from the PT-Ag implants, 
resulting in a cumulative ion release of 1.83 ± 0.06 ppm/cm2 after 7 days (Figure 2C). XRD 
analysis demonstrated that the phase composition of the NT implants consisted entirely 
of Ti phase, while this phase was transformed into primarily rutile as well as anatase TiO2 
phases on the PT implants (Figure 2D). Furthermore, CaTiO3, Ca5(VO4)3OH, CCaO3 and 
hydroxyapatite were detected on the surface of the PT implants. The phase composition of 
the PT-Ag implants was identical to that of the PT implants and is, therefore, not presented.
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Figure 2. The surface characterization of the PEO-biofunctionalized implants. (A) The SEM imaging of 
the surface of the PT implants. Scale bar = 100 µm. (B) The EDS analysis of the PT-Ag implant surfaces 
with EDS. Scale bar = 1 µm. (C) The Ag ion release kinetics of the PT-Ag implants (n = 3) over 7 days as 
measured by ICP-OES. (D) The X-ray diffraction spectra of the NT and PT implants.
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Figure 3. Antibacterial activity of the implants against MRSA. (A) Both ways of initiating the 
infection: in vivo intramedullary injection of bacteria into the intramedullary cavity (left ) and in vitro
inoculation of the implant prior to implantation (right). Th e surgical procedure consisted of (i) drilling 
a hole through the tibial plateau followed by either (ii-a) in vivo injection of bacteria or (ii-b) in vitro
inoculation of the implant, and (iii) the implantation of the implant into the intramedullary canal. (B) 
Th e Micro-CT images of the implant in the tibia from medial (left ) and posterior (right) positions. (C) 
Th e bioluminescence images and spectra of the bioluminescent MRSA AH4802 in vivo over 7 days in 
the intramedullary cavity for the infections initiated through (D) in vivo intramedullary injection or 
(E) through in vitro inoculation prior to implantation. Th e quantifi cation of the bacterial load aft er 7 
days (F) aft er the in vivo injection of the bacteria and (G) aft er in vitro inoculation on the implant prior 
to the implantation. (H) CFU count following the in vitro inoculation of the implants and before their 
implantation into the tibia. n = 10 for inject-NT, n = 7 for all other implants, n = 3 for inject-no-implant 
and n = 2 for ino-NT-no-inf. * p < 0.05.  



Chapter 9

304

9.3.3	 Antibacterial properties
Infection was initiated either through the in vivo injection of bacteria into the intramedullary 
canal (inject-implants) or the in vitro inoculation of the implant prior to implantation (ino-
implants; Figure 3A). After 7 days, the implants in the tibia were visualized using micro-CT 
(Figure 3B). Bioluminescence imaging (Figure 3C) demonstrated the bioluminescent signal 
for all the groups at all time points, except for the ino-NT-no-infection group and day 0 of 
all the inject-implants (Figure 3D) and ino-implants (Figure 3E). No significant differences 
were observed between the groups at any time point. The quantification of the number of 
CFU after 7 days on the implants and in the peri-implant bone indicated that there were no 
differences between the groups in which the bacteria were injected into the intramedullary 
canal in vivo (Figure 3F), although the bacterial load on inject-PT-Ag implants was nearly 
significantly lower compared to inject-NT implants (p = 0.0576). For the groups in which 
the infection was induced through the in vitro inoculation of the implants, the number of 
the CFU associated with ino-PT-Ag implants was significantly lower than that of the ino-NT 
implants (p < 0.05). Furthermore, the CFU count of the bony tissue surrounding the ino-
PT-Ag implants was significantly lower as compared to the ino-NT and ino-PT implants (p 
< 0.05; Figure 3G). The number of CFU on the ino-implants prior to the implantation did 
not differ following bacterial inoculation (Figure 3H). SEM imaging demonstrated biofilm 
formation on the NT and PT implants, with bacterial cells stacked on top of each other in 
multiple layers, while there were no signs of biofilm formation on the PT-Ag implants, but 
only a few individual bacteria (Figure 4).

ino-NT ino-PT ino-PT-Aginject-NT inject-PT-Ag

Figure 4. The biofilm formation on the implants visualized by SEM after 7 days. Scale bar = 5 µm.

9.3.4	 Bone changes
Micro-CT analysis demonstrated osteomyelitis on infected tibiae as indicated by osteolysis 
and cortical thickening (Figure 5A). The radiological scoring of the osteomyelitis indicated 
that the inject-NT (p < 0.01), inject-PT-Ag (p < 0.001), ino-NT (p < 0.0001), ino-PT (p < 
0.001), and ino-PT-Ag (p < 0.05) groups had significantly higher osteomyelitis scores as 
compared to the control group, while the osteomyelitis scores of the inject-no-implant and 
ino-NT-no-infection groups were not significantly different from that of the control group 
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(Figure 5B). The total BV of the infected left tibia of the inject-NT (p < 0.05), inject-PT-Ag (p 
< 0.001) and inject-no-implant (p < 0.01) groups were different from that of the inject-control 
group (i.e., right tibia) while no significant differences were observed between the groups in 
which the implants were inoculated in vitro (Figure 5C). The cortical BV and peri-implant 
BV were determined both proximally and distally to indicate the location of the changes in 
the bone morphology. The proximal cortical BV was enhanced for the inject-NT (p < 0.001), 
inject-PT-Ag (p < 0.0001), and inject-no-implant (p < 0.001) groups as compared to the 
inject-control group. The same held for the ino-NT group as compared to the ino-control 
(p < 0.05) group, and for the inject-PT-Ag group as compared to the ino-PT-Ag group both 
proximally (p < 0.05) and distally (p < 0.0001; Figure 5D). The peri-implant BV did not differ 
significantly between the groups (Figure 5E). The outer perimeter was significantly increased 
for the inject-NT group as compared to the ino-NT group (p < 0.001). The same observation 
was made for the inject-PT-Ag group as compared to the ino-PT-Ag group (p < 0.001; Figure 
5F) while the inner perimeter was similar between all the groups (Figure 5G). The cortical 
bone porosity of the in vivo injection groups did not differ while it was significantly enhanced 
proximally for the ino-NT (p < 0.05), ino-PT (p < 0.0001), and ino-PT-Ag (p < 0.001) groups 
as compared to the ino-control group. The same observation was made for the ino-PT group 
as compared to the ino-NT-no-infection (p < 0.05) group and distally for the ino-PT group as 
compared to the ino-control group (p < 0.01; Figure 5H).
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Figure 5. Changes in the bone morphology after 7 days. (A) The micro-CT images of the rat 
tibiae. (B) Radiographic osteomyelitis scores. The quantification of several bone morphometric 
parameters using micro-CT, including (C) total BV, (D) cortical BV, (E) peri-implant BV, (F) 
outer perimeter, (G) inner perimeter, and (H) porosity. * p < 0.05, ** p < 0.01,  *** p < 0.001, 
**** p < 0.0001. BV; bone volume.
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9.4	 DISCUSSION
Implants with intrinsic antibacterial properties are urgently needed to prevent IAI, thereby 
increasing the longevity of orthopedic implants. Over the last few years, AM porous titanium 
implants biofunctionalized by PEO have demonstrated promising results in that direction. 
However, the antibacterial properties of such implants had, thus far, not been assessed in 
vivo. Here, we used a rat implant infection model to evaluate the in vivo biocompatibility and 
infection prevention performance of AM titanium biofunctionalized by PEO using Ag NPs. 
We observed that the PT-Ag implants reduced the bacterial load as compared to the NT and 
PT implants. Furthermore, the method used for inducing the infection affected the course of 
infection and the relative performance of the different experimental groups.

9.4.1	 In vivo implant infection models: prevention vs. treatment 
and the role of the inoculation method
It is important to note that the PEO-biofunctionalized implants are primarily designed for 
infection prevention and not infection treatment. An implant infection model that faithfully 
represents the actual clinical conditions, with low infection rates, would need a prohibitively 
large number of animals, rendering such an experiment infeasible due to practical, ethical, 
and financial considerations. Researchers have, therefore, explored alternative approaches 
to mimic the clinical situation as closely as possible while limiting the required number of 
animals. While there are late-onset infections caused by hematological pathogens, the majority 
of IAI cases arise during the first 3 weeks after surgery and are caused by the bacteria entering 
the wound area [34]. While the number of bacteria entering the wound peri-operatively are 
generally limited [35], a much higher bacterial load should be used in animal experiments to 
demonstrate an antibacterial effect using a limited number of animals. The biofunctionalized 
implants would then have to demonstrate antibacterial activity against a much higher bacterial 
load than is needed in clinical settings [36]. That would translate to a higher required dose of 
the antibacterial agent, which may increase the risk of cytotoxicity [37].

IAI can be initiated by the bacteria present on improperly sterilized implants [38] or by 
those reaching the wound area through the surgeon’s hands [39], migrating from the tissues 
adjacent to the wound area [40], or, in the case of late-onset IAI by pathogens, originating 
from the bloodstream [41]. As we were primarily interested in the prevention of early-onset 
IAI, we investigated the first two ways of infection: either through the in vivo injection of 
bacteria into the intramedullary canal or by the in vitro inoculation of the implants with 
bacteria prior to implantation.

In vivo injection of bacteria into the intramedullary cavity has the disadvantage that a 
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very high bacterial load is already present inside the bone before the implant is inserted and 
that bacteria may infect the bony tissue rather than adhering onto the implant surface. As a 
result, the implant may need to possess a strong antibacterial activity to clear bacteria from the 
infected tissue. This model, therefore, mimics the clinical situation where a (severe) infection 
is already present in the surrounding tissues and the implant should be capable of treating 
that infection. Here, we did not observe a difference in the bacterial load after 1 week between 
inject-no implant, inject-NT, and inject-PT-Ag in the bone tissue, while the bacterial load on 
the implant was nearly significantly reduced for inject-PT-Ag implants compared to inject-
NT implants. The comparison between the inject-no implant and inject-NT is particularly 
important in this regard. It is known that the presence of an implant frustrates the immune 
system, thereby decreasing the required infection dose by up to 106 fold [42]. It is, therefore, 
expected that infection clearance is less effective in the inject-NT group as compared to the 
inject-no-implant group. The fact that there are no significant differences between these two 
groups suggest that the course of infection is primarily driven by the bacteria infecting the 
surrounding tissues upon injection and not the presence of the implant.

The in vitro inoculation of the implant mimics the situation where an unsterile implant 
is implanted. This situation is suitable to study the prevention of IAI as the bacteria are in the 
vicinity of the implant and are, thus, more likely to proliferate on or near the implant surface 
than in the bony tissue. The results of this study support this hypothesis as the ino-PT-Ag 
implants reduced the bacterial load in the bony tissue with 90% as compared to the ino-NT 
and ino-PT implants as well as the bacterial load on the implant for the ino-PT-Ag implants 
as compared to the ino-PT implants.

There were no differences between the ino-PT and ino-NT, indicating that the PEO 
biofunctionalization process does not increase the risk of infection. Furthermore, ino-NT-
no-infection had no bacteria, showing that the surgery had been, indeed, taken place under 
sterile conditions. In addition, all controls (i.e., right tibiae) were culture-negative, indicating 
that the infection was localized at the site of contamination.

In addition to the way the infection is initiated, the animal species affects the outcome 
of the experiment. Rat models are versatile and low-cost, making them appropriate for 
screening before pre-clinical tests using full-sized implants are performed in larger animals 
[43]. However, rats have a strong immune system which requires a high bacterial load, as 
compared to e.g. rabbits that are very sensitive to infection [44]. On the other hand, mice 
are much smaller, rendering both the surgery and the fabrication of the implants excessively 
challenging.

We implanted the implant intramedullary into the tibia as this more closely resembles 
the clinical situation as compared to subcutaneous implantation. The local environment 
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does play a role in the infection as different type of immune cells may be present at different 
anatomical sites. Moreover, the tissue micro-environments are different and the cytotoxicity 
levels differ between the bony and skin tissue, making it difficult to study the specific aspects 
that are relevant for bone-related infections [45]. Furthermore, the intramedullary insertion 
of the implant mimics the implantation of an implant in orthopedic patients.

9.4.2	 Bioluminescence imaging
In this study, we used bioluminescence imaging to track the course of infection in real-time. 
We continued to receive the bioluminescent signal at all-time points, except for the ino-NT-
no-infection group and the day 0 of all the groups. While we observed no differences in the 
bioluminescent signal between the different groups, we detected differences in the bacterial 
load on day 7 in terms of the CFU count. The strength of the bioluminescent signal and the 
resolution of the scanner are likely not sensitive enough to pick up these differences in the 
bacterial load within the reduction range found [30, 46], as there is still a number of bacteria 
within the studied region of interest and, thus, a bioluminescence saturation effect might have 
been reached. Nevertheless, we do detect an increase in bioluminescence signal from day 0 
onwards. Further optimization should make it possible to use bioluminescent bacteria as a 
powerful tool to track the course of infection in this intramedullary tibial infection model, as 
it enhances the number of data points and is likely to reduce the number of required animals.

9.4.3	 Surface biofunctionalization of AM porous implants
The implants developed in this study were volume-porous implants produced by AM. Previous 
research has indicated that highly porous materials are more prone to infection as compared 
to fully dense materials, although this difference disappears when the implant is overgrown 
with the surrounding tissue [47]. It is important to assess the infection risk of highly porous 
AM implants, since the use of AM is expected to increase vastly due to the customization 
opportunities offered by free-form fabrication and the possibility to optimize the mechanical 
properties of such geometrically-ordered porous implants [48]. The design objective often is 
to enhance the bony ingrowth [49, 50] while reducing the risk of IAI [51].

The surface biofunctionalization of porous implants is challenging. PEO has been 
applied frequently to generate multifunctional implants that possess both antibacterial 
and osteogenic properties [52-55]. While the antibacterial properties have been evaluated 
extensively in vitro, the antibacterial properties of implants biofunctionalized by PEO had, 
thus far, not been assessed in vivo. However, the osteogenic properties have been analyzed 
in various animal models and have resulted in 1. enhanced osseointegration and push-out 
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bonding strength in the femora of a rabbit model after 12 weeks [56], 2. strong bone matrix 
deposition and enhanced bone-to-implant contact in pig mandibles after 8 weeks [24], and 
3. shortened osseointegration time, increased bone mineral deposition, and enhanced bone-
implant contact in rabbit mandibles over 12 weeks [25]. On the other hand, the use of Ag 
on titanium implants has been shown to result in potent antibacterial implants in vivo as 
evidenced by the prevention of the infections caused by S. epidermidis in a murine tissue 
cage model [57], a reduction in the bacterial loads when the implants were implanted into rat 
femora [58], and a 2-log reduction in the bacterial load in a rabbit tibial infection model [59]. 

Apart from the antibacterial activity, there are some concerns regarding cytotoxicity 
of Ag-based surface treatments, as Ag is both more antibacterial yet also more cytotoxic as 
compared to other antibacterial agents, such as Cu and Zn [37]. Therefore, the key is to find 
the balance between the antibacterial activity and osteogenic activity. The toxicity of Ag NPs 
depends on their size and subsequent Ag ion release [60]. Furthermore, low doses of Ag NPs 
have been found to support bone fracture healing in vivo [61] and are demonstrated to enhance 
bone regeneration especially when combined with Ca/P or hydroxyapatite containing surface 
layers [62, 63]. In this regard, it is important to stress that Ag is more likely to be suitable for 
infection prevention rather than treatment since treatment would require high Ag doses.

9.4.4	 Bone morphology
Apart from the CFU count, we studied the changes in the bone morphology as the 
inflammatory reaction to S. aureus infection is characterized by dynamic bone changes 
resulting in quiescent, resorbed, and new bone [64]. Novel bone formation precedes cortical 
osteolysis [65, 66] since it is a direct response to the inflammatory environment, while cortical 
osteolysis is partially initiated by bacterial presence in the cortical Haversian and Volkmann 
canals [67]. This can be monitored by scoring the radiographic appearance on micro-CT 
images. This scoring is capable of distinguishing between infected and non-infected bone, but 
there is no direct relationship between the bacterial load and the radiographic scores. That 
is because bone requires several weeks to remodel back to its native architecture [68] and 
the bone remodeling caused by infection has been shown to be strain-dependent due to the 
different immune responses they elicit [69, 70] and the varying levels of the secretion of toxins 
that modulate bone regeneration [71].

We observed an increased osteomyelitis score among all of the infected groups as 
compared to the control conditions. Furthermore, the total BV and proximal cortical BV were 
enhanced for all infected inject-implants as compared to inject-control, while bone porosity 
was enhanced for all the infected ino-implants as compared to the ino-control group as well 
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as for the ino-PT group as compared to the ino-NT-no-inf group. Moreover, there were no 
differences in the bone morphology between the ino-NT-no-inf and ino-control groups, 
indicating that the observed changes in the bone morphology were due to the presence of 
infection, and not due to the surgical procedure. In addition, the proximal cortical BV and 
distal outer perimeter were enhanced for the inject-PT-Ag group as compared to the ino-PT-
Ag group, indicating that the PT-Ag implants were less able to prevent bone changes when 
the infection was initiated through in vivo intramedullary injection as compared to the in 
vitro inoculation of the implant prior to implantation. While the PT-Ag implants reduced the 
bacterial load, they did not eradicate all the signs of infection, including bone morphology 
changes. To achieve this, the infection should have been completely eradicated for several 
weeks to allow the bony tissue to regenerate [72].

9.4.5	 Future work
The potential of AM porous titanium implants with Ag NPs can be further improved 
by instigating osteogenic properties and enhancing their antibacterial activity through 
the addition of other inorganic NPs, such as Cu, Zn, and Sr that give rise to synergistic 
antibacterial behavior while also enhancing bone regeneration [23, 52, 55]. Furthermore, 
the long-term antibacterial properties of these implants need to be investigated particularly 
because silver-biofunctionalized implants have shown some promise in terms of long-term 
antibacterial properties [62]. Finally, the in vivo evaluation of the different variants of PEO-
biofunctionalized AM porous titanium implants needs to be continued in (large) animal 
models and clinical trials before translation to clinical settings is possible.

9.5	 CONCLUSIONS
In this in vivo study, we investigated the infection-prevention capacity of AM implants 
biofunctionalized by PEO with Ag, by implanting the implants in the intramedullary 
canal of rat tibia. Bioluminescence imaging showed no significant differences between the 
experimental groups. In the groups where the infections were induced through in vivo 
intramedullary injection of bacteria, the presence of the implant did not affect the course 
of infection. This suggests that this model is more suitable for assessing infection treatment 
rather than evaluating the infection prevention performance of the implants. When 
infections was induced through the in vitro inoculation of the implants prior to implantation, 
the bacterial load on the PT-Ag implants was significantly lower as compared to the PT 
implants. Furthermore, the CFU count of the bony tissue surrounding the PT-Ag implants 
was significantly smaller (90-95% reduction) than those of the tissue specimens associated 
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with the NT and PT implants (day 7). Osteomyelitis scores were enhanced on all the infected 
implants as compared to the non-infected controls. Taken together, the results of this study 
warrant further preclinical and clinical studies on PEO biofunctionalized AM implants.
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10	 DISCUSSION
The aim of this thesis was to synthesize multifunctional implants that prevent complications 
and guarantee lifelong implant functioning. This topic involves a wide range of research areas 
including, biomaterials science, biomechanics, microbiology, and tissue engineering. This 
combination of topics makes this field of research simultaneously highly challenging and 
intriguing. In this discussion, we will summarize the main findings of this thesis, reflect on the 
results, and provide a future outlook. The discussion is closed with some concluding remarks.

10.1	 Main findings of this thesis
In this thesis, surface biofunctionalization using PEO was applied to AM volume-porous 
titanium implants to generate multifunctional implants with antibacterial and osteogenic 
properties. We set out to provide an overview of the progress made on antibacterial titanium 
implants biofunctionalized by PEO with silver, copper and/or zinc. We first conducted a 
systematic literature review (Chapter 2). A substantial (i.e., >50%) reduction in the bacterial 
load was reported by 100% of the studies that used Ag, by 93% of those that used Cu, by 
73% of those that Zn, and by 100% of those using a combination of silver, copper and/or 
zinc. Cytocompatibility was tested in only 71% of the studies. Very few studies observed 
cytotoxicity, including 13% of the studies using silver, 10% of those using copper, 0% of those 
using zinc, and 0% of those using a combination of two elements. Combining Ag, Cu, and Zn 
is a promising strategy since the antibacterial activity was enhanced without the induction of 
any cytotoxic effects. A majority of the studies used S. aureus to test the antibacterial activity, 
which reflects the fact that Staphylococci are the main inflictors of IAI. Considering Gram-
negative bacteria, 31% of the included studies used E. coli. To prevent IAI, it is important 
to not only prevent the bacteria from adhering onto the implant surface, but to also kill the 
bacteria present in the surroundings of the implant, as these may cause future infections. 
As such, it is crucial to test the antibacterial activity against both adherent and planktonic 
bacteria. This was done in only 23% of the studies, while 42% of the included studies only 
tested the performance of the biomaterials against adherent bacteria and 35% only against 
planktonic bacteria. All the included studies were performed in vitro, with a few studies also 
exploring ex vivo models to determine the antibacterial activity. To date, no in vivo studies has 
been performed. Therefore, the research on titanium implants biofunctionalized by PEO with 
the help of Ag, Cu, and/or Zn has not yet entered the preclinical phase. 

Subsequently, the biofunctionalization of AM volume-porous implants by PEO with the 
help of silver NPs was investigated and the antibacterial activity of the resulting implants were 
compared with those of solid implants (Chapter 3). The rationally designed volume-porous 
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implants that were fabricated by AM had a 3.75 times larger surface area as compared to solid 
implants with similar dimensions. The biofunctionalized implants demonstrated antibacterial 
activity against MRSA both in vitro and ex vivo, and this activity was enhanced for porous 
implants compared to solid implants. Furthermore, PEO biofunctionalization with silver NPs 
resulted in hydroxyapatite formation on the implant surface of porous implants and enhanced 
the metabolic activity of human mesenchymal stem cells.

Thereafter, the multifunctional properties of similarly designed AM implants with 
surfaces containing a combination of silver NPs and other inorganic agents, including 
copper, zinc, or strontium, were explored. Combining silver with copper or zinc NPs resulted 
in synergistic antibacterial behaviors (Chapters 4 and 5). Ratios of up to 75% silver and 25% 
copper or zinc NPs resulted in the full eradication of MRSA ex vivo. Furthermore, no signs 
of cytotoxicity against preosteoblasts were observed. Combining silver NPs with strontium 
resulted in an unexpected synergistic antibacterial behavior (Chapter 6). Furthermore, the 
addition of strontium enhanced the osteogenic differentiation of preosteoblasts. Combining 
silver NPs with copper NPs, zinc NPs, or strontium is, therefore, a fruitful strategy to 
improve both the antibacterial activity and osteogenic potential of PEO biofunctionalized 
titanium implants.

PEO is a versatile process that can be adapted to obtain the desired implant surface 
morphology and chemical composition. Therefore, the effects of the processing parameters of 
PEO and the electrolyte composition on the surface morphology and accompanying osteogenic 
properties of the resulting implants were investigated (Chapter 7). Changing the processing 
parameters, including the oxidation time, current density, and electrolyte composition (e.g., 
with or without strontium) altered the surface morphology, oxide layer thickness, ion release 
kinetics, chemical composition, and phase composition of the biofunctionalized implants. 
Furthermore, a specific set of parameters (i.e., PEO biofunctionalization for 5 and 10 min with 
20A/dm2 and 5 min with 40A/dm2) enhanced the osteogenic differentiation of preosteoblasts.  

To date, the focus of the research performed on titanium implants has primarily been 
on osteogenesis. Another important aspect in the bone tissue regeneration process, namely 
angiogenesis, needs to be more thoroughly studied. We, therefore, conducted a literature 
review to explore the potential applications of various inorganic elements (i.e., copper, 
magnesium, silicon, strontium, and zinc) for enhancing angiogenesis through the surface 
biofunctionalization of titanium implants (Chapter 8). The methodology and results of 
various studies regarding the ion release kinetics, endothelial cell characteristics, use of direct 
and indirect assays, incubation time, and material properties were analyzed and in vitro assays 
to investigate angiogenesis were described. Based on this analysis, silicon and strontium were 
highlighted as the most promising candidates to enhance angiogenesis in titanium implants.
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Finally, we tested the efficacy of AM volume-porous implants biofunctionalized by PEO 
with silver NPs against MRSA in an in vivo bone infection model (Chapter 9). The implants 
were positioned in the intramedullary tibial canal. Infection was initiated either through 
intramedullary injection with bacteria or through the in vitro inoculation of the implant prior 
to implantation. The course of infection was tracked throughout 7 days using bioluminescent 
bacteria, after which the bacterial load, bone morphological changes, and immune response 
were evaluated. When infection was initiated through intramedullary injection, no differences 
in bacterial load were observed between the implants with or without silver NPs. However, 
when infection was initiated through in vitro inoculation, the bacterial load was reduced 
on the PEO-treated implants treated with silver NPs compared to non-treated implants or 
PEO biofunctionalized implants without silver NPs. All the infected groups had enhanced 
radiographic osteomyelitis scores as compared to non-infected controls while the immune 
response did not differ between the different groups. The results of this study confirmed the 
antibacterial activity of the PEO-biofunctionalized implants in vivo and clearly showed that 
proper models are required to study the prevention of IAI.

In this thesis, it was demonstrated that AM volume-porous implants could be 
biofunctionalized through PEO with silver, copper, and/or zinc NPs as well as strontium, 
resulting in implants with multifunctional properties. The fabricated implants exhibited potent 
antibacterial activity in vitro, ex vivo, and in vivo without any signs of cytotoxicity against 
human mesenchymal stem cells. Porous implants also demonstrated superior antibacterial 
activity as compared to solid implants. This advantage of porous implants is expected to be 
even clearer when large-scale implants are used. Moreover, combining silver NPs with copper 
or zinc NPs, or strontium resulted in synergistic antibacterial behavior and, in some cases, also 
enhanced the osteogenic response. We also found that adjusting the processing parameters 
of the PEO process is a powerful tool to optimize the surface morphology and strengthen 
the bioactivity of the implants. Altogether, the presented results indicate that the presented 
multifunctional implants are promising candidates for further preclinical development.  

10.2	 General discussion
The increasing number of orthopedic implants underlines the need for implants that can 
guarantee a lifelong service life. Complications, such as IAI and aseptic loosening, threaten 
this goal. Since the treatment of infections has become more challenging due to antibiotic-
resistant bacteria, the focus has shifted towards the prevention of complications. In order to 
preserve the implant, it should be properly anchored. Bony ingrowth into the implant and 
the prevention of infections are, therefore, essential. To fulfil both criteria, implants with 



Discussion

10

323   

multifunctional properties are required. 
The next generation of orthopedic implants are likely to be increasingly produced by 

AM, which allows for the fabrication of highly porous structures. The form-freedom offered 
by AM techniques means that the implants can be designed such that they fill the bony defect 
and fulfil the load-bearing properties together with a high resistance to fatigue [1]. The design 
of the implant can be optimized to minimize the stress shielding while stimulating the bony 
ingrowth [2]. Furthermore, the porous structures allow the bone cells to migrate into the 
implant, initiating the formation of bone tissue and forming a tight connection between the 
implant and its surrounding bone tissue [3]. In addition, the porous structures facilitate the 
mass transport and, thus, the supply of nutrients and oxygen, while facilitating the outbound 
transport of metabolism byproducts [4, 5].

However, AM porous implants present some new challenges too. For example, the 
enhanced bony ingrowth into the porous structure makes it more difficult to remove the 
implant during a revision surgery [6]. In addition, the porous structure that allows the bone 
cells to migrate into the structure may also facilitate the adherence of bacteria to the internal 
surfaces of the implant [7]. Therefore, the surfaces of AM volume-porous implants need to 
be biofunctionalized to prevent IAI and enhance bony ingrowth through both osteogenesis 
and angiogenesis. However, surface biofunctionalization of porous structures is challenging 
[8]. Electrochemical surface techniques, such as PEO are capable of biofunctionalizing 
porous structures because the implant is submerged into the electrolyte during the process, 
allowing the electrolyte to reach all the internal surfaces of the fully-interconnected porous 
structure. PEO is a highly suitable technique for the synthesis of multifunctional surfaces 
as the use of calcium and phosphate-based electrolytes generates an implant surface with 
osteogenic properties [9, 10]. Furthermore, inorganic elements can be added to the electrolyte 
to generate antibacterial properties [11, 12]. PEO does not modify the bulk material and only 
modifies the outer surface layer. As a result, the mechanical properties of the implant are only 
minimally affected by PEO treatment [13].

Given that bacterial resistance steadily increases, and is by some even called the 
‘silent pandemic’ [14], the search for novel antibacterial agents is in full swing. One class of 
promising antibacterial agents are inorganic NPs, such as silver, copper, and zinc [15]. The 
nanoscale dimensions of those particles results in a high surface area to volume ratio, making 
them highly effective against bacteria [16, 17]. Indeed, these NPs are highly effective against a 
wide range of bacterial species, including resistant bacterial strains [18-20]. Moreover, limited 
resistance against silver, copper, or zinc has been reported to date [21-23]. To further reduce the 
likelihood of the development of resistance, various combination of multiple of these agents 
may be used to kill bacteria early on before they get the chance to develop resistance [24, 25]. 
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This will ultimately ensure the prolonged application of these highly effective antibacterial 
agents [26]. The simultaneous use of multiple agents also enhances the antibacterial activity, 
meaning that lower concentrations of each element are needed. The potential cytotoxicity due 
to a high concatenation of specific elements is, therefore, less likely to manifest.

These inorganic NPs are suitable for embedding into the surface of the implants by PEO 
[27-30]. In addition, these NPs have shown to kill bacteria in various ways, primarily through 
ion release, but also through contact killing and the formation of reactive oxygen species [31-
34]. That said, how exactly inorganic NPs kill bacteria when they are embedded onto implant 
surfaces is not yet fully understood. Improved knowledge on the mechanism may pave the 
way for more efficient use of inorganic NPs. This is particularly important when multiple 
elements are combined because the presence of  multiple antibacterial mechanisms would 
make it more difficult to develop resistance against these antibacterial agents. 

In addition to antibacterial properties, multifunctional implants need to enhance bony 
ingrowth and, thus, the secondary fixation of the implants. The PEO processing of titanium 
implants using electrolytes based on calcium and phosphate results in implants with osteogenic 
properties. Interestingly, we observed that hydroxyapatite was formed on porous implants, which 
constitutes up to 70% of the bone volume [35]. This is most likely due to the altered circulation 
of the electrolyte and less rapid cooling that can facilitate the local heat treatment during plasma 
discharges and contribute to the formation of hydroxyapatite [36]. To further improve the 
osteogenic behavior of PEO biofunctionalized implants, strontium can be added to the PEO 
electrolyte. Strontium ranelate has been used to treat osteoporotic patients, as it simultaneously 
stimulates bone formation by osteoblasts and reduces bone resorption by osteoclasts [37-40]. Due 
to potential adverse cardiac events, systemic treatment with strontium ranelate was terminated 
[41]. Nonetheless, local administration of strontium requires much lower doses than the systemic 
intake. The incorporation of strontium onto the implant surface, therefore, represents a promising 
strategy to take advantage of strontium while preventing the potential side effects [42].

An essential part of osteogenesis is angiogenesis [43]. Without the formation of blood 
vessels, no mature bone tissue can be formed. The effects of biofunctionalized implants 
on angiogenesis is a relatively novel research area. That is partially due to the fact that it is 
relatively difficult to study angiogenesis using regular 2D cell culture systems, and 3D culture 
systems are still not the gold standard for angiogenic research [44, 45]. Although there are 
multiple elements known to possess angiogenic properties, not all of them may be suitable 
for implant biofunctionalization because bony ingrowth needs to be supported as well and 
infections should be averted [46]. Once again, a combination of multiple elements may be an 
elegant solution to this challenge.
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This thesis focusses on the prevention of IAI. However, most assays and methods to 
study IAI are focused on the treatment rather than the prevention of infection. This is because 
it is relatively difficult to study infection prevention. In clinical settings, only 1-9% of implants 
should become infected [47]. Studying such a rare event would require a formidably large 
number of specimens to achieve sufficient statistical power. That is why antibacterial assays 
usually use much higher bacterial loads to establish infections. These conditions are more 
representative of established infections that need treatment but can be studied using a limited 
number of specimens. The other limitations of most in vitro assays is that the immune system 
is usually not incorporated into the in vitro experiments, meaning that there is no limit for 
bacterial growth. Furthermore, in vitro experiments are usually conducted in growth medium 
or agar, which is completely different from the actual bone tissue. Although co-culture 
systems have been developed [48-51], it is still difficult to completely resemble the native bone 
environment. In this respect, ex vivo models may be of interest because the bony matrix, which 
has shown to affect the bacterial adhesion and pathology [52, 53], is present in such models. 
However, these models lack an active immune component. Nonetheless, these experiments 
are much easier and faster to perform than in vivo experiments and can, therefore, be used to 
screen the antibacterial activity of biofunctionalized implants before in vivo testing.

The in vivo infection models are also generally focused on the treatment rather than the 
prevention of infections. In order to limit the number of required animals while preserving 
the statistical power of the experiments, it is necessary to work with controlled and settled 
infections. Such experimental conditions do not reflect the actual clinical situations faced 
when trying to prevent (rather than treat) IAI. Creating controlled, settled infections requires 
much higher doses of bacteria, while also requiring much higher doses of antibacterial agents, 
which in turn increase the chance of creating cytotoxic effects. Indeed, ethical, financial, and 
practical concerns make it nearly impossible to directly evaluate the prevention of IAI in vivo. 

However, to enhance the knowledge gained from a single experiment, additional tools, 
such as bioluminescent bacteria may be of interest, as they will allow for a much more detailed 
tracking of infections [54-56]. This may provide a way to study the course of infection also 
when low numbers of bacteria are present, although the spatial resolution of this method 
needs to be improved to allow for tracking low numbers or even individual bacteria [57]. 
Advances in proper infection prevention models are required to accelerate the development 
of future multifunctional implants.

Prior to the application of multifunctional implants in clinical settings, the implants 
will need to be tested in larger animal models with physiological and anatomical conditions 
that are more comparable to those of the human. Then, the implant biofunctionalization 
needs to be embedded into the implant manufacturing process. PEO is a swift and single-
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step process, which can be optimized to require even shorter times than used in this thesis. 
Keeping in mind that every year 4-12% of the patients receiving implants suffer from some 
type of complications [58, 59] and given that at least part of these complications may be 
prevented by using multifunctional implants, it is imperative to further develop such implants 
to simultaneously improve the treatment of the patients, save healthcare expenses, and reduce 
the societal burden [60]. Ultimately, the benefits of these implants need to outweigh their 
costs. The increased cost of manufacturing such multi-functional implants is likely to be 
more than compensated for by the savings made on the expensive treatments required for 
addressing the complications arising from implant failures. For example, revision surgeries 
for aseptic loosening cost €11,000 on average while revision due to infections cost €35-45,000 
with some cases surpassing €100,000 of direct costs [61-63]. This results in annual spending 
of $1.62 billion in the US alone [64], which is projected to increase to $1.85 billion by 2030. 
These financial and societal costs have motivated urgent calls for effective preventive strategies 
to reduce IAI [65]. In summary, a wide range of stake-holders including patients, healthcare 
systems and the society at large would benefit from the prevention of implant complications 
and lifelong-serving multifunctional implants.

10.3	 Future outlook
Scientific research may provide some answers, but above all it leads to more questions. 
This thesis is no exception. As the topic of this thesis spans a wide range of disciplines, so 
do the remaining questions. They range from in-depth material research and antibacterial 
mechanisms to the scalability of the presented approach and how to get the developed 
implants to patients. 

Rational design and additive manufacturing
In this thesis, we demonstrated that porous implants outperform solid implants after surface 
biofunctionalization. More porous designs and larger implants are expected to enhance this 
effect even further.

Computer modeling and simulation may be helpful in the rational design of the ideal 
implant structure and surface. Topology optimization has been used extensively to optimize 
the design of load-bearing structures. However, the optimal implant shape is not yet known, 
partially because several factors (e.g., mechanical, mass transport, and biological properties 
as well as the patient anatomy) need to be simultaneously considered in the design of 
optimal implants and partially because bone ingrowth changes the mechanical conditions 
around the implant over time. The next generation of computer models should include the 
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chemical composition, surface morphology, antibacterial behavior, osteogenic response, and 
angiogenic properties of the implants to better predict the performance of multifunctional 
implants. Such models can then be coupled with computational models of the PEO process to 
optimize the parameters of the surface treatment process. 

PEO electrolyte and processing parameters 
PEO is a versatile process that can be tailored to obtain the desired properties. The effects of 
the composition of the electrolyte and processing parameters on the thickness, morphology, 
and chemical composition, and biological properties of the resulting oxide layer need to 
be studied in more detail. In addition, PEO biofunctionalization in the DC mode can be 
investigated to enhance control over the morphology of the oxide layer. 

Infection risk of untreated porous implants
Future titanium implants are likely to be much more porous. There are reasons to believe 
that such volume-porous implants may be at an enhanced risk of infection. However, more 
(clinical) studies are required to determine whether any such effects actually exist. As many 
patients may eventually receive volume-porous implants, it is crucial to assess their infection 
risk beforehand.

Mechanism of antibacterial effect and prevention of bacterial resistance
Understanding the antibacterial mechanism may lead to enhanced antibacterial functionality. 
Although the underlying working mechanisms of inorganic nanoparticles have been explored, 
the exact ways through which they kill bacteria when embedded onto implant surfaces are 
not fully understood. Furthermore, it is unclear how different inorganic elements employ 
different bacterial mechanisms. A better understanding of these mechanisms may help in 
preventing the development of bacterial resistance and in securing the prolonged use of such 
antibacterial agents.

Host response: osteogenesis, angiogenesis, and immune cells
In this thesis, the surface treatments performed in the presented studies did not cause 
cytotoxicity against human mesenchymal stem cells. Indeed, surfaces bearing strontium 
stimulated the osteogenic differentiation of mammalian cells. This was primarily investigated 
within two weeks of cell culture, whereas the effects on late-stage differentiation, matrix 
mineralization, and maturation of bone tissue are unknown. In addition, the effects of the 
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generated surfaces on angiogenesis should be studied. Finally, the effects of the presented 
PEO surfaces on the other types of cells particularly the immune cells need to be further 
studied. These aspects are also interesting for in vivo studies.

Follow-up in vivo experiments
Given the in vivo results presented in this thesis using the implants biofunctionalized with 
silver NPs, it remains to be determined whether combinations of silver with copper, zinc, 
and/or strontium result in synergistic effects in vivo. Moreover, the immune response and 
bone regeneration should be studied in more detail, for instance, through fluorescent labeled-
calcium injections and bioluminescent immune cells. 

Towards clinical applications
To bring the implants generated in this thesis from the bench to the bedside, several other 
steps need to be taken. The AM process need to be further developed to increase the speed 
and decrease the costs associated with the fabrication of large, volume-porous implants. As 
for the PEO processing, the oxidation time needs to be optimized, since shorter times and 
parallel treatment of multiple implants are required for scaling up the production capacity 
and making the PEO process less time-consuming and more cost-effective. Moreover, the 
multifunctional implants need to be tested in large animal models, such as sheep and dogs, 
with more human-like physiology, anatomy, and load-bearing conditions. When used in 
clinical settings, sterilization procedures need to be thoroughly investigated to make sure AM 
volume-porous implants can be efficiently sterilized. The final designs of antibacterial and 
osteogenic implants should be initially used in patients who are at a higher risk of infection, 
such as immunocompromised patients, or in procedures with high infection rates, such as 
trauma procedures and revision surgeries.

10.4	 Concluding remarks
The use of orthopedic implants and, thus, the complications associated with their use, 
such as aseptic loosening and IAI, are expected to increase. Given the rapid development 
of antibiotic-resistant bacterial strains, the need for multifunctional implants is higher than 
ever. Rational design, AM, and surface biofunctionalization form a powerful toolset to create 
multifunctional implants with a much-increased service life. In this thesis, a framework is 
presented for the synthesis of potent multifunctional implants that may serve as the first 
prototypes for the future generation of implants.
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