


Front cover: Cross section image of a titanium scaffold covered with a calcium phosphate coating. 

Back cover: SaOS-2 cells attached to the coated surface of a titanium scaffold. 



PhD program in Materials Science and Engineering 

Development of metallic functionalized 
biomaterials with low modulus for 

orthopedic applications

Thesis by compendium of publications 

Doctoral thesis by:  
Elia Vidal Girona 

Thesis supervisors: 
Daniel Rodríguez Rius 
Elisa Rupérez de Gracia 

Department of Materials Science and Engineering 

Universitat Politècnica de Catalunya 
Barcelona, 2020 



Per als meus fills, Helga i Kay 



TABLE OF CONTENTS 

Agraïments ……………………………….…………..……..…….………………........... i  

Abstract….……………..…………………….……………...……….............................…v 

Resum……………………………………………….……………...…………………....vii 

Scope and aim of the thesis………………………………………………………………..ix 

Abbreviations……………………………………………………………………………..xi 

CHAPTER 1:  

Introduction................................................................................................................…... 1 

1. Bone.......................................................................................................................1

1.1. Composition and structure...........................................................................1 

1.2. Human bone mechanical properties.............................................................2 

1.3. Bone remodeling..........................................................................................3 

1.4. Bone replacement………………………………………...……………………..3 

2. Implants for biomedical applications.......................................................................5

2.1. Metallic implants .........................................................................................5 

2.2. Limitations of metallic biomaterials...............................................................5 

3. Additive manufacturing...........................................................................................7

3.1. Direct Ink Writing for 3D printing Ti scaffolds Phosphates..........................10 

3.2. Requirements of 3D printed scaffolds for bone tissue engineering.............10 

4. Ti scaffolds functionalization.................................................................................11

4.1. Calcium phosphate coatings......................................................................12 

4.2. Electrochemical deposition of CaP............................................................16 

4.2.1. Electrochemical deposition process ................................................16 

4.2.2. Strategies to improve adhesion strength of the coating....................19 

5. Infections related to orthopedic implants...............................................................20

5.1. Bacteria adhesion......................................................................................20 

5.2. Antibacterial coatings on titanium...............................................................22 

6. References...........................................................................................................25

CHAPTER 2:  

Single-step electrodeposition of calcium phosphate coatings on titanium for drug 
delivery.......................................................................................................................... 37 



CHAPTER 3:  

Titanium scaffolds by Direct Ink Writing: Fabrication and functionalization to guide 
osteoblast behavior....................................................................................................... 49 

CHAPTER 4:  

Multifunctional homogeneous calcium phosphate coatings: Toward antibacterial  

and cell adhesive titanium scaffolds.............................................................................. 69 

CHAPTER 5:  

General conclusions ..................................................................................................... 83 

CHAPTER 6:  

Future perspectives....................................................................................................... 87 

ANNEXE A: Publications and communications derived from this thesis....................... 91 

ANNEXE B: Participation in projects............................................................................. 97 





i 

AGRAÏMENTS 

I de sobte arriba el dia en què et trobes escrivint els agraïments de la teva tesi doctoral. 

Sembla increïble, han estat cinc anys plens de noves oportunitats, esdeveniments 

irrepetibles i experiències úniques. Miro enrere i intento no deixar-me a ningú, espero 

aconseguir-ho. 

Per començar vull donar les gràcies als meus directors de Tesi. Daniel, vas apostar per 

mi quan vaig picar a la porta del grup per poder fer el meu projecte final de carrera amb 

tu. Aquesta va ser la clau que em va obrir el camí per ser on sóc ara. A partir d’aquell 

moment, m’has guiat, aconsellat i ofert suport i amistat. T’estic molt agraïda, de tot cor. 

Elisa, amb tu vam començar l’aventura de la Tesi, i sempre m’has fet costat. Sé que el 

meu doctorat potser no ha estat gaire “convencional”, però sempre hem trobat la manera 

de seguir endavant. Moltes gràcies per tota la part acadèmica i per l’empatia i estima 

amb què sempre m’has cuidat.  

Vaig tenir la sort de poder entrar al BBT i tot va començar gràcies a la Txell. Suposo que 

recordes la conversa i vull que sàpigues que sempre t’estaré agraïda d’haver-me obert 

la porta al BBT. A partir d’aquell moment, ha estat un honor compartir els meus dies de 

tesi amb professionals, treballadors incansables que estimen la recerca. Maria Pau, 

Xavier, José María, Cristina, Marta, Carles, Cédric, José Manuel, Edgar...tots m’heu 

inspirat i aportat coneixement, moltes gràcies! A la Montse especialment per ser una gran 

mestra i per tota l’ajuda que m’has lliurat durant aquests anys, moltes gràcies. 

A la Clara, moltes gràcies per la teva amistat i consells, t’agraeixo la teva sinceritat i 

honestedat que et fan ser una persona autèntica, una abraçada molt forta. A tots els 

tècnics que sou claus per poder tirar endavant la nostra recerca: Isaac, Pedro, Kim, Trifon 

i especialment la a Montse i el Lluis, amb qui he tingut l’oportunitat de compartir instants 

molt especials amb les vostres famílies, moltes gràcies. A l’equip d’empreses, Noelia, 

Sandra i Miquel. A tu Miquel vull agrair-te la confiança i l’ajuda que m’has donat per seguir 

endavant amb la meva vida professional, moltes gràcies. Amb tots els que he compartit 

estones de laboratori, nervis abans de les presentacions en congressos, rialles, consells 

i tantes bones estones durant aquesta tesi: Anna, Joanna S., Priya, Mireia, Romain, les 

Danieles, Marcel, Diego, Karen, Joaquim, Joanna K., Mar, Lluis, Yago i Inés. A la resta 

de doctorands, molts ànims a tots!  Vull agrair de forma molt especial a la Judit, tota la 

seva ajuda per fer-me més fàcil la meva tornada al món universitari. Vas estar al meu 



 ii

costat, em vas donar força ensenyant-me i donant-me suport quan m’envaïen els dubtes, 

mil gràcies bonica. 

Mònica i Jordi, companys, amics...us enyoro moltíssim, sou molt especials per mi, ja ho 

sabeu bonics. Mònica, gràcies per saber escoltar, per ser-hi sempre, per dir les coses 

clares i creure en mi com ho fas, gràcies per la teva amistat! 

Durant la meva estada a Toulouse vaig poder conviure amb un grup de recerca 

extraordinari, començant per la Christèle que em va acollir i em va ajudar amb tota 

l’adaptació. Camille, Laëtitia, em vàreu cuidar i ajudar en tot moment, merci beaucoup! 

Al Dr.Ortega, vull agrair la seva insistència per tal que fes una tesi. Al final et vaig fer cas 

i el camí arriba a la seva fi. Ets un exemple d’amor per la recerca, de lluita incansable 

per trobar solucions i respostes, moltes gràcies! 

Ara que he iniciat una nova etapa a AMES Medical, he tingut la sort de trobar-me amb 

un equip excepcional que m’ha acollit com una més des del primer moment. Moltes 

gràcies Emili, Cris, Sara, György, Jordan i Miquel. Aprofito també per donar les gràcies 

a la Virgínia, l’Esteban, el Diego, el David i el Lluís per fer-me sentir entre tots tan a gust 

a la feina.  

En el meu entorn fora de la feina també he trobat el suport incondicional de persones 

molt especials per mi. Vull començar per la Nathalie, gràcies per donar-me la petita 

empenta que em faltava per fer el projecte final de carrera que va ser l’espurna per 

acabar on sóc ara. Sempre m’has donat el teu suport en tots els àmbits de la vida, moltes 

gràcies bonica.  

A les “margis”, Nathalie, Bego, Oli i Eli....fa mil anys que estem juntes i tot i que la vida 

ens ha canviat a totes, seguim trobant-nos i compartint moments inoblidables, gràcies 

per ser-hi sempre. A la Vane, per tantes escapades juntes per gaudir de la nostra passió 

per la neu.  

Les “nenes de química”...Súper Soni, Ramona, Maria G., Silvia i Maria C. us enyoro molt 

a totes, la majoria esteu repartides pel món i això ens fa difícil trobar-nos, però vull que 

sapigueu que per mi sou totes un exemple de valentia i força.  

A les meves amistats del poble, els de “tota la vida”, Maria, Sira, Azu, Natalia, David, 

Juanma i Alex, tantes experiències viscudes que no acabaríem mai, gràcies per tantes 

rialles. 



 iii 

Artur i Ruth, companys de viatges, amics, mestres...no sé com descriure com sou 

d’importants per mi. Gràcies per ensenyar-me durant tots aquests anys que sempre pots 

donar-li una volta a la vida, heu lluitat sempre pels vostres somnis, sense por, i això us 

fa ser les persones increïbles que sou. 

Teresa, a tu vull donar-te les gràcies per creure tant mi, el teu suport durant tots aquests 

anys m’ha donat moltíssima força, merci bonica. 

Mely, Victor, Jordi, Nathalie, Oriol, Isabel...a vosaltres que sempre esteu a punt per 

encendre la barbacoa i passar una bona estona junts, a tots gràcies!  

Finalment als de casa, sense vosaltres segurament hauria perdut les forces pel camí. Als 

meus cosins i tiets de Benassal, gràcies per les sobretaules interminables, per sempre 

estar pendents els uns dels altres, per les rialles...ja sabeu que un trosset del meu cor 

sempre es queda allà amb vosaltres. A la meva germana, cunyat i nebots...us trobo molt 

a faltar, sempre m’heu fet costat i el vostre exemple de superació m’ha fet seguir 

endavant, moltes gràcies, us estimo moltíssim! Als meus pares, vull que sapigueu que 

valoro tot l’esforç que heu fet aquests anys. Gràcies per ensenyar-me que treballar, 

treballar i treballar acaba donant els seus fruits, sou un exemple per mi.  

A la meva parella i fills, aquesta part és la que més m’emociona. No ha estat fàcil ser 

mare i estudiant de doctorat a la vegada, per una part m’heu donat tanta força per seguir 

endavant, que mai sabré com agrair-vos-ho. Per altra banda, sento que us he robat un 

temps que mai tornarà. Espero, sobretot que vosaltres petits, un dia llegiu aquestes 

paraules i us sentiu orgullosos, us estimo infinit! 

I a tots els que tant estimo i que ja no hi són...us dedico tot el meu esforç.



 iv



v 

ABSTRACT 

Titanium (Ti) and Ti alloys have been used for decades for bone implants and prostheses 

due to its mechanical reliability and good biocompatibility. However, implant-related 

infections, lack of osseointegration with the surrounding bone, and the mismatch of 

mechanical properties between implant and bone, remain among the leading reasons for 

implant failure. In the present PhD thesis, two strategies have been studied to increase 

implant viability: fabrication of porous Ti structures and surface functionalization. 

The stiffness mismatch between titanium implant and bone can cause significant bone 

resorption, which can lead to serious complications such as periprosthetic fracture during 

or after revision surgery. Titanium surface plays a major role in the bone prosthesis 

interactions, not only to promote initial cell adhesion but also to avoid bacterial adhesion. 

One strategy studied in the thesis has been the development and manufacturing of 

porous Ti structures. A scaffold with a porosity of 75% has been prepared by direct ink 

writing, with the objective of reducing the apparent modulus elasticity of Ti prostheses. In 

this work, porous Ti structures with a stiffness and compressive strength of 2.6 GPa and 

64.5 MPa respectively has been manufactured. To this end, a new ink formulation was 

designed based on the mixture of a thermosensitive hydrogel with Ti irregular powder 

particles with a mean particle size of 22.45 μm. A thermal treatment was optimized to 

ensure the complete elimination of the binder before the sintering process, in order to 

avoid contamination of the titanium structures.  

The understanding of infections is closely linked to the concept of the “race for the 

surface”. The winner of this race (cell versus bacteria) decides if a solid anchoring 

between implant and bone will be achieved or if bacterial growth will lead to a 

periprosthetic infection. Another strategy studied on this thesis focuses on the 

functionalization of the Ti surface. First, surface of Ti scaffolds were functionalized with a 

cell adhesion fibronectin recombinant fragment for optimizing cell adhesion. Additionally, 

a multifunctional coating based on the potential of calcium phosphate coatings to be used 

as carriers for drug delivery was also studied to achieve a balance between cell 

attachment and reduction of bacterial adhesion. Porous Ti structures have been 

successfully coated with a one-step pulsed electrodeposition process achieving a uniform 

calcium phosphate layer both on the inner and outer the surface of the scaffold, with 
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adhesion strengths over 22 MPa. The codeposition of an antibacterial agent with a pulsed 

and reverse pulsed electrodeposition was achieved on both smooth and open-cell Ti 

surfaces. The release rate of the antibacterial agent can be modulated within hours or 

days timeframe by adjusting the coating conditions and without altering the antimicrobial 

potential of the loaded antibacterial agent itself. The biofunctionalized coatings exhibited 

a noteworthy in vitro antibacterial activity against S. aureus and E. coli bacteria strains, 

with a significant decrease of viable attached bacteria to the treated surfaces. Cell culture 

tests also showed that Ti structures loaded with the antibacterial agent presented an 

improved cell adhesion compared to that of untreated Ti. 

Therefore, the proposed strategies can efficiently improve orthopedic implants in terms 

of improving biointegration and microbial adhesion resistance. 
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RESUM 

El titani (Ti) i els seus aliatges s´han emprat durant dècades per a implants i pròtesis 

òssies a causa de la seva fiabilitat mecànica i bona biocompatibilitat. Tanmateix, en les 

infeccions relacionades amb els implants, la manca d´osteointegració amb l´os 

circumdant i el desajust de les propietats mecàniques entre l’implant i l´os, continuen sent 

els principals motius de fallida de l’implant. En la present tesi doctoral, s’han estudiat 

dues estratègies per augmentar la viabilitat de l’implant: fabricació d’estructures poroses 

de Ti i funcionalització superficial. 

El desajust de la rigidesa entre l’implant de titani i l´os pot causar una reabsorció òssia 

important, que pot provocar complicacions greus com la fractura periprotètica durant o 

després de la cirurgia de revisió. La superfície del titani té un paper important en les 

interaccions os-pròtesis, no només per promoure l´adhesió inicial de les cèl·lules, sinó 

també per evitar l´adhesió bacteriana. Una estratègia estudiada a la tesi ha estat el 

desenvolupament i fabricació d’estructures poroses de Ti. S'ha preparat un andamiatge 

amb una porositat del 75% mitjançant Direct Ink Writing, amb l'objectiu de reduir 

l'elasticitat del mòdul aparent de les pròtesis de Ti. En aquest treball, s’han fabricat 

estructures poroses de Ti amb una rigidesa i resistència a la compressió de 2.6 GPa i 

64.5 MPa respectivament. Per a això, es va dissenyar una nova formulació de tinta 

basada en la barreja d´un hidrogel termosensible amb partícules de pols irregulars de Ti 

amb una mida mitjana de partícula de 22.45 μm. Es va optimitzar un tractament tèrmic 

per assegurar l’eliminació completa de l’aglutinant abans del procés de sinterització, per 

evitar la contaminació de les estructures de titani. 

La lluita contra les infeccions està estretament lligada al concepte de "carrera per la 

superfície". El guanyador d’aquesta carrera (cèl·lula contra bacteris) decideix si 

s’aconseguirà un ancoratge sòlid entre l’implant i l´os o si el creixement bacterià conduirà 

a una infecció periprotètica. Una altra estratègia estudiada en aquesta tesi se centra en 

la funcionalització de la superfície de Ti. En primer lloc, la superfície d´andamiatges de 

Ti es va funcionalitzar amb un fragment recombinant de fibronectina d’adhesió cel·lular 

per optimitzar l’adhesió cel·lular. A més, també es va estudiar un recobriment 

multifuncional basat en l´ús de recobriments de fosfat de calci com a portadors per a 

l’alliberament de medicaments per aconseguir un equilibri entre l´adhesió cel·lular i la 
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reducció de l´adhesió bacteriana. Les estructures poroses de Ti s’han recobert amb èxit 

amb un procés d´electrodeposició polsada d´un pas, aconseguint una capa uniforme de 

fosfat de calci tant a la superfície interna com exterior de les estructures, amb resistències 

d’adhesió superiors a 22 MPa. La co-deposició d´un agent antibacterià amb una 

electrodeposició polsada i polsada inversa es va aconseguir tant a les superfícies de Ti 

d´estructura oberta com a les llises. La velocitat d´alliberament de l´agent antibacterià es 

pot modular en un termini d’hores o dies ajustant les condicions de recobriment i sense 

alterar el potencial antimicrobià del propi agent antibacterià carregat. Els recobriments 

biofuncionalitzats van mostrar una notable activitat antibacteriana in vitro contra les 

soques de bacteris S. aureus i E. coli, amb una disminució significativa de bacteris 

adherits viables a les superfícies tractades. Les proves de cultiu cel·lular també van 

demostrar que les estructures de Ti carregades de l’agent antimicrobià presentaven una 

millor adhesió cel·lular en comparació amb la del Ti no tractat.  

Per tant, les estratègies proposades poden millorar els implants ortopèdics de manera 

eficient en termes de millora de la biointegració i la resistència a l’adherència microbiana. 
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SCOPE AND AIM OF THE THESIS 

The present PhD Thesis stems from the need to improve osseointegration of titanium 

implants, more particularly in the orthopedic field. Due to the considerable increase in 

human life expectancy, orthopedic implants must be improved in order to have a longer 

service life. Given this scenario, the main causes for orthopedic implant failure, e.g. such 

as infections, lack of bioactivity of titanium surface and mismatch between implant and 

bone mechanical properties, need to be addressed.  

Two main strategies have been studied in this PhD Thesis: the fabrication of titanium 

open-cell structures to mimic mechanical properties of natural bone, and the 

functionalization of the titanium surface to promote bone growth at the implant-bone 

interface and minimize bacteria colonization.  

To accomplish the aforementioned goals, specific objectives have been defined: 

1) Fabrication of 3D titanium scaffolds by direct ink writing:

- Design of a new ink formulation using non-cytotoxic compounds as binder

materials. 

- Simplify the fabrication steps reported in previous DIW processes. 

- Explore different postprinting thermal treatments in order to obtain the optimal 

mechanical properties of titanium scaffolds for orthopedic applications. 

2) Increase the bioactivity of the implant surface in order to ensure optimal

osseointegration and full bone colonization:

- Explore the cell adhesion and differentiation potential of cell attachment

fragments (CAS) derived from human fibronectin (spanning the type III8-

10 domains) on 3D printed scaffolds.  

- Develop a novel adherent calcium phosphate coating loaded with an 

antibacterial agent by using pulsed and reverse pulsed current electrochemical 

treatment, working at low current densities and reduced processing time 

(30 min). 
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- Study the application of this coating on 3D titanium scaffolds. The challenge is 

to achieve enough throughput potential to permit the layer formation inside the 

scaffold architecture and not only on its surface. 

- Evaluate the potential of this one-step coating as a drug delivery system and 

also study its performance in vitro for reducing bacteria adhesion and improving 

cell proliferation. 
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INTRODUCTION 

In the recent years, the engineering of bone tissue reconstruction has received increasing 

attention in the biomedical field. Bone associated diseases represent half of chronic 

diseases in people over 50 years [1]. For this reason, efforts are focused in fabrication of 

scaffolds that mimic the structure and function of natural bone for repairing bone defects.  

The next sections will describe the structure, mechanical and chemical properties of bone 

as well as the strategies for the fabrication of customized scaffolds.  Particularly, an 

overview concerning the basic requirements that should be meet by these scaffolds will 

be provided to understand the importance of surface biofunctionalization for designing a 

successful biomaterial for bone replacement. 

1. Bone

1.1. Composition and structure 

Bone serves as support and protection of vital organs of the body. Human skeleton is 

composed of two architecture-based types of bones: compact cortical bone (80% of the 

total mass of the skeleton) and cancellous bone. The cortical bone is rigid and dense 

(porosity around 5-10%) and is found in the external layer of bone. It is constructed by 

cylindrical formations called osteons that are composed by Haversian canal (ranges 

between 10 to 500 μm) which accommodates blood vessels to facilitate nutrient supply 

to bone cells (osteocytes) (Fig. 1) [2, 3]. The internal part of the bone consists of 

cancellous bone (also called trabecular or spongy bone) and is highly porous (between 

75-90%). Its structure is a three-dimensional interconnected network of trabeculae which 

are about 50-300 μm in diameter. In terms of microscopic architecture, bone is composed 

of an extracellular matrix (ECM), bone cells and water. The ECM is made of organic and 

inorganic components. Collagen is the main constituent of the organic part (35% dry 

weight) and it is responsible for the stiffness, viscoelasticity and toughness of the bone. 

Moreover, the mineral part (65% dry weight) is mainly constituted by carbonated apatite 

and contributes to the structural reinforcement, stiffness and mineral homeostasis [4]. 
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Fig. 1: Hierarchical structure of bone [5]. 

1.2. Human bone mechanical properties 

The mechanical properties of natural bone can vary depending on the age and the body 

part. Moreover, bone is an anisotropic material, which means that the bone behaviour will 

change depending on the direction of the load applied. Table 1 shows the mechanical 

properties of human natural bone. Compact bone in its longitudinal direction, as defined 

by the orientation of the Haversian canals, is more robust and stiffer than in its transverse 

direction. The trabecular bone has a porous structure, and the porosity and arrangement 

of the individual trabeculae determine its mechanical properties. 

Table 1: Mechanical properties of natural bone  [1]. 

Type of bone Modulus (GPa) Strength (MPa) 

Compact bone 
Longitudinal 

17.9  3.9 
Tension  

Compression 
135  15 
205  17 

Transverse  10.1  2.4 
Tension  

Compression 
53  10 

131  20 

Trabecular bone Vertebra 0.067  0.045 Compression 2.4  1.6 
Proximal Tibia 0.445  0.257 Compression 5.3  2.9 

Proximal Femur 0.441  0.271 Compression 6.8  4.8 
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1.3. Bone remodeling 

During life, bone tissue is continuously remodelled. Two main processes take place 

simultaneously: bone resorption and bone formation (Fig. 2). Osteoclast bone cells 

destroys the bone matrix during the resorption process, then the released growth factors 

stimulate the proliferation of pre-osteoblastic cells that differentiate into osteoblasts (bone 

formation cells) [6]. 

Fig. 2: Schematic bone remodeling process [7]. 

When small damages occur in bone, remodeling is responsible of reshaping or replacing 

the damaged bone. However, for large defects or injuries this healing and/or regeneration 

cannot be accomplished by itself. In this scenario, bone grafting is needed in order to 

restore bone functions [8]. 

1.4. Bone replacement 

Bone grafting is the second most common procedure after blood transfusion. Due to the 

high number of operations worldwide (up to four millions operations a year), managing 

the  demand of bone grafts is a challenging problem [9]. There are several options for 

bone replacement: 

- Osteoclast: large multinucleated cell responsible for the 
dissolution and absorption of bone. 

- Osteoblast: large cell responsible for the synthesis and 
mineralization of during both initial bone formation and 
later bone remodeling. 
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 Autograft: The material used in autografts comes from the same patient but from

a different part of his body. Autogenous bone graft is considered the “gold

standard” due to its ability of osteoinduction and osteogenesis [9]. However, it also

has some disadvantages for the treatment of bone defects, it exposes the patient

to a second surgical procedure and it is restricted by the availability of the required

bone shapes in the donor. Besides, the available bone volume is limited. These

constrains have stimulated the development of synthetic materials that may

eventually replace autogenous bone grafts [10].

 Allograft: Allograft bone is from another patient (usually from a bone bank). Their

clinical applications can however be seriously limited by disease transmission and

infection from donor to recipient. Moreover, the allograft graft has not osteogenic

nor osteoinductive potential compared to autograft.

 Xenograft: Xenograft bone is taken from another animal species and have similar

complications to allograft.

 Synthetic materials: These are a family of biomaterials that have been developed

to fill bone gaps or replace damaged bone. In the last years, bone tissue

engineering has gain much more attention for repairing bone defects. Its objective

is to mimic the architecture of natural bone in order to provide an adequate 3D

environment with physical properties appropriate for bone repair and, at the same

time, to foster cell adhesion and proliferation. Scaffolds play an important role in

tissue engineering. In this line, an ideal scaffold should be biocompatible,

bioactive, osteoconductive and osteoinductive.

- Biocompatible: the property of being biologically compatible by not producing 
a toxic, injurious, or immunologic response in living tissue. 

- Bioactive: a bioactive material is one that elicits a specific biological 
response at the interface of the material which results in the formation of a 
bond between the tissues and the material. 

- Osteoconductive: that promotes osteoinduction, the process by which 
osteogenesis is induced. 

- Osteoinductive: that can stimulate the differentiation of osteoblasts, that in 
turn form new bone tissue. 
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2. Implants for biomedical applications

Different biomaterials can be used to manufacture biomedical devices (orthopedic, 

dental, bone cements, etc.) and can be classified into metallic materials, ceramics, 

polymers, and composites.  

2.1. Metallic implants 

Metallic materials, despite some shortcomings such as the release of metallic ions and 

possible toxicity of the wear debris, are widely used due to their high strength, toughness, 

and good biocompatibility.  

Cobalt-chromium alloys were the first type of metallic biomaterial used successfully as an 

implant and nowadays it is yet one of the main metallic materials used amongst with 

stainless steel, Ti and its alloys [11]. The choice of the implant material depends on the 

specific implant application (Table 2). Titanium and its alloys are one of the most used 

biomaterials in orthopedic implants due to their high strength, stiffness and fracture 

toughness [12].  

Table 2: Mechanical properties of metallic biomaterials and main applications. Adapted from [13]. 

Metals and 

Alloys 

Young´s 

Modulus 

(GPa) 

Yield 

Strength 

(MPa) 

Tensile Strength 

(MPa) 

Principal applications 

Stainless 

steel 

190 221-1213 586-1351 Fracture fixation, stents 

Co-Cr alloys 210-253 448-1606 655-1896 Bone and joint replacement, dental 

implants, dental restorations, heart valves 

Titanium 

(Ti) 

Ti-6Al-4V 

110 485 760 

Bone and joint replacement, fracture 

fixation, dental implants, pacemaker 

encapsulation, 

116 896-1034 965-1103 

2.2. Limitations of metallic biomaterials 

As life expectancy of the population increases, implants are now expected to have a 

successful service life for much longer periods, even for the remaining user’s lifetime, 

without failure or revision surgery. Unfortunately, this objective is still unreachable 
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because implants can fail after long-term use due to various reasons, such as high 

modulus compared to that of bone leading to stress-shielding and bone resorption, low 

wear and corrosion resistance and lack of biocompatibility) [14]. 

Fig. 3: Various causes for failure of implants that leads to revision surgery [14]. 

The aforementioned limitations illustrate that stress-shielding effect is one of the major 

problems concerning metallic implants in orthopaedic surgery. This effect is due to the 

mismatch in modulus of elasticity between bone and the metallic implants. The higher 

implant stiffness leads to a reduction of stresses transferred to bone. Thus, the underload 

bone adapts to the low stress environment and becomes less dense and consequently 

weak. Therefore, to reduce stress-shielding, the elastic modulus of the implant must be 

comparable to that of healthy surrounding natural bone [15]. Titanium alloys with low 

elastic modulus have been developed to minimize this difference but they still have values 

around 50 GPa (Fig. 4). Another approach to overcome this drawback is the fabrication 

of porous materials. 
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Fig. 4: Modulus of elasticity of biomedical alloys [15]. 

3. Additive manufacturing

Additive Manufacturing (AM) has rapidly proliferated in the last 50 years. AM, also named 

3D printing, uses cutting-edge technology to create complex shapes building a part layer 

by layer [16]. Unlike conventional manufacturing subtractive processes, in which parts 

are fabricated using a tool that subtract unwanted material from a work piece, additive 

manufacturing (AM) has a higher level of design freedom.  

AM processes have some attractive capabilities that distinguish them from conventional 

removal processes and make them suitable for the fabrication of complex and high-value 

parts [17]: 

 Parts with complex geometries, internal features and porosity gradients can be

obtained.

Elastic Modulus (GPa) 
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 AM offer a high degree of customization that make it suitable for small lot sizes or

where every part needs to be customized to an individual fit.

 Digital design can be transformed directly to manufactured part.

 No need of tooling, fixtures or path planning that reduce the incorporation of part

customization and design changes.

 Hard metal materials that are traditionally difficult to machine efficiently with a

removal process can be suitably processed.

AM has integrated numerous manufacturing techniques, for that reason, the ISO/ASTM 

52900 Standard was issued in 2015 to standardize all terminology and classify each of 

the different methods of 3D printing [18]. A total of seven process categories were 

established as shown in Fig. 5 [19–25].  
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Fig. 5: Seven additive manufacturing process according to ASTM Committee F42 on Additive Manufacturing. 

Adapted from  [26]. 

The drive behind the rapid advancement of AM technologies comes from the fact that 

research is focused on developing low cost machines, increasing the range of materials 

that can be used, and taking advantage of complexity to cater to a wide range of 

applications. 
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3.1. Direct Ink Writing for 3D printing Ti scaffolds 

Powder bed fusion techniques are extensively used to obtain porous titanium [27, 28]. 

However, such technologies still pose some problems concerning the formation of cracks 

at the surface, non-homogenous microstructures and  the presence of unmelted residual 

particles that can lead to inflammatory response [29, 30]. In this context, Direct Ink 

Writing (DIW) of Ti scaffolds, which can be classified as Metal Extrusion technique, is a 

manufacturing route that deserve to be studied in depth since it offers the possibility to 

rapidly fabricate complex 3D structures with the use of inexpensive facilities. DIW consist 

in the fabrication of scaffolds by extruding a pseudoplastic ink through a nozzle, using a 

3D motion controlled dispenser, until 3D structure with desired dimensions is created. 

The properties of the ink must be such that it can be injectable and capable of building 

scaffolds that maintain its shape after injection. 

3.2. Requirements of 3D printed scaffolds for bone tissue engineering  

The regeneration of bone has a high complexity since it involves a number of molecular, 

cellular, biochemical and mechanical mechanisms. Therefore, to induce bone 

regeneration, porous bone tissue engineering scaffolds with the appropriate shape, pore 

size and porosity, as well as desirable biocompatibility, mechanical properties and cellular 

responses are needed [31]. 

Appropriate macro- and microstructures play a key role in bone tissue engineering 

scaffolds. On the one hand, a suitable macropore patterns could influence the penetration 

and distribution of the cells and, more importantly, allow the transport of nutrients to the 

deepest layer of the scaffolds and improve vascularization, thus maintaining the 

desirable cell viability [32, 33]. To stimulate the growth of new bone tissue into the 

pores, it is desirable to have an interconnected porosity that must be between 55-60%. 

Also, pore size between 200 and 500μm is suitable for bone ingrowths [34].  

The present PhD thesis aims to obtain titanium scaffolds by DIW. 
Titanium powders are mixed with a gelling agent to obtain printed 
green structures that are subsequently sintered in a high vacuum 
furnace (Chapter 3).  
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On the other hand, micropores on scaffold struts are decisive in promoting initial cellular 

responses such as cell adhesion and spreading [35]. In addition, the size of micropores 

could be controlled in order to adjust the release behaviour of drugs/biomolecules/agents 

loaded into the scaffold architecture or absorbed on the surface of the scaffold. 

Regarding to mechanical properties, the 3D printed scaffold should present a mechanical 

behaviour similar to those of replaced bone in order to provide sufficient mechanical 

support and avoid the stress shielding effect.  

4. Ti scaffolds functionalization

Titanium implants have excellent biocompatibility. However, they have low bioactivity. To 

overcome this disadvantage, surface treatment and functionalization provide the 

possibility of changing the surface properties of the Ti scaffold in order to improve their 

bone-bonding ability. To this end, different strategies have been studied to induce 

physical modifications to the surface of the implant in order to improve implant bioactivity 

by increasing the average roughness of the implant surface, increasing the surface 

hydrophobicity or controlling surface energy of the implant surface  (Fig. 6) [36, 37]: 

- Mechanical Method: surface roughness of the implant can be modified to improve 

bone-bonding by grinding, machining or surface blasting. 

- Physical Method: include thermal spray, physical vapour deposition, ion 

implantation and glow discharge plasma.  

- Chemical method: surface modification can be achieved for example by acid-

etching or anodic oxidation among others.  

Another approach can be based on a chemical modification of the s urfac e (Fig. 6). 

Chemical coatings are generally intended to mimic the extracellular matrix (ECM) of bone. 

Organic coatings include cell adhesive proteins or peptides derived from the ECM. As the 

use of native ECM proteins and synthetic peptides has limitations in stability, biological 

potency, and specificity, progress in this area has focused on recombinant protein 

fragments among others strategies [38, 39].  
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Inorganic coatings have been also widely investigated and are mainly focused increasing 

implant bioactivity by the deposition of calcium phosphate minerals.  

Fig.6: Strategies to improve osseointegration. Adapted from [39]. 

4.1. Calcium phosphate coatings 

As the main inorganic component in bone tissue, calcium phosphate (CaP) presents 

inherent biocompatibility when applied as biomaterials in human body. Moreover, 

degradation and ion release in calcium phosphate layers increase the local concentration 

of these ions promoting the formation of bone minerals. This mechanism plays an 

important role in cell adhesion and tissue formation [40].  

Different techniques can be used to obtain calcium phosphate coatings. Some of them 

are listed below: 

 Sol-gel dip coating

Sol-gel methods combined with dip-coating have been extensively used on metallic 

biomaterials. A sol-gel suspension is prepared by mixing together CaP precursors with 

reagents. The implant is then immersed in the colloidal inorganic suspension, which is 

allowed to dry and then annealed to form desired calcium phosphate film [41, 42].  

In this PhD thesis, cell attachment fragment (CAS) from fibronectin 
spanning type III8-10 domains are covalently immobilized onto the Ti 
3D structures to foster adhesion, proliferation and differentiation of 
human osteoblast SaOS-2 cells. 
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 Electrophoretic deposition

Electrophoretic deposition is performed by immersing the metallic substrate (as one of 

the electrodes) in a powder suspension bath, and then applying an electric field, which is 

the driving force of the process. Finally, samples are annealed at temperature of 400 to 

1000ºC [43]. 

 Plasma spraying process

In this technique, the material to be deposited is transformed in melted droplets using a 

plasma jet emerging from a plasma arc. Then the droplets solidify and form deposits in 

the titanium substrate. Plasma spraying process has been commercially used and it is 

approved by the Food and Drug Administration (FDA) for biomedical coatings. This 

technique, however, presents several disadvantages [44]. The process takes place at 

high temperatures, leading to a variable composition and structure of the coating that can 

affect the in vitro degradation of the coating [45]. Furthermore, this method does not allow 

the incorporation of bioactive compounds as they will not withstand the high processing 

temperatures. Even if the compounds can be adsorbed to the surface, the possibility to 

modify the drug release rate is limited. Finally, this technique generates non-homogenous 

coatings that can delaminate from the substrate surface. It is a light-of-sight technique 

with the corresponding limitation for coating irregular–shaped materials [46]. 

 Sputter coating

The Magnetron Sputtering process takes place in a vacuum chamber. The substrate is 

introduced in the chamber where the target (the material to be deposited) is bombarded 

by energetic ions (generated in a glow-discharge plasma). The collision of these energetic 

ions with the target causes the removal of atoms from the target. These atoms are then 

deposited on the substrate as a thin coating [47]. With this technique, thin adherent 

coatings are achieved. However, it is an expensive procedure that have some limitations 

in coating substrates with complex shapes.  

 Hot isostatic pressing

Hot isostatic pressing (HIP) is a manufacturing process where CaP powders are spread 

over the substrate surface before introducing the as-covered substrate in a high-pressure 

vessel. Then the specimen is subject to both elevated temperature and isostatic pressure 

to obtain the calcium phosphate coating on the specimen surface [48]. Coatings obtained 
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by this technique are denser than those produced by plasma spraying, and therefore have 

a lower tendency to dissolve than the dense hydroxyapatite (HA) coatings obtained by 

plasma spraying. On the other hand, it has been reported in literature that the coatings 

obtained with this technique may present cracks that could be due to slight differences in 

the elastic modulus and the coefficient of thermal expansion for HA and Ti [49, 50].  

 Pulsed laser deposition

In pulsed laser deposition process, a high power pulsed laser beam is generated inside 

a vacuum chamber. This beam impacts on the material to be deposited (CaP) creating a 

cloud of plasma that condenses as a coating on the substrate [51]. This method has the 

potential of forming a coating with a controlled chemical composition on flat substrates. 

However, it also has some limitations such as the generation of debris and the flow of 

coating that falls rapidly with distance from the source [52, 53]. 

 Biomimetic apatite coating

This method consists of mimicking the bone mineralization process by immersing the pre-

treated titanium substrate in simulated body fluid (SBF). The nucleation and growth of the 

bone-like apatite coating take place at physiological conditions [54]. Since this method is 

the only one that enables obtaining calcium phosphate layers under physiological 

conditions, it is considered a promising strategy for the incorporation of a biological agent 

such as an osteogenic growth factor. However, the low loading rate of these expensive 

proteins and the fact that this method is time-consuming, are significant drawbacks that 

should be addressed [55].  

 Electrochemical deposition

During electrochemical deposition, an electric current circulates through two electrodes 

submerged in an electrolyte prepared with a solution rich in the ions to be deposited onto 

the cathode substrate. However, calcium phosphates are not directly electroplated onto 

the specimen. Instead, the electrochemical reaction that occurs is the reduction of water. 

This reaction results in a local increase in the pH at the electrode's surface that induces 

calcium phosphate precipitation on the substrate surface [56–58].  

Table 3 gives a comparison of the main characteristics of each coating method. 

Compared to the others methods, electrochemical deposition is an attractive process to 
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synthesize CaP coatings that presents several advantages: the process takes place at 

low temperature and thickness and chemical composition of the layer are controlled. 

However the coating resulting from the electrodeposition still presents a poor adhesion 

to the substrate [59]. 

Table 3: Different techniques to deposit hydroxyapatite (HA) coatings [60, 61].

Technique Thickness Advantages Drawbacks 

Sol-gel &  

dip coating 

60nm–4 μm Inexpensive; low processing 
temperatures; relatively cheap as 
coatings are very thin; high purity; 
fairly good adhesion; can coat 
complex substrates; high surface 
uniformity 

Requires high sintering temperatures; 
thermal expansion mismatch 

Electrophoretic 

deposition 

0.1–2.0 mm Uniform coating thickness; rapid 
deposition rates; can coat complex 
substrates 

Difficult to produce crack-free coatings; 
requires high sintering temperatures 

Plasma spraying <20 μm Rapid deposition; sufficiently low 
cost; less risk of coating degradation 

Poor adhesion; alteration of HA structure 
due to coating process; non-uniformity in 
coating density; phase transformation 
and grain growth of substance due to 
high temperature procedure 

Sputter coating 0.5–3 μm Uniform coating thickness on flat 
substrates; dense coating; high 
adhesion 

Hidden surfaces remain untreated; 
expensive; time consuming; produces 
amorphous coatings 

Hot isostatic 

pressing 

0.2-2.0mm Produces dense coatings Cannot coat complex substrates; high 
temperature required; thermal expansion 
mismatch; elastic property differences; 
expensive; removal/ interaction of 
encapsulation material 

Pulsed laser 

deposition 

0.05-5 μm Coatings with different phases and 
chemical composition can be 
obtained; thin and dense coatings 

Hidden surfaces remain untreated; 
splashing or particle deposition; needs 
surface pre-treatment; lack of uniformity 

Biomimetic 

coating 

<30 μm Low processing temperatures; can 
form bone-like apatite; can coat 
complex shapes; can incorporate 
bone growth stimulating factors 

Time-consuming; requires replen-
ishment and constant pH of simulated 
body fluid 

Electrochemical 

deposition 

0.05-5 mm  Low cost, coat complex shapes, 
rapid, uniform coating thickness 

The bonding strength between coating 
and substrate is not strong enough 
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4.2. Electrochemical deposition of CaP 

4.2.1. Electrochemical deposition process 

Electrodeposition can be performed by different strategies. Direct electrochemical 

deposition presents an important limitation: the production of hydrogen bubbles at the 

vicinity of the cathode, which can act as a wall that limits the diffusion of the ions into the 

boundary layer. In addition, adhesive strength between the calcium phosphate coating 

and the specimen is often poor. In order to minimize those disadvantages, pulsed 

cathodic electrochemical deposition has been used for coating titanium substrates. 

Indeed, it has been shown that the relaxation time (toff) between two unipolar pulses 

reduces the emission of H2 and increase the uniformity of the ion concentration from the 

bulk solution to the cathode [62]. 

 Pulse plating

In pulse plating (PP) electrodeposition, the potential is switched between two different 

values. Pulses are composed by a time on (ton) during which a potential is applied 

followed by a time off (toff) of zero current (Fig. 7) [63].  

Fig. 7: Representative image of a Pulse Plating waveform. 

In this PhD thesis, an electrodeposition process is used to obtain 
calcium phosphate coatings on titanium. This method has been 
selected due to its capability of creating a uniform coating on porous 
or complex shape substrates. Moreover, the process takes place at 
low temperature, which is a key point for further functionalization. The 
challenge is to improve the adhesion of the CaP coating to the 
substrate (Chapter 2). 
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Pulsed waveform on a conventional plating process results in some advantages [64]: 

- system throughput is increased compared to non-pulsed regimes 

- improved uniformity of the coating 

- reduced porosity and roughness 

- reduced residual stresses in the coated layer 

Three mechanisms are involved in the plating process: electrochemical reactions, 

acid-base reactions and precipitation reactions. The main electrochemical reaction that 

takes place is the reduction of water (Eq. 1). Other reduction reactions can occur 

depending on the cathodic potential and the pH increment at the vicinity of the cathode 

(Eqs. 2 and 3): 

2H2O + 2e-→H2 + 2OH− (Eq. 1) 

2H2PO4
- + 2e-→2HPO4

2- + H2 (Eq. 2) 

2HPO4
2- + 2e-→2PO4

3- + H2 (Eq. 3) 

Acid-base reactions involve phosphate ions and hydroxide ions produced by reaction 

(Eqs. 4 and 5): 

H2PO4
- + OH-        HPO4

2- + H2O (Eq. 4) 

HPO4
2- + OH-        PO4

3- + H2O (Eq. 5) 

In both reactions, the pH increases near the cathode, and due to the fact that 

heterogeneous nucleation is thermodynamically more favourable than homogenous 

nucleation, it can enhance the precipitation of the CaP coating onto the subtract surface. 

Depending on the pH reached near the cathode, different types of calcium phosphates 

can precipitate (Eqs. 6,7,8) [65, 66]. 

- Dicalcium phosphate dihydrate / Brushite (DCPD) 

Ca2+ + HPO4
2- + 2H2O→CaHPO4·2H2O                (Eq. 6) 

- Octacalcium phosphate (OCP): 

     8Ca2+ + 6HPO4
2- + 5 H2O →Ca8H2 (PO4)6·5H2O + 4H+ (Eq. 7) 

- Hydroxyapatite (HA): 

     10Ca2++ 6PO4
3- + 2OH-→Ca10 (PO4)6(OH)2 (Eq. 8) 
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Studies have been made showing that with pulsed electrodeposition adhesion, 

crystallinity and thickness are improved compared to direct current electrochemical 

depositions [67]. During the time off, calcium and phosphate ions can diffuse from the 

bulk solution to the cathode favouring the conditions for the CaP growth. Furthermore, 

when no current is applied, the hydrogen generated in the deposition process has time 

to escape and this cause less disruption to layer formation. 

 Pulse reverse plating

In Pulse Reverse plating (PRP), bipolar waveforms are applied where anodic and 

cathodic pulses are mixed (Fig. 8).  

Fig. 8: Representative image of a Pulse Reverse Plating waveform.

It has been reported that in Mg-Zn-Ca alloys coated with CaP, the adhesion strength of 

the coating increases when using a PRP technique. The change of the polarity of the 

current for a short time can promote the growth of adherent particles from the coated 

layer at the detriment of less-adhered particles that may be resolved during this short 

period of time [68]. Studies should be performed to determine if the same improvement 

in adhesion is observed with titanium surfaces. 

In this PhD thesis, pulsed electrodeposition methods have been 
studied to obtain a calcium phosphate coating on smooth titanium 
and titanium scaffolds surfaces (Chapter 2 and 4).  

PP and PRP methods are compared in this PhD thesis. Coating 
adhesion has been studied for different conditions (Chapter 2). 
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4.2.2. Strategies to improve adhesion strength of the coating 

Adhesion of CaP to the titanium substrate is of utmost importance for the implant to 

function properly in physiological conditions. Different strategies have been reported to 

improve the coating adhesion [69, 70]: 

 Addition of hydrogen peroxide to the electrolyte

The incorporation of H2O2 to the electrolyte provides an alternative source of hydroxide 

ions at the vicinity of the cathode, reducing the generation hydrogen bubbles (Eq. 9) 

[71, 72].   

H2O2 + 2e-→ 2OH-     (Eq. 9)

However, hydrogen peroxide is a strong oxidizing agent that could degrade a co-

deposited drug. 

 Surface activation with sodium hydroxide

Activation of titanium surface with NaOH solution at 60ºC for 24h produces a microporous 

alkali titanate hydrogel layer. Then, a heat treatment at 600ºC for 1h can be applied in 

order to dehydrate the hydrogel layer mentioned above, and form a sodium titanate 

layer onto the Ti surface [73,74]. 

 Temperature of the process

The adhesion of the CaP coating increases at elevated temperatures. Increasing the 

process temperature leads to a reduction in solubility, which fosters the nucleation of the 

particles that form the coating layer. It has also been reported that at higher temperatures, 

there are fewer hydrogen bubbles that tend to adhere to the surface of the specimen 

because the surface tension force between bubbles and the surface decreases with 

increasing the temperature [75].  

Process temperature and surface activation with NaOH are the 
strategies studied in the present PhD thesis (Chapter 2).  
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5. Infections related to orthopedic implants

Implanted biomaterials play a key role in the success of orthopedic and trauma surgery. 

However, implant-related infections remain one of the main causes of failure, with high 

associated economic and social costs. 

5.1. Bacteria adhesion 

Implant-associated infections are the result of bacteria adhesion to an implant surface 

and subsequent biofilm formation. The biofilm formation include various steps: formation 

of a conditioning layer, adhesion of bacteria, secretion of polysaccharides and formation 

of a  three-dimensional matrix, followed by maturation and detachment [76]. Once the 

biofilm is created, bacteria are protected against host immune response and antibiotics. 

For that reason, the period before firm attachment, is the window of opportunity for almost 

all antibiotic strategies [77]. 

Fig. 9: Schematic illustration of the process of biomaterial colonization starting from individual bacteria adhesion 

across micro-colonies towards formation and maturation of biofilm (Adapted from [78]). 

Biofilm formation on medical devices results in three major problems [78]: 

- Bacterial communities on the surface of the implant constitute a reservoir of 

bacteria that can cause chronic infection. 

- Bacteria biofilms are highly resistant to treatment with antibiotics; therefore, they 

are extremely complex to remove with conventional antimicrobial treatments. 
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- A chronic inflammatory response may occur at the site of the biofilm because the 

immune system and antimicrobial treatments are often unable to eliminate bacteria 

growing on a biofilm. 

Study of bacteria isolated from infected orthopaedic implants revealed that the most 

common encountered gram-positive bacteria were Staphylococcus aureus (21.94%) (Fig. 

10).  For gram-negative bacteria, 14.83% of the isolated bacteria were Escherichia coli 

[79–81]. The main difference between gram-negative and gram-positive bacteria is the 

presence of an outer cell wall membrane in gram-negative bacteria that can acts as a 

physical barrier that gives them a higher resistance [82]. 

Fig. 10: Comparison between gram-positive and negative bacteria cell wall structures. Adapted from [83]. 

- Gram-positive bacteria: bacteria that give a positive result in the Gram stain 
test, they appear to be purple-coloured when seen through an optical 
microscope. 

- Gram-negative bacteria: bacteria that do not retain the crystal violet stain 
used in Gram staining method. Contrary to gram-positive bacteria, they are 
characterized by having a peptidoglycan cell wall between an inner 
cytoplasmatic membrane and a bacterial outer membrane (Fig. 10). 
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Appropriate strategies aimed at preventing bacterial biofilm formation on the implant 

surface can reduce these biofilm-related infections. 

5.2. Antibacterial coatings on titanium 

A systemic dose of antibiotics is commonly administered to patients after orthopaedic and 

trauma surgeries to prevent peri-operative infection. However, systemic administration of 

antibiotic has some drawbacks, such as the need for a controlled period of administration, 

the risk of a below-therapeutic drug concentration at the target site and the limited 

capacity to kill bacteria embedded in a biofilm.  

Over the past decade, several studies have investigated the potential of implant surface 

modifications to reduce bacterial adhesion, inhibit biofilm formation, and provide effective 

antibacterial protection to implanted biomaterials. Antibacterial coatings can be divided in 

two main groups: passive and active coatings [84]. Passive coatings exhibit a potential 

inhibition of bacterial adhesion and/or can kill bacteria upon contact. In contrast, active 

coatings comprise device-impregnated and coating-released antimicrobial surfaces (Fig. 

11). 

Fig. 11: The strategies to inhibit bacterial infection can be divided into passive (e.g., antiadhesive) or active (e.g., 

drug eluting or immobilized) coatings. Adapted from [39]. 

In this PhD thesis, in vitro test with S. aureus and E. coli bacteria 
have been carried out in order to evaluate the antibacterial response 
of the coating against both gram-positive and negative bacteria cells 
(Chapter 2 and 4). 
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 Passive antibacterial coatings on titanium

- Surface physico-chemical modifications:  

Decrease in bacterial adhesion can be reach by altering the properties of the titanium 

surface. Chemical and/or physical modifications of the surface layer of the implant (e.g. 

surface roughness, chemistry, hydrophobicity, surface energy or conductivity) may result 

in a substantial change of its susceptibility to bacterial colonization [85]. 

- Anti-fouling polymer coatings: 

Polyethylene glycol and hydrophilic polyethylene oxide are examples of polymers that 

can be applied on titanium surface resulting in a reduction of bacterial adhesion. The main 

goal in anti-adhesive coatings is to maintain the required implant-cell interactions while 

selectively reducing bacterial adhesion [86, 87]. The challenge in designing anti-

adhesive solutions, however, is finding a balance between an anti-adhesive layer that 

does not interfere with osseointegration of the implant and that in turn repels bacteria. 

 Active antibacterial coatings on titanium

- Inorganic doped surfaces: 

Among various dopants, silver and silver-based compounds have been widely studied. 

Silver presents several advantages: it has a good antimicrobial activity against both gram-

negative and gram-positive bacteria and can be also loaded onto the implant by different 

well-known strategies [88]. Free silver cations are biochemically active agents that 

interfere with bacterial cell membrane permeability and cellular metabolism. However, 

some concerns about silver ions toxicity that has limited silver-coating applications. 

- Antibiotic loaded coatings: 

Different antibiotic agents such as gentamicin, amoxicillin, vancomycin or tobramycin, 

have been loaded into coatings on titanium implants [89]. Antibiotics can be incorporated 

to the coatings by physical adsorption, dipping method or co-precipitation, among other 

treatments. Depending on the loading strategy, the drug release characteristics can be 

modified [90]. The main risk in antibiotic-loaded coatings is to induce bacteria resistance 

if the antibiotic release profile exhibits prolonged periods of sub-MIC antibiotic 

concentrations [91]. 
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- Non-antibiotic organic antimicrobial agents: 

Antimicrobial agents such as Chlorhexidine Digluconate (CHX) are a good alternative to 

antibiotic because the risk of drug resistance is lowered. Many investigations have been 

reported about the use of CHX onto coated surfaces [92–96]. In addition, CHX is currently 

FDA-approved for coating on a number of medical implants [95].  

The strategy proposed in this PhD thesis is the codeposition of CaP 
and CHX (as antimicrobial agent) by pulsed electrodeposition 
(Chapter 2 and 4). 

MIP: the minimum inhibitory concentration is the lowest concentration of an 
antimicrobial agent that prevents the visible growth of bacteria. 
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GENERAL CONCLUSIONS  

This thesis has dealt with the fabrication of porous titanium structures in order to mimic 

architecture of human cancellous bone. Moreover, doped coatings have been applied to 

improve osseointegration of the titanium scaffolds, focusing on surface functionalization 

to enhance cell proliferation and reduce bacteria adhesion. The following conclusions 

were reached: 

- Regarding the fabrication of porous titanium structures by Direct Ink Writing (DIW): 

1. Titanium porous 3D scaffolds with controlled geometry and interconnected

porosity were successfully manufactured by using a DIW process. A novel ink was

obtained by mixing Titanium (Ti) powder with Pluronic 127 hydrogel, used as a

binding material for maintaining the structure shape prior to the sintering process.

2. The ink developed in this thesis is prepared through a one-step process that

simplifies the ink manufacturing procedure when compared to those reported in

previous DIW processes.

3. The debinding thermal treatment was optimized in order to achieve a complete

removal of the binder before sintering. The sintering temperature, in combination

with the scaffold architecture, was adjusted to obtain scaffolds with an elastic

modulus and yield strength in the range of human cancellous bone.

4. The mechanical properties of the scaffold were improved by changing the sintering

conditions, in particular by conducting the sintering under vacuum instead of using

an Argon atmosphere.

- Regarding the coating strategies: 

1. Functionalization of the surface of the scaffolds with cell attachment inducing

fibronectin fragments resulted in a significant increase of in vitro cell adhesion and

spreading, together with an enhanced proliferation, differentiation and

mineralization.
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2. Adherent calcium phosphate (CaP) coatings loaded with chlorhexidine (CHX)

have been developed by a one-step electrodeposition process on smooth titanium

substrates. Adhesion strengths over 35MPa were achieved, fulfilling the FDA

Guidance for Metallic Plasma Sprayed Coatings on orthopedic implants. The

presence of different phases in the coating (DCPD and OCP) allows tuning its

stability and resorption properties.

3. After optimizing the conditions of the electrodeposition process on smooth Ti

surfaces, a further step was taken by adjusting the process for coating of the

porous 3D Ti scaffolds. By adjusting temperature, time and current density,

scaffolds were completely coated on both the external and internal surfaces.

4. The CaP coatings on porous titanium structures can be loaded with CHX. The

amount of loaded-CHX can be modulated by adjusting the coating conditions.

5. The antibacterial potential of the CHX-doped coatings was demonstrated in vitro

by bacterial growth and Agar diffusion tests against S. aureus and E. coli. Results

evidenced that the coating process did not alter the antibacterial activity of the

antimicrobial agent, even after -irradiation.

6. A balance between antibacterial response and cell adhesion was observed on

coated scaffolds. In vitro cell studies revealed that SaOS-2 cells adhesion was

similar to that of Ti scaffolds without coating
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FUTURE PERSPECTIVES 

- Regarding the fabrication of 3D Ti scaffolds: 

1. The characteristics of the scaffolds obtained by DIW are hardly comparable with

the scaffolds fabricated with other methodologies. For this reason, it could be

interesting to manufacture scaffolds using the same titanium powders and scaffold

geometry by direct ink writing and selective laser melting (SLM). The study and

comparison of the resulting scaffolds should shed more light on the limitations and

advantages of each technique.

2. Although 3D scaffolds have been successfully obtained using Pluronic as binding

material, it also has some limitations that need to be addressed. Factors external

to the process have some relevance, such as the relative humidity and the

temperature of the processing room. Rheological studies of the ink formulation

under different conditions must be carried out to define the working ranges and

thus evaluate the potential of this process to be industrialised.

- Regarding the functionalization of Ti surfaces: 

1. The co-deposition strategy studied in the PhD thesis opens the door to the use of

others cationic ions or molecules that can be loaded to the calcium phosphate

coating in a single-step procedure.

2. In this PhD thesis, it has been demonstrated that CHX-loaded CaP coatings have

an antibacterial potential and that they also promote the adhesion of osteoblast-

like cells. However, a co-culture study with SaOS-2 cells and E.coli and S.aureus

bacteria strains should be carried out in order to test the coating response in a

more realistic scenario.

3. Antimicrobial efficacy and bone regenerative potential of CHX-loaded CaP

coatings should be evaluated in vivo as a first pre-clinical step to assess their

response as drug delivery system.
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