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ABSTRACT / RESUMEN

ABSTRACT
This Doctoral Thesis deals with the design and development of novel coatings manufactured
by sol-gel technology to prevent and treat bacterial infections associated to joint prostheses.
The risk of bacterial infections during the implantation of prostheses causes devastating
repercussions for the patients. These bacterial infections are commonly treated systemically
with the administration of antimicrobials that are somehow inefficient to locally counteract the
focus of infection. Instead, local therapies are being studied because they can reach the
biomaterial-tissue interface. This research project is addressed to locally overcome the risk of
contracting infections by using a biodegrdable sol-gel coating as carrier of an antimicrobial.
The multifunctional coating consists of two organopolysiloxanes, as the precursors of the solgel network, with the ability to degrade in 24 hours in contact with a physiological solution.
The degradation of the coating will allow the release of the pre-loaded antimicrobial. The
coating has been bio-functionalized first with an organophosphite in order to enhance the
proliferation of cells during the process of implantation. Then, the selected coating has been
loaded with an antibiotic of broad spectrum activity against the pathogens that causes these
infections.
The degradation kinetics of the coatings has been evaluated by means of electrochemical
techniques using the averaging Electrochemical Impedance Spectroscopy (EIS) and the
spatially highly resolved Scanning Electrochemical Microscopy (SECM). The study revealed
that the concentration of antibiotic exerted a strong influence in the degrading process, being
the coating with the highest amount of antibiotic the coating that has a faster degrading
process.
The non-cytotoxicity and the enhancement of the cellular proliferation have been verified with
MC3T3-E1 cells. The inhibition of bacterial adhesion (prevention) and mature biofilm growth
(treatment) of the main species that causes infection (S. aureus, S. epidermidis and E. coli)
have also been confirmed. The release of the antibiotic has been tracked by absorbance
spectroscopy and it revealed that the degradation of the coating is non-proportional to the
release of antibiotic. Despite the low release of antibiotic to the medium, the quantity has
been demonstrated to be enough to inhibit the growth of mature biofilm.
Indeed, this research study showed that the degradation kinetics of sol-gel coatings loaded
with an antibiotic (moxifloxacin) can be monitored with different electrochemical techniques.
Besides, thanks to the in vitro microbiological study and the monitorization of the release of
the antibiotic, it has been verified that the quantity of antibiotic in the medium is enough to
accomplish the bacterial features of the medical device. Moreover, this study confirmed the
potential of the sol-gel technology to fit the release of an antimicrobial to the requirements of
the prosthetic devices by modifying the parameters of the sol-gel synthesis.
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RESUMEN
Esta Tesis Doctoral se centra en el diseño y desarrollo de nuevos recubrimientos obtenidos
por tecnología sol-gel para prevenir y tratar infecciones bacterianas asociadas a prótesis
articulares. La contracción de infecciones bacterianas durante la implantación de prótesis
provoca repercusiones devastadoras a los pacientes y son generalmente tratadas mediante
la administración sistémica de antimicrobianos. Este tipo de terapia es mejorable ya que no
llega a alcanzar su función en el foco de la infección. Por ello, las terapias locales están
adquiriendo mayor relevancia ya que alcanzan fácilmente la interfaz biomaterial-tejido. Este
proyecto de investigación está orientado a combatir localmente el riesgo de infección
mediante el uso de un recubrimiento de tipo sol-gel biodegradable como portador y liberador
de un agente antimicrobiano.
El recubrimiento tiene carácter multifuncional y está diseñado a partir de dos
organopolisiloxanos como precursores de la red sol-gel, la cual tiene la capacidad de
degradarse durante las primeras 24 horas en contacto con una solución fisiológica. El
recubrimiento se ha biofuncionalizado con un organofosfito para mejorar la proliferación
celular durante el proceso de implantación protésica. La siguiente etapa en el diseño de la
formulación fue la introducción del antibiótico durante la síntesis. El antibiótico moxifloxacino
fue elegido por su amplio espectro de actividad contra los patógenos que causan las
infecciones en estudio. La degradación del recubrimiento permite la liberación del antibiótico
previamente incorporado a la red.
La degradación cinética de los recubrimientos se ha evaluado por medio de técnicas
electroquímicas usando Espectroscopia de Impedancia Electroquímica (EIS, Electrochemical
Impedance Spectroscopy) y Microscopía Electroquímica de Barrido (SECM, Scanning
Electrochemical Microscopy). El estudio reveló que la concentración de antibiótico influye en
el proceso de degradación siendo el recubrimiento con mayor cantidad de éste el que
presenta un proceso de degradación más rápido.
La no citotoxicidad y la proliferación celular fueron verificadas con células MC3T3-E1. La
inhibición de la adhesión bacteriana (prevención) y el crecimiento de la biopelícula madura
(tratamiento) de las principales especies que causan estas infecciones (S. aureus, S.
epidermidis y E. coli) también fueron confirmadas. La liberación del antibiótico se ha
estudiado con espectroscopia de absorbancia UV-Vis., observándose que, a pesar de la
poca cantidad de antibiótico liberada al medio, la cantidad del mismo es suficiente para
inhibir el crecimiento de la biopelícula madura.
Con el presente trabajo de investigación se puede concluir que la degradación de los
recubrimientos diseñados de tipo sol-gel cargados con moxifloxacino puede monitorizarse
con técnicas electroquímicas. Además, gracias al estudio in vitro microbiológico y estudios
de absorbancia, se ha comprobado que la liberación del antimicrobiano es adecuada ya que
cumple su función bactericida. Este estudio confirma la Idoneidad de la tecnología sol-gel
para ajustar la liberación de un antimicrobiano a las necesidades temporales requerido por
un sistema dispositivo protésico/medio agresivo, mediante la modulación de la síntesis del
recubrimiento.
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CHAPTER 1. INTRODUCTION

1. INTRODUCTION
1.1.

BIOMATERIALS

There are many definitions of biomaterials in the literature that express the same concept in
different ways. A reliable and concrete definition was proposed in 1987 during the Second
Consensus Conference of the European Society for Biomaterials where a biomaterial was
defined as “a material intended to interface with biological systems to evaluate, treat,
augment or replace any tissue, organ or function of the body” [1]. Biomaterials are required to
not induce cytotoxicity and carcinogenesis to the host, to be chemically stable, to have
appropriate mechanical properties and to resist biological corrosion.
The classification of biomaterials has also been a matter of discussion. A basic classification
is the one that takes into account the chemical nature of the biomaterial. Therefore,
biomaterials are classified in metals, ceramics, polymers or composites. Figure 1.1 illustrates
a schematic overview of this classification and the most relevant materials used in biomedical
applications are described below.
Metals are widely used in load bearing prostheses due to their high strength and resistance
to fracture. Stainless steels, mainly austenitic steels, are used in short-term replacements
such as in bone fracture fixations or vascular stents [2]. CoCr-based alloys are used in dental
implants, while CoNiCrMo alloys are the preferred ones in prosthetic stems. Co-based
materials however, are often discarded because they reduce the success of the
replacements due to the occurrence of stress-shielding [3]. Ti-based materials present high
specific strength and excellent corrosion resistance, and are biocompatible [4].
Commercially pure titanium (cp-Ti) and Ti6Al4V alloy are the Ti-based materials mainly
employed in dental implants and orthopedic components. The performances of cp-Ti vary
with the oxygen content because oxygen influences the ductility and the resistance of the
metal. Therefore, cp-Ti has been standardized according to the oxygen content from grade 1
(0.18%) to grade 4 (0.40%). Finally, platinum and gold are used in dental fillers and
electrodes.
Despite that ceramics are brittle and difficult to machine, they are very attractive because of
their biocompatibility, excellent wear performances and resistance to microbial attacks.
Ceramics are also inert and have strong compression features. They are often classified in:
(1) bioinert such as alumina and zirconia, which are used in orthopedic and dental
components; (2) biodegradable (e.g., ceramics based on hydroxyapatite and calcium
phosphate); and (3) bioactive (e.g., bioglasses). Biodegradable and bioactive ceramics are
employed as coatings for implants. Bioactive ceramics in addition, react with the surrounding
tissue [5].
Polymers are used as biomaterials due to their versatile properties. Among other properties,
they can present rigidity or flexibility, strength or high strength, biodegradability or nonbiodegradability. Their shortcomings are their low strength when compared with metals or
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ceramics, and their toxic by-products [5]. Collagen, alginate and chitosan are the natural
biopolymers par excellence due to their excellent biocompatibility. Collagen is employed in
scaffolds and alginate and chitosan in apposite for wounds. Biodegradable polymers are
used for the controlled release of pharmaceutical agents thanks to their hydrolytic
degradation (e.g., polylactic acid (PLA) and polyglycolic acid (PGA)).
When a material consists in two or more materials with different chemical features separated
by a defined interface they are named as composites. Many examples illustrates this
concept in the literature: hydroxyapatite (HA) has been combined with several polymers such
as chitosan, collagen or polylactic acid for bone tissue engineering [6], [7]; also biopolymers
containing graphene (C) have geared the attention in regenerative medicine [8];
biodegradable composites formed by a PLA matrix reinforced with 10% wt. of magnesium for
osteosynthesis implants have been designed [9].
Al2O3, ZrO2
HA-based materials
Bioglasses

Collagen, chitosan
PLA, PGA

Drug deliver devices
Scaffolds

Bone replacements
Heart valvules
Dental implants

Polymers

Metals

Orthopedic devices
Plates/screw fixation
Stainless steel
CoCr alloys
Ti-base materials

BIOMATERIALS

Composites

Ceramics

Tissue engineering
Osteosynthesis implants

PLA/Mg
C/polymers
HA/polymers

Figure 1. 1 Schematic classification of biomaterials by means of their chemical nature

L.L. Hench and J.M. Polak divided the biomaterials in three generations according to their
functionalities [10]. This classification should be interpreted as a conceptual instead of a
chronological classification:
- The first generation of biomaterials includes bioinert materials, These materials
receives no response from the host, neither recognition nor rejection (metals, Al2O3,
ZrO2, poly(methyl methacrylate), polyethylene, composites).
- The second generation corresponds to bioactive and biodegradable materials such
as biodegradable polymers and bioactive ceramics.
- The third generation of biomaterials ascribes to materials with the ability to stimulate
physiological responses at the molecular level (e.g., scaffolds).
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During the last decades the innovations in the design of materials and the developments of
medical technologies have demanded the emergence of the fourth generation of
biomaterials. This new generation is called by some authors as “smart” or “biomimetic
materials” that aim to mimic the extracellular matrix of natural tissues [3].

1.2.

PROSTHETIC JOINT INFECTIONS

During the implantation of prostheses, the host reacts to any strange material and produces
complex mechanism as part of the physiological bone remodeling. This procedure is known
as osseointegration and a schema of the process is shown in Figure 1.2. The implantation
of a biomaterial often creates a wound whose healing experiences four overlapping and
interdependent phases [4], [5]:
1. Hemostasis: It starts with trauma and lasts from minutes to hours. It is the first stage
of the wound healing that starts with the adsorption of plasma proteins (albumin,
globulin, fribrinogen, regulatory proteins and clotting factors) (stage a) and ends with
the control of bleeding through coagulation (stage b).
2. Inflammation: It is part of the protective response of the body that aims to digest the
tissue debris and the biomaterial. The process starts within 15 minutes from trauma
and lasts for some days. The procedure is accompanied with the swelling and the
warm of the affected area. During this stage, bacterial cells can colonize the surface
of the biomaterial and develop a biofilm (stage c). The consequence is that the
implant gets encapsulated into a fibrous tissue (stage d).
3. Proliferation/initial repair: In this phase cells proliferate on the biomaterial to enhance
the recreation of the damaged tissue.
4. Remodeling: Cells remodel the neotissue into a functionalized one.

Figure 1. 2 Normal tissue-biomaterials interaction involving the four overlapping and interdependent
phases of wound healing: hemostasis, inflammation, proliferation/repair, and tissue remodeling. (a)
Protein attachment to the biomaterial surface guides cellular interactions. (b) Hemostasis is
accomplished by clot formation. (c) Cells found in blood and other inflammatory cells attempt to
process the foreign biomaterial and repair adjacent material. (d) The host protects itself from the
foreign biomaterial through encapsulation with fibrous tissue [5]
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When biomaterials are placed into the host, their surface is the idyllic place to be colonized
by macromolecules, microbes (bacteria, fungus) and host cells. If the surface of the
biomaterial is properly colonized by the host cells, the biomaterial mitigates the risk of
contracting bacterial infections. However, if microbes colonize the surface of the biomaterial,
they resist against antibodies and the immune system of the host and subsequently they
induce damages on the surrounding tissue [5]. The concept of “the race for the surface” was
coined by A. Gristina et al. and it defines the existing competition between the host cells and
the bacterial cells when colonizing an implant [11]. These procedures can be competitive and
mutually exclusive. Unlike biodegradable materials, whose inflammatory processes stop
once the material is fully degraded, permanent implants require to reduce the incidence of
inflammatory processes in order to achieve the successful integration of the replacement.
Absorbable medical devices requires to overcome other shortcomings such as how to reach
a similar rate between the degradation of the material and the creation of new bone [12].
The first total replacement of a synovial joint was successfully performed by J. Charnley. in
the 50s [13]. Natural synovial joints (e.g., knee, hip, shoulder, and elbow joints) are complex
and fragile structures that work under critical load conditions. Their failures are common and
due to fractures or degenerative diseases [14]. Replacements of natural joints are known as
arthroplasties. They provide relief from pain and restore the function to joints in which the
natural cartilage has been damaged [5]. The number of arthroplasties is expected to increase
in the next decade. An international study of 18 countries reported in 2009 an average of
0.175% of primary total knee arthroplasties in the population [15]. S. Kurtz et al. forecasted a
large increase in arthroplasties from 2005 to 2030 in the United States: the demand of
primary hip arthroplasties is projected to almost double by 2030, and the forecast for primary
knee arthroplasties is to multiply per seven the number of replacements in 25 years [16].
During the life of these replacements, the main complication is associated with the loosening
of the prosthesis followed in second position by the risk of bacterial infections. Prosthetic
joint infections (PJIs) are referred to infections in the joint of the prosthesis and the adjacent
tissues. They are uncommon (1-2%) but devastating [17]. A Spanish regional study
conducted in Andalucía between January 2005 and January 2010 reported that each patient
affected by PJIs cost 40,542€ to the health care system [18]. Given the number of patients
affected by PJIs and the burden for the patients and the health care systems, efforts are
geared to reduce the incidence of these infections.
A useful classification of PJIs is based on the time to infection: (1) early-onset PJIs (< 3
months after the replacement), (2) delayed-onset PJIs (3-24 months after the procedure),
and (3) late-onset PJIs (> 24 months) [19], [20]. Bacterial species can be classified in two
main groups depending on the physical and chemical properties of their cell wall: Grampositive and Gram-negative bacteria. This classification is based on how bacteria react when
they are subjected to the purple/blue Gram stain. Gram-positive bacteria retain the stain
due to the thick peptidoglycan layer of their cell wall giving rise to a purple color. Gramnegative bacteria meanwhile, have an inner and outer membrane with a thin peptidoglycan
layer that avoids the retention of the Gram stain. Gram-negative bacteria reveal a pink color
in the presence of the Gram stain. Figure 1.3 shows a schematic drawing of the structure of
the cell wall of both types of bacteria.
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colonization of bacteria [20]. The preventive measures taken during the replacement of
prostheses are of environmental and prophylactic type. The environmental measures are
taken during surgery and concern the operating room and the surgical personnel [25]–[27].
The surgical-site infections are minimized by employing a few preventive measures: systems
of ventilation with laminar airflow and high efficient particle filters, exhaustive protocols to
prepare the patient for the surgery (showers, removal of nail polish, depilation, application of
detergent and antiseptic agents), and strict discipline of the surgical personnel (appropriate
hygiene and attire). Besides, it is recommended to reduce the traffic of persons by keeping
the surgical members between 5 or 6 and to limiting the door openings during surgery [28].
Concerning prophylactic measures, antibiotics are provided between 60 to 120 minutes
before surgery and during the 24 hours after surgery [29]. Indeed, the American Association
of Hip and Knee Surgeons (AAHKS) recommended in June of 2017 the administration of
prophylactic antibiotics during the 24 hours after surgery [30].
The procedures of treatment aim to block the maturation of biofilms that have already
started the process of infection. The selection of the treatment depends on the developing
stage of the infection. If the patient contract a chronic or non-treatable infection, the
prosthesis is removed without reimplantation [31]. For acute infections with a stable implant
and adequate surrounding tissue, primary treatments to retain the prosthesis are employed.
These treatments are referred as DAIR procedures and consist in the removal of the infected
tissues (debridement), the administration of antibiotics and the retention of the implant.
Successful rates of DAIR treatments range between 14% to 100% depending on the patient
conditions and the selected treatment. This rate can increase if the infection is treated as
soon as, the symptoms of the infection arises, which appear in less than 3 week after surgery
[31]–[33]. Some studies have identified that if the administration of antibiotics stops 3-4
months after the DAIR procedure, the risk of failure is high [34]. Also, promising results have
been found if systemic administrations are supplied in several dose per day (even up to 4
times per day) instead of in one dose [35].
Despite the measure of prevention and treatment employed during arthroplasties, infections
are not always avoided. After surgery the tissue that surrounds the prosthesis remains
avascular and/or necrotic being the antibiotic administrated orally or intravenously unable to
successfully reach the inner part of a biofilm or the biomaterial-tissue interface [36]. This
limitation cannot be overcome with higher systemic doses because it can lead to organic
toxicity. Thus, local antibiotic therapies are presented as novel and promising prophylactic
treatments. Local therapies are well recognized to be highly efficient because they allow the
local administration of high doses of antimicrobianes without inducing organic toxicity.
Several studies have reported that prophylaxis combining systemic and local therapies
increases the ratio of success. In addition, the emergence of antimicrobial-resistant
pathogens increases the challenges to find suitable therapies to face infections.
When designing a therapy it is of paramount importance to understand the interaction
between implant and cells. Implants are required to be inactive to avoid inflammatory
conditions but active to allow their bio-integration. During the development of an infection, a
window of opportunities is drawn prior to the irreversibly attachment of bacteria and its
11
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phenotype change (Figure 1.5, step i). But, while hydrophobic surfaces reduce the incidence
of bacterial adhesion, hydrophilic surfaces favour the attachment of cells [37],[38]. An
intermediate hydrophobic surface is expected first, to reduce the adhesion of bacteria and
second, to assist the attachment of cells to enhance the osseointegration of the material. The
challenge on this field is the design of multifunctional strategies that combines the
prevention and the treatment of PJIs with the improvement of the osseointegration.
Titanium-based materials are the metals used as prosthesis due to their biocompatibility,
excellent mechanical properties and resistance to corrosion. Cp-Ti (ASTM F67) is mainly
used for dental implants while Ti6Al4V alloy (ASTM F136) is the preferred material for
components of orthopedic prostheses. They differ in their phase composition and
microstructure: cp-Ti consists of only α-phase (hexagonal close-packed; HCP) and Ti6Al4V
alloy of a bi-phasic microstructure α+β (body-centred cubic; BCC). Titanium and titanium
alloys lack good wear resistance that can however, be enhanced by stabilizing the β phase
with alloying elements such as Nb or Mo [39], [40]. The main concern when employing
Ti6Al4V alloy is that the release of ions from the alloying elements can induce toxicity to the
host [41]. Therefore, efforts are geared to the substitution of V for other elements that show
non-cytotoxicity such as Nb or Ta [40], [42].
The Young’s modulus is the main studied biomechanical property of biomaterials. The
Young’s moduli of the most employed metals in prosthetic devices are: 102-105 GPa for cpTi; 110-114 GPa for Ti6Al4V alloy; 200 GPa for stainless steel and 210 GPa for Co–Cr–Mo
alloys. The low Young’s modulus of Ti-based materials when compared with other metals
permits to mitigate the risk of stress shielding of prostheses thanks to the small mismatch
between the metal and the cortical bond (10-30 GPa) [43], [44].
Ti alloys have been subjected to many modifications of their bulk and surface features to
reduce their Young’s modulus and avoid the release of toxic ions [44]–[46]. In this context,
the powder metallurgy (PM) technology offers the possibility of inducing porosity to the bulk
material to reduce the mismatch between the metal and the cortical bone. PM is a near net
shape and cost-effective technology that allows tailoring the mechanical properties of the
final substrates [47]. Due to the industrial requirements, PM has been always focused on
reducing the residual porosity that this manufacturing technology induces to metals. A.
Amherd Hidalgo et al. provided an extent review of the current strategies employed to
enhance the densification of Ti being the introduction of alloying elements (e.g., Ni, Cu, Co or
Fe) or the application of sintering treatments the preferred modifications [48]. PM has been
successfully employed to manufacture two Ti alloys, namely Ti6Al7Nb and Ti6Al4V, with
similar mechanical properties to the conventional alloys manufactured by casting [49]–[51].
The versatility of the manufacturing technique offers also the possibility of inducing a gradient
of mechanical properties from the surface to the bulk of the material by applying diffusion
treatments through the metallic surface with Nb or Mo [39]. In this work, pure Ti
manufactured with PM (TiPM) with 17.2% of total porosity has been employed as the
substrate of sol-gel coatings. Pure Ti has been selected as the metallic substrate to simplify
the study. Nevertheless, these coatings could be applied on any Ti-based metal [52].
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1.3.

SURFACE MODIFICATIONS AND COATINGS

Despite Ti-based materials are widely used in components for orthopedic implants, their
metallic surface is inactive to assist the implant/bone integration and avoid the contraction of
infections [4]. Besides, it is of main concern to design new strategies that reduce the costs to
the health care system and improves the patient’s well-being. The modification of the metallic
surface is an easy and cost-effective procedure that changes the composition, structure and
morphology of the material without modifying the excellent mechanical properties of the bulk
material. Recent studies have modified metallic surfaces by applying coatings containing
biopolymers such as poly(lactic acid) [4], [53], biological molecules like type I human collagen
[54], [55], among others compounds. Other research approaches use innovative processing
techniques to induce topographical modifications to metallic surfaces by using anodic
oxidation techniques to create nanotube arrays [56], [57], additive manufacturing to create
porous surfaces [58], or diffusion treatments with Nb or Mo to enhance the osseointegration
of the implant with the host [40], [59], [60]. An attractive strategy among all the surface
modifications is the use of anti-adhesive coatings (passive coatings) containing antimicrobial
agents (active surfaces) that aim to reduce the additional surgeries and the exposure to
prolonged systemic treatments with antibiotic.
Coatings with pre-incorporated antimicrobial agents have been widely investigated and
their classification is sometimes complicated due to the extensive bibliography of the topic. E.
J. Tobin published in 2016 a review of the most relevant developments in therapeuticallyloaded coatings where he made a classification by means of their ultimate biological purpose
[61]. Figure 1.6 illustrates this classification that consists in three categories: (1) coatings that
enhance the integration of the biomaterial with the host, (2) coatings that aim to reduce
infections associated to biomaterials, and (3) coatings that combine both features. In this
classification he considered that coatings for orthopedic and dental implants could be biofunctionalized with the same strategies because they need to fulfill similar requirements. The
little literature that have compared the materials used in both, orthopedic and dental implants,
report similar osseointegration and biomechanical properties suggesting that materials could
be undiscriminating employed either in dental or orthopedic components [62].

(3) = (1) + (2)

(1)

Enhancement of
osseointegration

(2)

Reduction of
infections

Figure 1. 6 Schema of the classification established by E. J. Tobin for therapeutically-loaded coatings

13

CHAPTER 1. INTRODUCTION

For the enhancement of the osseointegration, the bio-functionalization of coatings has
been focus on mimicking the inorganic part of bones whose main components are calcium
and orthophosphate being 1.67 the ratio between calcium and phosphorus [4]. However,
materials based in calcium-phosphates have been restricted to clinical applications because
of their poor adhesion to the substrate, poor mechanical properties, and non-uniformity in
crystallinity and morphology [63]. Therefore alternatives free of calcium are under study
being the incorporation of organic or inorganic phosphates the most promising ones.
Moreover, phosphates have been recently reported to induce the osseointegration of the
implant during the first stage after surgery [63], [64].
Concerning the strategies that aim to reduce the contraction of infections is of paramount
importance designing multifunctional coatings that prevent and treat at the same time the
contraction of infections and the growth of mature biofilms. Anti-adhesive polymers are the
indisputable materials employed to reduce the colonization of bacteria. Also, nanopatterned
surfaces, super-hydrophobic materials and hydrogels have been used for this purpose. Table
1.1 summarizes the main surface modifications employed to prevent the colonization of
bacteria. The prevention of bacterial colonization has currently received more attention
because of the increasing number of multi-drug resistant bacteria and the inefficiency of
some antibiotics.
Table 1. 1 Main surface modifications and coatings for the prevention of bacterial attachment
Surface modification and coatings

References

Nanopatterned surfaces
Ti based materials
Collagen

[65]–[67]
[68]

Super-hydrophobic surfaces
Anti-adhesive polymers:
Polysaccharides (heparin, alginate, chitosan, hyaluronic acid)
Polymers functionalized with peptides

[38], [69], [70]

Hydrogels

[74]

[71]
[72], [73]

J.J.T.M Swartjes et al. gave a relevant overview of the current developments in coatings
loaded with antimicrobials that aim to enhance the osseointegration of the biomaterial with
the host and to reduce the risk of infections [75]. They identified the main substances used to
bio-functionalize coatings: antimicrobial peptides, antibiotics, enzymes, nanoparticles,
quaternary ammonium compounds, anti-adhesive polymers, chitosan-based substances and
compounds that provide coatings with super-hydrophobicity. Also, they listed the four main
strategies used when designing antimicrobial coatings. These strategies are illustrated in
Figure 1.7 and are often combined to achieve better results.
(1)
(2)
(3)
(4)
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The immobilization of antimicrobials on the surface
The design of coatings with the controlled release of antimicrobials
Hydrogels or other matrix structures containing bound antimicrobials
Antimicrobials tethered to a surface through spacer-molecules
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(1)
Surface immobilized antimicrobials

(3)
Hydrogel contained antimicrobials

(2)
Antimicrobial releasing surface coating

(4)
Surface tethered antimicrobials

Figure 1. 7 Schematic representation of the main strategies used to bio-functionalize coatings with
antimicrobials (adapted from [75])

The bio-functionalization of coatings with antibiotics has been the most employed among all
the developed strategies in the field. The selection of the appropriate antibiotic to treat PJIs is
still a challenge in hospitals. A study performed in Sweden confirmed that the main
perioperative antibiotics consisted of cloxacillin (90.3%), clindamycin (7.2%), cephalosporins
(2.4%) and vancomycin (0.04%) [76]. Rifampin has been positioned as the main antibiotic
used against staphylococcal infections but the common development of resistance to this
monotherapy demands the use of other antibiotics such as staphylococcal penicillin (e.g.,
flucloxacillin) or fluoroquinolones (e.g., ciprofloxacin or levofloxacin). Newer quinolones like
moxifloxacin (MOX) are being investigated as partners of other antibiotics due to their broad
spectrum activity against gram positive, gram negative, and anaerobic pathogens [77]. MOX
has demonstrated superior performance in PJIs when compared with vancomycin and
levofloxacin [77], [78]. The antibiotics commonly used in local prophylactic therapies are
introduced either in biodegradable polymeric carriers such as poly(D,L-lactide), poly(ɛcaprolactone) and poly(trimethylene carbonate) or impregnated in bone grafts [79].
Biodegradable sponges, cement spacers and beads are also used as drug carriers but once
the antimicrobial agent is released the carriers must be removed [79]. Other recent
approaches use multilayer arrays to simultaneously release two therapeutic compounds. A.
Shukla and co-workers designed a tetralayer polymeric coating that consists in the
alternation of hydrolytically degradable cations (poly(β-amino esters)) and biocompatible
polyanions (alginate, chondroitin, sulfate, and dextran sulfate). The multilayer architecture
has been doped with an antibiotic (vancomycin) and a nonsteroidal anti-inflammatory drug
(diclofenac) [80].
In this research project, sol-gel coatings based in organopolysiloxanes are proposed as
drug carriers and enhancers of the osseointegration of titanium-based materials. This
technology is drawing the attention of the biomedical field because it is an easy synthesis
process that allows tailoring the surface chemistries of the material with a low energyconsuming procedure. Depending on the selected precursors, sol-gel coatings hydrolytically
degrade in contact with aqueous solutions due to an uptake of water that causes the coating
to swell permitting the release of the therapeutic compound [81].
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1.4.

SOL-GEL TECHNOLOGY

The hybrid organo-inorganic sol-gel technology exploded in the 80s due to the expansion of
the soft inorganic chemical procedures. The conditions offered by the sol-gel method (e.g.,
mild conditions, versatility of the colloidal state, and tailored-made properties) allow the
mixing of organic and inorganic compounds under a nanoscopic scale. The sol-gel method
starts from a sol (colloidal suspension) with metal or metalloid elements that lead to the
formation of M-O-M bonds. Metallic alkoxides, M(OR)n, are normally used as precursors of
the sol-gel reaction. M is the nuclei element that creates the network (e.g., Si, Ti, Zr, Al, Fe,
B) and R is often an alkyl group (CxH2x+1). The predominant employed alkoxides are based in
silicon (Si(OR)n, alkoxysilane) due to their moderate reactivity when compared with other
precursors [82].
The sol-gel synthesis consists of an organic phase containing the alkoxides as the source of
oxygen and alcohol as solvent, and an aqueous phase, which is the agent of the hydrolysis.
Once the alkoxides undergo hydrolysis, polycondensation starts to create high molecularweight molecules forming the polysiloxane network. Then, hydrolysis and polycondensation
undergo simultaneously. Polycondensation can be extended as long as M-OH groups are
available. The hydrolysis kinetic is normally catalyzed in acid medium while polycondensation
kinetic requires basic conditions to be accelerated [83]. The polymerization of the sol-gel
network takes places in three stages [84]:
1.
Polymerization of monomers to form particles (hydrolysis-condensation)
2.
Growth of particles
3.
Linkage of particles into chains and creation of extended networks from the
liquid medium
The reactions of hydrolysis and condensation of the sol-gel synthesis using as precursor
silicon based reagents as precursors are schematized in Figure 1.8.

Hydrolysis
OR

OR
+

H–O–H

–

–

RO – Si – R’

HO – Si – R’

–

–
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ROH

+
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–

–
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R’– Si – OH + HO – Si – R’
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–
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–
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R’– Si – O – Si – R’
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+

H–O–H
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OR = alkoxy group (e.g., OCH2CH3)
R’ = organic chain (e.g., H2C=C(CH3)CO2(CH2)3 or OCH3)

Figure 1. 8 Hydrolysis-condensation reactions of the sol-gel synthesis using Si-based precursors
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Then, a wet gel is created by the interaction and cross-linkage of particles. Finally, the water
and solvents evaporate to produce the dry material. The sol-gel method can shape the
macroscopic final material to coatings, powders, monoliths (xerogels), foams, fibers or
ceramics depending on how the sol is applied and if the material is subjected to postprocedures such as heat treatments [82], [85], [86]. Figure 1.9 illustrates a schema of the
different stage of the sol-gel process. In this research work, the material is shaped to a
coating for metallic substrates. The coating can be applied on the substrate by different
techniques: dip-coating, spin-coating or spray. The final properties of a coating will mainly
depend mainly on the selected precursors, the hydrolysis-polycondensation rate prior to the
deposition, and the drying treatment of the xerogel coating [87].

+
Organic phase

Hydrolysis-polycondensation
reaction

Solvent
extraction

Aerogel

Aqueous phase

Gel

Sol
Evaporation
of solvent

Dip coating
Spin coating
Spray

Xerogel
Heat

Xerogel coating
Ceramic

Drying

Coating
Figure 1. 9 Schematic overview of the different stages of the sol-gel process and the final macroscopic
materials

17

CHAPTER 1. INTRODUCTION

Figure 1. 10 Simplified schematic of the bonding mechanism between silane molecules and the
hydroxide layer of the metallic surface: (a) before condensation: hydrogen-bonded interface; (b) after
condensation: covalent-bonded interface [82]

In order to ensure the adhesion of the coating to a metallic substrate, the hydrolysis and
polycondensation reactions should be optimized. A good adhesion requires to have enough
free-hydroxyls (silanol; SiOH), which get spontaneously adsorbed onto the metal with Van
der Waals bonds and enough siloxane bonds (Si-O-Si) to provide the network with a
suitable cross-linkage. Once the sol is applied to the substrate, the condensation reactions
continue and lead to the formation of strong covalent bonds between the coating and the
metallic substrate. Figure 1.10 shows the bonding mechanism generally accepted to explain
the covalent formation of M-O-Si bonds at the coating-metal interface [82].
Sol-gel coatings can be classified into inorganic or hybrid organic-inorganic (O/I)
depending on the chemical nature of the employed precursors. Inorganic coatings shows
excellent adhesion to the metal but coatings tend to be brittle and cracks can be generated
during the drying step. Thus, coatings present poor physical barriers against corrosion. The
introduction to the network of the organic components increases the density of the coatings
promoting coatings free of cracks and with good physical properties. Besides, the
incorporation of the organic compounds reduces the drying temperature of the coating to
even room temperature. The use of low temperatures allows the introduction of inhibitors,
bioactive molecules or additives to the network without altering their chemical nature [88].
Currently, researches are developping sol-gel coatings combining organic and inorganic
precursors. Wang and Bierwagen reported in 2009 the main advances performed in O/I
coatings. The preferred precursors used were: tetraethyl orthosilane (TEOS), tetramethyl
orthosilane (TMOS), methyl triethoxysilane (MTES), methyl trimethoxysilane (MTMS), vinyl
trimethoxysilane (VTMS), phenyl trimethoxysilane (PTMS), diethylphosphonatoethyl
triethoxysilane (PHS), 3-(2-aminoethyl)aminopropyl trimethoxysilane (APS), 3-aminopropyl
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trimethoxysilane
(AEAPS),
3-glycidoxypropyl
trimethoxysilane
methacryloxypropyl trimethoxysilane (MAPTMS), 3-mercaptopropyl
(MPTMS), bis-[3-(triethoxysilyl)- propyl] tetrasulfide (BTSTS) [82].

(GPTMS),
3trimethoxysilane

Sol-gel technology has been applied to obtain different functional materials such as ion
selective membranes [89], electrochemical sensors [90], and coatings for the protection of
metals against corrosion [82], [91]–[95]. This technology is broadening its area of application
to other fields due to the request of improved performances on novel materials. Promising
studies are currently been performed using the sol-gel technology in the biomedical field. Solgel coatings have also been loaded with active molecules such as procaine [96] and
vancomycin [97]. Other research approaches have bio-functionalized coatings with HA,
phosphorus and calcium compounds to enhance the osseointegration [98]–[103]. Sol-gel
coatings have been used to induce osseointegration by bio-functionalizing coatings with HA
[101], [102], [104]–[106], poly(Ɛ-caprolactone) [107], polyethylene glycol [108], strontium
[109], [110], or gelatin [111]. Nevertheless, few studies are reported on the modification of
sol-gel coatings employing only phosphorus compounds. The most relevant study have used
triethylphosphate, phosphoric acid and ammonium dihydrogen phosphate as phosphorus
modifiers for the synthesis of silicate bioceramics [112].

1.5.

ELECTROCHEMICAL TECHNIQUES

The extracellular fluids of the human body consist on different salts (e.g., NaCl, MgCl2, KCl,
glucose, among others) dissolved in an aqueous solution containing oxygen. The
physiological medium is then the perfect scenario where electrochemical phenomena can
arise. The regular pH of the physiological fluid is neutral with values that vary between 7.2
and 7.4 and that can be modified due to external phenomena. For example, the appearance
of wounds leads to the acidification of the medium (4.0-5.2) whereas, the contraction of
infections incurs the alkalization of the medium [113].
In passive metals like titanium, the strong affinity of Ti to O assists the creation of a
protective passive layer. The formation of this unreactive layer is essential because it
protects the implant for long-term performances and prevents inflammatory processes
induced by the release of toxic ions from the alloy. However, the aggressive in vivo
conditions can alter the stability of the passive layer. Then, metals can experience corrosion
phenomena that can compromise the integrity of the prosthesis. In fact, failure due to
electrochemical corrosion has been reported in bio-systems involving metallic biomaterials
[114], [115]. The porosity of metals is a feature that makes metals more susceptible to
electrochemical corrosion than dense materials because pores entrap the ionic species of
the electrolyte and reduce the oxygen supply [116]–[118]. The selection of the appropriate
electrochemical technique to evaluate the electrochemical performances of a material is also
important. J.-L. Wang et al. remarked on a recent study that conventional electrochemical
techniques such as potentiodynamic polarization lack the resolution to deeply study the
electrochemical performance of Ti alloys [119].Innovative electrochemical techniques with
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higher resolution are required in this field because it is difficult to observe differences on the
electrochemical behaviour of Ti alloys due to their excellent corrosion resistance. Moreover,
the literature reports contradictory results whether or not cp-Ti exhibits superior long-term
performance than Ti6Al4V alloy [62]. In this research work, prior to the study of the coated
specimens, the uncoated TiPM has been studied to evaluate if the porosity induced to the Ti
with PM influences its electrochemical performance.
The electrochemical features of sol-gel coatings are ascribed to the protective layer that
acts as a physical barrier to the penetration of the electrolyte through the metallic surface.
Sol-gel coatings can present microdefects such as cracks or pores that allow the introduction
of the electrolyte until establishing contact with the metal. Once the coating is in contact with
the aqueous solution its hydrolytic degradation starts. The water hydrates the molecules of
the sol-gel generating the coating to swell followed with a subsequent degradation of the
coating. The hydrolytic degradation of sol-gel coatings are based on a depolymerization that
can be considered as the opposite reaction of the polycondensation, which creates the
siloxane bonds of the sol-gel network. The coating degrades following the hydrolysis reaction
summarized in Reaction 1.1 [81]:
SiO2 (s) + 2H2O (l) ↔ Si(OH)4 (aq)

(Reaction 1.1)

The Electrochemical Impedance Spectroscopy (EIS) is an electrochemical technique with
broad applications that is growing in importance with years. EIS is used as a characterization
technique of several systems such as protective materials of metals, batteries, fuel cells, etc.
[120], [121].
The term impedance refers to the frequency dependent resistance to current flow of a circuit
element (resistor, capacitor, inductor). The technique consists on the application of a small
sinusoidal perturbation (potential or current) at a fixed frequency and the measurement of a
sinusoidal response (potential or current). If a sinusoidal potential (E) is applied at a fixed
frequency (𝜔), a sinusoidal current (I) is received at the same frequency but with different
amplitude and phase angle (𝜙). The magnitudes of potential and current are described with
Equation 1.1 and Equation 1.2, respectively [122]:
E = E0 sen(ωt)

(Equation 1.1)

I = I0 sen(ωt + ϕ)

(Equation 1.2)

being E0 and I0 the maximum amplitudes of the applied potential and the received intensity,
respectively, and ϕ the phase difference between both signals.
The recorded signal computes the impedance at each frequency as a complex number
defined as the ratio of complex potential (Eo) and complex current (I0) (Equation 1.3).
Impedance, which uses alternating current (AC), is analogue to the resistance defined with
Ohm’s law, which uses direct current (DC). The main difference between impedance and
resistance is that impedance is a vector magnitude with a direction (𝜙) (Equation 1.4) [122].
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|𝑍| = 𝐸0⁄𝐼

(Equation 1.3)

0

𝑍
𝜙 = 𝑎𝑟𝑐𝑡𝑎𝑛 ( 𝑖𝑚⁄𝑍 )
𝑟𝑒

(Equation 1.4)

where Zim is the imaginary component and Zre, the real component of the impedance.
Figure 1.11 shows a Nyquist diagram where the components (Zim and Zre) of the impedance
are presented as a function of the applied frequency. The modulus of the impedance (|Z|) is
calculated as follows (Equation 1.5) [122]:

|𝑍| = √(𝑍𝑟𝑒 )2 + (𝑍𝑖𝑚 )2

(Equation 1.5)

Figure 1. 11 Impedance as a function of the frequency. Nyquist diagram [122]

The experimental setup of the electrochemical cell used to measure impedances can vary
depending on the tested material or the data to be recorded. When materials are tested for
biomedical applications an electrochemical cell with double-wall is used in order to control
the temperature at 37ºC. Figure 1.12 illustrates a conventional configuration of an
electrochemical cell used to measure the impedance of coated materials. A conventional
setup of three electrodes is employed and the elements required are:
(1) The reference electrode has a stable and well-known potential and the impedance is
recorded as a function of its potential. The most employed reference electrodes are:
silver chloride electrode (Ag/AgCl/sat. KCl; E0=0.197 V vs Standard hydrogen
electrode (SHE)) and saturated calomel electrode (SCE) (Cl-/Hg2Cl2(s)/Hg(l);
E0=0.241 V vs SHE).
(2) The counter electrode is the electrode used to close the circuit. It records the signal
received from the system. This electrode is an inert material. Polished graphite or
platinum are frequently employed.
(3) The working electrode is the electrode where the electrochemical reactions take
place. In the case under study the working electrode is the coated metal.
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(4) The electrolyte is a material with free ions that acts as an electric conductor. In
electrochemical studies the electrolyte is a liquid fluid, being the aqueous solution the
electrolyte often employed.

Figure 1. 12 Electrochemical cell configuration frequently used to study coated metals [121]

In order to give a physico-chemical explanation to the recorded impedances is recurrent the
used of equivalent circuits (ECs) that combine different electrical elements. The fittings are
performed using ZView software. This commercial program is based on theoretical
simulations with electrical equivalent circuits, fitting techniques and complex nonlinear leastsquares (CNLS) methods. The good agreement between fitted and measured data is
ensured with the chi-square parameter (Chi-Sqr). Values of Chi-Sqr should be smaller than
10-3 to ensure the quality of the fitting [101]. Coating/metal systems are normally fitted using
an EC with two relaxation times, one ascribed to the coating and the other one related with
the interface metal/electrolyte. The main electrical elements of this EC are summarized in
Table 1.2.
Table 1. 2 Circuit elements of the employed EC to fit the data of sol-gel coatings

Electrolyte

Coating

Circuit element

Frequency range

Resistance of the
electrolyte

High frequencies
5
4
(10 -10 Hz)

Dielectric capacitance of
the coating
Resistance of the coating

Interface
metal/electrolyte
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Capacitance of the double
layer
Resistance of the charge
transfer

High-middle frequencies
4
1
(10 -10 Hz)
st
1 constant time

Middle-low frequencies
1
-2
(10 -10 Hz)
nd
2 constant time
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Each electrical element is identified at a specific frequency range and the physico-chemical
meaning of each element is here explained:
I.
Resistance of the electrolyte: It is the resistance of the electrolyte registered
between the reference electrode and the working electrode. It depends on the
concentration and type of ions, the temperature and the geometry of the
electrodes. In the absence of solid electrodes or gradients of concentration the
electrolyte can be considered to be electrically neutral.
II.

Dielectric capacitance of the coating: The capacitance of a material is often
substituted with a constant phase element (CPE) to take into account the
defects of its surface such as kink, jags, ledges, local charge heterogeneities,
among others. This element is described with Equation 1.6:
1

Z(ω) = 𝑌 (𝑗ω)𝑛
0

(Equation 1.6)

where j is the complex number (j2=-1), Y0 is the constant of the CPE,  is the
angular frequency of the applied signal (rad·s-1), n=α/(π/2) is the potential
factor of the CPE and α is the phase angle of the CPE. The n factor is an
empirical adjustable parameter that indicates the deviation from the ideal
capacitive behaviour (i. e., when n=1) and is comprised between 0.5 and 1.
The capacitance of the materials can be estimated with the parallel-plate
capacitance approximation (Equation 1.7) that consists of two thin parallel
conductive plates separated by a dielectric material [120].
CPE1 =

𝐴𝜀𝜀0
𝑑

(Equation 1.7)

where ε0 = 8.85×10−10 F·cm−1; ε is the permittivity of the coating, which is
assumed to be 2-10 [123]; A (cm2) is the area of the tested coating and d (cm)
is the thickness of the tested coating.
The absorption of water on the coating (water uptake) increases the
capacitance of the coating because the relative permittivity of the water at
25ºC is higher (78.7) than the one of the coating. The water uptake is
correlated with the degradation kinetics of sol-gel coatings. Thus, the evolution
of the water uptake with time can be studied by monitoring the CPE of the
coating with time.
III.

Resistance of the coating: Coatings manufactured by sol-gel technology
normally present micro/nano-pores that allow the electrolyte to penetrate and
interact with the metallic substrate. Upon immersion, the resistance of these
pores varies and decreases with the exposure time to the electrolyte. If
corrosion products are formed, the pores are blocked with these products and
as a result the resistance of the coating increases.
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IV.

Double layer capacitance: When a solid is introduced into the electrolyte
electrochemical processes appear at the electrode/electrolyte interface. A
structure similar to an electrical condenser is created with a distribution of a
charge associated with a discrete layer of ions that balances the charge
associated with the electrons at the metallic surface. Several models try to
explain this phenomenon, being the simplest model the one proposed by
Helmholtz.

V.

Charge-transfer resistance: This circuit element is related to the single
kinetically-controlled electrochemical reactions that takes places across a
certain interface. This element is inversely proportional to the corrosion rate.

Prior to the study of the coated material, the uncoated material is studied and taken as
reference. In the case under study titanium is the metallic substrate. Titanium is a passive
metal that, as it was discussed before, spontaneously forms a passive and protective oxide
layer in contact with aqueous solutions. Passivity can be defined as “the phenomenon
whereby a thermodynamically reactive metal (i.e., one whose Gibbs’ energy of reaction with
components of the environment, such as oxygen and/or water, is negative) attains kinetic
stability because of the formation of a reaction product phase on the surface” [124]. When a
coating is applied on the metallic surface, analogue ECs to the ones used on the passive
metal can be selected but replacing the contribution of the passive oxide with the coating
one.
EIS can be used to evaluate the hydrolytic degradation of the sol-gel coating subjected to a
physiological solution. L.C. Córdoba et al. already used this technique to study the
degradation of sol-gel coatings applied on AZ31 and ZE41 Mg alloys [125]. They observed
that once the delamination process of the coating reached large areas of the substrate, the
electrochemical response was close to the signal recorded on the uncoated material. Others
studies also reported that the first stage during the degradation of sol-gel coatings can be
monitored by calculating the water up-take of coatings. This parameter is directly proportional
to the capacitance of the coating, as it was previously described [126]. The electrochemical
study performed with EIS can give a first approach in terms of the electrochemical behaviour
of the coating in a physiological solution and its hydrolytic degradation rate.
The other electrochemical technique used in this research project is the Scanning
Electrochemical Microscopy (SECM). SECM is a contactless scanning probe technique
used to probe and study the reactions of surfaces. SECM was designed on the Bard
Laboratories in the last 80’s. SECM is based on the electrochemical measure of current from
the system through an ultramicroelectrode (UME). The UME is normally a platinum wire
with a radius on the order of a few nanometers to 25 µm contained in a polished glass. The
current is provided by species contained in the electrolyte. These species receive the name
of mediators and undergo an electrochemical reaction (e.g., oxidation-reduction reaction).
Ferrocene is an example of a mediator used that gets oxidized to its ferrocenium ion under a
potential of 0.5 V. The others electrodes employed are a reference electrode and a counter
electrode, similar to the ones used in EIS.
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SECM can operate in two modes: generator/collector or feedback mode. This theoretical
part is going to be focus on the feedback mode because it is the mode that has been used in
the experimental work. When the tip is on the bulk solution, the recorded signal is directly
proportional to the concentration of the mediator because the reaction is kinetically controlled
by the diffusion of the oxidized specie contained on the bulk solution to the electrode surface.
The current decays due to the formation of a diffusion layer of mediator around the electrode,
and rapidly attains a steady-state (limit current, 𝑖 𝑇,∞ ) value given by Equation 1.8 [127]:
𝑖 𝑇,∞ = 4𝑛𝐹𝐷𝑐𝑎

(Equation 1.8)

where 𝑛, is the number of electrons in the reaction; F, the Faraday constant; D, the diffusion
coefficient of the reducible species; and, c, its concentration; and a, the radius of the UME.
The presence of a substrate perturbs the signal recorded by the UME. This perturbation
gives information about the electrochemical features of the sample [128]. When approaching
the tip to the sample, if the surface of the substrate is active, the recorded current is greater
than the limit current (i>𝑖 𝑇,∞) and the microscope operates in positive feedback mode. The
resulting current is greater because it is the contribution of the reaction provided by the
mediator and the reactions of the active species of the substrate. Figure 1.13(A) illustrates
the positive feedback response of a metal. However, if the substrate presents insulating
features, the recorded current decreases and tends to cero when approaching the tip of the
UME to the substrate. This mode is called negative feedback mode and is schematized in
Figure 1.13(B). In this mode the substrate besides experiencing no active reactions, blocks
the reaction of the mediator.

Figure 1. 13 Electrochemical responses observed for the tip current as a function of substrate
polarization during amperometric SECM operation over titanium alloys exposed to a physiological
solution containing ferrocenemethanol as redox mediator. (A) Positive feedback effect recorded over
cathodically polarized conductive areas because of ferrocenium reduction on the substrate; (B)
negative feedback effect recorded over the oxide-covered surface, which blocks the diffusion
pathways for ferrocenemethanol from the bulk of the solution (adapted from [129])
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During the last 10 years, it has been reported the useful characterization that SECM provides
to the field of coated metals. R.M. Souto et al. have contributed to both, the theoretical and
experimental development of the technique. In 2010 they contributed with an extended
revision of the technique [130]. SECM has been used to study the activity of sol-gel coatings
doped with inhibitors [92], [131] and metals exposed to physiological solutions [132], [133].
SECM is a potential and innovative electrochemical technique with high spatial resolution
that differs from other scanning probes techniques (e.g., scanning tunneling (STM) or atomic
force microscopy (AFM)) in the possibility of quantifying the chemistry of the substrates [128].
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2. MOTIVATION AND OBJECTIVES
2.1

MOTIVATION

The increase in the life expectancy of the population in the developed countries is
accompanied with an increase of chronic diseases, which in most of the cases require the
application of surgical procedures. The enhancement of the patient’s well-being is of main
concern in hospitals and among the surgical procedures performed this research has been
focus on the improvement of arthroplasties. The number of arthroplasties for total knee and
hip replacements has been projected to increase from 2005 to 2030 in the United States. The
total knee arthroplasties (TKA) will almost double by 2030 whereas, the numbers of hip
replacements will be multiplied per seven in 25 years [1]. This trend was also forecasted in
different developed countries around the world: an international survey of TKA performed in
18 countries ranged the annual growth of TKA per country from 5.3% (France) to 17%
(Portugal). In this study Spain reached the 11.5% of annual growth and United States the
7.9% [2].
The success of a prosthetic replacement is sometimes compromised due to the appearance
of several complications during the procedure. The contraction of bacterial infections is the
second cause of failure on prosthetic replacements [3]. The incidence of prosthetic joint
infections (PJIs) is low (1-2%) but they incur high costs to the health care system and alter
the well-being of patients. The current therapies used to counteract these infections are
based in the administration of DAIR procedures (debridement, antibiotic and implant
retention) that are often inefficient [4]–[6]. The success of DAIR procedures varies from 14%
to 100% and depends on several external factors. To increase the ratio of success, local
prophylactic therapies are being proposed as alternative therapies in combination with
systemic therapies (e.g., oral and intravenous administration of antibiotics). A clear window of
opportunities has been identified at early stages of the development of bacterial infections
where the adsorption of bacteria is still reversible [7], [8]. An attractive strategy is the use of
multifunctional materials that can assist both, the prevention and the treatment of bacterial
infections.
Besides the complications due to the colonization of the biomaterial by bacterial cells, the
integration of the biomaterial with the host is of paramount importance [9], [10]. Arthroplasties
often employ titanium-based materials because they have excellent corrosion and
mechanical properties. Ti-based materials however, lack active surfaces to assist the
osseointegration of the replacement [9]. An easy procedure to provide the metal with activity
is to apply surface modifications or coatings to the metallic surface. In this context, sol-gel
coatings have been proposed as surface modification of Ti-based prostheses. The sol-gel
methodology is a versatile technology that allows the “customization” of coatings with a
manufacturing procedure that employs room temperature [11]. The technology offers the
possibility of bio-functionalizing coatings with different compounds depending on the
requirements of the biomedical device.
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2.2

OBJECTIVES

The main goal of this Doctoral Thesis is the design of multifunctional and biodegradable
sol-gel coatings for prosthetic devices. The sol-gel coating is developed as a local
prophylactic therapy to prevent and treat bacterial infections associated to joint
prostheses. Besides, coatings are designed to enhance the osseointegration of the material
with the host. This objective is accomplished with the following partial objectives:
i.

ii.

iii.

iv.

v.
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To optimize the sol-gel matrix employing a Taguchi method and varying
different parameters of the sol-gel synthesis (the molar ratio of the
precursors, the reaction time of the sol-gel synthesis and the temperature
of the drying step). The goal is to minimize the number of the prepared
routes and evaluate the influence of each parameter on the
hydrophilicity/hydrophobicity of the coatings.
To bio-functionalize the sol-gel coating with phosphorus-based
compounds to enhance the osseointegration of the biomaterial with the
host.
To bio-functionalize the sol-gel coating with an antibiotic, moxifloxacin
(MOX), to treat and prevent prosthetic joint infections associated with
bacteria.
To study the degradation kinetics of sol-gel coatings with two
electrochemical
techniques:
(1)
an
averaging
technique,
Electrochemical Impedance Spectroscopy (EIS), and a high spatiallyresolved technique, Scanning Electrochemical Microscopy (SECM). Tests
have been performed in phosphate buffered solution (PBS) at 37ºC.
To study the biological behaviour of coatings loaded with MOX. For this
purpose the therapeutic prevention has been evaluated with the study of
the bacterial adhesion of the main species that causes infection
(Staphylococcus aureus, Staphylococcus epidermidis and Escherichia
coli); the therapeutic treatment has been evaluated by exposing coatings
to mature biofilms of the same bacterial species used in the bacterial
adhesion test. Moreover the non-cytotoxicity and the cellular
proliferation of coatings have been verified with MC3T3-E1 cells.
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3. EXPERIMENTAL WORK
In this section the materials used to produce the new biomaterials and the experimental methods
employed to evaluate their properties are described. Figure 3.1 schematically depicts the performed
experimental work. All the employed reagents have analytical grade and were used as received.
Materials

Substrates

Coatings

Ti manufactured by powder metallurgy: TiPM

i.

Ф = 16 mm
e = 2.7 mm

As-received commercial Ti6Al4V alloy

ii.

i.
ii.

iii.

Ф = 20 mm
e = 2 mm

Design of the reference formulation: control
Bio-functionalization with phosphorus
Phosphite
Phosphate
PBS solution
Bio-functionalization with antibiotic
A25: 25 mg / 20.3 ml solution
A50: 50 mg / 20.3 ml solution

+

Organic phase
Synthesis characterization

Hydrolysis-polycondensation
reaction

Synthesis characterization

FTIR
Rheology




Deposition
+ drying

Coating
Calgary device

Biological characterization








Evaporation
60ºC




29Si-NMR
TGA

Xerogel

Sol formation
Room temperature

Non-cytotoxicity
Cellular proliferation
Mature biofilm growth

Surface characterization

Dip coating
TiPM

Water contact angle
Roughness (AFM)
SEM

Biological characterization


Aqueous phase

Drying T

Bacterial adhesion

Surface characterization





Electrochemical characterization



Substrates

Coating TiPM

Thickness
Water contact angle
Roughness (AFM)
SEM

EIS
SECM

Biological characterization



Bacterial adhesion
Formation of biofilm

Figure 3. 1 Scheme of the experimental work performed during the Doctoral Thesis
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3.1 MATERIALS
Coatings were prepared following the sol-gel methodology. The selected precursors of the hybrid
sol-gel synthesis were 3-methacryloxypropyltrimethoxy silane (MAPTMS, 98%, Acros Organics)
and tetramethyl orthosilane (TMOS, 98%, Acros Organics). The selection was made based on
previous works where the same precursors were employed to synthesize coatings for aluminum and
titanium alloys [1]–[3]. Figure 3.2 shows the chemical structure of the employed
organopolysiloxanes. The organic chain of MAPTMS (figure 3.2 (A)) provides the organic
component to the sol-gel network. The inorganic part is created once the reaction starts thanks to
the creation of siloxane bonds (Si-O-Si). MAPTMS has 3 alkoxy groups susceptible of being
hydrolysed to subsequently create the siloxane bonds. TMOS (Figure 3.2 (B)) meanwhile, has 4
hydrolysable groups. The optimization of the control sol-gel synthesis was accomplished with a
Taguchi orthogonal array procedure in where 3 parameters of the synthesis were varied: the molar
ratio of the precursors (MAPTMS and TMOS), the reaction time of the synthesis and the drying
temperature of coatings. The molar ratio of the reagents of the synthesis is: 1 mole of the precursors
(MAPTMS+TMOS), 3 moles of ethanol and 3 moles of water.

A.

B.

Organic phase

control

Figure 3. 2 Chemical structure of the precursors: A) 3-methacryloxypropyltrimethoxy silane (MAPTMS) and B)
tetramethyl orthosilane (TMOS)

The first bio-functionalization of coatings was performed by adding an organophosphorus to the
control synthesis as the phosphorus-based compound. Two coatings were prepared by adding two
different compounds: tris(trimethylsilyl) phosphite (92%, Sigma Aldrich) and tris(trimethylsilyl)
phosphate (98%, Sigma Aldrich). Figure 3.3 shows the chemical structure of the two
organophosphorus compounds used that were dispersed in the organic phase of the sol-gel
synthesis.
A.

B.

Organic phase

Bio-funct. with
P-based
compound

Figure 3. 3 Chemical structure of A) tris(trimethylsilyl) phosphite and B) tris(trimethylsilyl) phosphate

The other bio-functionalization was prepared by replacing part of the water added to the synthesis
with a phosphate buffered solution (Dulbecco’s PBS-Phosphate Buffered Saline, Sigma Aldrich) that
contains phosphate ions. Table 3.1 lists the composition of the PBS solution that contains a
concentration of ions that is similar to the one contained in the human blood plasma [4].
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Table 3. 1 Composition of the PBS solution

Aqueous phase

Bio-funct. with
P-based
compound

Inorganic salts

Concentration (g/L)

KCl

0.2

KH2PO4

0.2

NaCl

8.0

Na2HPO4 (anhydrous)

1.1

The prepared bio-functionalized coatings are summarized in table 3.2. The organic compounds
were dispersed in the organic phase in a molar ratio of 1:52 in relation with the organopolysiloxanes
(MAPTMS + TMOS) before the aqueous phase was added to the synthesis. The aqueous
compound (PBS solution) was dispersed in the water added to the synthesis. Sols without phase
segregation were obtained. The moles of phosphorus contained in the PBS solution were calculated
and are shown in Table 3.2.
Table 3. 2 Coatings bio-functionalized with phosphorus based compounds
Identification
SG-C
SG-phosphite
SG-phosphate
SG-PBS

Compound added
tris(trimethylsilyl) phosphite
tris(trimethylsilyl) phosphate
phosphate ions

Quantity added
nSi:nP
52:1
52:1
4
10 :1

*nSi: sum of moles of both organopolysiloxanes (MAPTMS + TMOS)
nP: moles of the phosphorus compound

Moxifloxacin (MOX, moxifloxacin Hydrochloride, Sigma Aldrich) is the antimicrobial agent selected
for the second bio-functionalization of coatings. Two coatings doped with this antibiotic were
prepared. MOX was dissolved in water because it presents higher solubility in aqueous solutions
than in organic ones [5]. Figure 3.4 shows the chemical structure of MOX and Table 3.3
summarizes the prepared coatings with MOX.

Aqueous phase

Figure 3. 4 Chemical structure of MOX

Table 3. 3 Coatings doped with MOX
Identification
A25
A50

MOX (mg)/
20.3 ml of sol-gel solution
25
50
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Once sols were prepared and optimized, the metallic substrate was dipped into the solutions and
withdrawn at a rate of 200 mm·s-1 and then dried at a fixed temperature (varied from 60 to 180 ºC)
for one hour. Titanium manufactured by a conventional powder metallurgical route (TiPM) was
employed as substrate. TiPM substrates were prepared applying a cold uniaxial load of 7.9 ton/cm2
followed by a sintering step at 1250°C for 120 minutes under high vacuum as described elsewhere
[6]. The starting powders had a particle size below 75 µm and were supplied by AP&C Inc. The
metallic substrates were ground with silicon carbide paper of 1000 grit and cleaned with acetone in
ultrasonic bath. In addition, commercial discs of Ti6Al4V alloy (Surgival Co., S.A.U., Valencia,
Spain) were used as-received for a comparison study with TiPM. The as-received material was
cleaned with acetone in ultrasonic bath.

3.2 SYNTHESIS CHARACTERIZATION
The evolution of the hydrolysis-polycondensation reaction was studied with Fourier-Transform
Infrared Spectroscopy (FTIR) to establish the optimal reaction time prior to the deposition of sols on
the substrate. Each sample was prepared by adding a drop of the synthesis to a pressed KBr disc.
KBr powders were previously dried at 150ºC for at least 2 hours to remove any content of humidity.
Spectra were recorded using 10 scans with a PerkinElmer spectrum GX FT-IR System at room
temperature covering the wave number range of 4000–500 cm−1, with a resolution of 4 cm-1 and an
interval of 0.1 cm-1. Measures were performed by triplicate.
The viscosity of sols was measured using a HAAKE Viscotester iQ from Thermo Scientific with a
parallel plate geometry and profiled surfaces. The viscosity was obtained by controlling the shear
rate from 1 to 600 s-1. Measures were performed by triplicate and mean values of each sol were
calculated.

3.3 XEROGEL CHARACTERIZATION
Gels were dried at 60ºC for 4 hours and ground in an agate mortar prior to their characterization.
Thermogravimetric analyses (TGA) were performed using the model STA 6000 from PerkinElmer.
Around 10 mg of xerogel (dry gel) was placed on alumina crucibles and heated at a 10ºC/min rate
from 30 to 800ºC in air atmosphere. Measurements were made by duplicated.
Solid-state 29Si MAS-NMR (magic angle spinning, nuclear magnetic resonance) was recorded using
a Bruker Avance-400 pulse spectrometer equipped with fast Fourier transform unit. Frequency used
was 79.48 MHz for silicon nuclei (9.4T magnetic field). Samples were spun at 10 kHz around an
axis inclined 54º44’ with respect to the external magnetic field. Spectra were acquired with a pulse
length of 5 μs (90 degree pulse), a relaxation delay of 10 seconds and 6000 accumulations. Spectra
were referenced to TMS. Signals obtained with 29Si MAS-NMR depend on the organopolysiloxanes
used as precursors of the sol-gel synthesis. These organopolysiloxane have different amount of
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alkoxy groups that can be hydrolysed. The hydrolysed groups can then react with other hydrolysed
groups of either MAPTMS or TMOS molecules and form the siloxane bond (Si-O-Si). T species
correspond to Si atoms that are capable of creating three siloxane bonds while Q species
correspond to species that can form four siloxane bonds. In this study, T signals reveal the chemical
entourage of MAPTMS and Q signals the ones of TMOS. The nomenclature for T species is Tn
where n can take values of 0, 1, 2 and 3 depending on the amount of siloxane groups created per
silicon nuclei. For TMOS, Qm is the identification of the species and m can take values from 0 to 4.
Table 3.4 shows the chemical shifts reported in the bibliography of MAPTMS and Table 3.5
summarizes the chemical shifts of TMOS [1], [7].
Table 3. 4 Chemical shift (δ) of MAPTMS employing silicon nuclei

(O–Si–)2

O–Si–

(O–Si–)3

R’-Si–OR

R’-Si–(OR)2

-

-

-

R’-Si–(OR)3

R’-Si

Signal

T0

T1

T2

T3

δ (ppm)

-42

-49

-58

-67

(O–Si–)3

Si

-

(O–Si–)2

-

O–Si–

-

Si–(OR)4

-

Table 3. 5 Chemical shift (δ) of TMOS employing silicon nuclei

Si–(OR)3

Si–(OR)2

Si–OR

(O–Si–)4

Signal

Q0

Q1

Q2

Q3

Q4

δ (ppm)

-82

-86

-92

-101

-110

3.4 SURFACE CHARACTERIZATION
The water contact angle of coatings was determined by measuring the static contact angle of
distilled water onto sol–gel surfaces using an automatic contact angle meter (DATAPHYSICS OCA
20 Goniometer). A sessile drop of 3 µL was deposited at 1µL/s on the surfaces at room
temperature. The contact angle was determined by the half angle method and at least on 2 different
locations per sample. The value given is the mean of at least 5 measurements. The
hydrophobic/hydrophilic nature of the materials is a key parameter on the “race to the surface”
between bacteria and cells. It is reported on the bibliography that while bacteria are more attracted
to hydrophobic surfaces, cells recognize better hydrophilic surfaces [8], [9].
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The thickness of coatings was measured with an ultrasonic thickness equipment from Neurtek
Instruments. The value given is the average of 7 samples per designed coating.
The surface of coatings was inspected with Teneo FEI microscope with W filament. Images were
captured applying 2-5 kV and 0.2 nA. The microscope, equipped with Energy-Dispersive X-ray
Spectroscopy (EDS) Basic and an Octane Plus detector with an area of 30 mm 2, allowed the semiquantitative analysis of the chemical composition.
The roughness of the surface of coatings was measured with Atomic Force Microscopy (AFM)
using the Dimension Edge (Bruker, USA) instrument operating in tapping mode. The AFM tip was
antimony (n) doped with Si-cantilever. Maps of 100×100 µm2 were recorded at a scan rate of 1 Hz.
The average roughness represented by the root mean square (rms) roughness of the surface was
calculated using Gwyddion software (Department of Nanometrology, Czech Metrology Institute,
Czech Republic).

3.5 ELECTROCHEMICAL CHARACTERIZATION
Impedances were recorded using an Autolab PGSTAT302N potentiostat/galvanostat (Ecochemie,
Utrecht, The Netherlands). A conventional three-electrode setup, using an Ag/AgCl/KCl(sat.)
electrode as reference (E0=+0.197 V vs. NHE), and a Pt wire as counter electrode. The working
electrode was the sample under study: TiPM (area = 1 cm2), Ti6Al4V alloy (area = 2 cm2), and the
different coatings (area = 1 cm2). Impedances were normalized per unit area. All the reported
potentials are thus relative to the Ag/AgCl/KCl(sat.) reference electrode potential. An aqueous
solution at 0.9 %wt. of NaCl or a PBS solution (Dulbecco’s Phosphate Buffered Saline, Sigma
Aldrich, USA) was used as electrolyte. Temperature was controlled at 37± 0.5°C and the cell was
placed in a Faraday cage. Impedances were recorded at regular intervals of 2 hours during 1 day
and even to longer times (e.g., 1 week) in the case of the metallic substrate. An AC amplitude of
±10 mV with respect to the open circuit potential (OCP) was used. A frequency scan from 10 kHz to
10 mHz was applied with values spaced logarithmically with 10 points per decade. OCP was
recorded before and after each impedance. EIS data were fitted and analysed in terms of equivalent
circuits (ECs) using ZView software (Scribner Associates, Charlottesville, VA, USA). Figure 3.5
shows the set-up of the electrochemical cells and the electrodes used in EIS experiments.
Measures were made per triplicate.
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Reference Electrode

Counter Electrode

Working Electrode

Figure 3. 5 Set-up of the EIS experiment

SECM measurements were recorded with the Scanning Electrochemical Workstation Model 370
(Princeton Applied Research, AMETEK Inc., USA). A Pt-ultramicroelectrode (UME) of 5 µm radius
supplied by Sensolytics Gmbh (Germany) was used as working electrode. An Ag/AgCl/KCl(sat.) as
the reference electrode, and a Pt wire as the counter electrode completed the electrochemical cell.
All reported potentials are thus relative to the Ag/AgCl/KCl(sat.) reference electrode potential.
SECM operated in feedback mode using 5 mM ferrocenemethanol (97%, Sigma Aldrich, USA) as
electrochemical mediator in PBS solution. Ferrocenemethanol, and its corresponding oxidized
species, ferrocinium ion, are both soluble in the solution. The substrates were mounted facing up in
the SECM setup using a teflon holder with a 1.6 cm diameter O-ring limiting the total exposed area.
The holder with the sample was placed into a double-walled electrochemical cell to control the
temperature at 37 ± 0.5°C. The distance between sample and tip was established by approaching
curve measurements. The tip potential was +0.5 V (vs. Ag/AgCl/KCl (sat.)), which corresponds to
the oxidation of the ferrocene complex to its ferrocenium form under diffusion-controlled conditions.
The curves were recorded at constant approximation rate of 1 µm·s-1, starting from the bulk of the
solution. SECM maps were obtained with the UME located at a distance corresponding to a change
in the current of approximately 80% respect to the limiting current. The chosen criteria assure that
the measured current is influenced by the surface reactivity, but the UME is still far enough from the
surface to avoid the influence of the sample topography. Maps of 1×1 mm 2 were recorded every 2
hours for 1 day. The normalized current scale of maps was established from 0 to 1 for comparison.
The scan width step size was 25 µm and maps were obtained at scan velocity of 100 µm·s -1. Before
and after each experiment (24 hours) a cyclic voltammetry from 0 to 0.5 V was applied from the bulk
of the solution to control the state of the Pt-UME. Tip-current values in this work have been
normalized (IN) by dividing them by the measured limiting current. Figure 3.6 shows the set-up of the
electrochemical cells and the electrodes used in the SECM experiment.
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Reference Electrode
UME

Sample

Counter Electrode

Figure 3. 6 Set-up of the SECM experiment

Samples used in both electrochemical techniques, EIS and SECM, were coated with a red stopping
off lacquer from Mac Dermid to avoid the corrosion through the edge of the samples.

3.6 BIOLOGICAL CHARACTERIZATION
Bacterial adhesion
The bacterial adhesion on the metallic substrates was tested with two collection strains. The
collection strains were S. aureus 15981 [10], and E. coli ATCC 25922. All the strains were kept
frozen at ‒80ºC until experiments were performed. The bacterial adhesion experiments were
performed following the modified protocol developed by Kinnari et al. [11]. Figure 3.7 illustrates the
followed protocol.
(1)
First, each strain was grown overnight in blood tryptic soy agar (BTSA) at 37ºC and 5%CO 2
and then transferred to tubes containing tryptic soy broth (TSB) (Biomérieux, Marcy-l'Étoile,
France) and left overnight at 37ºC and 5%CO2. After culture, bacterial broth was harvested
10 minutes at 3500 rpm at room temperature. Supernatant was discarded and the pellet
was washed three times with sterile saline (SS) at 0.9 wt.% of NaCl (B.Braun, Melsungen,
Germay). Bacteria were then suspended and diluted with SS to adjust the colony forming
units (CFUs) to 0.5 McF (turbidity units) (equivalent to ~ 1.0 – 1.6 × 108 CFU/ml) of bacterial
inoculum.
(2)
Then, 5 mL of inoculum was incubated 90 minutes onto the surfaces of the metallic
substrates (TiPM and Ti6Al4V alloy) in a sterile non-treated 6‒well dish (Thermo Fisher
Scientific, Massachusetts, USA) at 37ºC and 5% CO2 to allow the adhesion in a static model
[11]–[13].
(3)
After incubation, the substrates were washed three times with SS to remove unattached
bacteria. Finally, discs were stained with 150 µL of the Live/Dead BacLight® bacterial
viability kit (Thermo Fisher Scientific, Massachusetts, USA) and rinsed with sterile water
[13]. The excitation/emission maxima for these dyes are 480/500 nm for SYTO 9 stain and
490/635 nm for propidium iodide.
(4)
Ten photographs (40×magnifications) were taken in a DM 2000 fluorescence microscope
(Leica Microsystems, Wetzlar, Germany) for each substrate. The percentage of total surface
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&+$37(5(;3(5,0(17$/:25.



FRYHUHG ZLWK DGKHUHG EDFWHULD DQG WKH SHUFHQWDJHV RI GHDG DQG OLYH EDFWHULD ZHUH
FDOFXODWHG DQG DQDO\VHG XVLQJ ,PDJH- VRIWZDUH 1DWLRQDO ,QVWLWXWHV RI +HDOWK %HWKHVGD
0DU\ODQG86$ ([SHULPHQWVZHUHSHUIRUPHGLQWULSOLFDWHIRUHDFKVWUDLQ
0LFURELRORJLFDOVWDWLVWLFDODQDO\VLVZDVSHUIRUPHGXVLQJ6WDWD6WDWLVWLFDO6RIWZDUH5HOHDVH
 &ROOHJH6WDWLRQ7;6WDWD&RUS/386$ 1RQSDUDPHWULF:LOFR[RQWHVWZDVXVHGIRUD
SDLUZLVHFRPSDULVRQRIWKHDGKHUHGEDFWHULDDQGYLDELOLW\$OHYHORIVWDWLVWLFDOVLJQLILFDQFH
RI S ZDV FRQVLGHUHG 7KH YDOXHV RI WKH DGKHUHG EDFWHULD DQG YLDELOLW\ DUH FLWHG DV
PHGLDQVDQGLQWHUTXDUWLOHUDQJH


ZDVKHG
[66

PO
LQRFXOXP

VXVSHQG
LQ66

¶
57
USP

3HWULGLVK

 %76$

76%

RYHUQLJKW
&
&2

RYHUQLJKW
&
&2

¶
&
&2

VXSHUQDWDQW

LQRFXOXP
0F)

7L$O9
7L30


ZDVKHG
[66



7L$O9DQG7L30
ZLWKDGKHUHGEDFWHULD

%76$%ORRG7U\SWLF6R\$JDU
76%7U\SWLF6R\%URWK
666WHULOH6DOLQHVROXWLRQ

/LYH
EDFWHULD

/
%DF/LJKW 
VWDLQ

'HDG
EDFWHULD

IOXRUHVFHQFH



)LJXUH6FKHPDRIWKHSURWRFRORIWKHEDFWHULDODGKHVLRQWHVW
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Biofilm formation: biofilm development and mature biofilm growth treatment
The biofilm development studies were carried out on the surfaces of coatings while the mature
biofilm growth was performed on a polymeric device coated with sols. The same three bacterial
strains were tested in both tests: S. aureus 15981 [10], S. epidermidis ATCC 35984 and Escherichia
coli ATCC 25922. All the strains were kept frozen at ‒80°C until experiments were performed.
(1)
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The biofilm development test (prevention) is illustrated in Figure 3.8 and the followed
protocol was carried out:
a. Strains were grown overnight in petri dishes with BTSA at 37ºC and 5% CO2. Then
the biofilm was induced overnight by adding TSB supplemented with 1% (wt./vol.) of
glucose at 37°C and 5% CO2 until adjusting the inoculum to 0.5 McF (turbidity units)
(equivalent to ~ 1.0 – 1.6 × 108 CFU/ml). The inoculum (5 ml) was deposited on the
coatings and incubated 24 hours at 37ºC and 5% CO2. Then coatings were washed
three times with SS (B.Braun, Germay).
i. The adhered CFUs (sessile bacteria) were estimated by scraping the top disc
surface with sterile wooden sticks to corroborate the viability differences on
each coating. These wooden sticks with scrapped bacteria were sonicated 5
minutes at 50-60 Hz in a 50-mL Falcon™ conical tube (Thermo Fisher
Scientific, USA) with 10 mL of SS, with an Ultrasons-H 3000840 low-power
bath sonicator (J. P. Selecta, Spain) at room temperature [14]. The wooden
sticks were removed and the inoculum was serially diluted with SS (namely,
10-1, 10-2, 10-3, 10-4, 10-5, 10-6 and 10-7). Five drops of 5 µl of each inoculum
was placed in a petri dish and incubated 24 hours at 37ºC and 5%CO2.
Adhered CFUs per area unit were estimated using the drop plate method [15].
This experiment was performed by triplicate for each strain and coating.
ii. For estimating the planktonic bacterial concentration, the absorbance of the
supernatant (planktonic bacteria) was measured at 600 nm in eight
replicates in a Nunc™ 96-Well Polypropylene MicroWell™ Plate (Thermo
Fisher Scientific, USA). This experiment was performed by triplicate for each
strain and coating.
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&+$37(5(;3(5,0(17$/:25.

F $ 0%(&70 ELRILOP ,QFXEDWRU OLG ,QQRYRWHFK &DQDGD  ZDV FRDWHG E\ GLSSLQJ LQ
ZHOOV ILOOHG ZLWK  / RI HDFK VRO /LGV ZHUH WKHQ GULHG IRU  KRXUV DW URRP
WHPSHUDWXUH
G 7KH ERWWRP EODFN 0LFUR:HOO ZDV FORVHG ZLWK WKH OLG FRQWDLQLQJ WKH VROJHO DQG
LQFXEDWHGKRXUVDW&&2DQGUSP9LDEOHEDFWHULDOFRQFHQWUDWLRQZDV
HVWLPDWHG DIWHU DGGLQJ  ȝ/ RI DODPDU%OXH %,25$' 86$  SHU ZHOO DQG
LQFXEDWLQJKRXUVDW&&2DQGUSP>@)OXRUHVFHQFHZDVPHDVXUHG
XVLQJ DQ H[FLWDWLRQ DQG HPLVVLRQ ZDYHOHQJWK RI  QP DQG  QP UHVSHFWLYHO\
XVLQJ (Q6SLUH 0XOWLPRGH 3ODWH 5HDGHU5HDGHU 3HUNLQ (OPHU 86$  3HJV RI WKH
XQFRDWHGPDWHULDOZHUHXVHGDVSRVLWLYHFRQWURO7KLVH[SHULPHQWZDVSHUIRUPHGLQ
HLJKWZHOOVSHUFRDWLQJDQGE\WULSOLFDWHIRUHDFKVWUDLQ



76%
JOXFRVH
'LOXWLRQ

3HWULGLVK
 %76$
RYHUQLJKW
&
&2

0F)
RYHUQLJKW
&
&2

D

ȝ/
LQRFXOXP

ȝ/
VRO
ZDVKHG[
66 %+, %6$

K
&
&2

0%(&70ELRILOP
,QFXEDWRUOLG

0LFUR:HOO
PDWXUHELRILOP

ERWWRPEODFN0LFUR:HOO

K
57

E

F

&ORVH

%76$%ORRG7U\SWLF6R\$JDU
76%7U\SWLF6R\%URWK
666WHULOH6DOLQHVROXWLRQ
%+,%UDLQ+HDUW,QIXVLRQ
%6$%RYLQH6HUXP$GXOW

/LGGU\FRDWLQJ

K
&
&2
USP

G

2SHQ

ȝ/

DODPDU%OXH
VWDLQ

/LYH
EDFWHULD

'HDG
EDFWHULD

K
&
&2
USP

)OXRUHVFHQFH
DQGQP

)LJXUH6FKHPDRIWKHSURWRFROIRUWKHELRILOPPDWXUHELRILOPJURZWK WUHDWPHQW WHVW






&+$37(5(;3(5,0(17$/:25.

&\WRWR[LFLW\DQGFHOOXODUSUROLIHUDWLRQ

7KH YLDELOLW\ RI 0&7( FHOOV ZDV SHUIRUPHG IROORZLQJ WKH GHWDLOHG SURWRFRO WKDW LV LOOXVWUDWHG
)LJXUH
  0&7( FHOOV ZHUH VHHGHG LQ D FRQFHQWUDWLRQ RI  FHOOVFP RQ  ZHOO SODWHV ZLWK Į
PLQLPXPHVVHQWLDOPHGLXP Į0(0,QYLWURJHQ7KHUPR)LVKHU6FLHQWLILF,QF86$ ZLWK
RI IHWDO ERYLQH VHUXP )%6  DQG  RI SHQLFLOOLQVWUHSWRP\FLQ 36  &HOOV ZHUH LQFXEDWHG
RYHUQLJKWDW&DQG&2$IWHUFHOODGKHVLRQWKHPHGLXPZDVUHSODFHGE\PJP/
DVFRUELF DFLG $$  6LJPD$OGULFK 86$  DQG  P0 JO\FHUROSKRVSKDWH *3  6LJPD
$OGULFK86$ IRUSURPRWLQJRVWHREODVWLFGLIIHUHQWLDWLRQ
  $0%(&70ELRILOP,QFXEDWRUOLGV ,QQRYRWHFK&DQDGD ZHUHFRDWHGE\GLSSLQJLQZHOOVILOOHG
ZLWK/RIHDFKVROJHO/LGVZHUHGULHGIRUKRXUVDWURRPWHPSHUDWXUH
  7KHZHOOSODWHVZHUHFORVHGZLWKOLGVFRQWDLQLQJWKHVRODQGLQFXEDWHGKRXUVDW&
&2$IWHULQFXEDWLRQ
D 7KH F\WRWR[LFLW\ ZDV WHVWHG E\ &\WR7R[  1RQ5DGLRDFWLYH &\WRWR[LFLW\ $VVD\
3URPHJD 86$  )OXRUHVFHQFHLQWHQVLW\ ZDVPHDVXUHGDW  QP LQ7HFDQ ,QILQLWH
5HDGHU /LIH6FLHQFHV6ZLW]HUODQG 
E 7KH FHOOXODU SUROLIHUDWLRQ ZDV GHWHUPLQHG E\ DGGLQJ  O DODPDU%OXH VROXWLRQ
%,25$' 86$  DW  YROYRO  WR WKH FHOOXODU FXOWXUH DQG LQFXEDWLQJ  KRXUV DW
& DQG  &2 )OXRUHVFHQFH LQWHQVLW\ ZDV PHDVXUHG ZLWK H[FLWDWLRQ DQG
HPLVVLRQZDYHOHQJWKVRIDQGQPUHVSHFWLYHO\LQ(Q6SLUH0XOWLPRGH3ODWH
5HDGHU5HDGHU 3HUNLQ (OPHU 86$  7KLV H[SHULPHQW ZDV SHUIRUPHG LQ WULSOLFDWH
WHVWLQJHDFKWUHDWPHQWLQHLJKWZHOOVSHUUHSOLFDWH


ȝ/
6RO

$$*3

PHGLXP
RYHUQLJKW
&
&2

 0&7±(FHOOVFP
)%636
:HOO3ODWHV
)%6)HWDO%RYLQH6HUXP
363HQLFLOOLQ6WUHSWRP\FLQ
$$$VFRUELF$FLG
*3*O\FHURO3KRVSKDWH

0%(&70ELRILOP
,QFXEDWRUOLG

RVWHREODVWLF
GLIIHUHQWLDWLRQ

)%636

&ORVH



K
57

'U\FRDWLQJ



K
&
&2


2SHQ

)OXRUHVFHQFH
DQGQP

ȝ/
DODPDU%OXH 
VWDLQ

/LYH
EDFWHULD
'HDG
EDFWHULD

K
&
&2

E

&HOXOODU SUROLIHUDWLRQ

D


&\WR7R[ 

)OXRUHVFHQFH
QP

&\WRWR[LFLW\ WHVW

)LJXUH6FKHPDRIWKHSURWRFROIRUWKHF\WRWR[LFLW\DQGWKHFHOOXODUSUROLIHUDWLRQVWXG\





CHAPTER 3. EXPERIMENTAL WORK

Figure 3.11 shows a picture of the polymeric device employed to treat the mature biofilm and the
MC3T3-E1 cells.

Figure 3. 11 Picture of the polymeric device employed (Calgary device) to treat the mature biofilm and the
MC3T3-E1 cells

3.7 CHARACTERIZATION OF THE ANTIBIOTIC RELEASE
The release of MOX from coatings loaded with MOX (A25 and A50) in a PBS solution (Dulbecco’s
Phosphate Buffered Saline, Sigma Aldrich, USA) was tracked by measuring the absorbance of MOX
at 292 nm with an UV-Vis absorption spectroscopy JASGO V-650 [5]. Coatings were exposed to 10
ml of PBS solution at 37ºC and placed into polypropylene tubes. The absorbance was measured at
different times (6, 12, 24 and 48 hours) using cuvettes of quartz. A calibration curve is shown in
Figure 3.12. The calibration was done varying the concentration of MOX between 4x10-6 mg to
4x10-3 mg. Then, the concentration of MOX of each specimen was normalized taken into account
the dilution.

1.2

Absorbance (a.u.)

1.0
0.8

Abs = 260.5 [MOX]
2
R =0.97522

0.6
0.4
0.2
0.0
0.000

0.001

0.002

0.003

0.004

[MOX] (mg/ml)
Figure 3. 12 Calibration curve of MOX in PBS solution
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4. CHARACTERIZATION OF THE METALLIC SUBSTRATE
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An electrochemical characterization of titanium manufactured by powder metallurgy
(TiPM) was performed to elucidate if the porosity induced to the material was detrimental to
its electrochemical performance. Commercial Ti6Al4V alloy was used as the reference
material. The surface reactivity was studied with Scanning Electrochemical Microscopy
(SECM) operating in feedback-mode. Results revealed that both materials presented
metastable events in PBS solution and 37°C. Electrochemical Impedance Spectroscopy (EIS)
tests concluded that TiPM had superior long-term performance despite developing more
metastable events than Ti6Al4V alloy. The biological study supported TiPM as an alternative
material to Ti6Al4V alloy in prosthetic devices.
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4.1 MATERIALS
A conventional powder metallurgy (PM) route based on a pressing and subsequent
sintering step was employed to prepare titanium substrates (TiPM). A cold uniaxial load of
7.9 ton/cm2 followed by a sintering step at 1250°C for 120 minutes under high vacuum was
used [1]. The starting powders of pure titanium were supplied by AP&C Inc. and had a
particle size below 75 µm. The surface of TiPM was ground with silicon carbide paper of
1000 grit and cleaned with acetone in ultrasonic bath. The as-received discs of Ti6Al4V alloy
(Surgival Co., S.A.U., Valencia, Spain) were cleaned with acetone in ultrasonic bath.

4.2 SURFACE CHARACTERIZATION
First, the surface of the metallic substrates was studied to evaluate how the manufacturing
processes determined their features. Images of the surface of Ti6Al4V alloy and TiPM and
the water drop of the contact angle test on their surfaces are shown in Figure 4.1. The values
of the contact angle are shown in Table 4.1 and revealed that Ti6Al4V alloy was more
hydrophobic than TiPM. The water contact angle of Ti6Al4V alloy almost doubled the
values obtained on the surface of TiPM. Images captured with BSE mode (Figure 4.1(A) and
Figure 4.1(C)) showed that Ti6Al4V alloy had one contrast while TiPM presented two
contrasts. EDS analyses (Table 4.1) revealed the composition analysis of both specimens.

A

B

50 µm

50 µm

C

D

50 µm

50 µm

Figure 4. 1 SEM micrographs of: (A-B) Ti6Al4V alloy and (C-D) TiPM using BSE and SE mode,
respectively. An image of the water drop of each material is shown
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The analysis on the surface of Ti6Al4V alloy identified the elements Ti, Al and V, while in
TiPM only Ti element was detected. In both cases, oxygen was also detected, which is an
indication of the presence of an oxide layer [2]–[4]. EDS analyses of the different regions
observed on TiPM surface showed that dark areas in the SEM image contained more oxygen
than the bright ones, which suggests that TiPM sample presented an heterogeneous oxide
layer with patched areas containing thicker oxides.
Table 4. 1 Chemical analysis, RMS roughness and water contact angle of Ti6Al4V alloy and
TiPM specimens

Element (at.%)

Ti6Al4V alloy

Ti

TiPM
Bright

Dark

81.2 ± 0.6

95.3 ± 0.2

69.9 ± 0.1

Al

9.5 ± 0.2

-

-

V

3.9 ± 0.1

-

-

O

5.4 ± 0.9

4.7 ± 0.2

30.1 ± 0.1

RMS Roughness (nm)

195 ± 34

293 ± 25

Water contact angle (º)

85.6 ± 6.4

48.7 ± 5.0

The AFM images for both samples are presented in Figure 4.2. Ti6Al4V alloy and TiPM
showed similar topography as can be seen in the cross-sections in Figure 4.2 (bottom). Table
4.1 summarizes the root mean square roughness (RMS) calculated as an average of the
RMS values obtained from several areas of 10x10 µm2 of the AFM image. The roughness of
TiPM was found to be 100 nm higher the one obtained on Ti6Al4V alloy. The resulting
surface features of TiPM, which presents higher roughness and higher hydrophilicity than
Ti6Al4V alloy, can assist the attachment of cells and improve the process of
osseointegration. However, this apparent advantage can be detrimental to the process of
osseointegration if bacterial cells colonize first the surface of the biomaterial. This
competition, which can be mutually exclusive, between host cells and bacterial cells was
coined by A. Gristina et al. as the “the race for the surface” [5]. The bacterial adhesion of the
main etiological agents that cause prosthetic joint infections is evaluated in section 4.4 to
confirm if these bacteria have also affinity to the surface of TiPM.
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Figure 4. 2 (top) Topographic AFM images of a) Ti6Al4V alloy and b) TiPM specimens.
(bottom) Plot of the selected cross-section lines from AFM images

4.3 ELECTROCHEMICAL CHARACTERIZATION
The electrochemical performance of the metallic substrates was studied by means of two
electrochemical techniques: a high spatially-resolved one, the scanning electrochemical
microscopy (SECM) and a conventional averaging technique, the electrochemical
impedance spectroscopy (EIS). The characterization was performed by immersing
specimens in PBS solution (Dulbecco’s Phosphate Buffered Saline, Sigma Aldrich, USA) and
37ºC.

Scanning Electrochemical Microscopy (SECM)
Experiments consisted of mapping with the SECM a selected area of the surface of the
specimens at different immersion times in PBS solution. With the SECM operating in
feedback mode, the electroreactivity of the surface was in-situ measured and referred as
normalized current (IN).
SECM maps of Ti6Al4V alloy at four immersion times (2, 6, 18, and 24 hours) are shown in
Figure 4.3(A). From the beginning of the test (2 hours) it was observed, as expected for
passive materials, the insulating features (normalized current below one, IN<1) of Ti6Al4V
alloy. Only one localized area with activity (normalized current above one, I N>1) was
observed. The electrochemical response recorded on Ti6Al4V alloy completely changed from
2 to 6 hours. After 2 hours of exposure, the response was influenced by the topography of
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the metal while after 6 hours the recorded response was due to the homogenous oxide layer
created among the surface of the metal. By increasing the exposure time to the electrolyte,
the surface of Ti6Al4V alloy showed more active areas. The presence of active areas on
passive materials can be due to the breakdown of the protective layer. The activity did not
progress with time revealing that these events were metastable. The occurrence of
metastable events is defined as “small microscopic events that initiate and repassivate at
potentials below the breakdown potential” [6]. The correlation of these active areas with the
induction of metastable events is supported by the work of G.T. Burstein and co-workers [7].
They have reported the induction of metastable events in Ti alloys exposed to physiological
solutions, namely Ringer’s solution. They also stablished that these breakdowns were
temperature-dependant.
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Figure 4.3(B) shows maps recorded on the surface of TiPM at the same immersion times. It
was revealed that TiPM had lower insulating features than Ti6Al4V alloy at early immersion
times (e.g., 2 hours) even though TiPM had more oxygen content on its surface as it was
previously observed by SEM. The poor insulating nature observed in TiPM can be correlated
with its roughness. The roughness of TiPM was found to be almost 100 nm greater the one
of Ti6Al4V alloy. The roughness of TiPM generated high specific areas among the surface of
the metal slowing down the creation of the oxide layer. As it was observed on Ti6Al4V alloy,
the active areas of TiPM also increased with time. In the case of TiPM more active areas
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Electrochemical Impedance Spectroscopy (EIS)
Impedances of both materials were recorded each 2 hours during a day and exposed to the
same conditions used in SECM maps: PBS solution and 37ºC. Impedances at four times
were selected (2, 6, 18 and 24 hours).
Impedances of the commercial Ti6Al4V alloy are shown in Figure 4.5. Nyquist plots are
depicted in Figure 4.5(A) and the logarithmic Bode plot of the modulus of the impedance and
the semi logarithmic Bode plot of the phase angle are shown in Figure 4.5(B) and Figure
4.5(C), respectively. It was observed that the modulus of the impedance slightly increased
from 2 to 24 hours. Also the bell of the phase angle plot became wider. This confirms that
Ti6Al4V alloy was stable during the 24 hours-test because diagrams barely varied.
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Figure 4. 5 Measured (discrete points) and fitted (solid lines) impedance spectra of Ti6Al4V alloy after
2, 6, 18 and 24 hours exposed to PBS solution and 37ºC
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Plots of TiPM are presented in Figure 4.6. This material showed no variations on the
averaging impedance (Figure 4.6(B)). Differences were observed however, in Nyquist plot
(Figure 4.6(A)) where the imaginary and the real components of the impedance are depicted:
the amplitude of Nyquist arc increased with the immersion time in the testing solution.
Differences were also observed in the phase angle diagram (Figure 4.6(C)) where it was
observed that the bell became wider and near to a pure capacitor. Values of the phase angle
were very close to 90 degrees. Comparing the averaging electrochemical response of
Ti6Al4V alloy and TiPM, it can be stated that TiPM had better barrier properties under the
testing solution than Ti6Al4V alloy. Indeed, this is in good agreement with SECM maps
where it was observed that TiPM was more insulating (dark blue) than Ti6Al4V alloy after the
24 hours-test.
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Figure 4. 6 Measured (discrete points) and fitted (solid lines) impedance spectra of TiPM after 2, 6, 18
and 24 hours exposed to PBS solution monitored at 37ºC
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Specimens were left one week in PBS solution to evaluate the long-term electrochemical
performances of both materials. In Figure 4.7 are shown the impedances of metals after 24
hours and 1 week of exposure to the testing electrolyte. Despite Ti6Al4V alloy had a stable
behaviour, its averaging barrier properties were lower when compared with TiPM. This is
evidenced when observing that TiPM had a more open arc in Nyquist plot (Figure 4.7(A)) and
a higher modulus of the impedance (Figure 4.7(B)) even after 1 week.
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Figure 4. 7 Measured (discrete points) and fitted (solid lines) impedance spectra of Ti6Al4V alloy and
TiPM after 24 hours and 1 week exposed to PBS solution monitored at 37ºC

One relaxation time is observed in Bode plots of both specimens, but the wide bells observed
in both materials, which became even wider from 2 to 24 hours, suggests that two
phenomena are masked. Many descriptive models are employed to characterize passive
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metals with two relaxation times [8]. Two of the most accepted ECs used for passive metals
are commented and illustrated in Figure 4.8 [9]. In both ECs the resistance of the electrolyte
is identified as Re.
Model A: This EC is used when the oxide layer is compact. R1 and CPE1 represent
the electrical double layer whereas R2 and CPE2 are ascribed to the
dielectric features of the passive layer. The two constant times are connected
in series because each phenomenon is assumed to take place consecutively.
Model B: This EC is employed for metals that have a porous oxide layer. The first
constant time is associated with the ionic resistance (R1) of the pores of the
passive layer impregnated with the electrolyte and the capacitance (CPE1) of
the passive layer (pore-free zones). The second constant time corresponds
to the electrochemical double-layer capacitance (CPE2) and the resistance of
the charge-transfer (R2) of the corrosion process, both in the base of the
pores. Both phenomena are identified simultaneously, thus the two constant
times are placed in parallel.
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The good agreement between fitted and measured data is ensured with a chi-square value
below 0.001 (Chi-Sqr<10-3). The values are shown in Table 4.2. Constant phase elements
(CPEs) were employed to take into account the intrinsic non-homogeneities of the oxide layer
and the oxidized metal surface.
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Table 4. 2 Parameters of the EC of Ti6Al4V alloy and TiPM after 2, 6, 18, and 24 hours and 1 week
exposed to the testing solution and 37ºC

TiPM

Ti6Al4V

Circuit
element

|Z|10mHz
5
x10
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2
Ωcm
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2
Ωcm
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6
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Impedances of TiPM recorded from 2 to 24 hours were fitted using a pure capacitor in the
constant time associated with the oxide layer (CPE1/R1) because when fitting the data, the
factor n of CPE1 took values of one. After 1 week of immersion in the testing electrolyte,
TiPM lost its capacitive features and the data was poorly correlated with the fitting as it can
be observed in the phase angle plot at low frequencies Figure 4.7(C). By contrast, the fitting
of Ti6Al4V alloy improved with the immersion time, being the fitting at 2 hours the one that
worse simulated the data as it can be observed again in the phase angle plot at low
frequencies (Figure 4.7(C)).
The parameters obtained with the fittings are listed in Table 4.2. The resistance of the
electrolyte had low values (34.3 ± 4.3 Ωcm2) due to the presence of chloride and phosphate
ions in solution. This magnitude is reasonable according with the values reported in the
literature [13]. The resistance of the oxide layer of Ti6Al4V alloy increased with the
immersion time and reached its highest value after 1 week. Despite TiPM showed higher
averaging impedance than Ti6Al4V alloy during the whole test, the resistance of its oxide
decreased with the immersion time. Besides, R1 of TiPM was found to be 3 orders of
magnitude lower than the R1 of the oxide of Ti6Al4V alloy. These differences between the
averaging impedance and the resistance of the oxide can be associated with the presence of
metastable events in both materials as it has been observed with SECM. In fact, the higher
insulating features of TiPM observed with SECM is supported with the higher impedance
registered in EIS. The presence of more metastable events in TiPM is ascribed with the poor
resistance of the oxide created among the surface of TiPM when compared with the
resistance of the oxide of Ti6Al4V alloy. Both materials lost their barrier features after 1 week
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of exposure to the electrolyte. This was confirmed with the decrease on their capacitive
parameters (C1 or CPE1) and the shift of the phase angle at low frequencies to lower values.
The phase angle of TiPM shifted from 77.4 to 63.4 degrees and the angle of Ti6Al4V alloy,
from 58.4 to 52.0 degrees.
The capacitance of the oxide layer can be estimated with the capacitance formula of a
parallel-plate capacitor (Equation 4.2):
𝐶 = 𝜀𝑟 𝜀0 (𝐴/𝑑)

(Equation 4.2)

where C is the capacitance of the oxide (F·cm-2), ε0 the vacuum permittivity (ε0 = 8.8542·10-14
F·cm-1), εr the relative permittivity of the oxide layer, A (cm2) is the area of the testing
materials, and d (cm) the thickness of the oxide. Considering the titanium oxide thickness to
be 1-10 nm and its dielectric constant (εr) between 10 and 100, it is expected the capacitance
of the oxide to be 10-5-10-6 F·cm-2 [10]–[12]. These values correlated with the values of CPE1
estimated with the fittings.
The capacitance of the double-layer capacitance (CPE2) is proportional to the corrosion
rate, meaning that a reduction on the CPE2 is an evidence of a lower corrosion rate. The
CPE2 of TiPM after 1 week reached the magnitude order of 10-6 Fcm-2 while the values
registered on Ti6Al4V alloy after 1 week achieved values of 10-4 Fcm-2. These values of
capacitance are similar to the values reported in the literature for the capacitante of the
double-layer capacitance of bare metals, which range between 10-6 and 10-4 Fcm-2 [14]. The
corrosion process experienced by Ti6Al4V alloy increased with the immersion time being the
increase of CPE2 accompanied with a decrease of the resistance of the charge transfer.
For TiPM, CPE2 decreased from 2 hours to 1 week while R2 increased. The parameters of
the second constant time revealed that the averaging corrosion process was less developed
in TiPM than in Ti6Al4V alloy after 1 week. This agreement is supported with SECM results
because after 24 hours it was observed that the insulating response (94.8% of the total area
recorded after 24 hours of exposure to the physiological solution) of TiPM was more
insulating (dark blue) than the one recorded in Ti6Al4V alloy.
SECM allowed studying the evolution rate of the active areas of Ti6Al4V alloy and TiPM in
PBS solution and 37ºC. Results showed that TiPM was more susceptible to evidence activity
than Ti6Al4V alloy. TiPM showed more percentage of active areas with the time exposed to
the PBS solution (from 2 to 24 hours) than Ti6Al4V alloy. Impedances revealed meanwhile,
that TiPM had better averaging resistance than Ti6Al4V alloy. Despite these differences,
both materials presented similar electrochemical features.
The surface of both materials after being exposed 1 week to the PBS solution and 37ºC is
shown in Figure 4.9. As expected after the electrochemical study, TiPM presented more
metastable events (Figure 4.9(A)) than Ti6Al4V alloy (Figure 4.9(B)). A magnification of one
metastable event of TiPM is shown in Figure 4.9(C-D).
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The viability of the adhered bacteria on both materials was also tested (Figure 4.10(B)).
Similar viability was observed with S. aureus 15981 on both materials because the probability
was found to be higher than 0.001 ((p=0.3671). By contrast, the viability of E. coli ATCC
25922 on TiPM was 20% significantly higher than on Ti6Al4V alloy (p=0.0005). The literature
reports that Gram-positive coccus (e.g., S. aureus) is prone to adhere easily to any metallic
implants [16] whereas Gram-negative bacillus (e.g., E. coli) is influenced by the
hydrophilic/hydrophobic features of the surface [17]. Thus, the microbiological response
depended on the bacteria tested and also on the different hydrophilic/hydrophobic nature of
the metallic substrates.
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4.5 CONCLUSIONS
Titanium manufactured by powder metallurgy (TiPM) has been tested my means of
electrochemical and microbiological tests and compared with the commercial Ti6Al4V alloy
mainly used in prosthetic replacements. The study confirmed that TiPM can be presented
as an alternative material to Ti6Al4V alloy. The following conclusions can be drawn from
this study:
(1) The different manufacturing method, casting for Ti6Al4V alloy and powder metallurgy
for TiPM, influenced their surface characterization. The surface characterization of
both materials revealed differences in terms of oxygen content, roughness and
hydrophilicity/hydrophobicity. These differences determined the electrochemical
behaviour of the materials. SECM allowed an electrochemical characterization with
high spatial resolution that confirmed the presence of metastable events in both
materials. Impedances revealed that TiPM had superior long-term averaging
electrochemical performance despite being more susceptible to metastable events
than Ti6Al4V alloy.
(2) Despite that TiPM is more coarse and hydrophilic, it was confirmed that the bacterial
adhesion of S. aureus and E. coli to its surface was similar to the observed in Ti6Al4V
alloy. The good electrochemical and microbiological performance of TiPM aims to
continue the development of Ti-based materials manufactured by PM without adding
toxic alloying elements because of the possibility of “customizing” the surface
properties of the metal.
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5. SOL-GEL SYNTHESIS
ABSTRACT
Hybrid organo-inorganic sol-gel coatings are studied in this work using MAPTMS and
TMOS as precursors. The optimization of the sol-gel method was performed employing a
Taguchi method that allowed reducing the number of the prepared syntheses from 27 to
9. Three factors of the synthesis, namely the molar ratio of the organopolysiloxanes, the
reaction time of the synthesis, and the drying temperature of the coating, were modified
and their influence on the hydrophilicity/hydrophobicity of coatings was studied with oneway ANOVA analysis. The contribution of the molar ratio of the organopolysiloxanes was
found to be the predominant among the evaluated factors. Besides, the viability of the solgel method was evaluated by monitoring the evolution of the reaction and the viscosity. It
was observed that higher additions of MAPTMS contributed to slow the reaction rate
down and compromised the cross-linkage and stability of the network. All the coatings
showed an elevated water contact angle when compared with the uncoated specimen,
which is expected to prevent the adhesion of bacteria. The best coatings were selected
and subjected to an electrochemical study in 0.9 wt.% NaCl. Only one of the coatings
showed appropriate electrochemical features and was selected as the reference coating
for the subsequent bio-functionalizations.
The bio-functionalization of coatings with a phosphorus-based compound was
performed with three compounds. Three coating have been prepared by adding
tris(trimethylsilyl) phosphite, tris(trimethylsilyl) phosphate, and an aqueous solution
containing phosphate ions (PBS solution). Results showed that only the addition of the
organophosphites integrated the phosphorus compound onto the sol-gel due to the
transformation of trivalent phosphorus to pentavalent phosphorus following a MichaelisArbuzov reaction.
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The synthesis modified with the addition of the organophosphite was selected and
coatings with different concentration of phosphite were prepared. Coatings were
subjected to a cellular study and it was observed that the increase on the phosphorus
content led to a small increase on the cellular proliferation. The inspection of the surfaces
of the coatings revealed that by increasing the quantity of organophosphite, the adhesion
to the substrate was compromised. An intermediate quantity of organophosphite was
considered to be the most suitable to be applied on metallic prostheses.
The second part of the bio-functionalization of coatings was the addition of an antibiotic,
moxifloxacin (MOX). MOX was selected as the active agent to treat bacterial
infections due to their broad spectrum activity against gram positive, gram negative and
anaerobic pathogens. The addition of MOX to the synthesis did not alter the evolution of
the reaction and the cross-linkage of the network. It was verified that the addition of MOX
did not compromise the non-cytotoxicity and the cellular proliferation of the materials.
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5.1

OPTIMIZATION OF THE REFERENCE SOL-GEL COATING
5.1.1 TAGUCHI METHOD

Taguchi method was employed to minimize the number of sol-gel routes prepared in order
to optimize the reference sol-gel synthesis. Three parameters of the sol-gel method, which
are reported to determine the final properties of sol-gel coatings, were modified: the molar
ratio of the organopolysiloxanes, the reaction time of syntheses and the drying temperature
of coatings [1]–[3]. The hydrophilic/hydrophobic degree of coatings was the selected
parameter to be evaluated with Taguchi method because it is a key parameter on the “race to
the surface” between bacteria and cells [4]. The bibliography reports that bacteria prefer
hydrophobic surfaces while cells are more attracted to hydrophilic surfaces [5], [6].
A Taguchi orthogonal array procedure with 3 levels was employed. The selected parameters
of the process for each level are summarized in Table 5.1. The orthogonal array used with
Taguchi method was calculated by raising the number of factors to the number of levels with
Equation 5.1. A L9 orthogonal array was obtained, which resulted in the preparation of nine
sol-gel routes.
𝐥𝐞𝐯𝐞𝐥𝐟𝐚𝐜𝐭𝐨𝐫 = 𝟑𝟑

(Equation 5. 1)

Table 5. 1 Designed experimental factors and levels of Taguchi method

Parameters of the process

Level 1

Level 2

Level 3

Molar ratio of MAPTMS:TMOS

1:1

1:2

2:1

Reaction time (hours)

1

8

24

Drying temperature (ºC/1h)

60

120

180

The nine sol-gel routes and the water contact angle of each coating are listed in Table 5. 2.
Coatings showed intermediate hydrophilicity with values that ranged between 62.2 and 78.6
degrees. In order to identify the process parameter that reduced the variability of the
response, the water contact angle, the signal-to-noise (S/N) ratio of the water contact angle
was calculated. The S/N ratio was calculated with Equation 5. 2. The aim is to target the
response to intermediate hydrolytic/hydrophobic values. This equation is identified as the
nominal is better procedure.

S / N  10 log 10 ( 2 )

(Equation 5. 2)

where σ is the standard deviation of the measured response.
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Table 5. 2. Water contact angle and S/N ratio of each prepared coating

Sol-gel
route

Molar ratio of
MAPTMS:TMOS

Reaction
time (h)

Drying
Temp.(ºC)

Water contact
angle (º)

S/N ratio
(dB)

1

60

62.2

-7.9

8

120

72.4

8.3

S3

24

180

64.1

-1.4

S4

1

120

72.7

-7.8

8

180

71.0

-4.6

S6

24

60

68.9

-12.4

S7

1

180

75.2

1.5

8

60

76.6

-5.2

24

120

78.6

-4.0

S1
S2

S5

S8

1:1

1:2

2:1

S9

Coatings S3 and S7 presented the lowest S/N ratio, meaning they showed the lowest
variability on the response. Then, an analysis of variance (ANOVA) was performed to
evaluate the contribution of each factor to the response. The degree of freedom (DF) of each
factor was calculated as one less the level associated to each factor. The sequential sum of
squares (SeqSSfactor) identifies the variability in the data associated to each factor and was
calculated using Equation 5. 3. The total sum of SeqSS (SeqSStotal) is the sum of the
variability ascribed to each data and was calculated with Equation 5. 4. The contribution of
each factor to the response was calculated using Equation 5. 5 [7].




SeqSS factor   ni ( y i  y) 2

(Equation 5. 3)



SeqSStotal   ( y ij  y ) 2
i

(Equation 5. 4)

j

contributi on(%) 

SeqSS factor
SeqSS total

x100

(Equation 5. 5)


where ni is the number of observations for the ith factor level, y i is the mean of all the


observations at the ith factor level, y is the mean of all the observation, and y ij is the value
of the observation at the ith factor level.
ANOVA results are shown in Table 5. 3 and identified the molar ratio as the factor
influencing more the hydrolytic/hydrophobic properties with a contribution of 71.2%. The
drying temperature of coatings and the reaction time of syntheses contributed less to the
variability of the response with values of 20.8 and 8.0 %, respectively. Taguchi method
revealed that in spite of varying the parameters of the synthesis, all the coatings showed
intermediate hydrophilic angles.
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Table 5. 3 ANOVA result of each studied factor

Parameters of the process

DF

SeqSSfactor

Contribution (%)

Molar ratio of MAPTMS:TMOS

2

168.1

71.2

Reaction time (hour)

2

19.0

20.8

Drying Temp. (ºC)/1h

2

49.1

8.0

Total

6

236.2

100.0

5.1.2 CHARACTERIZATION OF THE SYNTHESIS OF SOLS
The evolution of the hydrolysis-polycondensation rate was monitored with Fourier-Transform
Infrared Spectroscopy (FTIR) after 1, 8 and 24 hours of reaction. Figure 5. 1 depicts the FTIR
spectra of the three prepared syntheses.

C1 H2 C2

H1
24h

Absorbance (a.u.)

1:1

8h
1h
24h

1:2

8h
1h
24h

2:1 8h
1h
4500

4000

3500

3000

2500

2000

1500

1000

500

-1

Wavenumber (cm )
Figure 5. 1 FTIR spectra of the sol-gel synthesis with a molar ratio (MAPTMS:TMOS) of 1:1, 1:2, 2:1 at
different reaction times (1, 8 and 24 hours)
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Spectra revealed the most relevant bond-type signals associated with the hydrolysispolycondensation reaction. The assignments of the most relevant peaks are summarized in
Table 5. 4. During hydrolysis, Si-OH bonds are created and their evidence is observed with
the apparition of a broad band between 3100 and 3600 cm-1 (H1). While Si-OH bonds are
created, Si-O-CH3 bonds from the starting organopolysiloxanes are broken. The peak
associated to Si-O-CH3 bond is identified at 1080 cm-1 (H2). Once hydrolysis starts,
polycondensation simultaneously undergoes reaction. Polycondensation is associated with
the formation of Si-O-Si bonds (peaks situated at 1187 cm-1 (C1) and 980 cm-1(C2)). At short
times of reaction (1 hour) no evidence of hydrolysis was observed in the syntheses because
band H1 was not revealed. After 8 hours of reaction, synthesis 1:2 showed the first evidences
of hydrolysis and polycondensation reactions with the appearance of the main bond-type
associated with both reactions: appearance of the hydrolysis band (H1) and the
polycondensation peak (C1). Syntheses 1:1 and 2:1 showed however, no evidence of
reaction until 24 hours of reaction was reached. After 24 hours, the first signs of hydrolysis
were identified with the slightly appearance of band H1.
Table 5. 4 Assignement of the FTIR peaks revealed in Figure 5. 1

Identification

Wavenumber / cm-1

Assignment

H1

3100-3600

νO-H(Si-OH)

C1

1187

νas(Si-O-Si)

H2

1080

νas-Si-O(Si-O-CH3)

C2

980

νs(Si-O-Si)

*s: symmetric; as: asymmetric

The relevance of this study was to stablish the optimal reaction time of the synthesis prior
to the deposition of sols on the substrates. It is required a compromise between the creation
of free-hydroxides (Si-OH) during hydrolysis and the formation of siloxane bonds (Si-O-Si)
during polycondensation. The good adhesion between coating and metal is reached with the
creation of strong covalent bonds between the free-hydroxides of sols and the ones of the
metallic substrate. By contrast, the creation of enough siloxane bonds ensures the good
cross-linkage of the sol-gel network. For this purpose, the normalized height of the most
relevant peaks associated to hydrolysis (band H1) and polycondensation (peak C1) were
calculated. Table 5.5 shows the normalized heights and the H1/C1 ratio of each synthesis.
The evolution of the H1/C1 ratio during hydrolysis-polycondensation reactions follows four
stages:
(1) At early stages of reaction, the hydrolysis band is barely appreciated. Peak C1 is
higher than band H1 (H1<C1) because peak C1 is overlapped by other signals
provided by bonds of the starting organopolysiloxanes. Signals of the nonhydrolysabled groups of the starting organopolysiloxanes were already identified
in previous works [8].
(2) Once hydrolysis starts, band H1 starts to increase in detriment of peak C1 (H1>C1).
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(3) Then, a compromise between both reactions is reached and both signals have
similar heights (1<H1/C1<2).
(4) Once hydrolysis ends, C1 is higher than H1 (H1<C1) until full gelation is reached. At
full gelation, H1 almost disappears.
At the fourth stage, sols are too condensed and with very few Si-OH bonds to create covalent
bonds with the metallic substrate. In this research project, the optimal reaction stage has
been established when peak C1 reaches similar height than peak H1 (1<H1/C1<2). The H1/C1
ratio of each synthesis is calculated in Table 5.5. It was observed that only synthesis 1:2
reached after 24 hours of reaction an appropriated reaction rate, which corresponds with
synthesis S6. Comparing synthesis 1:1 and 2:1, the latter is the one that experienced the
lowest reaction evolution. This can be observed by comparing the H1/C1 ratio calculated at 24
hours: 0.262 for synthesis 1:1 (synthesis S3) against 0.171 for synthesis 2:1 (synthesis S9).
Table 5. 5 H1/C1 ratio calculated with the normalized heights of Figure 5.1

Sol

H1

C1

H1/C1 ratio

S1

0.017

0.512

0.033

S2

0.086

0.590

0.146

S3

0.170

0.649

0.262

S4

0.013

0.427

0.030

S5

0.494

0.631

0.783

S6

0.778

0.518

1.502

S7

0

0.388

0

S8

0.064

0.633

0.101

S9

0.103

0.603

0.171

The viscosity of sols is a time-dependant parameter during the sol-to-gel transition. The
viscosity of sols increases with time due to the growth and connection of particles. Sols
behave as non-Newtonian liquids and by measuring the viscosity as a function of the applied
shear rate, sols can be classified as: (1) shear thinning fluids if their viscosities deceased
with the applied shear rate or (2) shear thickening fluids if their viscosities increases with
the applied shear rate [9]. The evolution of the viscosity of each synthesis with the reaction
time (from 1 to 24 hours) is depicted in Figure 5.2. At early stages of reaction (1-8 hours) sols
behaved as shear thinning fluids and their mean viscosity reached 1 mPa·s. At 24 hours of
reaction, the viscosity of sols 1:1 (Figure 5.2(A)) and 1:2 (Figure 5.2 (B)) decreased one
order of magnitude from 1 to 10 mPa·s. Their behaviour changed to shear thickening fluids.
By contrast, the viscosity of the sol with the highest amount of MAPTMS (Figure 5.2(C))
remained almost unaltered.
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100

A

1:1-1h
1:1-8h
1:1-24h

10

Viscosity (mPa·s)

1
100

B

1:2-1h
1:2-8h
1:2-24h

10

100
1

C

2:1-1h
2:1-8h
2:1-24h

10

1
10

100

1000

Shear rate (1/s)
Figure 5. 2 Relation between the viscosity and the applied shear rate on sols with a molar ratio
(MAPTMS:TMOS) of A) 1:1, B) 1:2, and C) 2:1 after 1, 8, and 24 hours of reaction

It seems that sols experience two consecutive stages during the sol-gel synthesis. Sols
changed from shear thinning to shear thickening fluids. These stages can be correlated with
the different steps of the hydrolysis-polycondensation reaction. The shear thinning behaviour
is associated with early stages of reaction with low hydrolysis evolution (H1<C1). Then, the
shear thickening behaviour is observed when enough polycondensation undergoes
simultaneously with hydrolysis (1<H1/C1<2). This discussion is in good agreement with FTIR
results because synthesis 1:2 evidenced the highest reaction evolution while synthesis 2:1
barely experienced hydrolysis.
The discrepancy was observed in synthesis 1:1. The viscosity evolution was found to be
similar to the one of synthesis 1:2. However, the reaction evolution of synthesis 1:1 was
found to be close to the one of synthesis 2:1. The correlation between the rheological and the
FTIR study seems not to be adequate when the sol-gel synthesis is nearby reaching the
second stage of the synthesis (1<H1/C1<2).
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5.1.3 CHARACTERIZATION OF THE XEROGEL
The thermogravimetric analysis (TGA) and the differential weight loss (DTG or first derivate)
plots of the xerogels are shown in Figure 5. 3. The study allows quantifying the inorganic
contribution to the network (Si-O-Si bonds) and ensuring that during the drying step the
organic chains of MAPTMS are not degraded. The xerogels showed three degrading regions.
The first stage (Region I) was observed around 220ºC and is associated with the elimination
of the condensation by-products of the synthesis (alcohol and water) and the unreacted
organopolysiloxanes (pbTMOS= 121ºC, pbMAPTMS=190ºC) [10]–[12]. This stage barely
contributed to the total mass loss of the xerogel 1:1 but it was more patent in xerogels 2:1
and 1:2 where the elimination of solvents was more gradual. The second degrading stage
(Region II) was identified with a sharp inflection around 350ºC and corresponds to the partial
thermal degradation of organic matter (oligomers and unreacted organopolysiloxanes). And
the subsequent third stage (Region III) was observed between 350ºC and 500ºC and is due
to the complete thermal degradation of the organic matter. These two stages (Region II and
III) were identified in all the xerogels being the peak of the xerogel 1:1 the most pronounced.
The rearrangement of the organic chain of MAPTMS in the xerogel 1:1 could have retarded
the appearance of the first stage, which seems to be added to the second region. Concerning
the total mass loss, it was observed that the xerogel 1:2 had the highest percentage of
residue at 800ºC, meaning that this synthesis had more inorganic contribution (siloxane
bonds) than the others. The inorganic contribution is not degraded within the range of
temperatures of the test. Thus, the percentage of residue at 800ºC can be taken as a first
indicator of the creation of siloxane bonds, which will be supported with a 29Si-NMR test.
The percentage of the inorganic contributions increased with the content of TMOS added to
the synthesis as follows: 55.8 wt.% for the xerogel 1:1, 58.8 wt.% for the xerogel 2:1 and 65.4
wt.% for the xerogel 1:2. Moreover, it was confirmed that the temperature used to dry
coatings (60ºC) did not alter the organic chain of MAPTMS because at 60ºC it was not
observe a thermal degrading process.
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Mass loss (%)
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Figure 5. 3 TGA and DTG profiles of the xerogels 1:1, 1:2 and 2:1. The xerogels were dried at 60ºC for
4 hours
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The entourage of the sol-gel network has been evaluated with NMR of silicon nuclei to study
the degree of inorganic polymerization of the network. Spectra obtained with 29Si MAS-NMR
of the xerogels 1:1, 1:2, and 2:1 are shown in Figure 5. 4. According to the
organopolysiloxanes used two species are identified, T and Q, as described in Chapter 3.
Each Tn and Qm species showed well defined shift ranges that were in good agreement with
the bibliography [8], [10]. Signal T1, T2 and T3 of MAPTMS were identified at -49, -58, and -67
ppm. Signals Q2, Q3, and Q4 of TMOS were observed at -92, -101, and -110 ppm. The
absence of non-hydrolysable species of MAPTMS (T0) confirmed that each molecule of
MAPTMS have created at least one siloxane bond. For TMOS, no signal of the nonhydrolysable specie (Q0) and the mono-siloxane specie (Q1) were identified.
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Figure 5. 4 Solid state

29

Si NMR spectra of the xerogels 1:1, 1:2 and 2:1. The xerogels were dried at
60ºC for 4 hours

The relative proportions of T and Q species are listed in Table 5.6. By adding more MAPTMS
to the formulation (the xerogels 1:1 and 2:1) T3 increased and generated three dimensional
siloxane networks. Signals of TMOS however, were poorly identified in these xerogels. In
these two syntheses the cross-linkage was mainly formed by the contribution of MAPTMS
(close to 80%). Synthesis 1:2 meanwhile, presented an equal contribution of T (58.2%) and
Q (41.8%) species to the cross-linkage. Despite showing better defined signals of TMOS, the
averaging cross-linkage of the xerogel 1:2 was found to be less branched because T 1 and Q2
signals were also identified. The xerogel 1:2 (with the lowest amount of MAPTMS) showed
the best compromise (equal contribution) between the formation of inorganic polymerization
of MAPTMS and TMOS molecules.
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i

j

n

m

Table 5. 6 Relative proportions of T and Q species, and T and Q ratio obtained from Figure 5. 4

Xerogel

a

Relative proportion a (%)

Ratio b (%)

T1

T2

T3

Q2

Q3

Q4

Tn

Qm

1:1

--

47.3

29.0

--

13.9

9.8

76.3

23.7

1:2

6.9

33.8

17.5

5.5

18.9

17.4

58.2

41.8

2:1

--

45.0

37.6

--

9.9

7.5

82.6

17.4

relative proportion (%) : 𝑇 = (𝑇 ⁄(∑3𝑖=1 𝑇 + ∑4𝑗=2 𝑄)) · 100
𝑄𝑗 = (𝑄𝑗 ⁄(∑3𝑖=1 𝑇 + ∑4𝑗=2 𝑄)) · 100
b
ratio (%) : 𝑇 𝑛 = (∑3𝑖=1 𝑇⁄(∑3𝑖=1 𝑇 + ∑4𝑗=2 𝑄)) · 100
𝑄𝑚 = (∑4𝑗=2 𝑄 ⁄(∑3𝑖=1 𝑇 + ∑4𝑗=2 𝑄)) · 100
𝑖

𝑖

5.1.4 SURFACE CHARACTERIZATION OF COATINGS
Once the syntheses and the xerogels were characterized, sols were applied to TiPM. The
surfaces of coatings were inspected with SEM and images are shown in Figure 5. 5. Two
contrasts were identified: dark areas corresponded to the coating whereas bright areas to the
metallic substrate. At first glance it was observed that by increasing the reaction time of the
sol-gel synthesis from 1 hour (Figure 5. 5 (A)-(D)-(G)) to 24 hours (Figure 5. 5 (C)-(F)-(I))
TiPM was better coated by the sols. Concerning the drying temperature of the coatings, it
seems that this parameter did not influence the surface features of coatings. Comparing for
example coatings S3, S5, and S7, which were dried at 180ºC, the adhesion of the coating to
the substrate was different: S3 uniformly and homogenously covered the whole surface of
TiPM (Figure 5. 5(C)); S5 (Figure 5. 5(E)) and S7 (Figure 5. 5(G)) presented however, poor
adhesion of the coatings to TiPM. Taking into account the molar ratio of the
organopolysiloxanes it was observed that the synthesis containing the highest amount of
MAPTMS (synthesis 2:1) presented even at 24 hours of reaction the lowest percentage of
area covered with the coating (Figure 5. 5(I)).
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Figure 5. 5 SEM micrographs of coatings prepared with synthesis A) S1, B) S2, C) S3, D) S4, E) S5,
F) S6, G) S7, H) S8, and I) S9

5.1.5 ELECTROCHEMICAL CHARACTERIZATION
Electrochemical Impedance Spectroscopy (EIS) was employed to evaluate the degrading
rate of coatings under the exposure of an electrolyte containing 0.9 wt.% of NaCl, since it
represents the major compound of the physiological solution in terms of chloride ions.
Coatings S3 and S6 were selected to perform impedances on their surfaces because they
completely covered TiPM. The bare titanium was also tested and taken as reference.
Impedances were recorded each 2 hours for 1 day and the impedances at three times (4, 12
and 24 hours) were selected. Despite the metallic substrate (TiPM) was evaluated in Chapter
4, in this section impedances of TiPM are shown again in Figure 5. 6. TiPM is used as
reference to study the electrochemical behaviour of the coatings. Spectra of TiPM are briefly
commented here. The electrochemical results of TiPM have been in-depth explained in
Chapter 4 and showed that TiPM was stable during the 24 hour-test.
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Figure 5. 6. Measured (discrete points) and fitted (solid lines) impedance spectra of TiPM after 4, 12,
and 24 hours exposed to 0.9 wt.% NaCl solution at 37ºC

Impedance of Ti was fitted using the EC with two relaxation times of Figure 5. 7. The wide
bell overlaps two phenomena. At high-middle frequencies is identified the constant time
ascribed to the protective oxide layer (CPE1, R1) and at middle-low frequencies the constant
time related with the interaction electrolyte/metal (CPE2, R2).
Re

C1
R1

CPE2
R2

Figure 5. 7. Equivalent circuit (EC) used to model the impedance data of TiPM
Element
Freedom
Value
Error
Error %
Re
Free(±)
40.74
N/A
N/A
Free(±)
1.4093E-05
N/A time
Impedance of coatingsC1
S3 and S6 were
fitted using the
EC of FigureN/A
5. 8. The constant
R1
Free(±)
29.89
N/A
N/A the
identified at high-middle frequencies is ascribed to the features of the coating, being
CPE2-T of theFree(±)
1.47E-05
N/A
N/A time
capacitance and the resistance
coating identified
as CPE1 and
R1. The constant
CPE2-P
Free(±)
0.86818
N/A
N/A
identified at middle-low frequencies corresponds to the pore resistance and the capacitance
R2
Free(±)
6.3777E05
N/A
N/A

of the interface electrolyte/metallic substrate. The electrical elements of this constant time are
CPE2 and R2. The explanation
Data File: of the selection of this EC for the system coating/metal is
discussed in section 6.2
of Chapter
6.
Circuit
Model File:
C:\Users\amagarci\Desktop\TESIS\PAPERS\P
aper 1. Substrates\Results\EIS\TiPM\New
CPE2
fitting\Ti_2h.mdl
Mode:
Run Fitting
/ Selected Points (0 - 0)
R1
R2
Maximum Iterations:
100
Optimization Iterations:
0
Type of Fitting:
Complex
Figure 5. 8 Equivalent circuit (EC) used to model the impedance data of coatings S3 and S6
Type
of
Weighting:
Calc-Modulus
Element
Freedom
Value
Error
Error %
Re

Re
CPE1-T
CPE1-P
R1
CPE2-T
CPE2-P
R2

CPE1

Free(±)
Free(±)
Free(±)
Free(±)
Free(±)
Free(±)
Free(±)

23.83
3.009E-05
0.91861
1.8803E06
3.7862E-05
0.62756
4676

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A
N/A
N/A
N/A
N/A
N/A
N/A
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Impedance of coating S3 is showed in Figure 5. 9(A) (Nyquist plot) and Figure 5. 9(B) (Bode
plot). At early stages of immersion (4 hours), coating S3 revealed two constant times
although the one identified at high-middle frequencies was barely appreciated. By increasing
the immersion of the coating in the aqueous solution, its features shifted to more capacitive
features. This suggests that coating S3 presented poor adhesion and high porosity because
in 24 hours the coating completely degraded and the recorded signal was similar to the one
registered in TiPM. Plots of coating S6 are shown in Figure 5. 9(C and D). During the whole
tests (24 hours) two constant times are identified, meaning TiPM was still coated with coating
S6 after the test. The circuit elements obtained in the fitting are listed in Table 5. 7. The
interpretation of each parameter has been in-depth discussed in Chapter 6 where coatings
bio-functionalized with the phosphorus compound and the antibiotic has been studied. In this
section, EIS measures were used as a first qualitative approach to evaluate the degrading
process of the coatings. Only the absorption of water has been studied in this chapter.
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Figure 5. 9 Measured (discrete points) and fitted (solid lines) impedance spectra of coating A) S3, and
B) S6 after 4, 12, and 24 hours exposed to 0.9 wt.% NaCl solution at 37ºC
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Table 5. 7 Electrical parameters obtained from the ECs used to fit impedances of TiPM and coatings
S3 and S6 after 4, 12, and 24 hours of immersion in 0.9 wt.% NaCl solution

Time (hours)

Ti

S3

S6

4

12

24

4

12

24

4

12

24

|Z|10mHz (x105)

2.5

3.2

3.2

5.0

5.0

4.0

3.2

3.2

4.0

R1/kΩcm2

410

792

914

1807

2950

2648

618

790

1880

CPE1/µFcm−2

36.2

33.7

32.1

27.1

27.1

27.5

28.3

32.6

30.1

n1

0.913

0.911

0.910

0.934

0.929

0.931

0.837

0.929

0.919

R2 / kΩcm2

0.13

0.06

0.27

2.6

7.4

0.06

16.6

17.9

4.7

CPE2/µFcm−2

0.003

0.018

0.001

35.1

0.99

124.1

12.7

30.7

37.9

n2

-

-

-

0.472

0.145

0.396

0.620

0.578

0.628

Chi-Sqr.×10-3

3.0

3.1

3.6

0.103

11.6

0.841

0.203

0.898

0.433

Sol-gel coatings are known to start their degradation in aqueous solution with the uptake of
water, which is proportional to the CPE of coatings (CPE1) [13]. An increase of CPE1 is
correlated with a higher amount of water uptake. The ultimate goal of the coatings that are
being designed in this work is to degrade within 24 hours in order to release the antibiotic
previously incorporated in the synthesis (section 5.3, Chapter 5). Thus, a faster water uptake
will lead to a faster degradation of coatings. The accumulative CPE1 values were calculated
using Equation 5.6:

∆𝐂𝐏𝐄𝟏 =

𝐂𝐏𝐄𝟏𝐭 −𝐂𝐏𝐄𝟏𝟎
𝐂𝐏𝐄𝟏𝟎

𝐱𝟏𝟎𝟎

(Equation 5.6)

where CPE10 is the capacitance of coatings after 2 hours of exposure to the electrolyte and
CPE1t, the capacitance at the different recorded times.
Figure 5. 10 depicts the accumulative CPE1 percentage with the immersion time of coatings
S3 and S6. Coating S3 evidenced almost no water uptake, which confirms the prior
agreement where it was argued that upon immersion (4 hours) the coating was almost fully
degraded. Coating S6 showed meanwhile, a remarkable increase of the accumulative CPE1
value that reached its highest value after 12 hours of exposure to the testing electrolyte.
Then, the water uptake diminished gradually and remained stable. Indeed, coating S6
experienced a first degrading stage due to the water uptake during the first 12 hours of
exposure to the aqueous solution. Then, the first layers of the coating started to degrade but
TiPM was still covered with the coating. The full coverage of TiPM was evidenced with the
presence of the constant time associated with the coating at 24 hours. This suggests that
once the first layer of the coating degraded the next layer starts again the degrading
procedure.
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5.1.6 CONCLUSIONS
Taguchi method allowed reducing from 27 to 9 the prepared sol-gel routes. The study was
based on evaluating the influence of three parameters of the sol-gel procedure (the molar
ratio of the organopolysiloxanes, the reaction time of the synthesis and the drying
temperature of the coatings) on the hydrophilic/hydrophobic features of the coatings. The
following conclusions can be drawn from this study:
(1) All the coatings showed intermediate hydrophilic degree (from 62.2 to 78.6
degrees) as desired for preventing bacterial adhesion on metallic prostheses.
(2) The characterization of the synthesis with FTIR and rheological study, allowed
discarding the systems with 2 moles of MAPTMS and 1 mole of TMOS. It was
observed that higher additions of the organic compound (MAPTMS) slowed
considerably down the reaction rate of the synthesis and the subsequent formation of
siloxane bonds. In addition, the rheological study confirmed that synthesis 2:1 did not
reach an appropriate viscosity (viscosity > 1 mPa·s) to coat TiPM.
(3) Only the synthesis with the lowest organic content (the xerogel 1:2) showed equal
contribution of TMOS and MAPTMS to the cross-linkage of the network.
(4) The inspection of the surfaces of coatings with SEM allowed selecting the coatings
with uniform and homogenous features and free of cracks. The selected systems
were:
a. Coating S3: 1 mole MAPTMS / 1 mole TMOS, 24 hours of reaction and 180ºC
of drying temperature.
b. Coating S6: 1 mole MAPTMS / 2 moles TMOS, 24 hours of reaction and 60ºC
of drying temperature.
(5) The electrochemical study with EIS permitted evaluating the stability of coating S3
and S6 during the first 24 hours of exposure to the aqueous solution:
a. Coating S6 showed a suitable degrading rate in the electrolyte during the
critical period (24 hours) to avoid the adhesion of bacteria at the surface of the
coating. This coating was the selected for the bio-functionalization with
phosphorus-based compounds.
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5.2

BIO-FUNCTIONALIZATION OF SOL-GEL COATINGS WITH PHOSPHORUSBASED COMPOUNDS

5.2.1 MATERIALS
Next step on the design of the sol-gel formulation was the bio-functionalization of coatings
with the addition of phosphorus-based compounds. Three coating were prepared by adding
three different compounds: tris(trimethylsilyl) phosphite, tris(trimethylsilyl) phosphate and a
solution containing phosphate ions. Table 5.8 summarizes the bio-functionalized coatings.
The coating denoted as SG-C is the reference coating previously optimized with Taguchi
method. The control coating, denoted as S6 in previous section (section 5.1, Chapter 5),
contains 1 mole of MAPTMS and 2 moles of TMOS. The bio-functionalized syntheses were
left 24 hours to undergo the hydrolysis-polycondensation reaction. Sols were applied to the
substrate by dipping the substrates into the solution. Then, coatings were dried at 60ºC
during 1 hour.
Table 5. 8 The prepared bio-functionalized coatings with phosphorus-based compounds

Identification
SG-C
SG-phosphite
SG-phosphate
SG-PBS

Compound added
tris(trimethylsilyl) phosphite
tris(trimethylsilyl) phosphate
phosphate ions

Quantity added
nSi:nP
52:1
52:1
104:1

*nSi: moles of both organopolysiloxanes employed (MAPTMS and TMOS)
nP: moles of the phosphorus compound

5.2.2 CHARACTERIZATION OF THE SYNTHESIS OF SOLS
FTIR spectra (Figure 5. 11) of the bio-functionalized syntheses were compared with the nonbio-functionalized synthesis identified as control (SG-C). At first glance it can be observed
that the addition of the PBS solution (SG-PBS) considerably decreased the evolution of the
reaction. The synthesis with the organophosphorus compounds (SG-phosphite and SGphosphate) was similar to the evolution of the control synthesis. An additional peak appeared
at 1256 cm-1 in these two bio-functionalized syntheses. The literature reports the
identification of a stretching vibration of the P=O bond between 1320 and 1140 cm -1 in FTIR
spectra [14]–[16]. The appearance of the P=O implies that the phosphorus compounds could
be properly integrated as phosphates into the sol-gel network. However, further studies such
as NMR should be performed to elucidate how the phosphite and the phosphate have been
incorporated into the network (section 5.2.4, Chapter 5).
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Figure 5. 11 FTIR spectra of synthesis SG-C and synthesis bio-functionalized with the phosphite, the
phosphate and the PSB solution after 24 hours of reaction

The optimal reaction rate has been previously established (section 5.1.2, Chapter 5) when
the ratio between H (band associated with hydrolysis) and C (main peak associated with
polycondensation) is between 1 and 2 (1<H1/C1<2). Table 5.9 summarizes the H/C ratio
calculated for each synthesis. The calculation of the H/C ratio confirmed that the evolution
rate of the synthesis with PBS was poor (first stage of the reaction, H<C). The synthesis had
barely started the reaction even though indices of hydrolysis and polycondensation were
observed. The addition of the organophosphorus compounds slightly retarded the evolution
of the sol-gel synthesis, being the addition of the organophosphite the bio-functionalized
synthesis less altered.
Table 5. 9 H/C ratio calculated with the normalized heights of Figure 5. 11

Sol

H

C

H/C ratio

SG-C

0.700

0.464

1.509

SG-phosphite

0.673

0.509

1.322

SG-phosphate

0.608

0.718

0.847

SG-PBS

0.184

0.708

0.260
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5.2.3 SURFACE CHARACTERIZATION
TiPM was coated with the different bio-functionalized syntheses after 24 hours of reaction.
The coated surfaces were inspected by SEM (Figure 5. 12) and remarkable differences
between each other were observed.
The reference coating (Figure 5. 12(A)) presented a homogenous surface without cracks.
When performing EDS analyses, the elements C, Si and O corresponding to the organic
precursors of the sol-gel synthesis were identified. The coating bio-functionalized with the
organophosphite is shown in Figure 5. 12(B) and the surface features completely changed.
Two contrasts were observed and EDS analyses revealed the presence of phosphorus on
both, the bright areas and the matrix. The coating bio-functionalized with the
organophosphate (Figure 5. 12(C)) presented similar features than coating modified with the
phosphite but with larger spots. The coating bio-functionalized with PBS (Figure 5. 12(D))
showed cracks and EDS analyses confirmed the presence of TiPM among the surface
(areas identified with white arrows in the SEM images and as Sb in Table 5.10). The spots of
coating with the phosphite seemed to be integrated onto the coating and were located on the
surface of coatings. The coating with the phosphate however, presented two welldifferentiated phases with the bright areas barely integrated in the coating.

B

A

4 µm

4 µm

D

C

4 µm

400 µm

Figure 5. 12 SEM micrographs of coatings: A) control and coatings bio-functionalized with B)
phosphite, C) phosphate and E) PBS. The white arrows indicates the presence of TiPM
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Table 5. 10 EDS analyses of the surface of the prepared coatings

Elements
(At.%)

SG-C

SG-phosphite

SG-phosphate

SG-PBS

SG

S

SG

S

SG

Sb

SG

C

Bal.

Bal.

Bal.

Bal.

Bal.

Bal.

Bal.

O

61.1

47.6

47.8

47.0

46.8

22.1

31.4

Si

10.5

13.3

15.2

11.5

13.2

9.1

20.1

P

--

1.5

0.6

2.30

2.0

--

--

Ti

--

--

--

--

--

37.4

--

*SG: sol-gel; S: bright spots; Sb: substrate

The water contact angle of the modified surfaces was also studied but only of the coatings
that showed good adhesion to the metallic substrate. Coatings modified with the
organophosphate and the PBS solution were not subjected to this study because their
adhesion to TiPM was poor and after the deposition of the water drop it was evidenced that
the coating was removed from the metal. The values of the water contact angle of the
uncoated metal, the coating non-bio-functionalized and the coating bio-functionalized with the
phosphite are shown in Table 5. 11. The application of sols to the substrate increased the
water contact angle of TiPM: the water contact angle shifted from 47.7 to 68.9 degrees. The
addition of the organic compound increased even more the water contact angle of the
surface to 87.5 degrees due to the non-polarity of the phosphite. This value, which is very
close to a hydrophobic surface (angle > 90 degrees), is expected to be the most appropriate
surface, among the studied ones, to prevent the adhesion of bacteria [5].
Table 5. 11 Water contact angle of the prepared coatings

Coating

Water contact angle (º)

Uncoated
substrate (TiPM)

47.7 ± 5.0

SG-C

68.9 ± 4.2

SG-phosphite

87.5 ± 3.5

5.2.4 CHARACTERIZATION OF THE XEROGEL
The TGA and DTG plots of the xerogels obtained during the three syntheses are shown in
Figure 5. 13. This study was performed to evaluate how the addition of the phosphorusbased compounds influenced the cross-linkage (creation of siloxane bonds). The non-biofunctionalized xerogel (SG-C) was depicted and used as reference. The same three thermal
stages identified in the optimization of the reference synthesis were observed (section 5.1.3,
Chapter 5).
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Figure 5. 13 TGA and DTG profiles of the xerogels obtained during the non-bio-functionalized
synthesis (SG-C), and syntheses bio-functionalized with the phosphite (SG-phosphite), the phosphate
(SG-phosphate) and the PBS solution (SG-PBS) dried at 60ºC for 4 hours

The study revealed that only the xerogel modified with the organophosphite (SG-phosphite)
followed the behaviour of the reference xerogel (SG-C). The xerogels biofunctionalized with
the phosphate (SG-phosphate) and the PBS solution (SG-PBS) presented a remarkable
mass loss in the first region. The mass loss in this region can be ascribed either to the
elimination of entrapped solvent or by-products of the condensation reaction. The NMR of Si
nuclei was performed to elucidate the source of this degrading stage and results are
presented latter. The phosphite enhanced in a 1 wt.% the inorganic contribution of SG-C
suggesting that the phosphite acted as a cross-linker of the sol-gel network. The addition of
the phosphate meanwhile, unaltered the total amount of mass loss. By contrast, the addition
of the PSB solution reduced in a 5.3 wt.% the inorganic contribution to the network.
Spectra obtained with 29Si MAS-NMR of each xerogel are shown in Figure 5. 14. Again,
spectrum of the reference synthesis (SG-C) was depicted for the sake of comparison. The
spectra showed that the cross-linkage of the xerogels biofunctionalized with the
organophosphorus compounds (SG-phosphite and SG-phosphate) had similar features than
the control reference. The xerogel SG-PBS showed meanwhile, a poor signal. The addition
of the solution containing phosphate ions blocked the creation of siloxane bonds (Si-O-Si)
and it was evidenced with the low signals obtained in the spectrum. Signals corresponding to
the creation of the siloxane bonds of TMOS were barely observed and the dominant signal
observed in the chemical shifts of MAPTMS was ascribed to non-hydrolysed molecules of
MAPTMS (T0). This results supports that the mass loss observed in the TGA in Region I
corresponded to entrapped water. During the synthesis containing PBS solution, part of the
water used as reactive in the sol-gel reaction was replaced by PBS solution. This solution
contains several ions, such as Ca2+, PO43-, Na+, Cl- that slowed the reaction down, as it was
observed with the FTIR study. Even after drying the sol to obtain the xerogel, this synthesis
was unable to create siloxane bonds.
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Figure 5. 14 Solid state 29Si NMR spectra of the xerogels of the control synthesis (SG-C) and
synthesis bio-functionalized with the phosphite (SG-phosphite), the phosphate (SG-phosphate) and
the PBS solution (SG-PBS) dried at 60ºC for 4 hours

The relative proportions of T, Q and P(=O) species are listed in Table 5. 12. The poor crosslinkage degree of SG-PBS was confirmed. The dominant signal in SG-PBS is due to nonhydrolysed molecules of TMOS (T0). Up to this point of the design of the formulation, the
synthesis bio-functionalized the PBS solution was discarded because it led to a poor crosslinkage of the sol-gel network. The ions contained in the PBS solution blocked the hydrolysispolycondensation reaction and created neither enough free-hydroxyl bonds nor siloxane
bonds. The poor adhesion of this coating with the substrate due to the low formation of freehydroxyl bonds during the reaction of hydrolysis was evidenced during the inspection of its
surface with SEM, in where TiPM was identified.
The spectrum of the xerogels with the organic compounds revealed T3 and Q3 as the main
signals of MAPTMS and TMOS, respectively. These xerogels showed the formation of
tridimensional networks contrary to the reference xerogel, which formed a less branched
network: signal T1 disappeared in benefit of T3. These two spectra evidenced in addition the
appearance of a signal at 12.5 ppm. This signal, denoted as P(=O) in the NMR spectra,
corresponds to the creation of a –P(=O)- bond in the entourage of the Si nuclei of the sol-gel
network [17], [18]. The addition of the organophosphorus compounds enhanced the crosslinkage of the network and this was confirmed with the disappearance of T 1 and Q2 signals
and the identification of species with more siloxane bonds per silicon atom (T 2, T3, Q3 and
Q4). Concerning the contribution of the –P(=O)- linkage to the averaging cross-linkage
(denoted of as P(=O) in Table 5.12), in GS-phosphite it contributed in a 15.2% and in GSphosphate, in a 7.8%. The appearance of this signal supports the results obtained with FTIR
where the creation of a P=O bond was revealed.
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Table 5. 12 Relative proportions of T , Q and P(=O) species calculated in Figure 5. 14

Relative proportion a (%)

Xerogel

T0

T1

SG-C

--

--

SG-phosphite

--

SG-phosphate

--

SG-PBS

T2

T3

Ratio b (%)

Q1

Q2

38.7 19.9

--

--

21.5 19.9

--

58.6 41.4

--

10.7 31.2

--

--

26.1 16.8

15.2

41.9 42.9

--

16.7 25.3

--

8.3

30.0 11.8

7.8

42.0 50.1

3.1

1.9

4.2

--

86.4 13.6

47.5 14.8 17.1

a

7.0

Q3

Q4

4.4

relative proportion (%) : 𝑇 = (𝑇 ⁄(∑3𝑖=0 𝑇 + ∑4𝑗=1 𝑄 + 𝑃(= 𝑂))) · 100;
𝑄𝑗 = (𝑄𝑗 ⁄(∑3𝑖=0 𝑇 + ∑4𝑗=1 𝑄 + 𝑃(= 𝑂))) · 100;
P(=O)= (P(= 𝑂)⁄(∑3𝑖=0 𝑇 + ∑4𝑗=1 𝑄 + 𝑃(= 𝑂)))
b
ratio (%):𝑃(= 𝑂) = (𝑃/(∑3𝑖=0 𝑇 + ∑4𝑗=1 𝑄 + 𝑃(= 𝑂))) ∙ 100;
𝑇 𝑛 = (∑3𝑖=0 𝑇/ (∑3𝑖=0 𝑇 + ∑4𝑗=1 𝑄 + 𝑃(= 𝑂))) ∙ 100;
𝑄𝑚 = (∑4𝑖=1 𝑄/ (∑3𝑖=0 𝑇 + ∑4𝑗=1 𝑄 + 𝑃(= 𝑂))) ∙ 100;
𝑖

Tn

P(=O)

Qm

𝑖

· 100

The organophosphorus compounds are integrated into the sol-gel network following different
mechanisms. First, the incorporation of the organophosphate to the sol-gel network is
explained. When the organophosphate is exposed to water, the organic chain
(TMS:trimethylsilyl) can get hydrolysed by releasing as by-products trimethylsilanol
molecules (TMS-OH, bpTMS-OH=99ºC). Then, the hydrolysed organophosphate can react with
a hydrolysed organopolysiloxane and create a new bond (P-O-Si) following a condensation
reaction. Figure 5.15 illustrates the proposed reaction between a molecule of
organophosphate and a molecule of organopolysiloxane. The proposed reaction elucidate
that the mass contribution of the TGA during the first thermal stage at 100ºC (Figure 5.13)
can be associated with the elimination of several by-products (alcohol and water) during the
condensation reactions. Despite that this synthesis reached an appropriated cross-linkage it
has been discarded do to the poor adhesion of the coating with the metallic substrate.

=

=

HYDROLYSIS

O-TMS

OCH3

OCH3

SMT-O – P – O – Si – R

H2O

–

HO-TMS

HO – Si – R

–

SMT-O – P – OH +

O

–

OCH3

–

O-TMS

O

–

–

SMT-O – P – O-TMS

H2O

hydrolysed
organopolysiloxane

–

O

hydrolysed
organophosphate

=

organophosphate

O-TMS OCH3

CONDENSATION

TMS: Si(CH3)3

Figure 5. 15 Reaction proposed for the incorporation of the organophosphate into the sol-gel network
following a hydrolysis and polycondensation reaction between the hydrolysed organophosphate and
the hydrolysed silane
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The synthesis modified with the organophosphite experienced a prior reaction that led to the
oxidation of trivalent phosphorus to pentavalent phosphorus. This explains the identification
of the P(=O) bond in the 29Si NMR spectra (Figure 5.14). The incorporation of the
organophosphite into the sol-gel network is then accomplished with a Michaelis-Arbuzov
reaction between a molecule of organophosphite and a molecule of an organopolysiloxane
[19]. During this reaction, the phosphite is oxidized to a phosphate via a Second-order
Nucleophilic Substitution (SN2). The phosphite acts as nucleophile and the
organopolysiloxane as electrophile. During the sol-gel synthesis two organopolysiloxanes are
employed, MAPTMS and TMOS. TMOS shows better features to behave as electrophile than
MAPTMS because TMOS is less sterically hindered and its central silicon has more positive
charge density than MAPTMS. This allows that MAPTMS molecules react between each
other and generate the increase of signal T3. The lone pair of electrons of the phosphite
attacks the electroactive silicon of the organopolysiloxane. A phosphonium intermediate is
formed thanks to the leaving alcoxide group (-OCH3) of the organopolysiloxane. Then, this
alcoxide reacts, via another SN2 reaction, with the silicon atom of a TMS group giving rise to
the formation of the P(=O) bond. The overall result is the conversion of trivalent phosphorus
to pentavalent phosphorus. The proposed mechanism is summarized in Figure 5.16.
organophosphite

–

SMT– O– P – Si – R
O

–

–

–

OCH3

OCH3

OCH3

=

–

–

- OCH
3

O

SMT– O

–

–

SMT – O – P – Si – R

+ H3CO – Si – R
OCH3

+

–

–

–

O-TMS

OCH3

–

SMT – O

OCH3

SMT– O – P – O – TMS

organophosphate

organopolysiloxane

+

TMS

OCH3

TMS

- OCH
3

TMS: Si(CH3)3

Figure 5. 16 Proposed reaction mechanism based on a Michaelis-Arbuzov reaction for the synthesis
bio-functionalized with the organophosphite

The bio-functionalization with the organophosphite was selected as the most suitable to
continue with the next step of the design of the formulation (the incorporation of the
antibiotic). In order to select the most appropriate quantity of compound added to the
synthesis, the concentration of the organophosphite was modified to study if the amount
of phosphorus conditioned the proliferation of cells.

5.2.5 CELLULAR STUDY
The amount of organophosphite added to the synthesis was varied from 0 to 9.4 mmoles (0,
0.5, 0.9, 1.9, 3.8, 5.6 and 9.4 mmoles) to evaluate the influence of the phosphorus content on
the cellular proliferation. Table 5. 13 summarizes the prepared synthesis.
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Table 5. 13 The prepared sol-gel synthesis

Identification
P0
P0.5
P1
P2
P4
P6
P10

nSi:nP
52:0
52:0.5
52:1
52:2
52:4
52:6
52:10

nP (mmoles)
0
0.5
0.9
1.9
3.8
5.6
9.4

* nSi: moles of organopolysiloxanes (MAPTMS and TMOS)
nP: moles of tris(trimethylsilyl) phosphite

The surface of the coatings was inspected by SEM and images are shown in Figure 5. 17.
When adding only 0.5 mmoles of the organophosphite (Figure 5. 17(A)), the surface features
of the coating were similar to the control coating (see Figure 5. 12(A)). By increasing the
amount of the organophosphite, the surface features considerably changed. It was observed
the apparition of greater areas with spherical topographies that generated poor adhesion of
the coating with the metallic substrate.

C

B

A

4 µm

D

E

10 µm

10 µm

4 µm

F

4 µm

4 µm

Figure 5. 17 SEM micrographs of coatings: A) P0.5, B) P1, C) P2, D) P4, E) P6 and F) P10

The cellular proliferation in the presence of each material containing different amounts of
the organophosphite is shown in Figure 5. 18. It was observed that cells proliferated
more by increasing the amount of phosphite added to the synthesis. This trend was
supported with a t-Student’s test. The results obtained in this statistical test are shown in
Table 5.14. In this statistical study each material was compared with each other. If the
probability is below 0.05 (p < 0.05) that means that there is no enhancement on the
proliferation of cells between the compared materials. First, comparing all the synthesis
with the control material (P0) it was observed that only when adding 0.5 mmoles of
phosphite the cellular proliferation of cells increased. Also the proliferation of cells was
found no significant between P0.5 and ≥ P4, and between P2 and P6.
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Figure 5. 18 Cellular proliferation of MC3T3-E1 cells on the control synthesis and synthesis: P0.5, P1,
P2, P4, P6, and P10

Table 5. 14 Results of Student's t-test for cell proliferation in the presence of the different
concentration of organophosphite. *: inequality of variance

Material

P0

P0.5

P1

P2

P4

P0.5

0.1857

P1

0.0223

0.1092

P2

0.0109

0.1121

0.555

P4

0.0002

0.0102

0.2164

0.131

P6

<0.0001

0.0004

0.0641*

0.0258

0.2385

P10

<0.0001

0.0022

0.1219

0.0682

0.3802

P6

0.6639

It was demonstrated that the bio-functionalization of the synthesis with tris(trimethylsilyl)
phosphite induced the proliferation of MC3T3-E1 cells due to the presence of
phosphates created during the synthesis. Due to the fact that by adding higher amount of the
organophosphite the proliferation of cells was not considerably enhance, the selection of the
concentration was made evaluating the adhesion of the coating with the substrate. The
addition of 0.9 mmoles (P1) was considered the most convenient because it did not
compromise the adhesion with the substrate.
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5.2.6 CONCLUSIONS
The bio-functionalization of sol-gel coatings with phosphorus-based compounds was
performed with three different compounds. The following conclusions can be drawn from this
study:
(1)
The bio-functionalization with PBS solution (aqueous solution containing phosphate
ions) was discarded because the presence of ions in the solution slowed the
synthesis down and blocked the cross-linkage of the network.
(2)
The bio-functionalization with the organophosphate (tris(trimethylsilyl) phosphate)
was also discarded because the compound compromised the adhesion of the
coating with the metal.
(3)
The successful incorporation of phosphorus into the coating was only achieved by
adding the organophosphite (tris(trimethylsilyl) phosphite). Phosphates were created
in situ following a Michaelis-Arbuzov reaction that allowed the integration of the
phosphates into the siloxane network. Besides, the organophosphite barely altered
the evolution of the synthesis when compared with the control synthesis.
(4)
The proliferation of cells was slightly enhanced by increasing the amount of
organophosphite. Despite that the cellular proliferation was enhanced, higher amount
of organophosphite acted in detriment to the adhesion of the coating to the metallic
substrate. Hence, an intermediate concentration of organophosphite (0.9
mmoles) was selected to ensure a suitable adhesion to the prosthesis.
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5.3

BIO-FUNCTIONALIZATION OF SOL-GEL COATINGS WITH MOXIFLOXACIN
5.3.1 MATERIALS

The following step in the bio-functionalization of the sol-gel coating was the addition of an
antibiotic, moxifloxacin (MOX). Two coatings were prepared by dissolving MOX in the
aqueous phase of the sol-gel synthesis. MOX was dissolved in water rather than in the
organic phase because of its higher solubility in aqueous solutions [20]. Table 5. 15
summarizes the prepared coatings with MOX: A25 contains 25 mg of MOX per 20.3 ml of sol
(0.0017 mg of MOX per coating) and A50, 50 mg of MOX per 20.3 ml of sol (0.0034 mg of
MOX per coating). The coating P, non-bio-functionalized with MOX, was taken as the
reference coating.
Table 5. 15 The prepared bio-functionalized coatings with moxifloxacin

Identification

MOX (mg) / sol-gel (ml)

P

--

A25

25

A50

50

5.3.2 CHARACTERIZATION OF THE SYNTHESIS OF SOLS
The influence of the addition of MOX to the evolution of the synthesis was studied with FTIR
and rheology. The FTIR spectrum obtained for each synthesis is shown in Figure 5.19(A) and
it revealed that the addition of MOX did not alter the evolution of the hydrolysispolycondensation reaction. The H/C ratio was calculated and values are shown in Table
5.16. The similarity of the H/C ratios confirmed that the addition of MOX did not modify the
evolution of the reaction. The FTIR spectra also revealed the presence of the P(=O) bond, as
it was observed in the previous section.
The bio-functionalization of the synthesis with MOX however, modified the viscosity of sols.
Figure 5.19(B) depicts the behaviour of sols under different shear rates. Sols experienced at
low shear rate (from 0 to 250 s-1) a shear thickening behaviour, which is associated with
fluids that experience an increase on their viscosities when the applied shear rate increases.
Sols behave as Newtonian fluids when the applied shear rates to sol increased from 250 to
600 s-1. Despite showing similar viscosity features, the mean viscosity value differed. The
addition of MOX increases the viscosity of sols, being sol A25 the one with the highest
viscosity followed by sol A50 and P2. The highest viscosity can be correlated with a higher
growth and connection of particles.
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Figure 5. 19 A) FTIR spectra of the synthesis P, A25, and A50 after 24 hours of reaction and B)
relation between the viscosity and the applied shear rate on the reference sol (P) and sols biofunctionalized with MOX (A25 and A50) after 24 hours of reaction

Table 5. 16 The H/C ratio calculated with the normalized heights of Figure 5.19(A)
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Sol

H

C

H/C ratio

P

0.673

0.509

1.322

A25

0.645

0.567

1.138

A50

0.604

0.493

1.225
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5.3.3 CHARACTERIZATION OF THE XEROGEL
The TGA and DTG plots of the xerogels are shown in Figure 5.20(A). No significant
differences were observed between each other. The xerogels presented the main
degradation stage at the same temperature, around 450ºC, and similar total mass losses.
Also similar 29Si NMR spectra were obtained of each xerogel (Figure 5.20(B)).
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Figure 5. 20 A) TGA and DTG profiles and B) Solid state Si NMR spectra of the xerogels of synthesis
P, A25, and A50 dried at 60ºC for 4 hours

The peaks associated to the control sample (P) were already identified in previous section
(section 5.1.3, Chapter 5). Signals of the creation of siloxane bonds in MAPTMS are ascribed
to T signals while Q signals corresponds to the formation of siloxane bonds in TMOS. Peak
labelled as P(=O) corresponds to the formation of phosphates following a Michaelis Arbuzov
reaction as it was previously described (section 5.2.4, Chapter 5). The addition of MOX was
found to not alter the cross-linkage of coatings. Table 5.17 summarizes the contribution of
each signal to the total cross-linkage of the sol-gel network. The xerogels P, A25 and A50
had similar contribution of T, Q and P(=O) signals.
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Table 5. 17 Relative proportions of T , Q and P(=O) species calculated from Figure 5.20(B)

Xerogel

Relative proportion a (%)

Ratio b (%)

T2

T3

Q3

Q4

P(=O)

Tn

Qm

P

10.7

31.2

26.1

16.8

15.2

41.9

42.9

A25

12.3

30.4

26.5

16.5

14.3

42.7

43.0

A50

10.6

30.4

25.2

17.4

16.4

41.0

42.6

a

relative proportion (%) : 𝑇 = (𝑇 ⁄(∑3𝑖=2 𝑇 + ∑4𝑗=3 𝑄 + 𝑃(= 𝑂))) · 100;
𝑄𝑗 = (𝑄𝑗 ⁄(∑3𝑖=2 𝑇 + ∑4𝑗=3 𝑄 + 𝑃(= 𝑂))) · 100 ;
P= (𝑃(= 𝑂)⁄(∑3𝑖=2 𝑇 + ∑4𝑗=3 𝑄 + 𝑃(= 𝑂))) · 100
b
ratio (%) : 𝑃(= 𝑂) = (𝑃(= 𝑂)/(∑3𝑖=2 𝑇 + ∑4𝑗=3 𝑄 + 𝑃(= 𝑂))) ∙ 100 ;
𝑇 𝑛 = (∑3𝑖=2 𝑇/ (∑3𝑖=2 𝑇 + ∑4𝑗=3 𝑄 + 𝑃(= 𝑂))) ∙ 100;
𝑄𝑚 = (∑4𝑖=3 𝑄/ (∑3𝑖=2 𝑇 + ∑4𝑗=3 𝑄 + 𝑃(= 𝑂))) ∙ 100;
𝑖

𝑖

5.3.4 SURFACE CHARACTERIZATION
SEM images of the sol-gel coatings corresponding to samples P, A25, and A50 are shown in
Figure 5.21. Surfaces showed the same colour features: a grey contrast corresponding to the
sol-gel matrix and localized spherical spots with a bright contrast. The resulting topography of
the surfaces was created during the drying step of the coatings due to the evaporation of
solvent. EDS analyses (Table 5.18) were performed on the bright spots (labelled as 1 and 2)
and on the matrix (labelled as 3). The chemical elements C, O and Si were detected in all
locations of the surface for all the specimens. These elements correspond to the composition
of the sol-gel network.
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Figure 5. 21 SEM micrographs of coatings: A) P, B) A25, and C) A50. Images were taken operating in
the secondary electron emission mode
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Table 5. 18 Chemical analysis of coatings P, A25, and A50 performed with EDS. The wt% of the
elements at different locations of the surface is presented: (1)-(2) at the spots and (3) at the matrix

1

P
2

3

C

38.4

38.4

O

47.2

Si
P

Element
(wt.%)

1

A25
2

1

A50
2

3

3

38.4

37.3

37.6

34.1

40.5

36.1

36.4

47.2

47.2

47.4

47.1

50.7

45.3

47.0

47.6

12.1

12.1

12.1

14.5

14.4

15.2

12.3

15.4

16.0

2.3

2.3

2.3

0.8

0.9

--

1.9

1.5

--

Phosphorus was integrated into the sol-gel network thanks to a Michaelis-Arbuzov reaction
between the organopolysiloxanes and the organophosphite that transforms the
organophosphite to organophosphate [19]. This reaction has been explained in more detail in
section 5.2.4, Chapter 5. Phosphorus was detected in all the samples. In coating P,
phosphorus was found across the whole surface: the matrix and the spots. In the MOXloaded coatings, phosphorus was identified only on the local spots. The localization of
phosphorus in these areas was generated because the solvent (ethanol and water) is more
entrapped on the areas where the sol-gel network contains the organophosphate crosslinked with the organopolysiloxanes. The solvent finds more difficulties to escape from these
areas and generates these spots.
Also, the water contact angle of coatings was measured to evaluate if the addition of MOX
altered the hydrophilic/hydrophobic features of the surfaces. The obtained values are shown
in Table 5.19. It can be observed that coatings kept their hydrophilic/hydrophobic features
when adding MOX to the formulation. The high values of the water contact angle of the
coatings, which are very close to 90 degrees, are expected to ensure the prevention of
bacterial adhesion, which will be evaluated in Chapter 6 [5].
The topography and roughness of the bare metal and the coated TiPM samples were studied
by AFM measurements. Figure 5.22 shows AFM images and the variation on the Y-axis by
means of distance obtained on a defined line.
Table 5. 19 RMS roughness values and thickness of the coatings P, A25 and A50

Material

RMS (nm)

Thickness (µm)

Water contact
angle (º)

TiPM

292.9 ± 25.4

--

48.7 ± 5.0

P

14.5 ± 4.8

12.0 ± 0.8

79.3 ± 3.4

A25

6.3 ± 2.5

16.5 ± 1.3

82.0 ± 2.2

A50

11.4 ± 2.4

12.4 ±0.5

80.4 ± 2.7
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Figure 5.23 (B) depicts results of the proliferation of cells on the different systems. It was
observed that the unloaded sol-gel coating (P) and the coating loaded with the lowest
quantity of MOX (A25) had higher or similar cell proliferation than the control. An increment of
the cellular proliferation in the presence of the materials can be explained by the addition of
tris(trimethylsilyl) phosphite. This was already observed during the bio-functionalization with
the organophosphite (section 5.2.4, Chapter 5). The cellular proliferation however, decreased
with the increment of antibiotic (A50). But when taking into account the error bars it was
observed that these differences were not significant. The statistical study performed between
the coating P and the control (test without coating) revealed that the probability of coating P
to enhance the proliferation of cells was small (p<0.01). Also, the statistical study confirmed
that between coating A50 and P the differences were also not relevant (p<0.01). Indeed, it
can be concluded with this study that the concentration of MOX did not compromise the
proliferation of cells.
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5.3.6 CONCLUSIONS
The bio-functionalization of the two coatings with moxifloxacin (MOX) was successfully
achieved. The quantities of MOX added to the coating were: 25 mg/20.3 ml of sol and 50
mg/20.3 ml of sol. The following conclusions can be drawn from this study:
(1)
The additions of MOX did not modify the evolution of the reaction. Only the viscosity
slightly increased due to a higher growth and connection of particles. The obtained
values of viscosity however, were appropriated (1-10 mPa·s) for the deposition of sols
on TiPM.
(2)
The surface features of the MOX-loaded coatings presented similar properties than
the MOX-free coating (P). These surface features are expected to assist the
prevention and treatment of bacterial adhesion.
(3)
Moreover, the non-cytotoxicity and the proliferation of cells were confirmed in the
presence of the designed materials.
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6.1

MATERIALS

Coatings with different concentrations of moxifloxacin (MOX) were prepared. A solution of
20.3 ml was prepared as described in section 3.1 of Chapter 3. Prior to the addition of water,
which is the reactive inducing the hydrolysis-polycondensation reaction, the organic phase
was prepared. The organic phase contains the organopolysiloxanes, the organophosphite
and the ethanol. Each compound was added as follows: (1) 17.3 moles of MAPTMS; (2) 34.7
moles of TMOS; (3) 1 mole of tris(trimethylsilyl) phosphite; and (4) 104 moles of ethanol.
Finally, 104 moles of water containing MOX were added. MOX was dissolved in the water
added to the synthesis because the solubility of MOX in water is higher than in the organic
phase (19.6 mg of MOX per 1 ml of water) [1]. The interaction between MOX and the sol-gel
is physical because MOX is completely dissolved in the water.
Two coatings with two concentrations of MOX were prepared. One coating was saturated
with MOX and contains 50 mg of MOX per solution, which is the highest quantity of MOX
than can be dissolved in the water of the synthesis. This coating is identified as A50. The
other coating contains 25 mg of MOX per solution and is denoted as A25. Sols were applied
to the metallic substrates by dipping them into the solution. Then specimens were dried in a
stove at 60°C and 2 bars for one hour. Table 6.1 summarizes the prepared systems. P is the
blank coating (without MOX).
The content of MOX in the dried coatings (mMOX-coating) was calculated with Equation 6.1:
𝑚𝑀𝑂𝑋−𝑐𝑜𝑎𝑡𝑖𝑛𝑔 = 𝑚𝑐𝑜𝑎𝑡𝑖𝑛𝑔 𝑑

1
𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

𝑚𝑀𝑂𝑋
𝑉𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

(Equation 6.1)

where mcoating is the mass of the dried coating calculated as the difference in mass between
the uncoated and coated specimen, being 1.4 mg the mean value calculated for both
coatings; dsolution, the density of the solution (1 g/ml); mMOX, the quantity of MOX added to the
synthesis (25 mg in coating A25, and 50 mg in coating A50); Vsolution, the volume of the
prepared sol-gel solution (20.3 ml).
The quantity of MOX contained in each coating is listed in Table 6.1. Coating A25 contains
0.0017 mg of MOX and coating A50 contains 0.0034 mg of MOX.
Table 6. 1 Coatings prepared with different additions of antibiotic (moxifloxacin, MOX)
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Identification

MOX (mg)/
20.3 ml of solution

MOX (mg)/
dried coating

P

--

--

A25

25

0.0017

A50

50

0.0034
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6.2

ELECTROCHEMICAL CHARACTERIZATION

The evolution of the surface of the different sol-gel coatings with different concentration of
MOX was studied with two electrochemical techniques: a high spatially-resolved one, the
scanning electrochemical microscopy (SECM) and a conventional averaging technique,
the electrochemical impedance spectroscopy (EIS). The characterization was performed
by immersing specimens in PBS solution (Dulbecco’s Phosphate Buffered Saline, Sigma
Aldrich, USA) and 37ºC.

Scanning Electrochemical Microscopy (SECM)
A selection of 4 maps of each specimen at different immersion times (2, 6, 12 and 24 hours)
is depicted in Figure 6.1. The colour scale represents the normalized currents (I N) measured
at the SECM microelectrode. TiPM was evaluated in Chapter 4 but it is depicted in this
section again and taken as reference system. The results for TiPM are shown in Figure
6.1(A). Maps showed mainly negative feedback response with normalized currents below 1,
which corresponds to non-active behaviour. However, highly localised sites with a positive
feedback response (IN > 1) were detected after the first hours of immersion. Active sites
increased with the immersion time as well as the normalized currents that reached values of
100. These sites changed on location with time, having a meta-stable behaviour. The amount
of active sites increased with the immersion time. These active areas may be associated with
local changes on the reactivity of Ti due to the heterogeneities on the natural passive layer
that activate and repassivate with time. Nevertheless, there was no indication of stable
events formed during the 24 hours of experiment.
For the case of the sol-gel coated samples, all maps (Figure 6.1(B-D)) showed negative
feedback response (IN < 1), which is indicative of non-active behaviour. This is expected for
sol-gel coatings as the literature reports in a previous work where a similar sol-gel coating
was applied on an aluminium alloy [2]. The behaviour of the unloaded sol-gel coating, P, is
presented in Figure 6.1(B). The map recorded at 2 hours showed a heterogeneous
distribution of currents that changed after 6 and 12 hours of immersion. These changes may
be attributed to the heterogeneities of the coating layer and its evolution with time. The
degrading mechanism of sol-gel coatings is known to consist of an initial swelling stage due
to water uptake, with subsequent delamination and final deterioration of the coating [3], [4].
The changes on the topography of the coating can lead to variations on the tip-substrate
distance, and therefore variations on the measured currents on negative feedback. However,
the map for the unloaded sol-gel sample (P) at 24 hours showed an additional feature:
localised positive feedback signal (IN > 1), which suggests apparition of active sites. This
response cannot be attributed to morphological changes because of the high recorded
current (mean maximum IN ~ 12). The detection of these localised active sites can be the first
evidences of the degradation of the sol-gel coating. Therefore the microelectrode is detecting
the response of the titanium substrate underneath, as observed in maps of Figure 6.1(A).
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Figure 6. 1 SECM maps of 1×1mm recorded after 2, 6, 12 and 24 hours exposed to a PBS solution at
37°C on A) TiPM sample and coated samples B) P, C) A25, and D) A50
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In Figure 6.1(C) the SECM maps corresponding to sample A25 (low concentration of MOXantibiotic) are shown. Maps showed similar non-active response with variations on the
current distributions with time as it was observed for sample P. However, it was not observed
so strong negative feedback as observed for sample P (Figure 6.1(B)), in which maps at 6
and 12 hours showed a strong decrease of the currents. This seems to indicate that sample
A25 was under less aggressive degradation. At 24 hours, the map for sample A25 showed
currents with active behaviour with higher normalized currents that remained however, close
to one (mean maximum IN = 1.04). This may indicate an increase on the distance between
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Electrochemical Impedance Spectroscopy (EIS)
To complement the SECM experiments, electrochemical impedance spectroscopy (EIS)
measurements were performed during 24 hours of immersion in PBS solution at 37ºC. After
the EIS experiments, the surface of the coated samples was inspected with SEM
microscope. Impedances are depicted in three plots: A) Nyquist plot shows the real and
imaginary components of the impedance, B) the logarithmic Bode plot depicts the evolution
of the modulus of the impedance with the applied frequency, and C) the semi-logarithmic
Bode plot represents the variation of the phase angle with the applied frequency. First, a
qualitative analysis of the plots was performed. Then, a quantitative analysis was done using
ZView software.
Figure 6.3 shows the EIS data for TiPM at the selected immersion times: 2, 6, 12 and 24
hours. As it was observed in Chapter 4, the barrier features of TiPM improved with the
immersion time.
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Figure 6. 3 Electrochemical impedance spectra of TiPM after 2, 6, 12 and 24 hours exposed to PBS
solution at 37ºC

Table 6. 2 Values of the modulus of the impedance (|Z|) and the phase angle (Ɵ) at 0.01 Hz
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Material

|Z|
2
Ω·cm

Time (h)

Ɵ
(degrees)

|Z|
2
Ω·cm

2
54.7

4.4x10

5

61.0

1.9x10

5

41.9

2.4x10

5

49.7

2.1x10

3.5x10

P

1.7x10

A25

1.9x10

A50

1.5x10

|Z|
2
Ω·cm

6

5

TiPM

Ɵ
(degrees)

Ɵ
(degrees)

|Z|
2
Ω·cm

12

5

66.0

4.6x10

5

66.4

2.1x10

5

47.6

2.1x10
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2.3x10

Ɵ
(degrees)
24

5

70.4

5.0x10
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5
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2.4x10

5

73.4

5

44.1

1.3x10

5

21.5

5
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2.5x10

5

79.6

The enhancement of the barrier features of TiPM can be observed with the aperture of the
arc in Nyquist plot with time (Figure 6.3(A)). This is reinforced by observing the plot of the
modulus of the impedance (Figure 6.3 (B)): the averaging impedance at low frequencies
(lZl0.01Hz) increased with time from 3.5x105 to 5.0x105. The values of the impedance at each
time are listed in Table 6.2. The capacitive behaviour of TiPM is evidenced with the phase
angle plot (Figure 6.3(C)) where it can be observed how the maximum phase angle reaches
values close to 90 degrees. These results evidenced that there is not degradation of the Ti
substrate. Then the local active sites observed in the SECM maps (Figure 6.3 (A)) did not
affect the averaging resistance of the metal.
As it was expected, the presence of the sol-gel coating decreased the reactivity of the
titanium surface acting as a protective layer. This was clearly observed in the results of
sample P (Figure 6.4). The unloaded coating (P) provided to the metal a barrier against
degradation during the duration of the experiments (24 hours) being the averaging
impedance barely modified. Contrary to the SECM test, the averaging impedance response
did not reveal the response of the metallic substrate despite that the phase angle at low
frequencies shifted to higher values and reached values close to the ones registered in TiPM.
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Figure 6. 4 Electrochemical impedance spectra of P after 2, 6, 12 and 24 hours exposed to PBS
solution at 37ºC

Impedance of the coating with the lower content of antibiotic (A25) is shown in Figure 6.5 and
again it was evidenced that the coating acted as a protective layer of the metallic substrate.
The presence of the antibiotic however, influenced the behavior of the coating. Coating A25
showed slightly signs of degradation from 2 to 12 hours. The electrochemical response only
changed after 24 hours of immersion. The averaging impedance decreased and the phase
angle at low frequencies shifted to lower values, being far from the response of the metallic
substrate. These results support the SECM results and suggest that the coating is degrading
and loosening its protective features but the coating is still covering the substrate.
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Figure 6. 5 Electrochemical impedance spectra of A25 after 2, 6, 12 and 24 hours exposed to PBS
solution at 37ºC

In the case of the sample with higher concentration of MOX (A50), the sol-gel showed clear
signs of degradation after 1 day of experiment. Plots of coating A50 are shown in Figure 6.6.
The behavior of the sample was very similar to the observation on the bare titanium after the
same exposure time: in Nyquist plot the arc increased its amplitude with time and in the
phase angle plot, the angle shifted to values very close to 90 degrees.
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Figure 6. 6 Electrochemical impedance spectra of A50 after 2, 6, 12 and 24 hours exposed to PBS
solution at 37ºC

The impedance of TiPM was fitted using an equivalent circuit (EC) with two constant times
placed in parallel. Results of TiPM were previously discussed in Chapter 4 where the
electrochemical features of TiPM and the commercial Ti6Al4V alloy were compared. Sol-gel
coatings have been assumed to present porosity among the surface. The presence of pores
allows the electrolyte to interact with the metal. The EC used to fit the data of the coated
specimens is presented in Figure 6.7.
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Systems sol-gel coating/metal provides a bilayer barrier composed by a thin internal layer
of the titanium oxide and an unsealed outer layer due to the presence of the sol-gel coating
The employed EC has two relaxation times placed in series because despite that sol-gel
coatings are assumed to present pores, the thickness of these coatings are expected to be
on the micro-metric scale. Thus, both phenomena are identified consecutively. The following
circuit elements are considered in the EC. Re represents the uncompensated resistance of
the testing electrolyte. At high-middle frequencies the constant time corresponds to the
dielectric features of the silane layer. The resistance and capacitance of the layer are
represented with R1 and CPE1, respectively. The constant time identified at middle-low
frequencies corresponds to the interaction of the electrolyte with the metal due to the
movement of the species of the electrolyte to the metallic substrate. The resistance of this
phenomenon is represented with R2 and refers to the charge transfer of the species through
the metal. The capacitance of this constant time is identified as CPE2 and is ascribed to the
double layer phenomenon. A circuit element, a finite length Warburg element (W), to account
for diffusional process is added to the EC. In both constant times a constant phase element
(CPE) was employed instead of a pure capacitor (C) to take into account the intrinsic nonhomogeneities of the coating and the metallic surface. This element is described with the
Equation 6.4:
1
Z (CPE ) 
Y0 ( j ) n
(Equation 6.4)
where  is the angular frequency and Y0 is a constant, and the value of the exponent n
indicates the deviation from ideal capacitive behaviour (e.g., when n = 1).
Table 6.3 summarizes the circuit elements obtained with the fitting of the specimens. Only
values obtained after 2 and 24 hours are listed to evaluate first the variation of each material
from the starting to the ending of the test.
Table 6. 3 Circuit elements obtained with the fitting of the impedance data of TiPM, and coatings P,
A25 and A50 after 2 and 24 hours of immersion in PBS solution at 37ºC

Material

TiPM

P

A25

A50

Time (hours)

2

24

2

24

2

24

2

24

R1 /Ωcm2

21.4

8.1

152.0

185.0

5659.0

3597.0

53.0

36.0

CPE1/µFcm-2

12.9

2.4

2.7

37.4

24.9

16.8

0.2

1.5

n1

--

--

0.748

0.494

0.655

0.776

0.921

0.852

R2 /Ωcm2

6.3x105

3.2x106

3.4x104

1.2x104

1.1x103

2.1x103

4.0x105

1.2x104

CPE2/µFcm-2

15.9

23.1

30.5

22.2

13.3

53.2

53.6

41.5

n2

0.881

0.933

0.583

0.733

0.358

0.164

0.747

0.859

Chi-Sqr×10-3

1.3

0.8

1.1

0.3

0.7

0.9

0.6

0.9
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The good agreement between fitted and measured data is ensured because a chi-square
smaller than 10-3 is obtained during the fitting [5]. The values of the resistance of the
electrolyte, Re, are not showed because values are incoherent and masked by R2, which is
many orders of magnitude greater than Re [5].
The resistance of the coatings (R1) decreased from 2 to 24 hours as expected for sol-gel
coatings that degraded in contact with an aqueous solution. The variation of R1 with time is
depicted in Figure 6.8(A). The averaging resistance of coating A50 reached values close to
the ones registered in TiPM since the beginning of the EIS test. The resistance of coating P
presented also stable values but the values were higher than the ones registered in coating
A50. The coating with the lowest content of antibiotic (A25) showed meanwhile, a resistance
1-fold higher the ones registered in the other coatings. Despite these results correlate well
with the SECM tests, the spatially-resolved technique, the SECM, allowed distinguishing the
presence of coating in the specimen A50 at the beginning of the test. The SECM identified
that between 12 and 24 hours the coating A50 started to degrade and revealed the response
of the metallic substrate.
The evolution of the capacitance of the coatings (CPE1) with time is shown in Figure
6.8(B) and all the coatings showed similar values. The CPE1 of the silane coating can be
estimated with the parallel plate capacitance approximation:
CPE1 =

𝜀𝜀0
A
𝑑

(Equation 6.5)

where ε0 = 8.85×10−10 F·cm−1; ε is the permittivity of the coating, which is assumed to be 2
[6]; d is the thickness (cm) of the coating whose values ranged between 12.0 and 16.5 µm
(section 5.3.4, Chapter 5); and A (cm2) is the area of the tested coating.
The calculated CPE1 of coatings is 1.24x10-6 F·cm-2, which is one order of magnitude more
(10-5 F·cm-2) the CPE1 obtained with the fittings. This difference suggests that coatings are
porous and permit the penetration of the electrolyte through the pores. The CPE1 values
registered are close to the ones obtained in the uncoated metal. The values of CPE1 of
coatings doped with MOX (A25 and A50) remained stable while the values of P increased
after 12 hours immersed in PBS solution, meaning that coating P evidenced processes of
degradation after 12 hours. The CPE1 of coating A50 was similar to the one registered in
TiPM since the beginning of the test suggesting either coating A50 presented large pores
that allowed to register the response of the metal or coating A50 was completely degraded.
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Figure 6. 8 Evolution with time of the EC circuit elements, (A) the resistance and (B) the capacitance,
of the constant time registered at high-middle frequencies

The evolution of the circuit elements, the resistance (R2) and the capacitance (CPE2), of the
second constant time is depicted in Figure 6.9. The charge transfer resistance (R2) is
associated with the kinetically-controlled electrochemical reactions involving electrons and
ions that either enter to the metal or diffuse to the electrolyte. The R2 of the coatings was 2-3
orders of magnitude lower the one of TiPM because the presence of the coatings hinders the
electrochemical reactions with the metallic substrate. As it was observed with SECM,
metastable events of the uncoated TiPM increased with the immersion time. This induces an
increase of R2 from 2 to 24 hours due to the pronounced formation and dissolution of the
passive layer. Contrary to the stability of R2 found in coatings P and A25, coating A50
showed remarkable variations of R2 with time. At the beginning of the test coating A50
showed similar values to the ones of TiPM. Then, R2 decreased and reached similar values
to the ones registered in coatings P and A25. This can be explained as follows: first, coating
A50 had similar values to TiPM because coating A50, as it was previously discussed with the
evaluation of CPE1 variations, had large pores. Consequently, the oxide layer is exposed
and it signal is registered. Then, between 12 and 24 hours, metastable events appeared, as
it was observed with SECM results, giving rise to an increase on the corrosion processes
accompanied with a decrease of R2.
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Figure 6. 9 Evolution with time of the EC circuit elements, (A) the resistance and (B) the capacitance,
of the constant time registered at middle-low frequencies

As described in Chapter 4 when comparing the metallic substrates, the corrosion rate is
proportional to CPE2. Coating A25, had the lowest corrosion rate and its CPE2 values varied
with the immersion time. At 24 hours the CPE2 of coating A25 reached the highest value of
all the tested materials. The instabilities found in coating A25 can be ascribed to variations on
the features of the coating during the test, such as process of swelling due to the uptake of
water [7]. Results showed that coating A50 was the material that experienced the highest
corrosion rate with CPE2 values that doubled the values registered in the other materials.
Indeed, the averaging response received supports the results obtained with SECM: despite
the surface of coating A50 was less affected with active area (IN > 1) than TiPM at 24 hours,
the averaging iN > 1 of coating A50 was found to be the highest (Figure 6.2).
First, the impedance at low frequencies (10 mHz) has been studied to compare the values of
coatings with the ones of the metallic substrate. All the coated samples showed similar
averaging response with values of Z10mHz similar to TiPM, with slightly changes after 24 hours.
Where the presence and evolution of the sol-gel coatings on the Ti substrate can be
elucidated is on the high-middle frequencies range of the Bode plot (Figure 6.(4-6)(B)). The
evolution of the modulus of the impedance at 100 Hz (lZl100Hz) of each material with time is
represented in Figure 6.10. All coated samples showed higher lZl than TiPM in this range of
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frequencies. Coatings P2 and A25 showed very similar values at 2 hours of immersion, while
A50 showed a lower value. This is already an evidence of the differences on the barrier
properties of the coated samples. The specimen with higher concentration of MOX (A50)
showed lower barrier properties than the rest at short immersion times. After 1 day, the
values registered in coating A50 were very close to the ones registered in TiPM, meaning
that coating A50 degraded almost completely. The evolution of the impedance of coating P2
at 100 Hz decayed with time while coating A25 did not change. This indicates that while
coating P2 and A50 degraded, sample A25 with lower MOX content, is non-significantly
affected.
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Figure 6. 10 Evolution of the modulus of the impedance at 100 Hz with the immersion time in PBS
solution at 37ºC of TiPM, and coatings P, A25 and A50

Again, as it was calculated in Chapter 5, the accumulative percentage of the capacitance of
the coatings (CPE1) was evaluated using Equation 6.6.

∆CPE1 =

CPE1t −CPE10
CPE10

x100

(Equation 6.6)

where CPE10 is the capacitance of coatings after 2 hours of exposure to the electrolyte and
CPE1t, the capacitance at the different recorded times.
The evolution of CPE1, which is proportional to the water uptake, with time is depicted in
Figure 6.11. This plot confirmed that coating P and A50 experienced a gradual uptake of
water and therefore, subsequent degrading process during the 24 hours of test. Coating A25
meanwhile, barely modified its dielectric features meaning that the coating was only slightly
degraded.
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During the inspection of the surfaces, two contrasts were identified: the grey areas
corresponding to the coating (EDS analyses revealed the presence of O, Si and C elements)
and the bright areas corresponding to the metallic substrate. Ti was only detected in coatings
P and A50. Meanwhile, for sample A25, the sol-gel coating still covered the whole substrate.
These observations corroborated the results obtained with SECM and EIS experiments.

6.3

MICROBIOLOGICAL AND CELLULAR STUDY

The bacteria that cover the main etiological agents causing prosthetic joint infections were
selected to test the biofilm formation and the treatment of mature biofilm growth [8], [9]. The
selected strains for both tests were: S. epidermidis ATCC 35984, S. aureus 15981 and E. coli
ATCC 25922.

Biofilm formation (prevention)
Bacteria can present two states during the biofilm growth: sessile bacteria adhered to the
material and planktonic bacteria. When bacteria develop the biofilm, some bacteria detach
and can be released to the medium as part of the natural development of the biofilm. The
concentration of these detached planktonic bacteria estimates the efficiency of the released
antibiotic to the medium because in this state microorganisms are more susceptible to
antimicrobials than in their sessile state. Figure 6.13 shows the results of the biofilm
formation on the reference and the loaded sol-gel coatings. Figure 6.13(A, C and E) shows
the bacterial concentration per area unit that are attached to the surface (sessile bacteria) by
means of colony forming units (CFU). Figure 6.13 (B, D and F) shows the planktonic bacterial
concentration, which is proportional to the absorbance of the supernatant measured at 600
nm.
The microbiological study revealed two responses for the biofilm development and for the
planktonic bacterial concentration. The biofilm development response was all-or-nothing for
the staphylococci when their biofilms grew in presence of P or A25 (all) and A50 (nothing)
(Figure 6.13(A and C)). The biofilm development of E. coli showed a low progression, which
was influenced by the concentration of MOX (Figure 6.13(E)). The statistical study performed
in this section compares the bacterial concentrations between each material and if the
probability is found below 0.01 or 0.05, the bacterial concentration of the materials has been
considered to be considerably different. Thus, it was identified that the bacterial
concentration of coating A50 was remarkably different to the concentration on coatings P and
A25 for all the tested species (p < 0.05). For coating A25 only with S. aureus the bacterial
concentration was significant different when compared with coating P (p < 0.05).
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6.4

CONCLUSIONS

In this work, sol-gel coatings containing moxifloxacin (MOX) as antibiotic were applied on
titanium substrates prepared by powder metallurgy technology. The goal was to locally study
the degradation and microbiological performance of the sol-gel coatings as function of the
concentration of antibiotic. Two different concentrations were studied, A25 (25 mg MOX per
20.3 ml sol-gel) and A50 (50 mg MOX per 20.3 ml sol-gel). The following conclusions can be
drawn:
(1) SECM and EIS experiments demonstrated that the coating with high concentration
of antibiotic (A50) degraded faster than coating with low concentration of antibiotic
(A25).
(2) With SECM maps the evolution of the sol-gel coatings was monitored. Changes of
the morphology of the surface were detected that may be associated to the swelling
and delamination processes of the coating. The detection of localised active sites
(iN > 1) was characteristic of the TiPM substrate, and there were an indication that
the sol-gel coating degraded and exposed the metallic substrate. However, further
research is required to understand in detail the degradation mechanism.
(3) The release of MOX was found to be non-proportional to the degradation of
coatings loaded with MOX. However, the small quantities released of MOX were
enough to inhibit the growth of mature bacterial biofilms of the tested strains (local
treatment).
(4) In terms of local prevention, the coating loaded with high concentration of MOX
(A50) showed the best bactericidal and broad-spectrum anti-biofilm response.
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7. CONCLUSIONS
In this Doctoral Thesis multifunctional and biodegradable sol-gel coatings for prosthetic
devices have been designed. These sol-gel coatings have been tested to fulfill the
requirements to act as a prophylactic therapy in order to prevent and treat bacterial
infections associated to joint prostheses. In addition, the developed coatings have been biofunctionalized with a phosphorus compound to enhance the osseointegration of the
material with the host. The following conclusions can be drawn from this Doctoral Thesis:
i.

The sol-gel matrix has been optimized employing a Taguchi method by varying
different parameters of the sol-gel synthesis (the molar ratio of the precursors, the
reaction time of the sol-gel synthesis and the temperature of the drying step). The
number of the prepared routes has been reduced from 27 to 9. It has been
concluded that molar ratio of the silanes was the parameter of the sol-gel
synthesis
that
contributed
more
to
the
variation
of
the
hydrophilicity/hydrophobicity of the coatings. From the 9 prepared coatings, one
has selected based on its homogenous and uniform surface features and its suitable
degrading rate. The selected coating was: Coating S6: 1 mole MAPTMS / 2 moles
TMOS, 24 hours of reaction and 60ºC of drying temperature.
ii. The bio-functionalization of the sol-gel coating with phosphorus-based
compounds to enhance the osseointegration of the biomaterial with the host has
been successfully accomplished by adding to the synthesis tris(trimethylsilyl)
phosphite (P). The concentration of this compound has been selected as the most
suitable based in a compromise between the enhancement of the cellular
proliferation and the adhesion of the coating to the substrate.
iii. The bio-functionalization of the sol-gel coating containing P and the antibiotic,
moxifloxacin (MOX), has been achieved with two concentration: 25 mg MOX per
20.3 ml of sol (A25) and 50 mg of MOX per 20.3 ml of sol (A50). The parameters of
synthesis and the surface features of the coatings have been not altered by adding
MOX.
iv. The degradation kinetics of sol-gel coatings has been studied with two
electrochemical techniques: (1) an averaging technique, Electrochemical
Impedance Spectroscopy (EIS), and a high spatially-resolved technique, Scanning
Electrochemical Microscopy (SECM). The combination of both techniques
demonstrated that the coating with more MOX (A50) degraded faster than the
coating with less MOX (A25).
v. The biological behaviour of coatings loaded with MOX has been evaluated with the
study of the bacterial adhesion (prevention) and the mature biofilm growth
(treatment) of the main species that causes infection (S. aureus, S. epidermidis and
E. coli). It has been identified that coating A50 prevents better the adhesion of
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bacteria than coating A25. Nevertheless, both coating inhibited in a similar degree
the growth of mature biofilm. And, despite that the release of MOX has been found
to be non-proportional to the degradation of coatings, the quantities of MOX
released to the medium were enough to inhibit the growth of mature biofilm.
Moreover, the non-cytotoxicity and the cellular proliferation of coatings have
been verified.
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8. FUTURE PERSPECTIVES
Due to the importance and relevance of enhancing the performance of prostheses in the
biomedical field, the following recommendations to continue the development of sol-gel
coatings are presented:
(1)
(2)

(3)
(4)
(5)
(6)
(7)

To introduce into the sol-gel coatings other antimicrobials agents such as
antifungical compounds.
To incorporate into the formulation simultaneously several antimicrobials agents
to broaden the efficiency of the prevention and treatment of prosthetic joint
infections.
To perform an in-depth study of the release of the antimicrobials employing
techniques with more resolution such as chromatographic techniques.
To in-depth study the contribution of the finite length Warburg element in the
equivalent circuits of the Electrochemical Impedance Spectroscopy (EIS) data.
To perform in vitro test with bacteria and cells simultaneously.
To perform in vivo tests with animals.
To apply the sol-gel coating to catheters of polymeric nature, which are
susceptible to bacterial infections.
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