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Abstract 

Implant related infections, mainly caused by Staphylococcus aureus, are a public health concern. 

Treatment is challenging due to multi-resistant strains, and S. aureus ability to adhere and form 

biofilm on bone and implant surfaces, as well as to invade and persist in osteoblast cells. 

The present work consisted in the preparation and evaluation of novel dual polymeric film 

coatings in stainless steel that provide local and controlled antibiotic delivery for the treatment 

of implant-related infections. Multilayers of chitosan, polymethylmethacrylate (PMMA) and 

polycaprolactone (PCL) loaded with microspheres containing vancomycin or daptomycin were 

produced using the dip-coating technique. To enhance polymeric film adhesion on the surface of 

the metallic substrate, different surface treatments were evaluated such as chemical etching, 

electrochemical etching, and mechanical abrasion. From this study, it was possible to conclude 

that the mechanical abrasion showed the best results. 

After films production optimization, morphological, chemical, and mechanical properties were 

evaluated in detail for the several film combinations. Finally, the drug-release studies of 

daptomycin and vancomycin were carried out for drug and microsphere loaded films. It was 

possible to conclude that the release is mainly diffusion dependent. 

In summary, this work has shown that the films obtained exhibit promising characteristics to be 

used in the context of implant-related infection treatment. 

 

 

Keywords: Implant-related infection; Dip-coating; Polymeric films; Vancomycin; Daptomycin; 

Controlled drug release.  
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Resumo 

 
As infeções associadas a implantes, maioritariamente causadas por Staphylococcus aureus, são um 

problema grave de saúde pública. O seu tratamento apresenta um desafio devido a estirpes 

multirresistentes e à capacidade de S. aureus de aderir à superfície de implantes formando biofilmes, 

bem como a sua capacidade de invasão e permanência em osteoblastos. 

O presente trabalho consistiu na preparação e avaliação de novos filmes poliméricos em aço inoxidável 

para a libertação local controlada de antibióticos para o tratamento de infeções relacionadas com 

implantes. 

Multicamadas de chitosano, polimetilmetacrilato (PMMA) e policaprolactona (PCL) com microesferas 

com vancomicina ou daptomicina foram produzidos utilizando a técnica de dip-coating. 

Para melhorar a adesão dos filmes poliméricos, diferentes tratamentos de superfície foram avaliados, 

tais como erosão química, erosão eletroquímica e abrasão mecânica. Deste estudo foi possível concluir 

que a abrasão mecânica mostrou os melhores resultados. 

Após a otimização da produção de filmes, as propriedades mecânicas, químicas e morfológicas foram 

avaliadas em detalhe para os vários filmes. Finalmente, estudos de libertação de daptomicina e 

vancomicina foram realizados para filmes com os fármacos e filmes com as microesferas. Foi possível 

concluir que a libertação ocorre maioritariamente por difusão. 

Em suma, este trabalho demonstrou que os filmes obtidos mostram potencial para a sua utilização no 

tratamento de infeções relacionadas com implantes. 

 

Palavras-chave: Infeções associadas a implantes; Dip-coating; filmes poliméricos; Vancomicina; 

Daptomicina; Libertação controlada de fármacos. 
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1 Introduction 

 Motivation 

A current estimate of the total of hip replacements in the world is nearly one million a year, and of knee 

replacements more than 250,000. Over 30 % of hospitalized patients have vascular catheters in place 

and 10 % of hospitalized patients have urinary catheters [1]. 

Bacterial infection is a potential complication for patients receiving implanted devices. Infection arises 

from the presence of pathogens in the implant. These pathogens adhere to and grow in the biomaterial, 

sometimes forming a biofilm in the implant in the peri-operative (before the operation) period. Once 

the implant is placed in the recipient, these organisms grow, and infection sets in the implanted site, 

potentially leading to implant failure [2]. Infections of implants used in orthopaedic fractures and 

reconstructive devices occur in 5 % of the surgeries. For primary total hip replacement, the infection 

rate varies from 0.2 % to 2.2 % [3]. Infections in spine surgery occur in 2 % -5 % of the cases and 

prosthetic joint replacement procedures infection rates are of approximately 1 % – 2 % of all 

replacements [4]. These implant infections are not only a consequence of patient related factors and 

surgical technique, but also of the implant itself, including size, shape, material and topography [3].  
Regularly infections are treated with long course of systemic antibiotics [5]. Systemic administration 

of antibiotics, however, has many disadvantages including possible systemic or organ specific toxicity 

and low drug concentration at the target site, which combined with drug resistance from the bacteria 

leads to the failure of antibiotics as a method to fight infections[6]. The concentration of drug in the 

body is derived from its administration, distribution and metabolism, which is characterized by wave 

like distribution curves (Figure 1.1). At each dosage the patient receives, drug concentration increases, 

as the drug is absorbed. Then, as the drug is distributed, the concentration reaches the maximum drug 

concentration, meanwhile, the drug is metabolized, and the concentration decreases until a new dose is 

administered and the pattern repeats[7].  

 

Figure 1.1: Drug concentration in plasma over time showing traditional administration 
(dotted line) and ideal administration (solid line) as well as therapeutic, toxic and non-
effective dose range [7]. 

For the drug to take effect, however, the dosage must be high enough that the local concentration at the 

target location is in its therapeutically dose range [7]. Because of the distribution of the drug in the body 

and the metabolization between the administration and target site, to be in the therapeutical interval at 

the target, the drug concentration may need to be higher than the maximum of the therapeutic interval 
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and be toxic. When the concentration drops, it sometimes reaches concentrations below the therapeutic 

interval, and is therefore ineffective on the patient[6] [8].  

When antibiotics fail, prosthesis removal and replacement, or even joint fusion, are often the only 

solutions to definitively eradicate severe infections[9]. Because of this, infection of a device can cause 

significant morbidity, extended hospital stays, and even mortality, being that costs associated with 

implant infection average between $ 25,000-32,000 per patient [10]. In Portugal for example, the cost 

of infection in primary arthroplasties of the hips and knees increased from approximately 3,000 € 

(corresponding to a lack of infection) up to approximately 14,000 €, depending on the type of treatment 

required. The cost of aseptic revision was 6,089 € for a hip implant and 7,985 € in the knees. If the 

infection were treated with debridement and implant retention the cost was 5,528 € in the hips, and 

4,009 € in the knees and in cases of infections treated with a two-stage revision the cost was 11,415 € 

and 13,793 € for hips and knees, respectively [11]. Due to the high costs associated to implant failure 

as well as the well-being of the patient, it is essential to have strategies that inhibit the settling of 

infection and/or mitigates infection after its settlement.  

The objective of this work is the development of one of these strategies, in the shape of a novel 

multifunctional polymeric-based coating for metallic implants capable of responding to existing 

bacteria, releasing pharmaceuticals at the infection site to kill those bacteria, stopping the infection. 

 Objectives and structure 

The objective of this work is to produce an antibacterial polymeric coating suitable for local controlled 

drug release using the dip-coating technique. For this, two metal alloys commonly used in biomedical 

devices, grade 5 titanium (Ti-6Al-4V) and stainless steel 316L (316L-SS) were chosen as substrates for 

coating deposition[12]–[15]. These were coated with films made of multilayers of chitosan (Chi), 

polymethyl methacrylate (PMMA) and polycaprolactone (PCL), that are known biocompatible 

materials, often used as part of implants, whether in their main structure, or in a portion of the 

device[16]–[18]. The polymer layers should contain one of two antibiotics, daptomycin (Dap) or 

vancomycin (Van) encapsulated on acrylic microspheres. These antibiotics are often used to fight 

implant site bone-infections, with daptomycin being the most recent, and therefore the one that does 

not yet result in antibiotic resistance[19]. Vancomycin is a bit older than daptomycin, being a model 

drug in drug release studies, but several bacterial strains already present resistance to this antibiotic 

[20]. 

Because when infection occurs the pH at the infection site changes, lowering from 7.4 to 5.5[14], this 

property will be used, and the films produced should be pH responsive, this is, the drug release should 

depend on the pH at the implant site. For a pH of 7.4, that corresponds to the physiological pH, very 

little or even no drug release should be observed, and for pH values lower than this, corresponding to 

the occurrence of infection, the drugs incorporated in the films should be released from the coating via 

degradation of the polymer layers and diffusion from microspheres, leading to a burst release phase and 

a slow-release phase respectively, since this behaviour results in higher antibiotic efficacy. The film 

should also be anti-adhesive, due to the inclusion of chitosan, that is known for this property, and the 

surface morphology itself [21]. 

To reach such goals, several milestones should be attained: 

1) Production of microspheres loaded with both selected drugs. 

2) Production of a uniform multilayer polymeric coating. 

3) Production of a uniform multilayer film incorporating drug-loaded microspheres. 

The film produced should also display appropriate mechanical properties that would allow it to sustain 

the physical stress present in the implant site and the suitable chemical properties that allow it to endure 

the implant site environment. 

This work will be divided into 4 chapters: 

 

Chapter 1 – Introduction 

In the Introduction, a brief context of implant related bone infection is presented. It will describe the 

microorganisms responsible for these infections and the mechanisms and problems associated with their 

biofilm assembly ability and capacity to invade and persist within osteoblast cells. Then, it will proceed 
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to the challenge of the conventional antibiotic treatment, indicating novel local drug delivery systems 

as a new therapeutic strategy and listing some systems that have been developed. Finally, the system 

developed in this study will be introduced. 

Chapter 2 – Materials and Methods 

This chapter will describe both materials and methods used. Starting by describing the materials, it will 

then go over the preparation of the drug delivery system, with details on microsphere and film 

preparation, as well as substrate treatment, and characterization of all, microspheres, films and substrate 

treatments. The experimental procedure for the several processes are detailed, encompassing for 

instance etching of steel substrates, microsphere production and dip-coating solutions and setup 

parameters. Then, the characterization techniques, will be shortly detailed. It will also explain how 

swelling, degradation and drug release studies were performed. 

Chapter 3 – Results and Discussion 

Here all results obtained from the experiments performed throughout this study and 

subsequent discussion are presented. It concerns the production of microparticles and their 

characterization, substrate treatment and subsequent characterization, and film optimization, 

culminating with the description and characterization of the optimized system obtained. 

Chapter 4 – Conclusion and Future Work 

The last part of this thesis contains the main conclusions drawn from this work and possible 

alterations and improvements that can be made to the methodologies used and the potential impact  they 

may provide. 

 Contextualization 

Infection is defined as a homeostatic imbalance between the host tissue and the presence of 

microorganisms. Infections occur when pathogens invade the host and begin to reproduce [5]. Among 

others, infections involving bone are very difficult to control, being a significant cause of morbidity and 

mortality. Furthermore, they can result in prolonged hospital stays, long courses of systemic antibiotics 

and frequently require new surgical intervention in the case of bone infections associated with implants 

[5]. 

Bone infection related to the use of orthopaedic implants is associated with complications following 

surgery and device implantation, leading to implant failure, and resulting in diseases such as 

osteomyelitis, and septic arthritis. 

This type of infection leads to necrosis and destruction of bone. It may affect any bone, being limited 

to one or several portions of the bone, and the surrounding soft tissue [22]. This infection can be 

acquired after bone surgery, joint replacement, or as consequence of a trauma, being that 

immunosuppressed people face a higher risk of infection. 

Nowadays, with sterility within the operating room and protocols of peri-operative antibiotic 

prophylaxis, there is a decrease of the incidence of infections associated with orthopaedic implants. 

Nevertheless, surgical implant procedures have become extremely common to restore the function of 

affected joints, fractured bones and impaired limbs. The enormous population of patients with 

orthopaedic implants estimates only about 0.5 % - 5 % of risk of infection, however, implant related 

infections are still the number one cause of the failure of implants and a potential complication for patients 

receiving them[9]. These devices are predispose to infection by damaging or invading epithelial or 

mucosal barriers and by supporting growth of microorganisms that adhere to and grow in the 

biomaterial, sometimes forming a biofilm in the implant in the peri-operative (before the operation) 

period or postoperatively, e.g. via haematogenous seeding from infections elsewhere in the body[23]. 

Once the implant is placed in the recipient, these organisms grow, and infection sets in the implanted 

site [2].  

The presence of an implanted material alone increases the risk of infection, e.g. it has been demonstrated 

that 104 times fewer bacteria are necessary to infect patients with sutures compared to those suture-free 

[23]. 

When an infection is diagnosed several therapeutic approaches may be adopted. There have been several 

studies focused on different strategies to fight implant infection, whether before surgery, or after it. Pre-

operative procedures involve antibiotic prophylaxis [24], [25] or sonication of the implant to remove 
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any adhered biofilm [26]. Post-operative procedures include systemic antibiotics for a prolonged period 

of time and wound debridement and lavage [24].  However, both the simple debridement procedures 

with retention of prosthesis and antibiotic therapy treatments are not always effective on infections that 

have already established. Often, prosthesis removal and replacement, when not even joint fusion, it is 

the only solution to definitively eradicate severe infections [9].  

Another inherent problem is that antibiotic therapy takes long periods of time. By intravenous route, 

the antibiotics are prescribed for three weeks, followed by three more weeks of oral antibiotics. 

Furthermore, to achieve effective therapeutic drug concentration at the site of infection a high parenteral 

dose of antibiotic is needed. These facts can lead to systemic toxicity of the antibiotic [6].  

The therapeutic success in bone infections is also determined by the rate and extent of antibiotic 

penetration in bone tissues. Penetration of an antibiotic into infected bone tissue depends on its 

pharmacological and physico-chemical characteristics, degree of vascularization, good conditions of 

soft tissues, and presence of foreign bodies. When there is a clinical treatment failure of bacterial 

infectious disease, it is usually associated with low bioavailability of antibiotics and their side effects, 

biofilm-related infections and the emergence of resistant bacteria. 

The microorganisms most frequently associated with infection caused by the presence of 

implants are staphylococci (Figure 1.2), being their capability to adhere to materials and to 

promote the formation of biofilms is the key feature of their pathogenicity [9]. 

 

 

Figure 1.2: Bacteria associated with implant infection [27]. 

The most commonly found bacteria in implant infection is Staphylococcus aureus (S. aureus), that has 

multiple mechanisms to promote immune evasion, including biofilm formation, and the ability to persist 

in necrotic bone [28]. This leads to reinfection after surgical intervention, which occurs in 10-30% of 

cases [10]. Apart from S. aureus, Staphylococcus epidermidis (S. epidermidis) is also a common cause 

of implant-associated infections, being that S. aureus is associated to metal-biomaterial, bone-joint, and 

soft-tissue infections, whereas S. epidermidis is related with polymer-associated implant infections [28]. 

Both species produce biofilms in a process that requires bacterial adhesion, followed bacteria-bacteria 

adhesion, film maturation (Figure 1.3). The biofilm contains multiple layers of bacteria and can be very 

difficult to treat since bacteria on the interior of the biofilm are protected from phagocytosis and 

antibiotics [28].  
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Figure 1.3: Biofilm formation showing from left to right reversible bacterial adhesion, 
irreversible bacterial adhesion, bacteria- bacteria adhesion, film maturation, and 
dispersion of bacteria from the film (adapted from [28]). 

Considering the pathogenicity of bacterial strains, there is an urgent need to develop novel 

therapeutically approaches to fight implant-associated infections [29]. To prevent biofilm formation on 

implants several anti-microbial surfaces have been. They can be divided in 3 classes: 1) Structured; 2) 

Permanent antimicrobial surfaces and 3) Elution systems [30]. 

• Structured Surfaces 

These are surfaces where topography has been tailored, often at the nanoscale, to decrease bacterial 

adhesion. Structures that decrease bacteria adhesion include nanoparticle- and nanotube-modified 

surfaces [31][32], molecular structures and engineered metal topographies such as alterations in charge, 

hydrophobicity,  roughness,   and   porosity [33][34]. Studies focused on heat treatment and anodization 

of titanium (Ti), for instance, have shown to reduce bacterial adhesion 10 to 100 times [30]. 

• Permanent Antimicrobial Surfaces  

Permanent antimicrobial surfaces contain permanently bonded agents that generate antimicrobial 

surfaces that prevent long-term bacterial adhesion[35]. Antimicrobial molecules include chitosan and 

amines, antimicrobial peptides, and antibiotics. Commonly, antibiotics are coupled directly to metals, 

but hydrogels, for example, can also be bound to metal surfaces. Despite the more fragile bond between 

hydrogels and metal (when compared to that of antibiotics) their chemistry can be tailored to display 

antimicrobial agents [30]. Some studies have been done in theses surfaces, for example, Lenoir et al. 

[36] showed a dispersion of a poly(ethylene-co-butylene)-b-poly[2-(tert-butylamino) ethyl 

methacrylate] (PEB-b-PTBAEMA) that has antimicrobial properties against Escherichia coli. Fighting 

the same bacteria, Lian et al. [37] developed a method to functionalize polymeric and cellulosic 

materials with pyridinium groups that possess antibacterial properties. 

• Elution Systems 

Elution systems are a strategy of local drug delivery that consist in surfaces that actively release 

antimicrobials to inhibit bacterial adhesion and/or promote bacterial cell death in both the implant and 

adjacent tissues [30]. This sort of systems relies on the release of antimicrobials in the infection site, 

allowing for high concentrations of the active substance to be achieved without systemic toxicity 

associated with the body availability of the antimicrobials. Buchholz et al. first introduced the 

incorporation of antibiotics into PMMA bone cement for local antibiotic delivery in total joint 

arthroplasty, and since then, several studies have shown that antibiotic loaded bone cements can 

decrease infection rates of cemented total hip arthroplasties [3]. Another common bone cement coating 

in implants is hydroxyapatite (HA). HA has been used for delivery of growth factors, deoxyribonucleic 

acid (DNA), antibiotics and others. These applications have been used for example in titanium implants 

[3][38]. With the increasing use of cementless implants worldwide, however, the use of antibiotic 

loaded bone cement has reduced, leading to the development of new delivery systems. 

With the emergence of cementless implants, drug delivery turned to new materials such as natural and 

synthetic polymers and other porous and non-porous materials as base for the delivery systems. 
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These new systems keep the same function as the bone cements with new materials including cancellous 

bone, collagen sponges [39], and polymeric coatings. These materials are loaded with antibiotics, e.g. 

amoxicillin, tobramycin, and vancomycin and have been used, for example, in coatings of orthopaedic 

implants [3]. Polymeric coatings made from polylactic acid and its copolymers with glycolic acid have 

also been produced [5]. 

In recent years, studies have focused on biodegradable materials including natural rosin-based 

biopolymers and polyhydroxyalkanoates (PHAs). PHAs incorporated with cefoperazone and ampicillin 

for instance have shown promising results in treating implant-related osteomyelitis in rabbits [5] and 

rosin’s use has been confirmed by Fulzele et al. [5] who encapsulated ciprofloxacin in this polymer. 

Rossi et al. [5] have reported the coating of discs from a femoral hip implant with PHAs loaded with 

gentamicin. This coating exhibited an initial burst release followed by continuous release of gentamicin 

with bacterial eradication within 24–48 h in vitro.  Hans et al. [40]  produced a low molecular weight 

biodegradable poly (D,L-lactic acid) coating with integrated gentamicin and teicoplanin for ocular 

implants. This coating showed a continuous release over a period of 96 h, achieving a higher attachment 

of non-viable microorganisms, but a lower number of viable bacteria. Other drug eluting coatings 

include polymers such as polyvinyl alcohol (PVA), ethylene vinyl acetate (EVA), poly lactic-co-

glycolic acid (PLGA), polycaprolactones (PCL), polyanhydrides and poly ortho esters (POE), being 

that each polymer has a specific feature that makes them appropriate to a certain drug eluting profile, 

being than possible to adapt the use of the polymer to the function needed [41].  

These antimicrobial systems, when applied in implants, reduce the incidence of infections at the implant 

site, therefore, reducing the risk of implant failure, and also reducing the costs of hospitalizations due 

to treatments subsequent to implant surgery [9].  

To produce any antibacterial system numerous parameters, and their interdependence, need to be 

considered. For elution systems, the drug  selected, the delivery route, drug release mechanism, drug 

release kinetics, and system and implant materials for instance have to be taken into account 

simultaneously[42]. 

 

The approach studied in this thesis consists in the incorporation of drug containing microparticles into 

a robust coating. The strategy to produce drug containing microparticles has been developed before, 

leading to the successful incorporation of vancomycin and daptomycin in PMMA and PMMA-

Eudragit® microparticles respectively as a controlled-release antibacterial agents against S. aureus[16], 

[43], [44]. These particles allowed a localized treatment and overcome the initial burst release showed 

by biodegradable bone cements[45].  

Coatings found in literature are majorly produced by expensive techniques, such as plasma spray [46] 

and radiofrequency magnetron sputtering[47]. Dip-coating technique allows layer-by-layer films 

production of high purity material and homogeneity in complex geometries [48][49], and can be used 

to form films at low temperature, atmospheric conditions, and in a simple and cost-effective process. 

With this technique the multilayers of drug and polymer or drug microparticles and polymer are easy 

to produce and good osteointegration of coatings produced by this technique has been reported, being 

attributed to hydroxyl groups that promote calcium and phosphate’s nucleation[12]. Regarding the 

coating’s polymeric components, chitosan stands out due to its charge and biological properties. Since 

chitosan is positively charged at physiological pH, multilayer coatings can be produced with alternating 

positive and negative charge polymers[13]  such as PCL and PMMA that will be used to form the 

negatively charged layer of the LbL system, since both have been reported as biocompatible, and used 

commonly in implant coatings[16], [18]. Moreover chitosan, whose biocompatibility and 

biodegradability is well established, improved PMMA bone cements antibacterial activity, wound 

healing and bone regeneration. Furthermore, the use of chitosan as coating would add antifouling and 

anticoagulant properties to the implant’s surface, which would be a major advantage for the prevention 

of biofilm formation. 

Additionally, these coatings take advantage of the S. aureus biofilm structure to produce the 

antiadhesion/antibacterial coatings. Since chitosan is pH sensitive, degrading at low pH values, bellow 

6.5[17]. Because the surrounding media’s pH changes during biofilm formation [14], the proposed 

coatings should be pH sensitive and would first release the drugs via burst release – degradation of the 

film/membrane – and then via diffusion mechanism particles would release the drug with the 

increase/decrease of pH by dissolution of the capping polymer throughout time. 
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All together, these coatings entitle for 4 major breakthroughs: 

• ability to efficiently coat different materials.  

• controlled drug release by pH response for two pharmaceuticals. 

• coatings produced from biocompatible and/or bioabsorbable polymers. 

• cost effective process and materials. 

 

A major aspect of the coating to be produced is the ability to release drug in a controlled manner. 

Controlled drug delivery occurs when a biopolymer is combined with an active agent in such a way that 

the active agent is released from the material in a predesigned manner. The release may be constant, 

cyclic, or triggered by external events (Figure 1.4).  

 

Figure 1.4: Controlled release systems showing: blue) cyclic,  yellow) triggered; red) 
constant; black) non-controlled release and the therapeutic interval (grey) (adapted 
from[7]). 

The purpose behind controlling drug delivery is to achieve effective therapies while eliminating both 

under- and overdosing. Other advantages include maintaining drug levels within a desired range, fewer 

administrations, optimal use of the drug, and increased patient compliance. Providing control over the 

delivery of a drug can be the most important factor on occasions when traditional administration cannot 

be used:  

• situations requiring the slow release of water-soluble drugs,  

• situations requiring the fast release of low-solubility drugs,  

• drug delivery to specific sites,  

• delivery of two or more agents with the same formulation,  

• systems based on carriers that can dissolve or degrade and be readily eliminated.  

 

The ideal system should be inert, biocompatible, mechanically appropriated, comfortable for the patient, 

have high drug loading, safe from accidental release, simple to administer and remove, and easy to 

fabricate and sterilize[7]. 

 Film Production - Dip-coating 

Films are systems used in many applications since they bring additional functions to any kind of 

materials. They can be prepared by several methods that can be divided into two main groups, dry and 

wet processes. Dry processes such as chemical vapour deposition (CVD) physical vapour deposition 

(PVD) and plasma enhanced chemical vapour deposition (PECVD) require, as the name indicates, the 
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evaporation of precursor or material, with no need for a liquid solution or dispersion of the deposited 

material. Wet processes such as spray coating, brush casting, spin coating and dip-coating consist in 

spreading a solution or suspension of the material to be deposited. These wet methods are well adapted 

for the preparation of multiphase materials since any non-volatile compound that is dispersed or 

dissolved into the solution will be homogeneously distributed or organized into the final films, and with 

a good control of the thickness. For instance, hybrid organic/ inorganic, or composite, layers are easily 

obtained by evaporation of solutions containing metal oxide precursors, organic functions, monomers, 

polymers, or various kinds of nanoparticles. Wet processes are also appropriate for the preparation of 

materials with controlled porosity since porogenic species can easily be embedded and eliminated from 

the final material. 

Among the various methods available to perform liquid deposition, dip-coating has always been the 

most attractive one because of its simplicity. However, some drawbacks are associated to this technique. 

First, one faces the difficulty to homogeneously wet the substrate, especially when high surface tension 

solvents, such as water, are used. The thickness becomes difficult to control when ultra-thin (1 µm) 

layers need to be prepared from highly diluted or highly viscous solutions. Another challenge concerns 

the deposition onto porous substrates, or onto porous layers, within which the solubilized precursors 

may infiltrate and modify their initial properties. Another important obstacle resides in the formation of 

cracks often resulting from the presence of lateral tensile stress occurring during drying, and/or 

consolidation.  

Compared with conventional thin film forming processes such as chemical vapor deposition, 

evaporation, or sputtering, dip-coating is an ideal method to prepare thin layers from chemical solutions 

since it is a low cost and waste-free process that is easy to scale up and offers a good control on 

thickness. For such reasons, it is becoming more and more popular not only in research and development 

laboratories, but also in industrial production, as testified by the increasing number of annual 

publications [50].  

Dip-coating consists in the deposition of a film by dip and withdrawal of a substrate from a liquid 

medium. In summary, the process of film formation includes several stages (Figure 1.5). The film starts 

with the immersion of a substrate on the coating fluid, followed by its withdrawal. With this, a liquid 

film is formed on the substrate, which will then dry and consolidate. A final step, called curing or 

sintering step, is a post-treatment that may also be necessary to obtain the final coating material [51]. 

 

Figure 1.5: Dip-coating process, showing from left to right the immersion and 
withdrawal of the substrate, film drying and curing with arrows indicating the direction 
of forces at play [51].   

In further detail the steps are: 

• Immersion: The substrate is submerged into the coating solution at a constant speed followed 

by a certain dwell time for interaction of the substrate with the solution for complete wetting.  

• Withdrawal: The pulling of the substrate upward at a constant speed forms a thin layer of 

coating solution (film deposition). Excess liquid drain from the surface thorough gravitational 

forces. 

• Drying: The solution solvent evaporates, forming the as-deposited thin film [52]. 
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This technique has been used in medicine to make coatings of several natures and purposes. As early 

as 1996, Li et al. reported the coating of titanium rods with HA by a dip-coating method for bone 

replacement applications[53]. Studies of HA coatings have continued, for instance, in 2007, Aksakal 

and Hanyaloglu studied coatings of ceramics in on Ti–6Al–4V and 316L-SS implant materials[54]. In 

2013, Khalid et al. proposed a method for dip-coating of nano-HA on a titanium alloy using a plasma 

assisted γ-Alumina layer between HA and the titanium [55]. Bulk polymer systems like polylactic acids 

or polycaprolactones, however, are not easily coated onto complex medical devices and are typically 

prepared in harsh solvents or at high temperatures, which destroy antibiotics during the synthesis. To 

solve this, layer-by-Layer (LbL) assembly was created.  

In this method, a substrate is alternately dipped in differently charged polymer baths, building a coating 

of nanolayered thin films (Figure 1.6 A). LbL systems can also be used in particles (Figure 1.6 B) that 

can be used to form coatings or as drug carriers, not being then fixed to a surface [56]. 

 

Figure 1.6: LbL deposition on A) surface with: red) positively and blue) negatively 
charged monolayers, and B) sphere showing: grey) core; yellow) first layer and orange) 
second layer. 

In some coatings fabricated by LbL assembly, cell-resistant polymeric materials such as polyethylene 

glycol (PEG) and dextran have been developed to reduce adsorption of serum and cell-borne proteins 

[57]. Several other polymers have been used, namely natural and synthetic polymers, being the natural 

polymers of increasing interest since they are naturally available, nontoxic, and biocompatible. Some 

examples of these polymers are albumin, collagen, and gelatine, polylysine and poly(aspartic acid), and 

hyaluronic acid and chitosan. Synthetic polymers have also been used such as poly(ethyleneimine) 

(PEI), and poly(allylamine) (PAH), poly(vinylsulfate), and poly(acrylic acid) (PAA) [57].  

LbL assembly also allows the use of multiple drugs in the same coating and the control of the 

architecture of the film, providing compartmentalization of the different components and thus their 

sequential release [58][59]. With this last property, one can build systems of controlled or responsive 

release, in which layers only elute the molecules in response to a stimulus such as pH, ions and so on. 

Several studies have focused on responsive release properties, for instance, Sukhishvili et al.  

demonstrated the  release  of  fluorescent  dyes  from films containing weak poly(acids), which dissolve 

in response to changes in pH while Schuler and co-workers studied the NaCl-induced degradation of 

LbL thin films with calf thymus DNA incorporated as a functional component [59]. 

In recent years, the properties of responsive and antibacterial coatings have been brought together to 

make coatings that will only release the antibacterial agents in specific conditions, acting as an active 

attack surface, that can be activated at any time. These active attack surfaces, however, still have issues 

such as the accumulation of dead bacteria and debris, that shield the surface, reducing the bactericidal 

effect and also provide nutrients for subsequent bacterial adhesion. To avoid these issues, studies have 

focused on surfaces with different parts, called units, one responsible for killing bacteria, and one 

responsible for releasing the dead bacteria from the surface. To do such, responsive systems are often 

incorporated in the coatings [60]. 

 

The study presented uses this technique to produce antibacterial polymeric coatings for local controlled 

drug release. The coatings are to be deposited in two metal alloys commonly used in biomedical devices, 
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Ti-6Al-4V and 316L-SS that are used in orthopaedic and dentistry implants as well as integrated 

fixtures, sutures and staples [12]–[15]. These will be coated with films made of multilayers of Chi, 

PMMA and PCL, that are known biocompatible materials, often used as part of implants, whether in 

their main structure, or in a portion of the device[16]–[18]. The polymer layers are to be loaded with 

Dap or Van encapsulated on acrylic/Eudragit® (EUD) and acrylic microspheres respectively. These 

antibiotics are often used to fight implant site infections, with daptomycin being the most recent, and 

therefore the one that does not yet result in antibiotic resistance[19]. Vancomycin is older than 

daptomycin, being a model drug in drug release studies, but several bacterial strains already present 

resistance to this antibiotic [20]. The two drugs have been previously encapsulated in the spheres, and 

it was concluded that for daptomycin encapsulation the addition of Eudragit® led to higher 

encapsulation efficiencies, so the compound was added to the structures [44]. 
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2 Materials and methods 

This chapter will provide details about the processes and materials used in the work. Starting with the 

materials used it will then go through the production and analysis of polymeric microspheres, and then 

moves to the treatment of the metallic substrates. Then film production and optimization will be 

described, and finally the methods used to analyse and characterize the several film properties are 

presented. 

 Materials 

For this work, two metal alloys, Ti-6Al-4V and 316L-stainess steel, three polymers, PMMA, Chi and 

PCL, and two drugs, vancomycin and daptomycin were used. 

• Metal alloys 

Titanium alloys, specially Ti-6Al-4V are widely used in orthopaedic and dentistry (Figure 2.1) due to 

its corrosion resistance, mechanical strength and biocompatibility. They are, however, prone to protein 

adsorption and infection, especially in dentistry implants, for being exposed to natural bacteria of the 

mouth [61].  

  

Figure 2.1: Titanium implants showing: A) thoracic wall implant [35], B) orthodontal 
screw insert[36] C) Mandibular implant [37]. 

Steel alloys date back to the 1800’s, having since then replaced for stainless steels, that have nickel, 

chromium, and molybdenum as alloying elements. The most common medical steels are 316, 316L, 

and 304L, being mostly used for fracture fixation plates, stabilization rods, screws, and other integrated 

fixtures tied to primarily orthopaedic structures, as well as sutures and staples (Figure 2.2) [15]. Because 

the use of stainless-steel implants occurs often near open wounds, this kind of implant is prone to 

infection. 

  

Figure 2.2: Stainless steel implants showing: A) intramedullary nails [62] B) Müller 
straight stem hip implant [63] C) dorsal nonlocking plate (Wright Medical Technology) 
[64]. 
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• Polymers 

PMMA is a synthetic polymer from the methyl methacrylate monomer (MMA) (Figure 2.3). 

 

Figure 2.3: Chemical structure of  PMMA (right) and its monomer MMA (left)[65]. 

Its use extends from the ophthalmological field, dentistry, and to the orthopedy [66]. PMMA is a widely 

explored biomedical material, and recent publications have shown an increasing interest in its 

applications as a drug carrier [16]. PMMA has been coupled with several agents such as antibiotics 

[67][68][69], fungicidal molecules [70], and biomolecules [71] for local drug delivery as well as 

radiopaque agents so the polymer can be visualized on x-rays[72]. 

The properties that allow the use of this polymer include its low cost, easy processability, resistance to 

acidic and alkaline solutions, non-polar solvents and aliphatic hydrocarbons, minimal inflammatory 

reactions with tissues, and great fracture resistance [65]. 

 

Chitosan is a natural cationic, and highly basic, linear polymer (polysaccharide) prepared by N-

deacetylation of chitin (Figure 2.4). Chitosan is formed by units of glucosamine e N-acetyl-D-

glucosamine with β(1→4) bonds between them. It is the ratio between these two units that distinguishes 

chitosan from chitin, being that chitosan chains have a content of N-acetyl-D-glucosamine lower than 

50 % - 60 %. The ratio between the two constituent units is called the deacetylation degree (DD)[73]. 

 

 

Figure 2.4: Structure of chitosan with glucosamine (left) and  N-acetyl-D-glucosamine 
(right) [73]. 

Chitosan has unique solubility, and chemical and biological activity, such as biodegradability and non-

toxicity as well as haemostatic, bacteriostatic, fungistatic, spermicidal, anticancerogenic and 

anticholesteremic properties that have attracted attention for uses in biomedicine. Other important 

characteristics of chitosan are its molecular weight, viscosity, DD, crystallinity index and water 

retention value [74][17][75]. This polymer is soluble in acidic solutions with pH<6.5 [17], [74], forming 

gels with several multivalent anions and has a high charge density which allows it to interact strongly 

with negative surfaces [17]. Chitosan can be made into films, fibres and beads as well as powders and 

solutions, having many commercial applications. This versatility made chitosan highly researched, with 

increasing interest [17]. The cationic nature of the polymer attracts negatively charged cytokines and 



13 

 

 

growth factors and is believed to help protect and concentrate cytokines and growth factors secreted by 

local cells and lead to accelerated healing [76]. The coating of chitosan onto metal and metal alloy 

implants has been achieved via several methods such as chemical reactions, electrodeposition, dip-

coating and LbL assembly among others [76].  

 

PCL (Figure 2.5) is a bioresorbable semicrystalline poly(α-hydroxyester). PCL is degraded by 

hydrolysis of its ester linkages in physiological conditions, being this hydrolysis slow due to its high 

crystallinity and hydrophobic nature. The polymer has therefore received a great deal of attention for 

use in long-term implantable devices [18]. 

 

Figure 2.5: Chemical structure of polycaprolactone [18]. 

In addition, PCL is biocompatible, easily processable and does not elicit immune responses which add 

to its potential to be used in bone regeneration applications. The application of PCL and its composites 

in bone tissue engineering has been studied with a variety of PCL products being investigated including 

scaffolds, electrospun and solvent-extracted PCL, loaded PCL scaffolds as well as PCL composites[48], 

[77], [78]. 

 

• Drugs 

Vancomycin (Figure 2.6) is a tricyclic glycopeptide antibiotic produced by the 

actinobacteria Amycolatopsis orientalis discovered in the 1950’s and in clinical use since 1958 [79]. 

This antibiotic is indicated in infections caused by Gram-positive bacteria, especially Methicillin-

resistant Staphylococcus aureus (MRSA), Methicillin-resistant Staphylococcus epidermidis (MRSE) 

and penicillin-resistant pneumococci [20]. 

 
 Figure 2.6: Chemical structure of vancomycin [80].  

 

Vancomycin is a first-line treatment for many bone and joint infections caused by organisms like 

MRSA. However, S. aureus has reduced susceptibility to vancomycin due to its ability to produce 
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biofilms. Furthermore, vancomycin has poor bone penetration[19], [81]. Furthermore, the increased use 

of vancomycin has led to the development of isolates with reduced susceptibility. Therefore, the need 

for new potent antimicrobial agents with MRSA activity is essential[82].  

Daptomycin (Figure 2.7) is a lipopeptides and a novel antimicrobial agent used for the treatment of 

gram-positive infections [82]. It has been used in bone and joint infections and prosthesis joint 

infections considering spectrum of activity and biofilm penetration [81].  

 

Figure 2.7: Chemical structure of daptomycin [83]. 

The agent has activity against multidrug-resistant, gram-positive bacteria such as MRSA, vancomycin-

resistant enterococci (VRE), glycopeptide-intermediate S. aureus (GISA) and penicillin-resistant 

Streptococcus pneumoniae[84] 

 Methods 

2.2.1 Microparticle production 

Microparticles of  PMMA and PMMA together with Eudragit® loaded with Dap and Van were prepared 

using a previously described double-emulsion w1/o/w2-solvent evaporation method [43]. For this, 

solutions were obtained by dissolving PMMA (350 kDa, Sigma Aldrich, USA) or PMMA and Eudragit® 

RL 100 (Evonik Degussa International AG, Spain) in dichloromethane (Fisher Scientific, USA). EUD 

is reported to help encapsulating daptomycin since its addition results in a more positive charge of the 

particle and reduces Dap/PMMA repulsion, increasing the encapsulation efficiency[44]. 

Daptomycin (Cubicin®, 350 mg, Novartis Pharma AG, Switzerland) and vancomycin hydro-chloride 

(Vancomicina Generis 1000 mg, Generis Farmacêutica, S.A., Portugal) were added to a 10 % wt/v PVA 

(13 kDa–23 kDa, 87–89% hydrolysed) solution. All components of the solutions were weighed 

according to Table 2.1. 

Table 2.1: Composition of microparticles produced. 

Microsphere type PMMA 

(mg) 

EUD 

(mg) 

Van 

(mg) 

Dap 

(mg) 

DCM 

(mL) 

PVA (10 % wt/v) 

(mL) 

Vancomycin loaded 125 - 18.75 - 5 1 

Daptomycin loaded 87.5 37.5 - 18.75 5 1 

PMMA drug-free  125 - - - 5 1 

PMMA-EUD drug-free 87.5 37.5 - - 5 1 

 

For all formulations, the PVA solution was added to the PMMA or PMMA/EUD solution and 

homogenized for 3 min using an Ultra-Turrax T10 basic (IKA, Staufen, Germany) at maximum speed 
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(level 6). Afterwards, this solution was added to 30 mL of 1.25 % (wt/v) PVA solution in a 200 mL 

glass beaker and homogenized with a Silverson Laboratory Mixer Emulsifier L5 M (Silverson 

Machines Inc., Chesham, UK) at 9999 rpm for 10 min. This mixture was then left in magnetic agitation 

at 350 rpm for 4 h for solvent evaporation. 

After the total evaporation of the solvent the particles were purified. To do so, 1 mL of sucrose solution 

10 % (wt/v) was added to the polymer suspension and the resulting mix centrifuged (Allegra 64R High 

Speed Centrifuge, Beckman Coulter Inc., Fullerton, USA), for 10 min at 4 ºC and 7500 rpm (5723 g). 

The supernatant was discarded, and the pellet resuspended in 1 mL sucrose 10 % (wt/v) and 20 mL 

filtered sterilized water and centrifuged again with the same parameters. 

The pellet was then resuspended in 5 mL sucrose 0.5 % wt/v and subsequently freeze-dried (Christ 

Alpha 1–4, B. Braun Biotech International, Melsungen, Germany). 

2.2.2 Production Yield 

Particle production yield was obtained by calculating the mass of particles produced after freeze drying 

and comparing it to the initial polymer plus drug mass used for the spheres. 

2.2.3 Encapsulation Efficiency and Drug Loading 

To measure the encapsulation efficiency and drug loading an indirect method was used[44]. This 

method relies in the quantification of the antibiotics in the supernatant (i.e., non-encapsulated antibiotic) 

obtained during particle preparation. This quantification was made by UV-Vis spectroscopy 

(Spectrophotometer U-2001, Hitachi Instruments Inc., Tokyo, Japan) for 3 replicas of each 

microparticle solution: PMMA, PMMA with vancomycin, PMMA+EUD and PMMA+EUD with 

daptomycin. For quantification, calibration curves were made for both drugs at concentrations of 1000 

µg/mL, 500 µg/mL, 250 µg/mL, 62.5 µg/mL, 31.25 µg/mL, 15.63 µg/mL, 7.812 µg/mL, 3.906 µg/mL, 

1.953 µg/mL, 0.9766 µg/mL and 0 µg/ml. 

2.2.4 Particle size  

Particle size was measured after the first centrifugation of the particle cleaning step and before and after 

lyophilization. This was done to both ensure that no microparticles were being lost during the 

centrifugation process and to study the effect of the lyophilization step in particle size. 

The measurements before lyophilisation were made by laser diffraction in a Malvern Mastersizer 2000 

– Hydro SM (Malvern Instruments, Malvern, UK) using ultrapure water as dispersion medium. For this, 

samples were loaded to the sample dispersion unit under constant agitation. The size distribution 

measurements were performed using at least three replicate samples. Size distribution of microparticles 

was characterized using the volume mean diameter. 

After lyophilization the size of the particles was measured by Scattering Electron Microscopy (SEM) 

in a Hitachi 82400 model. For these measurements, a small amount of particles was suspended in 

ethanol and the suspension was dispersed directly over the carbon tape. 

  Substrate treatment 

For all substrates produced in this work, titanium alloy was Grade 5- ASTM B365 (Ti90/Al6V4) and 

the stainless steel was AISI 316L (Fe/Cr18/Ni10/Mo3) in foil form with a thickness of 0.1 mm from 

Goodfellow, England were used. 

First, the substrates were cleaned of any impurities. Stainless steel substrates were cleaned in ultrasound 

baths of water and acetone for 5 min each. Afterwards, they were placed in an oven at 300 ºC for 10 

minutes. Next, they were transferred into ultrasound baths of acetone and water for 10 minutes each. 

Finally, the substrates were submerged in a 0.75 M solution of sodium hydroxide (NaOH) (Labchem, 

Portugal) for 4 min and then rinsed with water and storage for further treatment. 
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For titanium substrates, the metal was placed in an ultrasound bath of ethanol 96 % v/v for 10 minutes 

and then air dried. After the cleaning process, the stainless-steel substrates underwent an 

electropolishing step. 

2.3.1  Electropolishing 

Non-treated cleaned 316L-SS substrates were submerged in a solution of sulfuric acid 98 % (H2SO4) 

(Honeywell, Germany); phosphoric acid (H2PO4) (85 % wt/v,Honeywell, Germany) and ultrapure water 

in a proportion of 2:2:1 v/v and connected to a power source (AIM-TTI Instruments model PL303), 

forming an electrode, being distanced from another electrode, a palladium wire submerged in the same 

solution, by 2.5 cm (Figure 2.8). Using a dip-coater (Silar Dip-coating System with stirrer model HO-

TH-03A), the substrates were dipped 6 times running a cycle that included a dip in the acid solution at 

70 ºC for 60 seconds at 6 V, followed by a dip in ultrapure water at room temperature for 5 seconds 

(protocol adapted from [85]). The substrates were then cleaned in ultrapure water and acetone, and then 

air dried and stored for future treatment.  

 

 

Figure 2.8: Setup used for electropolishing showing: dip coater, power source, 
electropolishing solution with a substrate in it and crocodiles connecting the substrate 
and power source (red and black wires). 

2.3.2   Electrochemical etching 

For all electrochemical etchings, 316L-SS substrates and a palladium wire were connected to a power 

source, serving as electrodes, and kept at 2.5 cm (Figure 2.9). The two electrodes were then dipped into 

one of the several etching solutions and the power source was turned on. The power source (AIM-TTI 

Instruments model PL303) was set at 0.5 A, and the etching process ran for 12 minutes (adapted from 

[86]).  

The etching solutions used were: 1) Piranha solution, with a ratio of 2:1 (v/v) of hydrogen peroxide 130 

volume (H2O2) Labchem, Portugal) and sulfuric acid 37 % (v/v) (Labchem, Portugal); 2) HCL 18.5 % 

(v/v) (Honeywell, Austria); 3) H2SO4 32.3 % (v/v) (Honeywell, Germany). 

The etching solutions were placed in an ice bath during the etching process to avoid overheating and 

boiling, reducing bubble formation and resultant overflow. 
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Figure 2.9: Setup used for electrochemical etching showing the etching solution in an 
ice bath, a 316L-SS substrate and palladium wire submerged in it and connected to a 
power source (not shown in the picture) by crocodiles (red and black wire). 

2.3.3 Acid Etching 

Acid etching is another process for chemical surface treatment of metals in which metallic 

contaminations on the surface are removed using an aqueous solution of an acid. Hence, acid etching 

can be used for natural oxide layer removal and formation of a new, thin and homogenous layer[87]. 

The etching of the stainless-steel substrates was made using a method of immersion in a HCl 37% v/v 

(10 N) and 18.5 % v/v (5 N) solutions (adapted from [86]). For this, the substrate was first washed, as 

previously described, and then submerged in the acid for 2 h, 1 h and 30 min, 1 h, 45 minutes and 30 

minutes. After removal from the acid the substrates were cleaned with ultrapure water. 

2.3.4  Mechanical abrasion 

For mechanical abrasion, the substrates were treated with sandpaper (1000 grit, Dexter). The sandpaper 

was passed in the surface 100 times in vertical, horizontal and circular directions (Figure 2.10). The 

same process was employed in Ti-6Al-4V substrates that then proceeded to a salinization process. 

 

 

Figure 2.10: Diagram of mechanical abrasion showing horizontal, vertical and circular 
motions (from left to right). 

After the several treatments the 316L-SS substrates were cleaned for 15 minutes in sequential 

ultrasound baths of ultrapure water, ethanol (96 % v/v) and toluene (Carlo Erba, France). Afterwards 

all substrates were placed in a vacuum chamber at 70 ºC and -1 bar for 90 minutes, being then the 

temperature lowered to room temperature and the samples removed from vacuum and stored for further 

use. 
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2.3.5  Silanization 

Silanization is a low-cost methodology to modify surfaces that are rich in hydroxyl groups (-OH), such 

as metal oxide surfaces. The binding of silicon-based molecules to metals occurs because the -OH can 

form a stable bond to silicon (Si) atoms. Silane compounds are used in the modification of biomedical 

implant surfaces because titanium, stainless steel, and cobalt–chromium alloys readily form oxide 

surfaces that are naturally rich in hydroxyl groups, for instance, an amine-ending silane, 

aminopropyltriethoxysilane (APTES), has been investigated as a way to attach many different 

compounds, including enzymes, proteins, and chitosan to medical implant alloys [76]. 

Ti-6Al-4V was cut to pieces of with sizes of 1 cm by 1.2 cm, cleaned and treated with mechanical 

abrasion as previously described. The substrates were then taped to a glass crystallizer with tape. The 

crystallizer was inverted and placed over two petri dishes containing 2 mL of ammonium (25 % v/v, 

Labchem, Portugal), and 2 mL of tetraethyl orthosilicate (TEOS) (98 % v/v, Aldrich, China) (Figure 

2.11). 

 

Figure 2.11: Silanization setup showing ammonium, TEOS and substrate position. 

The substrates were left in the crystallizer for 24 hours and then stored for further examination and use. 

The same procedure was repeated inside an argon (Ar) filled container (Figure 2.12). The reaction was 

left to occur for 24 hours. 

 

  

Figure 2.12: Recipient used for silanization in Ar atmosphere with detail on TEOS and 
amonium recipients on the right. 

The procedure in Ar atmosphere was repeated with 2 mL of APTES (Millipore, Germany) instead of 

TEOS. In a different process, the substrate was dipped in TEOS or APTES and then placed in the Ar 

chamber that contained the ammonium. 

In another method, Ti substrates were placed for 5 min in sequential ultrasound baths of ultrapure water, 

ethanol (96 % v/v) and acetone (99 % v/v). After this, the samples were placed in piranha solution (1:3 

v/v H2O2/H2SO4 ) for one hour, in a passivation step, and then proceeded to one of the silanization 

methods described above. 
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 Polymeric Solutions 

2.4.1 PMMA 

To produce the polymeric solutions, PMMA (Sigma Aldrich, Germany, 350 kDa) was dissolved in a 

solvent solution of acetone (≥99.5% Honeywell, Germany) and dimethylacetamide (DMAc) (Carlo 

Erba, France), in a ratio of 2:1 v/v to obtain a solution of PMMA 12 % (wt/v). The solution was kept 

under magnetic agitation at 35 ºC overnight. This solution was diluted to concentrations of 6 % (wt/v) 

and 3 % (wt/v). Another PMMA solution was obtained by dissolving the polymer in DCM (Carlo Erba, 

France) in ratios of 1:5 (wt/v), 1:20 (wt/v) and 1:40 (wt/v) being the solutions agitated overnight at 

room temperature. 

For the drug and microparticle loaded films, to the solutions above of the lowest concentrations (3 % 

wt/v and 1:40 wt/v), the drugs and particles produced were added in a ratio of 2.5 % wt to the polymer 

mass. 

2.4.2 Chitosan 

For different chitosan solutions (Table 2.2), low molecular weight chitosan (Aldrich, Iceland) was 

dissolved in the respective solvent and stirred with magnetic agitation until the solution was 

homogeneous. 

The solvents used were ethanol (Honeywell, Germany, ≥99.8 %), acetic acid (HAc) (Sigma-Aldrich, 

Germany, ≥99.7 %) and ultrapure water. All solutions were kept under magnetic agitation overnight 

and then kept in a flask sealed with parafilm. 

Table 2.2: Chitosan solutions used throughout the study. 

Solution Concentration (% wt/v) Solvent 

A 3 HAc 90 % v/v 

B 0.5 HAc 1 % v/v  

C 0.5 50 % HAc 1 % v/v and 50 % Ethanol 

E 0.04 50 % HAc 1 % v/v and 50 % Ethanol 

2.4.3 PCL 

Several PCL solutions (Table 2.3) were produced by the addition of PCL (Sigma-Aldrich, UK, 80 kDa) 

to different solvent systems composed of acetone (Honeywell, Germany, ≥99.5 %), DMAc (Carlo Erba, 

France) and dichloromethane (Carlo Erba, France). For this the desired quantity of polymer was added 

to the solvent and then stirred overnight under magnetic agitation at 35º C for solvent systems composed 

of acetone and DMAc and at room temperature for systems with DCM. 

Table 2.3: PCL solutions used throughout the study. 

Solution Concentration (% wt/v) Solvent 

A 3  Acetone 

B 6  2:1 (v/v) Acetone/DMAc 

C 13 DCM 

 

Solutions B was diluted to concentrations of, 0.75 % (wt/v), 1.5 % (wt/v) and 3 % (wt/v). Solution C 

was diluted to concentrations of 1.95 % (wt/v) and 0.1 % (wt/v). 

  Film deposition - Dip-coating 

For all dip-coating procedures a Silar Dip-coating System with Stirrer model HO-TH-03A was used 

(Figure 2.13).  
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Figure 2.13: Dip-coating setup used for film deposition showing polymeric solutions 
and a 316L-SS substrate with a representative diagram to the right. 

PMMA, chitosan and PCL solutions were used, and polymer concentration and solvent were changed. 

Dip-coating parameters, such as retrieval speed, dip duration, drying time between depositions, and 

washing steps between depositions were also altered. Films were produced with single layers, 

deposition of alternating polymer layers, and superimposing layers of the same polymer. 

 Characterization techniques 

2.6.1 Optical microscopy 

Optical microscopy (OM) is one of the oldest techniques used in biomedicine to study specimens or 

samples. Optical microscopes consist of a set of lenses that focus the image of a sample and a light 

source to illuminate the sample, that is usually placed on a glass slide, between the illumination source 

and the lenses[88]. Several adaptations can be made to a microscope to improve their qualities giving 

space for a better resolution of the image obtained, that can either be observed directly, or through a 

computer connected to the microscope[88].  

For this analysis, the samples were placed directly in the slide support of a Leica DMi8 inverted 

microscope and the images were obtained in reflective mode. This technique was used in preliminary 

analysis of substrate surface and film depositions. 

2.6.2 Micrometre measurements 

Thickness of the films produced were measured using a digital micrometre (Mitutoyo, Japan). For this 

the sample was placed between two acetate sheet pieces and thickness measured (Figure 2.14). The 

acetate and metal thicknesses were measured and subtracted to obtain film thickness. 
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Figure 2.14: Setup used to measure film thickness showing the placement of 
micrometre clamps, acetate sheet and sample. 

2.6.3 Atomic Force Microscopy (AFM) 

AFM is a technique that produces topographic images of a surface by the movement of a tip in the 

surface of a sample. images are obtained by measurement of the force on a sharp tip created by the 

proximity to the surface of the sample. This force is kept small and at a constant level with a feedback 

mechanism, then, as the tip is moved sideways it will follow the surface contours[89]. 

Characterization of the surface morphology of the stainless steel before and after the several treatments 

was performed with the Atomic Force Microscope of WITec Alpha 300 RAS confocal spectrometer. 

The cantilever was operated with an WITec Arrow Al coated probe in tapping mode at 75 kHz and 

constant load of 2.8 N/m. Sections of 30 µm2 were analysed to acquire values of average roughness and 

morphological and 3D maps of the samples.  

2.6.4 SEM and EDS 

SEM is an electronic microscopy that allows us to obtain a topological image and relative composition 

of a sample. This is made by way of a focused electron beam which will interact with the sample. When 

they interact with the sample, electrons will scatter, and a detector will receive the signals corresponding 

to this interaction and an image is formed on a computer [90]. Samples of the steel after the several 

treatments as well as samples of the Ti after several silanization processes were analysed using SEM 

(Hitachi model 2400) and Energy-dispersive X-ray spectroscopy (EDS) (Hitachi model 2400) to obtain 

images of the surface of the samples and to verify the presence of chemical groups at the surface of the 

metals provided by the several treatments. For the Ti substrates the Si content was observed to verify 

which of the several treatments was more effective. 

Films of chitosan and PCL prior to and after peel-off studies were also analysed, namely, 6 bilayer films 

of chitosan/PCL loaded with the microparticles produced, Dap or Van as well as unloaded, 1 bilayer 

film of chitosan and PCL and 6 bilayer films of chitosan and PCL loaded with Dap, Dap loaded 

microparticles and unloaded after peel-off studies. For these, small sections of the samples were cut and 

placed on a SEM disk using carbon tape and then another stripe of carbon tape was placed over the film 

samples to allow electron flow from the top of the samples partially to the disk and thus improve image 

quality (Figure 2.15). 

Samples of the produced microparticles, PMMA were also analysed. For these samples, a small amount 

of microparticles was suspended in ethanol (96%) and then the suspension placed directly atop the 

carbon tape (Figure 2.15) The samples were then covered in a gold/palladium (Au-Pd) coating before 

analysis.  
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Figure 2.15: SEM disk with samples on carbon tape (black stripes) showing 
microparticle (I to IV) and film (1 to 12) samples. 

2.6.5 Raman spectroscopy 

Raman spectroscopy is a non-destructive chemical analysis technique that provides information about 

vibrational energy and molecular structures. For this, Raman uses a monochromatic light source to 

strike a sample, this light will be scattered by the sample and generates light of either the same (elastic 

scattering) or a different (inelastic scattering) energy from the incident one. From the inelastic scattering 

it’s possible to have information about the chemical composition of the sample[91]. 

Raman spectroscopy was used to analyse access the presence of daptomycin and vancomycin in the 

microspheres and films obtained. The films analysed were those of 6 bilayers of chitosan/PCl loaded 

with the microparticles produced, with Dap and with Van as well as unloaded. Analysis of chitosan, 

PCL, PMMA, Dap and Van were also performed to use as comparison for the spectra of the films. 

Maps of the distribution of the compounds in an area of 5 µm2 for the microsphere loaded films were 

also made. All analysis was performed in a Confocal Raman spectrophotometer (Witec Alpha 300 RAS) 

using a laser of 532 nm and a power of 30 mW. 

2.6.6 Peel-off 

Film adhesion was tested by the peel-off method[92] (Figure 2.16). For a first analysis, a 90º peel-off 

test was preformed manually, verifying the existence of detachment of the film from the substrate. A 

later analysis was made at 180º. 

 

 

Figure 2.16: 90º (left) and 180º (right) peel-off test diagram showing: grey) substrate; 
blue) film and yellow) tape with peel direction indicated by black arrows. 

For 180º test, the film was covered with tape and the tape pulled off at a constant force using a traction 

machine (20 N load cell Rheometric Scientific uniaxial machine operable with the "Minimat" software 

(Minimat Control Software Version 1.60 February 1994 (c) P.L. Thermal Science 1984-94 Rheometric 

Scientific Ltd.). For all peel-off tests, the tape used was Tesa® Basic Packaging Tape-58572 and was 

fixed to the moving claw (Figure 2.17). 
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Figure 2.17: System used for 180º peel-off tests showing a substrate and tape clamped 
to the machine as it moves (direction of the red arrow) and representative diagram in 
the right. 

Peel-off forces are given by the interception of the linear fit with a slope of 0 of the linear part of the 

load vs. extension plot that is parallel to the x axis (Figure 2.18 B)[93]. 

 

 

Figure 2.18: Peel-off curves for three replicas of films made with chitosan 0.5% wt/v 
in 50 % (v/v) ethanol and 50 % (v/v) HAc 1 % (v/v) (A) and representative linear fit of 
the second replica (B). 

2.6.7 Degradation 

For degradation studies, films of chitosan and PCL were made by a casting method[94]. For this, 

approximately 200 mL of a chitosan solution with a polymer concentration of 0.1 % wt/v in a solvent 

system composed of 50 % v/v absolute ethanol and 50 % v/v HAc 1 % v/v, and a PCL solution with a 

polymer concentration of 0.1 % and DCM as solvent were poured into plastic and glass petri dishes 

respectively and then left uncovered in a fume hood overnight so the solvent would evaporate. The 

films obtained were then cut in pieces with similar areas that were then placed in a falcon tube and 

submerged in 10 mL of simulated body fluid (SBF) at 37 ºC adjusted to pH values of 8, 7.4, 7, 6.5, 6, 

5.5, and 5. 3 replicas were made for each pH value. After submersion, the films were cleaned in 

ultrapure water to remove any salt residues and then dried in an incubator at 40 ºC until completely dry 
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(protocol adapted from [95]). The films were then weighted, and the mass compared to that obtained 

before submersion to ascertain mass variation. 

2.6.8 Swelling 

For swelling studies, a similar procedure to that of degradation was done, with only the surface of the 

samples being dried with paper before weighing them. The swelling studies occurred at 37 ºC under 

orbital agitation in a Comecta Optic Ivymen® S2000 system for a total period of 1 week. Samples were 

weighed before and after the swelling process as to assess the mass variation (protocol adapted from 

[96]). 

 Drug release 

2.7.1 Calibration curve 

To do the drug release study first there were made several solutions of daptomycin and vancomycin in 

SBF to produce calibration curves for 3 pH values: 7.4, correspondent to the normal physiological pH 

value, 5.5 correspondent the value of pH existent in a stage of infection and 6.5, a pH value between 

the two to verify if the changes in drug release occurred in a linear fashion. For both drugs the 

concentrations studied were of 0.666 mg/mL, 0.5 mg/mL 0.333 mg/mL, 0.25 mg/mL, 0.1665 mg/mL, 

0.125 mg/mL, 0.08325 mg/mL, 0.0625 mg/mL, 0.03125 mg/mL, 0.01563 mg/mL, 0.00781 mg/mL, and 

0.00391 mg/mL. 

The solutions were analysed with UV-Vis spectroscopy in photometry mode and calibration curves 

were made to study the dependence of the absorbance in function of the drug concentration for the peaks 

observed in the spectra of a sample of drug release for both drugs: 225 nm, 236 nm and 282 nm for 

vancomycin and 225 nm, 261 nm, 282 nm, 289 nm, and 362 nm for daptomycin.  

  

•  Simulated body fluid (SBF) 

 

The SBF solution was made following a protocol[97] that consisted upon the addition of several 

compounds (Table 2.4) into ultrapure water at room temperature in a 1 L glass flask under magnetic 

agitation creating a vortex. After the addition of the several compounds, the solution’s pH was adjusted 

to 7.4 (or other needed pH values) with a HCl 1 M. The SBF was then stored in a refrigerator. 

Table 2.4: Simulated body fluid composition in order of addition (from top to bottom). 

Compound Formula Mass (g) 
Sodium chloride  (Sigma-Aldrich, Germany) NaCl 6.547 
Sodium carbonate (PanReacAppliChem, Germany) NaHCO3 2.268 
Potassium chloride (Scharlau, Spain) KCl 0.373 
Sodium phosphate dibasic dihydrate (Fluka Analytical) Na2HPO4·H2O 0.178 
Magnesium chloride hexahydrate (PanReacAppliChem, Germany) MgCl2·6H2O 0.305 
Hydrochloridric acid (1 M) HCL 15 mL 
Calcium chloride dihydrate (Sigma-Aldrich, Germany) CaCl2·2H2O 0.368 
Sodium sulphate (Sigma-Aldrich, Germany) Na2SO4 0.071 
Tris(hydromethyl)aminomethane (Sigma-Aldrich, USA) (CH2OH)3CNH2 6.057 

2.7.2 Drug Release profile  

For the drug release profile studies, substrates coated with Chi/PCL films produced placed inside 4 mL 

screw cap plastic vials and submerged in 500 µL of SBF at a pH of 7.4, 6.5 and 5.5 at room temperature 

for determined periods of time. The absorbance of the release medium was analysed by UV-VIS 

spectroscopy (T90+ UV/VIS Spectrometer from PGInstruments Ltd. with a Rotilabo® quartz cuvette 

with a path length of 1 cm and a maximum volume of 0.7 µL).  New SBF was added to the vials each 
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time the SBF with the released drug was removed, to avoid the saturation of the release medium with 

the drug (Figure 2.19). This analysis was made for 5 replicas of several film: 6 bilayers of chitosan/PCL 

loaded with Dap, Van or the microspheres produced. The study was conducted for a total period of 96 

hours (protocol adapted from [78]). 

 

Figure 2.19: Steps for drug release studies showing the substrate inside a vial and: 1) 
addition of new SBF; 2) the removal of SBF and subsequent UV-Vis analysis and 3) 
addition of new SBF in the same vial. 

The UV-Vis spectroscopy analysis was made in the photometry mode at the same wavelengths used to 

build the calibration curves mentioned above. 
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3 Results and discussion 

In this chapter the results of particle and film production and analysis will be presented. First it will go 

over microsphere production and analysis, referring to morphological aspects and drug encapsulation 

and release. From there it will overview the preparation and analysis of metal surfaces for film 

deposition, first for stainless steel, and then for titanium. Subsequently, it will discuss film deposition 

optimization, providing information on film morphology, chemical composition, and physical 

properties such as swelling and degradation rates. Apart from showing the results obtained this chapter 

also tries to provide the reader with the logic used to make the several choices that culminated in the 

final object. 

 Production of PMMA microspheres 

During microsphere production, encapsulation efficiency, drug loading and particle size were analysed. 

For the first two, firstly, solutions at specific concentrations of Dap and Van were analysed by UV-Vis 

spectroscopy. The absorbances obtained (Appendix A) were used to calculate the drug concentration 

by use of a calibration curve (Figure 6.1 in Appendix B). 

The several linear fits obtained (Table 3.1) show that the quantification of vancomycin cannot be done 

at a wavelength of 365 nm since at this wavelength, no concentration has a significant absorbance value. 

This drug should be quantified at a wavelength of 230 nm where the slope is larger and therefore, the 

absorbance changes the most for different concentrations. By using this wavelength, even if the change 

in concentration is very small, a shift in the absorbance should be noted. As for daptomycin, all 

wavelengths could be used. Because for 365 nm vancomycin has no notable absorbances, this 

wavelength should be used, as to make sure the absorbances measured correspond to the drug being 

analysed. 

Table 3.1: Equation and R2 values for calibration curves of Dap and Van at several 
wavelengths. 

 Vancomycin Daptomycin 

Wavelength (nm) Equation R2 Equation R2 

230 y=0.02746x+0.0771 0.99338 y=0.01716x+0.05425 0.99738 

260 y=0.00108x+0.02587 0.99267 y=0.00659x+0.02397 0.99179 

280 y=0.00394x+0.03407 0.99427 y=0.0042x+0.00572 0.99577 

365 y =5.05113E-6x+0 .00281 0.02 y= 0.0031x+ 0.01061 0.99451 

3.1.1 Encapsulation Efficiency 

Encapsulation efficiency (EE) and drug loading (DL) were calculated from the supernatant obtained 

during the washing step of sphere production, composed from sequential centrifugations of the 

microsphere solutions. To calculate the amount of drug contained in the supernatant, samples of 200 

µL of it were analysed with UV-Vis spectrometry (Appendix A) and drug quantification of these 

samples was done using the above-described calibration curves. 

Encapsulation efficiency refers to the amount of drug present in the particles and is expressed as the 

percentage of encapsulated drug compared to the initial amount used for particle preparation (Equation 

3.1).  This amount was calculated by analysing the supernatant from the cleaning step of particle 

production (Table 6.2 and Table 6.5 in Appendix A) and quantification of drugs present in this 

supernatant (ie, non-encapsulated antibiotic). It was assumed that the drug encapsulated corresponded 

to the total drug minus the drug left in the supernatant (Equation 3.2) 

 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑑𝑟𝑢𝑔 = 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠 − 𝑠𝑢𝑝𝑒𝑟𝑛𝑎𝑡𝑎𝑛𝑡 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠              (3.1) 
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𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝐷𝑟𝑢𝑔

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐷𝑟𝑢𝑔
∗ 100                       (3.2) 

 

Taking the concentrations of daptomycin at a wavelength of 365 nm and of vancomycin at a wavelength 

of 230 nm (Table 6.6 and Table 6.9 in Appendix A), and making the average from the several replicas, 

it is possible to conclude over the approximate encapsulation efficiency (Table 3.2). 

Table 3.2: Drug mass added to the particle formulations and concentration found in 
supernatant as well as EE values obtained for Dap and Van loaded microparticles. 

 
Drug 

Concentration 

(mg/ml) 

Vol. 

(mL) 

Supernatant 

drug (mg) 

Initial 

drug 

(mg) 

Supernatant 

drug (%) 

Encapsulation 

Efficiency (%) 

Dap 0.16 ± 0.07 32 0.52 ± 0.23 18.75 2.80 ± 1.20 97.20 ± 1.20 

Van 0.12  ± 0.07 32 0.39 ± 0.007 18.75 2.11 ± 0.04 97.89 ± 0.04 

 

These values are in accordance to the literature, where Van loaded microparticles (PMMA-Van) have 

a EE of 91.1 ± 0.7 % and Dap loaded microparticles (PMMA-EUD-Dap) of 95.6 ± 1.2 %. 

3.1.2 Drug Loading 

For the loaded microparticles, values of EE, particle mass and initial drug mass were used to calculate 

the DL (Formula 3.3) 

 

𝐷𝑟𝑢𝑔 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 =
𝐸𝐸∗𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠

𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑚𝑎𝑠𝑠
∗ 100               (3.3) 

 

The DL values obtained (Table 3.3) are of 21.64 ± 0.67 for Dap and of 22.55 ± 2.73 for Van which are 

almost double of those reported for this process that are of 12.4 ± 0.3 and of 11.9 ± 0.1 respectively[44]. 

Table 3.3: DL values obtained for microparticle production. 

Drug Vial Initial drug mass (mg) Microparticle mass (mg) EE (%) Drug Loading (%) 

Van 4 18.75 88 99.6228 21.2264 

5 18.75 89 99.6228 20.9879 

6 18.75 83 99.6228 22.5052 

Dap 10 18.75 94 99.9078 19.9284 

11 18.75 87 99.9078 21.5332 

12 18.75 71 99.9078 26.3841 

3.1.3 Particle production yield 

Particle production yield was obtained by calculating the mass of particles produced and comparing it 

to the initial polymers and drug mass used (Formula 3.4) for the unloaded spheres. 

 
𝑚𝑖𝑐𝑟𝑜𝑠𝑝ℎ𝑒𝑟𝑒 𝑚𝑎𝑠𝑠

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 𝑚𝑎𝑠𝑠+𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑚𝑎𝑠𝑠
∗ 100                                             (3.4) 

 

Taking this formula and applying it to the microparticles produced one can see that the yields are mostly 

consistent with values between 49 % and 65 % except for vial 3 (Table 3.4). 
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Table 3.4: Values of drug and particle mass as well as particle production yield. 

Vial IP mass (mg) Dr mass (mg) µS mass (mg) Yield (%) 

1 125 0 76 60.80 

2 125 0 76 60.80 

3 125 0 11 88.00 

4 125 18.75 88 61.22 

5 125 18.75 89 61.91 

6 125 18.75 83 57.74 

7 125 0 446 356.80 

8 125 0 76 60.80 

9 125 0 77 61.60 

10 125 18.75 94 65.39 

11 125 18.75 87 60.52 

12 125 18.75 71 49.39  

Vials 1-3) unloaded PMMA microspheres; Vials 4-6) PMMA-Van 

microspheres; Vials 7-9) Unloaded PMMA-EUD microspheres; Vials 10-

12) PMMA-EUD-Dap microspheres; IP-initial polymer; Dr-drug added; 

µS-microspheres 

3.1.4 Particle size 

Particle size was measured at several stages of the particle production process: after the first 

centrifugation, after both centrifugations, and after lyophilization. This was done to both ensure that no 

microparticles were being lost during the centrifugation process and to study the effect of the 

lyophilization step in particle size. 

 

Observing the drug free PMMA particle size distribution before and after one centrifugation (Figure 

3.1), it is possible to note an absence of particles in the micrometric range after the centrifugation 

process (Figure 3.1 B). Being that the solution analysed is the supernatant of the particle suspension, 

one can then conclude that no microparticles are being lost in the centrifugation process, since they are 

all in the pellet that is later resuspended for lyophilization and not in the supernatant which is discarded. 

It is also possible to see a significant concentration of particles in the nanometric range in the suspension 

(Figure 3.1 A), indicating a loss of polymer, and possibly a loss of drug during this process. 
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Figure 3.1: Particle size distribution of a sample of drug-free PMMA particle 
suspension before (A) and after (B) a centrifugation step at 7500 rpm for 10 minutes. 

When looking at the unloaded PMMA/EUD (PMMA-EUD) particles before lyophilization (Figure 3.2), 

it is possible to note an aggregation of the particles occurring during the time between measurements 

(during a period of 34 minutes), indicating that the suspension is not very stable. This is observed by 

the appearance of two populations in plot B, which show an increase of the concentration of particles 

with sizes of about 1 µm and the decrease of the concentration of particles with sizes of around 100 nm 

when compared to plot A. In plot C this aggregation is further accentuated by the addition of a third 

population, with particle sizes of approximately 100 µm. 
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Figure 3.2: Particle size distribution of 3 replicas of PMMA-EUD particles in order of 
time of measurement from top to bottom with a 34 minute gap between first and last 
measurements. 

Aggregation is also visible in the PMMA-EUD-Dap particles (Figure 3.3), indicating that the probable 

cause for this aggregation is the EUD, and that Dap does not seem to stabilize the particles. It is however 

important to note that two replicas were joined as to obtain the minimum laser obscurity needed for 

analysis and aggregation can be present only in one replica due to an error in the particle production. 
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Figure 3.3: Particle size distribution for three replicas of PMMA-EUD-Dap particles 
with a 35 minutes gap between the first (A) and last (B+C) measurement. Samples B 
and C have been joined to reach the minimum laser obscurity needed. 

When looking at PMMA-Van microparticles (Figure 3.4), aggregation is not seen for the same time 

lapse between measurements. Instead, the nanometric and micrometric populations stay mostly 

unchanged, showing a higher stability of these particles when compared to their EUD containing 

counterparts. 
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Figure 3.4: Particle size distribution of three replica of PMMA-Van particles with a 37 
minute gap between the first (A) and the last (C) measurement. 

After lyophilisation, the particle size was measured by SEM (Figure 3.5). 

 

Figure 3.5: SEM micrographs of the microspheres obtained showing: A) PMMA, B) 
PMMA-Van, C) PMMA-EUD, D) PMMA-EUD-Dap microspheres. 
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Using ImageJ software, the particle size was measured (Table 3.5), and an average diameter obtained 

for 30 measurements of each kind of sphere (Figure 6.2 in Appendix 0). 

 

Table 3.5: Microparticle size obtained after lyophilization (mean ± SD; n=30) 
comparing both experimental and literature values. 

 Diameter (µm) 

Particle Experimental Literature [44] 

PMMA 1.29 ± 0.13 1.69 ± 0.04 

PMMA-Van 1.15 ± 0.28 1.50 ± 0.21 

PMMA-EUD 0.96 ± 0.25 1.23 ± 0.09 

PMMA-EUD-Dap 0.68 ± 0.11 1.34 ± 0.3 

 

The sizes obtained show that while PMMA, PMMA-Van and PMMA-EUD values are in accordance to 

those reported, the PMMA-EUD-Dap spheres have a lower diameter than expected. It is also possible 

to note that the particles produced show a higher diameter dispersion than those of the literature [44]. 

  Film optimization - 316L-SS Treatment 

Starting with stainless steel, the sheet purchased was cut into rectangles and then washed, to remove 

oils and other residues from the surface. Afterwards, put through an electropolishing step, smoothing 

and cleaning the metal surface. The polished steel did not allow film deposition, therefore, several 

treatments to the surface were made. For this, the steel was treated with acid etching, by submersion in 

HCl, electrochemical etching, with HCl, H2SO4 and piranha solution, and mechanical abrasion, to see 

which treatment led to the best film adhesion and was therefore the most appropriate for film deposition. 

3.2.1  Electropolishing 

OM and SEM were used to observe the surface of the 316L-SS after electropolishing (Figure 3.6).  

 

  

Figure 3.6: SEM micrograph (A) and OM image (B) of a 316L-SS substrate after an 
electropolish step as described above. 

In both analysis it can be seen that the surface presents as very smooth, as it is to be expected, since the 

purpose of electropolishing is to both smoothen out the metal and remove any contaminants in the metal 

surface [98]. The sample of polished steel was also analysed by AFM technique (Figure 3.7 and Figure 

6.3 in Appendix D) to obtain a value of the roughness of the steel surface after the treatment and verify 

its effectiveness. 
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Figure 3.7: AFM images of 316L-SS sample A) before and B) after an electropolishing 
step. 

The average value of roughness obtained after the electropolishing of the metal is of 46.4 nm, which 

lies within the range of roughness values obtained for different electropolishing treatments, albeit, being 

slightly high [85]. This value shows a decrease of average roughness, that changes from 93.9 nm before 

the electropolishing step to 46.4 nm after it, corresponding to a roughness decrease of 51.6 %, indicating 

that the treatment used is effective in the smoothing of the metal surface. This phenomenon is 

denominated anodic levelling and results from difference in the dissolution rate of metal ions released 

from erosion between peaks and valleys on the surface (Figure 3.8), that leads to different current 

distribution and corrosion rates.  

 

Figure 3.8:  Schematic of anodic dissolution showing: A) bulk solution, B) adsorbed 
shielding molecules, C) Salt-Solution layer, D) metal ion layer and E) metal surface 
(taken from [99]) 

The decreases of roughness observed are smaller than the micrometre scale and attributed to an effect 

called anodic brightening. This effect requires the metal dissolution to be mass-transport-controlled and 

the formation of a precipitated salt layer at the electrode surface. The salt layer is needed to suppress 

the influence of crystallographic orientation and surface defects on the dissolution process. Usually, a 

fine electropolished surface of metals, results from a combination of levelling (changes of roughness 

within the micrometre scale) and brightening [99]. 

Since after the electropolishing step the polymeric solutions did not adhere to the metal, several surface 

treatments were studied.  
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3.2.2 Acid Etching 

A first treatment consisted in acid etching with HCl. For this, the substrates were submerged in HCl at 

concentrations of 37 % v/v or 18.5 % v/v for times from 30 minutes to 2 hours. 

From the acid etching process in the 316L-SS substrates (Figure 3.9) it can be noted that by using a 

concentration of 37 % the grain boundaries are exposed from 45 minutes up to 2 hours, being that the 

acid appears to corrode the metal from these areas, since the lines that define grain boundaries become 

thicker with longer immersion times. By using HCl 18.5 % v/v the same assessment cannot be made 

since grain boundaries are not as clearly shown. Instead, the surface seems to be more evenly eroded, 

without a clear area or zone where corrosion seems more intense. 

 

Figure 3.9: 316L-SS surface after acid etching with 1) HCl 37 % v/v and 2) HCl 18.5 
% v/v, for A) 30 min, B) 45 min, C) 1 h, D) 1 h and 30 min and E) 2 h. 

Analysing the samples with AFM (Figure 3.10 and Figure 6.5 in Appendix D) one can conclude on the 

average roughness of the samples. Starting with the immersion in HCl 37 % v/v, it can be confirmed 

that the corrosion occurs at a higher degree in the grain boundaries. As immersion time increases the 

roughness increases and the grains become more defined, as was visible in the OM images. The grain 

surface becomes smoother as time increases which shows that the corrosion is happening in both the 

grain boundaries and the grain surface. When looking at the treatment done with HCl 18.5 % v/v the 

grain boundaries do not change as much, instead, the surface seems to be smoothened out, with the 

whole surface appearing to be etched equally. 
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Figure 3.10: AFM image of a section of a sample of 316L-SS submerged in: 1) HCl 37 
% v/v 2) 18.5 % for A) 30 min, B) 45 min, C) 1 h, D)1 h and 30 min, E) 2 h. 
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Taking the average roughness values and plotting them versus the immersion times (Figure 3.11) it is 

possible to observe that time affects roughness more for higher acid concentrations. At a concentration 

of 37 % v/v, the roughness increases by 400 % within 2 hours, whereas for an acid concentration of 

18.5 % v/v the increase is only of 160 %. 

 

Figure 3.11: Plot of roughness vs immersion time in HCl 37 % v/v and HCl 18.5 % v/v. 

As for the thickness of the obtained substrates (Figure 3.12 and Figure 6.7 and in Appendix D), one can 

conclude that immersion time seems to affect very little the thickness obtained for both acid 

concentrations used. 

 

 

Figure 3.12: Thicknesses obtained for the several immersion times of 316L-SS in HCl 
37 % v/v and HCl 18.5 % v/v. 
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When comparing the results for both concentrations, it is possible to observe that the average 

thicknesses are very similar. From the standard deviations, it is also possible to note that a higher 

concentration of acid leads to less homogeneous surface and that the acid treatment leads to a decrease 

of substrate uniformity when compared to the non-treated steel, which is to be expected since acid 

increases surface rugosity. To conclude, the acid concentration affects the rugosity more than the 

immersion time, and it leads to different corrosion patterns. As such, to change surface rugosity it would 

be better to alter acid concentration. 

3.2.3 Electrochemical etching 

• Hydrochloric acid 

Electrochemical etching step done with HCl solutions (Figure 3.13) shows to increase the roughness in 

the substrate, affecting both the submerged portion of the substrate and the surface above the solution, 

which meets acid vapour. 

 

 

 

 

Figure 3.13: Effects of electrochemical etching with HCl 18.5 % v/v showing: A) non-
treated area, B) area affected by acid vapours and C) submerged area. 

The electrochemical etching with HCl 18.5 % v/v at 0.5 A (Figure 3.14 A) resulted in a rough surface. 

This same process performed after a polishing step resulted in a similar result, indicating that the 

polishing step does not significantly change the corrosion of the surface. This shows that the polish step 

can be absent from the substrate treatment, thus simplifying the process. Comparing these results to 

those of acid etching, in the surface of the substrate submerged in HCl 37 % v/v for one hour (Figure 

3.14 B), the grain limits are seen but no cavities are present, showing a smoother surface.  
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Figure 3.14: OM image of the surface of 316L-SS substrates after: A) electrochemical 
etching in HCl 18.5 % B) Immersion in HCl 37% v/v for 1 h 1) after a polishing and 2) 
without a previous polishing step. 

The obtained SEM and AFM results for these samples (Figure 3.15 and Figure 6.5 in Appendix D), it 

is possible to see a general corrosion of the surface. In this process a roughness of 334 nm was obtained. 

 

Figure 3.15: AFM image (A) and SEM micrograph (B) of 316L-SS electrochemical 
etched by HCl 18.5 % v/v. 

The same sample was also analysed by SEM-EDS technique (Figure 3.16) to assert if the treatment left 

any chemical groups in the surface that could influence film adhesion.  
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Figure 3.16: EDS with the several elements and relative intensities of a sample of 316L-
SS after electrochemical etching by HCl at 18.5 % v/v. 

Several peaks can be found correspondent to the metal from the substrate, such as Fe, Cr, Ni and Mo, 

and some from the coating used, Au and Pd. There are no visible chlorine peaks. This shows that the 

effect of HCl treatment in film adhesion will be by physical properties, such as surface rugosity, and 

not by specific chemical bonding. 

 

• Piranha solution 

After an electrochemical etching step using piranha solution at a ratio of 2:1 sulphuric acid and 

hydrogen peroxide at 0.5 A for 12 minutes, in the OM image (Figure 3.17) the surface seems to be 

eroded by the grain boundaries. 

 

Figure 3.17: OM image of a 316L-SS substrate after electrochemical etching in piranha 
solution. 

In the SEM analysis (Figure 3.18 and Figure 6.5 in appendix D), it is possible to observe that the erosion 

occurred in a more organised fashion, with deep valleys being observed in what seem to be grain 

boundaries. The roughness obtained by this method is of 337 nm, which is very similar to that obtained 

using the same process with HCl. 
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Figure 3.18: AFM image (A) and SEM micrograph (B) of 316L-SS after 
electrochemical etching in piranha solution. 

As for the SEM-EDS analysis (Figure 3.19), in this sample there are peaks correspondent to sulphur, 

that seems to be from chemical groups formed at the surface by the treatment since the piranha solution 

is made with sulphuric acid. 

 

Figure 3.19: EDS report of a 316L-SS treated by electrochemical etching with piranha 
solution. 

• Sulphuric Acid 

Electrochemical etching with H2SO4 37 % v/v at 0.5 A for 12 minutes (Figure 3.20 A) shows the grain 

borders, much like it happened with the piranha solution. It is possible to note that the surface treated 

with H2SO4 appears more angular than the one treated with piranha, and yet, the roughness of both 

surfaces seems similar. 
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Figure 3.20: OM image of the surface of a 316L-SS substrate after electrochemical etching in A) H2SO4 

37 % v/v and B) piranha solution. 

 

AFM and SEM analysis (Figure 3.21 and Figure 6.5 in Appendix D) of the sample of 316L-SS treated 

with H2SO4 indicates that the pattern of erosion is very similar in morphology to that encountered in 

the samples treated by the same method with HCl. The roughness obtained however is of 1103 nm, 

which is much higher than for the same treatment done with piranha solution or HCl. 

 

Figure 3.21: AFM image (A) and SEM micrograph (B) of 316L-SS electrochemical 
etched H2SO4. 

The EDS results for this sample (Figure 3.22) shows peaks corresponding to sulphur indicating that 

treatment with sulphuric acid also leads to the deposition of chemical groups in the surface that may 

influence film adhesion. 



44 

 

 

 

Figure 3.22: EDS report for a sample of 316L-SS treated by electrochemical etching 
with H2SO4. 

3.2.4 Mechanical abrasion 

To treat the steel surface with mechanical abrasion (Figure 3.23) the substrates were abraded with a 

1000 grit sandpaper 100 times in each direction (vertical, horizontal and circular) on both sides of the 

substrate.  

  

 

Figure 3.23: A) 316L-SS treated by mechanical abrasion, before (left) and after the 
treatment (right), and B) OM image of the substrate treated by mechanical abrasion. 

Comparing several treatments, it is possible to see the differences between the substrates (Figure 3.24) 

even at the naked eye. 
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Figure 3.24: 316L-SS treated by: A) mechanical abrasion, B) electrochemical etching 
with H2SO4 48.5 % v/v and C) electrochemical etching with HCl 18.5 % v/v. 

Because this treatment is mechanical, no EDS analysis was made. In the SEM analysis (Figure 3.25 B) 

a lack of a generalized erosion of the surface can be noted, unlike what happened with the acid 

treatments. AFM analysis (Figure 3.25 A and Figure 6.6 in Appendix D) shows that this treatment does 

not expose grain boundaries. The treatment also lacks the smoothing of grain surface seen in the 

chemical treatments, being that the whole surface has some roughness, and the places where the 

sandpaper scratched the metal are deeper valleys. Overall, this treatment leads to a roughness of 88 nm. 

 

Figure 3.25: AFM image (A) and SEM micrograph (B) of 316L-SS after mechanical 
abrasion. 

The comparison done for the substrates treated by acid etching, electrochemical etching, and 

mechanical abrasion (Figure 3.26) shows the different surfaces obtained. Steel treated with acid show 

grain boundaries, being the erosion more notorious in the electrochemical etching processes. 

Mechanical treatment does not expose grain boundaries, or a generalized erosion of the surface. 
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Figure 3.26: OM image of 316L-SS treated by electrochemical etching with A) H2SO4 
32.5 % v/v, B) piranha solution and C) HCl 18.5 % v/v, and by D) submersion in HCl 
37 % v/v for 1 h and E) mechanical abrasion. 

The roughness obtained for the several processes is, in crescent order, lower in the mechanical treatment 

(88 nm), then in immersion in HCl (110 nm for 1 h in HCl 37 % v/v), afterwards in electrochemical 

etching with HCl 18.5 % v/v (334 nm), then with piranha solution (337 nm) and lastly with sulphuric 

H2SO4 32.3 % v/v (1103 nm). From the results presented, it is concluded that mechanical abrasion led 

to the smoothest surface, not exposing the grain limit. Because this treatment is manual, however, also 

shows the least reproducibility. 

As for the chemical properties of the surface, only the treatments performed with piranha and sulphuric 

acid lead to the addition of chemical groups in the metal surface. 

 Film optimization – Ti-6Al-4V Treatment 

Titanium substrates underwent several silanization processes and were analysed by SEM (Figure 6.9 in 

Appendix F), that showed heterogenous depositions in the metal. Only the Ti treated by immersion in 

APTES after a piranha passivation and Ti treated with TEOS vapour in Ar atmosphere without previous 

passivation in piranha solution result in Si deposition in the metal according to EDS reports (Figure 

6.10 and Figure 6.11 in Appendix F). 

 Film optimization – Film Deposition 

For film deposition, different processes were used. Films of PMMA, PCL and chitosan were made, as 

well as films with a combination of these polymers, namely chitosan/PMMA and chitosan/PCL. Films 

were deposited in 316L-SS treated and washed in different ways. The several treatments mentioned 

were used, and the final step of the washing process, an ultrasound bath in toluene was sometimes 

omitted to verify the effect of such changes in the deposition. 

Polymer concentration and solvent used were altered. Several coating parameters were also tried, such 

as retrieval speed of the substrate from the solution, number of layers, drying time between layers, 

immersion time, and washing steps between layers. A crosslinking step in PMMA films, done by 

exposure of the films to UV light for 1 h was also added or not, to verify the effect of such treatment in 

adhesion (Table 3.6 and Table 3.7). 

Films were considered optimal when they presented with a homogenous surface and no detachment 

from the steel, even when submerged in SBF or water.
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Table 3.6: Dip-coating Parameters used for several polymer solutions for depositions of only one layer. 
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1 No 0 1 0 No NA NA 0, 1  10 2.5, 3 DMAc/Acetone, DCM 

2 No 0 2 0 No NA 3.6 s, 15 min 0, 1  10 2.5, 3 DMAc/Acetone, DCM 

3 No 0 3 0 No NA 3.6 s, 15 min 0, 1  10 2.5, 3 DMAc/Acetone, DCM 

1 No 1 0 0 No 
NA 

NA 
0  10 

3, 0.5 
HAc 1% v/v + Ethanol, HAc 1% v/v; HAc 

90 % v/v 

2 No 2 0 0 No 
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0  10 
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3 No 3 0 0 No 
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6 No 6 0 0 No NA 3 s  0  10 0.5 HAc 1% v/v + Ethanol, HAc 1% v/v 

12 No 12 0 0 No NA 3 s 0  10 0.5 HAc 1% v/v + Ethanol, HAc 1% v/v 

16 No 16 0 0 No NA 3 s 0  10 0.5 HAc 1% v/v + Ethanol, HAc 1% v/v 
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DMAc/Acetone 

1 No 0 0 1 No NA NA  10  10 13, 1.95 DCM 
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Table 3.7: Dip-coating Parameters used for several polymer solutions for depositions of alternating layers. 
T

o
ta

l 
n
u
m

b
er

 o
f 

la
y
er

s 

In
te

rc
al

at
io

n
 o

f 
la

y
er

s 

C
h
it

o
sa

n
 L

ay
er

s 

P
M

M
A

 l
ay

er
s 

P
C

L
 l

ay
er

s 

W
as

h
in

g
 s

te
p
 

W
as

h
in

g
 S

o
lv

en
t 

D
ry

 t
im

e 

D
ip

 D
u
ra

ti
o
n
 (

s)
 

R
et

ri
ev

al
 S

p
ee

d
 (

m
m

/s
) 

P
o
ly

m
er

 C
o
n
ce

n
tr

at
io

n
 

(%
 w

t/
v
) 

S
o
lv

en
t 

2 Yes 1 1 0 
No, 

Yes 

H2O; Ethanol; 

Acetone 

12 h, 15 min, 

36 s, 18 s, 

3.6 s 

0  10 

 0.5; 2.5 

HAc 1% v/v; DMAc/Acetone, DCM 

4 Yes 2 2 0 
No, 

Yes 

H2O; Ethanol; 

Acetone 

15 min, 36 s, 

18 s, 3.6 s 

0  10  0.5; 2.5 HAc 1% v/v; DMAc/Acetone, DCM 

6 Yes 3 3 0 
No, 

Yes 

H2O; Ethanol; 

Acetone 

15 min, 36 s, 

18 s, 3.6 s 

0  10  0.5; 2.5 HAc 1% v/v; DMAc/Acetone, DCM 

12 Yes 6 6 0 
No, 

Yes 

H2O; Ethanol; 

Acetone 

36 s, 18 s, 

3.6 s 

0  10  0.5; 2.5 HAc 1% v/v; DMAc/Acetone, DCM 

20 Yes 10 10 0 
No, 

Yes 

H2O; Ethanol; 

Acetone 

36 s, 18 s, 

3.6 s 

0  10  0.5; 2.5 HAc 1% v/v; DMAc/Acetone, DCM 

40 Yes 20 20 0 
No, 

Yes 

H2O; Ethanol; 

Acetone 

36 s, 18 s, 

3.6 s 

0  10  0.5; 2.5 HAc 1% v/v; DMAc/Acetone, DCM 

2 No 0 1 1 No NA NA  0  10 0.5; 1.95 HAc 1% v/v + Ethanol; DCM 

6 Yes 0 3 3 No NA NA  0  10 0.5; 1.95 HAc 1% v/v + Ethanol; DCM 

12 Yes 0 6 6 No NA NA  0  10 0.5; 1.95 HAc 1% v/v + Ethanol; DCM 

2 No 0 1 1 No NA 60 s  0  10 0.04; 0.1 HAc 1% v/v + Ethanol; DCM 

6 Yes 0 3 3 No NA 60 s  0  10 0.04; 0.1 HAc 1% v/v + Ethanol; DCM 

12 Yes 0 6 6 No NA 60 s  0  10 0.04; 0.1 HAc 1% v/v + Ethanol; DCM 
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3.4.1 Depositions with PMMA 

The deposition of PMMA films was done in several substrates to study the effect of the surface structure 

in the film adhesion. Several other variables were considered such as the number of dips made, the 

presence or absence of a toluene bath in the washing process, the existence or not of a crosslinking step, 

when the crosslinking step occurred (after all the dips were made, or after each dip) and the solvent and 

polymer concentrations used. Adhesion of the film to the substrate was observed at two points: after 

drying, and after submersion in water (Table 6.10 and Table 6.11 in Appendix G). 

First, films of PMMA in DMAc/acetone and PMMA in DCM at concentrations of 12 % wt/v and 20 % 

wt/v respectively were made. These films showed an immediate detachment of the substrates for all 

dip-coating parameters used. The films also showed shrinking, which seemed to be the cause for the 

film detachment (Figure 3.27).  

 

Figure 3.27: Film of PMMA 12 % wt/v in DMAc/Acetone deposited in 316L-SS treated 
with electrochemical etching with Piranha solution (left) and HCl 18 % v/v (right) 
showing the relative size between substrate and deposited film with scale in cm. 

Because of the poor adhesion of the films, the solutions were diluted to PMMA concentrations of 6 % wt/v 

and 10 % wt/v in DMAc/acetone and PMMA in DCM respectively and the problems observed persisted, 

so these solutions were again diluted to half. The solution with DCM as solvent was further diluted to 

a concentration of 2.5 % wt/v. Depositions with polymer concentrations of 2.5 % and 3 % resulted in 

films without shrinkage and overall improvement of film adhesion. Consequently, only 3 % wt/v and 

2.5 % wt/v solutions were used for further work. With these solutions, films were deposited in 316L-

SS substrates with different washing processes (with or without a step of an ultrasound bath in toluene), 

treatments, and post-treatments (crosslinking under UV light) ( 

Table 6.12 in Appendix G). The films produced with PMMA in DCM show to be detached from the 

316L-SS in some areas, demonstrating a poor adhesion of the films in the substrates treated 

with HCl and H2SO4. The mechanical treatment appears to be the best one, with only the 

substrate not washed in toluene in which a non-crosslinked film was deposited shows film 

detachment (Figure 3.28). 
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Figure 3.28: Films of PMMA 3 % wt/v in DCM deposited in 316L-SS substrates treated 
by: A) mechanical abrasion, B) electrochemical etching with H2SO4 and C) 
electrochemical etching with HCl, with detachment areas marked with red arrows. 

Preliminary peel-off tests performed in films deposited in 316L-SS that underwent electrochemical 

etching show a partial film detachment upon drying, and the full detachment after peel-off tests (Figure 

3.29). 

 

 

Figure 3.29: Films of PMMA in DCM deposited in 316L-SS treated by electrochemical 
etching using A) H2SO4 and B) HCl, before (1) and after (2) peel-off tests. 

From this, it was concluded that the mechanical treatment was to be used for the deposition of films 

made with this solution, and that there was no apparent need for a crosslinking step. 

The films made with DMAc/Acetone a solvent system show detachment from the 316L-SS treated with 

chemical and electrochemical etching and a lack of detachment from the 316L-SS treated mechanically. 

The crosslinking process and the addition of a toluene bath before film deposition do not cause any 

clear improvement of film adhesion. Because the PMMA films showed adherence to mechanically 

treated substrates, these were used for the deposition of drug loaded PMMA films. For these films, 

solutions of PMMA in DMAc/acetone and in DCM at concentrations of 3 % wt/v and 2.5 % wt/v with 

addition of daptomycin and vancomycin in a ratio of 2.5 % of the polymer weight were used and the 

same parameters were changed. As for the films made with the solution of PMMA in DCM and in 

DMAc/Acetone (Figure 3.30), the addition of both drugs does not seem to affect film deposition, with 

all films maintaining a lack of detachment from the substrate. 
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Figure 3.30: Films of PMMA in DCM (left) and in DMAc/Acetone (right) in 316L-SS 
with addition of Dap and Van being A) crosslinked B) non-crosslinked with film limits 
marked by red arrows. 

Apart from detachment there seems to be no macroscopic difference between the several films except 

for a whiter colour of the Van loaded ones. Preliminary peel-off tests were performed in these films and 

it was verified that the film showed no detachment from the mechanically treated 316L-SS (Figure 

3.31). 

 

 

Figure 3.31: Films made with PMMA in DCM (B and D) and in DMAc/Acetone (A 
and C) with Van (A and B) and with Dap (C and D) before (1) and after (2) preliminary 
peel-off tests. 

Because the step of washing the 316L-SS substrate in toluene did not seem to affect film adhesion and 

it was a lengthy process, this step was skipped from this point forward. 

Thicknesses of the films was obtained for films made with both solvent systems and with the addition 

or not of Van or Dap and with or without a crosslinking step. The thickness of these films (Figure 3.32 

and Figure 6.14 in Appendix H) shows to be very heterogeneous for almost all the films made with the 

vancomycin loaded films being the most homogenous. 
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Figure 3.32: Average thickness (n=30) of PMMA films in two solvent systems, without 
drugs (light grey) with Van (grey) and with Dap (dark grey). 

The addition of both Dap and Van seems to decrease film thickness in both solvent systems, with the 

change being more notorious in films with DMAc and acetone as solvents. Crosslinking process does 

not seem to affect film thickness. When comparing both solvents, it is possible to conclude that DCM 

leads to more heterogenous films. From the combination of the studies performed, it was concluded that 

the better parameter combination was a mechanical treatment, with DMAc/Acetone as solvent system, 

and, for process simplicity, the addition of toluene bath or crosslinking step were dropped. 

3.4.2 Depositions with Chitosan 

Chitosan films were deposited in 316L-SS treated as described before and several deposition parameters 

and solutions were tested to obtain the combination that resulted in higher film adhesion and 

homogeneity. First a solution of chitosan at a concentration of 3 % wt/v in HAc 90% v/v (Solution A) 

was tested. Films were deposited in 316L-SS treated with electrochemical etching using HCl at a 

concentration of 18.5 %. Films were made with 1 layer, up to 5 layers to verify the effect of this 

parameter in film adhesion and morphology (Figure 3.33). 

 

Figure 3.33: Chitosan films deposited in 316L-SS treated by electrochemical etching 
with HCl 18.5 % v/v with 1 (left) to 5 (right) layers using solution A. 

The films obtained appear very heterogenous both within the same film and within replicas, indicating 

a low reproducibility of the process. The adhesion of these films was measured, and peel-off force 

values were obtained for 3 replicas of each film (Figure 3.34 and Appendix J). The peel-off forces show 

that the number of layers does not affect adhesion.  
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Figure 3.34: Peel-off forces of 1 to 5-layer films deposited in 316L-SS treated by 
electrochemical etching with HCl obtained with solution A. 

Because the concentration of acetic acid in this solution was very high, the solution was changed for 

one of chitosan 0.5 % wt/v in HAc 1% v/v (Solution B). This solution was used to make several films 

where several substrate treatments and dip parameters were studied to obtain the best combination. 

Films with this solution with 1, 3, 6 and 12 layers were obtained in mechanically treated 316L-SS, and 

the drying time in between layers was set at either 1 minute or no time at all. Peel-off forces measured 

for 3 replicas of each film (Figure 3.35 and Figure 6.17 in Appendix J). 

 

 

 

Figure 3.35: Peel-Off forces obtained for chitosan films of 1 to 12 layers made with 
solution B. 

From the peel-off forces it is possible to conclude that neither the number of layers nor the drying time 

between layers changes film adhesion, with the peeling occurring in an adhesive fashion for all films. 

To improve the adhesion of chitosan films obtained with the two solutions tested, a process of 

electrodeposition was performed. For these depositions, a new solution was made that consisted on 

chitosan at a concentration of 0.5 % wt/v in a solvent system composed of 50 % HAc 1 % v/v and 50 

% absolute ethanol (Solution C). Electrophoretic deposition was done at several current values and for 
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different periods of time. The films obtained could not be visualized at the naked eye or even in the 

optical microscope (Figure 6.16 in Appendix I). Peel-off studies were made on all films obtained by 

electrophoretic deposition (Figure 3.36 and Figure 6.17 in Appendix J), but because the films obtained 

were very thin, the results of deposition and peel-off could not be visualised, thus the processes were 

dropped and the same solution used for dip-coating. 

 

Figure 3.36: Peel-off forces obtained for electrodeposited chitosan films. 

The films obtained with the chitosan solutions B and C were visually similar (Figure 3.37) with all films 

being transparent and showing some birefringence even with different number of deposited layers. 

 

Figure 3.37: Chitosan films of 4 layers made with solutions B (left) and C (right). 

The thickness of the several films produced was studied (Figure 3.38 and Figure 6.15 in Appendix H). 

For films made with solution C there seems to be an increase of film thickness until the deposition of 6 

layers. As for films made with solution B thickness seems to drop from 1 to 4 layers, and then increase 

as the number of layer increases. Solution C seems to make thicker, more homogenous films. 
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Figure 3.38: Thickness of 1-, 4-, 6- and 12-layers chitosan films made with solutions B 
and C. 

Different dipping times were studied reaching from 0 to 60 seconds to ascertain if film homogeneity 

changed. From the film thickness (Figure 3.39 and Figure 6.15 in Appendix H) it is noted that dip 

duration does not change film homogeneity. 

 

Figure 3.39: Thickness of chitosan films using solution C and dip durations from 0 s to 
60 s. 

The same solution was used to make films with 1, 3, 6 and 12 layers, and with drying times between 

layers of 0 min and 1 min and the peel-off force of these films obtained (Figure 3.40 and Figure 6.17 in 

Appendix J). It was shown that peel-off force does not change for a drying time of 0 min, and yet seems 

to increase with the increase of the number of layers for a drying time of 1 min.  
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Figure 3.40 Peel-off forces for chitosan films made with solution C without and with 1 
min of drying between layers. 

A drying time of 1 min seems to lead to lower peel-off forces than no drying, so drying time was set at 

0s for chitosan deposition. Along with this, from the results obtained, the solution selected as the best 

for deposition is solution C, chitosan at a concentration of 0.5 % wt/v in 50 % v/v HAc 1% v/v and 50 

% v/v absolute ethanol. 

3.4.3 Depositions with PMMA and Chi 

Because of their better results, the solutions chosen for the deposition of chitosan/PMMA multi-layered 

films were those of chitosan solution C and of PMMA at a concentration of 3 % wt/v in a solvent system 

of DMAc/Acetone. The substrate treatment chosen was mechanical abrasion. Starting off with a system 

of one bilayer, i.e., a layer of one polymer superimposed by a layer of the other polymer, films were 

made with chitosan or PMMA as first layer to verify which polymer worked best at the metal/film 

interface.  

The films obtained by a combination of both polymers, however, showed detachment from the substrate 

upon drying. The substrates used and several dip-coating parameters were changed with no success 

(Table 3.7). Adding a washing step between layers by dipping the substrate in ultrapure water, ethanol 

and even acetone made adhesion even worse (Figure 3.41), and the addition of microspheres or drugs 

to the films did not improve film adhesion either. 

 

Figure 3.41: PMMA/Chitosan films obtained with 1 bilayer, with a washing step 
between layers with A) Millipore water and B) ethanol. 

Because of this persisting problem, PMMA was replaced by PCL, a polymer that also carries a negative 

charge and has slow biodegradation while maintaining biocompatibility. 
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3.4.4 Depositions with PCL 

As done for the other polymers, the polymer solution was first optimized so that a PCL film could be 

deposited in the metal. For this, 316L-SS that underwent mechanical abrasion was used and several 

solutions and dipping parameters were tested (Table 3.6). 

One of the tested solutions was of PCL 6 % wt/v, 3 % wt/v, 1.5 % wt/v and 0.5 % wt/v. in a solvent 

system of DMAc/Acetone. The films obtained showed detachment from the metal (Figure 3.42) and 

the polymer only dissolved at temperatures of about 30º, complicating the dip-coating process.  

 

 

Figure 3.42: Films of PCL 1.5 % wt/v in DMAc/Acetone deposited at retrieval speeds 
of 1) 2 mm/s, 2) 5 mm/s, 3) 10 mm/s, 4) 15 mm/s with a dip duration of 0s and at 5) 2 
mm/s, 6) 5 mm/S, 7) 10 mm/s, 8)15 mm/s with a dip duration of 60 s. 

Due to the poor solubility of the polymer and the poor adhesion of the films the DMAc/Acetone system 

was replaced by dichloromethane. Starting off with a concentration of 13 % wt/v, immediate solvent 

evaporation occurred when the substrate was removed from the solution, making film deposition 

impossible. Because off this the solution was diluted to a concentration of 1.95 % wt/v. 

Using a retrieval speed of 10 mm/s, and a dip duration of 0s with this polymer concentration, clear 

homogeneous films were obtained (Figure 3.43). Thus, the solution was used for deposition of 

PCL/chitosan multi-layered films. 

 

Figure 3.43: Films deposited with a solution of PCL 1.95 % wt/v in DCM with the film 
covered area detailed in yellow. 

3.4.5 Depositions with PCL and Chitosan 

Films of 6 and 3 bilayers of chitosan and PCL were deposited in 316L-SS using a retrieval speed of 10 

mm/s and a dip duration of 0s, with no washing or drying step between layers. Upon the addition of 

Dap at a concentration of 1 mg/mL to these films, however, a poor film adhesion was observed (Figure 

3.44). 
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Figure 3.44: PCL/Chitosan films with A) 6 bilayers and B) 3 bilayers 1) without and 2) 
with daptomycin at a concentration of 1 mg/mL. 

Because of this, the concentrations of both PCL and chitosan were altered. For a chitosan concentration 

of 0.04 % wt/v and a PCL concentration of 0.1 % wt/v films with seemingly good adhesion and 

acceptable uniformity were produced. These films kept their properties even after the addition of Dap 

and Van, at a concentration of 0.8 mg/mL and the microspheres produced at a concentration of 4 mg/mL 

(Figure 3.45). 

 

 

Figure 3.45: Chitosan/PCL films with A) no drugs or microspheres, B) PMMA 
microspheres, C) PMMA-EUD microspheres, D) PMMA-Van microspheres, E) 
PMMA-EUD-Dap microspheres, F) vancomycin and G) daptomycin 

These films were considered the optimal films and were used as the drug delivery systems studied. 

 Optimal Films 

After the optimization process, the films chosen for further analysis were the ones made with 6 bilayers 

of alternating films of chitosan 0.04 % in 50 % ethanol and 50 % of HAc 1 % v/v and PCL at a 

concentration of 0.1 % in DCM. To these films Dap and Van at a concentration of 0.8 mg/mL and 

PMMA-EUD and PMMA microspheres loaded with Dap or Van respectively and unloaded at a 

concentration of 4 mg/mL were added to chitosan solutions to make loaded films (Figure 3.46). 

 

 

Figure 3.46: Schematic design of the final films showing: green) chitosan layers, light 
green) PCL layers, red) microspheres and yellow) drug. 
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The concentration of drugs was selected considering the range of the calibration curves and the 

approximate film volume. Microsphere concentration was made so it was 5 times that of the drug, since 

considering that the spheres have a drug loading of approximately 20 % this was the ratio needed to 

obtain the same drug mass in the films. For all films, the same dip-coating parameters were used (Table 

3.8), changing solutions accordingly. A different PCL solution was used for each kind of film to avoid 

cross contamination between samples. 

  

Table 3.8: Parameters used for the dip-coating process of optimized Chit/PCL films. 

Parametre Value 

Retrieval speed 10 mm/s 

Dip Duration 0 s 

Rotation speed in solution  0 degree/s 
1Arm rotation speed 10 degree/s 
2Dry time between solutions 1 min 

Temperature 20 ºC - 25 ºC 

Humidity 20 % - 40 % 

Time Elapsed per film 15 min 

1 – Solutions distanced by 60º, 2 – excludes time elapsed from arm rotation 

 

From here on these films were denominated as mentioned in Table 3.9. 

Table 3.9: Denomination of optimized films. 

Compound added Film denomination 

None Chi/PCL 

Daptomycin Chi/PCL-Dap 

Vancomycin Chi/PCL-Van 

PMMA-EUD microspheres Chi/PCL-PMMA-EUD 

Daptomycin loaded PMMA-EUD microspheres Chi/PCL-PMMA-EUD-Dap 

PMMA microspheres Chi/PCL-PMMA 

Vancomycin loaded PMMA microspheres Chi/PCL-PMMA-Van 

 

3.5.1 Film Thickness 

The average thickness (n=30) with the standard deviation were calculated (Figure 6.18 in Appendix K) 

for each sample (Figure 3.47). 
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Figure 3.47: Average film thickness of the several optimized films. 

From these values it is possible to note that there is a large heterogeneity of thickness throughout the 

films, with highlight on the Chi/PCL-Dap film that shows the highest standard deviation and thus higher 

heterogeneity of the film. Visually, the Chi/PCL-Dap film appears however to be homogeneous, thus, 

the thickness variation may be due to the variation of substrate thickness, and not the film. It must also 

be taken into account that several parts of the film were measured and therefore standard deviations 

may be due to a different thickness of different areas in the same film, due to the accumulation of 

polymeric solution in one area upon drying. 

3.5.2 Peel-Off force 

Peel-Off tests were performed as mentioned for 15 replicas of all films obtained (Figure 6.19 and Table 

6.13 in Appendix L). 

The kind of peel-off obtained for all samples showed a cohesive failure, meaning that the detachment 

occurred between the film layers, and not adhesive failure i.e. detachment between the sample and the 

metal (Figure 3.48). This indicates that the adhesion force between film and metal are stronger than 

those between film layers. 

 

Figure 3.48: Schematic of the types of failure present in the peeling-off of the films 
produced showing both adhesive (left) and cohesive failures (right) [100]. 

As can be seen from the average peel-off forces (Figure 3.49), all films show peel-off forces between 

0.6 N and 0.95 N (Table 3.10), albeit, with high standard deviation values. These inconsistency in the 

values obtained may be due to both the heterogeneity of the samples, or the technique itself, since it is 

impossible to verify that the tape is glued the same way and with the same force in all samples. 
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Figure 3.49: Average peel-off forces (n=15) for optimized films and 316L-SS treated 
by mechanical abrasion. 

Table 3.10: Peel-off forces obtained for the optimized films. 

Film Average ± SD 

Chi/PCL 0.574 ± 0.134 

Chi/PCL-Dap 0.916 ± 0.174 

Chi/PCL/Van 0.677 ± 0.221 

Chi/PCL-PMMA-EUD 0.726 ± 0.363 

Chi/PCL-PMMA 0.627 ± 0.224 

Chi/PCL-PMMA-EUD-Dap 0.723 ± 0.208 

Chi/PCL-PMMA-Van 0.599 ± 0.189 

 

From the forces obtained, it can be concluded that no component seems to decrease film adhesion, and 

the addition of Dap specially seems to increase film adhesion. The addition of Van loaded spheres does 

not seem to affect film adhesion and the addition of Van, PMMA spheres and PMMA-EUD speres, 

both loaded and unloaded seem to slightly increase adhesion. From this, one may conclude that the 

addition of drugs and drug loaded spheres does not compromise this film properties, and instead, even 

seems to improve it. 

When comparing the values obtained to the adhesion to stainless steel one can see that the adhesion of 

the films is much higher, with adhesion to metal being of 0.349 ± 0.0581 N corresponding to almost 

half the lowest adhesion for films that is of 0.474 ± 0.134 N. 

The peel-off curves obtained are like those found in the literature with areas of the curve showing the 

peeling of the film and tape and of the film alone or just the peeling of the film, with no discerning the 

two areas of the curve (Figure 3.50) 
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Figure 3.50: Peel-off curves obtained for A) Chi/PCL-PMMA films compared to B) 
curves found in the literature showing 1) just tape peeling, 2) partial tape and film 
peeling, 3) complete tape and film peeling and 4) just film peeling. 

3.5.3 Polymer Degradation 

The film degradation studies for PCL and chitosan were performed for a period of 35 days for both 

polymers. PCL mass was accessed weekly, and the mass of chitosan films was measured at first every 

other day, and then weekly, as the degradation rate stabilized. Plots of the mass loss vs time (Figure 

6.20 and Figure 6.21 in Appendix M) were obtained to access the degradation rates observed for both 

polymers at pH values between 5 and 8.  

In the case of chitosan (Figure 3.51), the mass loss seems to be dependent in the pH values, being that 

for a pH of 7.4 almost no mass loss is observed and at a pH value of 5.5 a mass loss of approximately 

75 % is obtained after 35 days of submersion in SBF. For a pH of 6.5 the degradation rate lies in between 

those of pH 5.5 and of pH 7.4. More pH values were studied (Figure 6.20 in Appendix M) and it was 

confirmed that the degradation increases as pH decreases, as is reported in the literature for this polymer 

[17], [74]. 
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Figure 3.51: Plot of the mass loss vs. time for chitosan films during a period of 35 days 
at pH values of: black) 7.4, grey) 6.5 and blue) 5.5. 

As for PCL (Figure 3.52), degradation rate does not change with differences in pH. Instead, for all 3 

pH values presented there seems to be no noticeable degradation occurring even after 4 weeks of 

submersion in SBF for all cases. This is in accordance to the literature where it is stated that only at 

extreme pH values, of under 3 and over 11 a significant change in degradation rate can be seen for this 

polymer [101]. 

 

Figure 3.52: Plot of the mass loss vs. time for PCL films over a period of 4 weeks at a 
pH of: black) 7.4, grey) 6.5 and blue) 5.5. 
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3.5.4 Polymer Swelling 

The swelling ratio of the 3 replicas used was calculated by weighing the samples before and after 

immersion (Formula 3.5). The average of all samples was used to form the plot presented that describes 

the swelling behaviour of PCL and Chitosan. 

 

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑖𝑜 =
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠−𝑓𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠
× 100                (3.5) 

 

The plot of the swelling ratio vs. time was obtained for both polymers over a period of 1 week for 

several pH values (Figure 6.22 and Figure 6.23 in Appendix M). The swelling ratio of chitosan (Figure 

3.53) hits the equilibrium at a swelling of 150 % after 30 minutes for a pH value of 7.4 and at 400 % 

after 15 minutes for pH values of 6.5 and at 700 % for a pH of 5.5 after 15 minutes of submersion.  

 

Figure 3.53: Plot of the swelling ratio vs. time for chitosan films obtained at 3 different 
pH values: black) 7.4, grey) 6.5 and blue) 5.5 obtained for a period of one week. 

These results indicate that the swelling ratio depends of the pH value, being higher for lower pH. This 

is in accordance with the tendence observed in degradation since a higher swelling ratio means higher 

diffusion of acid and water into the polymer and therefore higher hydrolysis rate. 

 

For PCL (Figure 3.54) a very low swelling ratio is noted, which is to be expected since the polymer is 

reported as being hydrophobic [101]. Apart from this, there does not seem to be a relation between 

swelling ratio and pH values for this polymer. For all three pH values presented, the swelling ratio of 

PCL at equilibrium if of 20 % and observed after 36 hours of submersion in SBF. 
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Figure 3.54: Plot of the swelling ratio vs. time for PCL films obtained at 3 different pH 
values: black) 7.4, grey) 6.5 and blue) 5.5 for a period of one week. 

The swelling behaviour observed is also in accordance with the degradation of the polymers, since low 

swelling ratios reflect low degradation rates, and there is no pH dependence in both swelling and 

degradation as is to be expected[101]. 

In chitosan films it is possible to note that the standard deviations obtained are very high. This comes 

from the fact that when submerged the chitosan films form a gel like structure, specially at low pH 

values (Figure 3.55) that makes it hard to remove only the surface water of the films effectively. 

 

 

Figure 3.55: Chitosan ad PCL films before (Chi d and PCL d), and after submerged in 
SBF for 24 h at a pH value of 5 (Chi 5 and PCL 5) and 8 (Chi 8 and PCL 8). 

 

3.5.5 Raman Spectroscopy 

Raman spectra were taken of the polymers and drugs used as well as of the microspheres produce to 

access the presence and distribution of each component in the films produced. Spectra of the several 
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films were also measured for single point and areas of the films (Appendix N). The spectra of the 

components used to produce the films (Figure 3.56) show several characteristic peaks for all polymers, 

with the spectra of the two drugs and of chitosan having lower peak intensities than PMMA and PCL 

(Figure 6.24 in Appendix N) 

 

Figure 3.56: Raman spectra of the 2 drugs 3 polymers used for film and particle 
production. 

As for the correspondence to the spectra found in the literature, all compounds show peaks 

correspondent to those found in literature (Table 6.14 in Appendix N). For PCL, peaks correspondent 

to both the crystalline and amorphous phase can be found, as can be seen by the low intensity of the 

broad peak correspondent to the amorphous phase at 865 cm-1 contrasting to the high intensity of peaks 

correspondent to the crystalline phase at 913 cm-1, 1003-1110 cm-1, 1270-1320 cm-1, 1405-1470 cm-1 

and 2800-3200 cm-1 that relate to skeletal stretching, ω(CH2), δ(CH2) and υ(CH) vibrational modes 

respectively[102]. 

For Chitosan, several carbon-hydrogen and carbon-oxygen bonds correspondent to the main structure 

of the polymer can be found, as well as the NH2 bond at 1603 cm-1 and the C=O bond correspondent to 

the acetyl group at 558 cm-1[103]. For the PMMA spectra, out of the observed bands, the most 

prominent is the one at 2949 cm-1 that corresponds to a C-H stretching vibration. A peak at 362 cm-1 is 

also observed corresponding to the C=O symmetric in plane bending bond vibration[104], [105]. For 

vancomycin, ν(C-C) skeletal mode bond, ν (C-N) of amide III, δ(C-H) of CH2 and CH3, ν(C=O) of 

amide I and ν(C=C)  can be found at 990 cm-1, 1242 cm-1, 1334 cm-1, 1602 cm-1 and 1678 cm-1 

respectively[106]. The Raman spectrum of daptomycin was not found, so the peaks obtained for this 

drug were compared to the peaks of the amino acids that compose it[107]. Peaks for arginine, threonine, 

aspartic acid, alanine, glycine and serine were found at several wavelengths, namely 420 cm-1, 562 cm-

1, 759 cm-1, 844 cm-1, 1013 cm-1, 1063 cm-1, 1218 cm-1, 1353 cm-1, 1433 cm-1, 1553 cm-1 and 1638 cm-

1 with only alanine having a characteristic peak at 852 cm-1[108].  

 

• PMMA-EUD and PMMA-EUD-Dap microspheres 
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From the spectra of the microspheres with and without Dap (Figure 3.57) it is possible to observe that 

both are like that of PMMA, which is to be expected since the polymer is in higher concentrations and 

its peak intensities are higher than those of the drug. 

 

Figure 3.57: Raman spectra of: black) PMMA-EUD and dark blue) PMMA-EUD-Dap 
microspheres, blue) PMMA and green) Dap, with dotted lines detailing characteristic 
peaks from: blue) Dap and grey) PMMA. 

It is noted that the PMMA-EUD-Dap microsphere spectrum (Figure 6.25 in Appendix N) contains two 

peaks with Raman shifts of 1553.5 cm-1 and 1646 cm-1 that correspond to Dap peaks at 1553.5 cm-1 and 

1638.4 cm-1. It is possible to conclude that the peaks are from the drug since they do not superimpose 

any PMMA peaks. With these two peaks it is possible to conclude that the drug is present in the 

microspheres. 

 

• Dap loaded films 

 

Raman spectra of the several films (Chi/PCL, Chi/PCL-PMMA-EUD, Chi/PCL-PMMA-EUD-Dap and 

Chi/PCL-Dap) (Figure 6.26 in Appendix M) was taken and the results compared to verify if all 

components could be found in the films produced (Figure 3.58). 
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Figure 3.58: Raman spectrum of: green) Chi/PCL, blue) Chi/PCL-PMMA-EUD-Dap, 
dark blue) Chi/PCL-PMMA-EUD and black) Chi/PCL–Dap films. 

As can be seen from the spectra above, the four films show similar compositions, which is expected 

since the main components of the films, PCL and Chitosan are the same in all constructs. The 

differences that one would expect to see are the presence of PMMA peaks in the films with 

microspheres, or daptomycin peaks in the films that contain it.  

While the PMMA showed high peak intensities in its powder form, because in the films this polymer is 

in low concentrations, any peaks corresponding to it would be expected to have low intensities when 

compared to those of PCL, that also has high peak intensities and is at much higher concentrations. The 

peaks corresponding to the drug would be expected to appear in the film where the drug is incorporated 

directly in the chitosan, albeit with very low intensity peaks due to both a low concentration when 

compared to PCL and Chi the low intensity of the peaks even in the powder form. In the films with Dap 

loaded microspheres the drug is not expected to be noticeable, because of both what was said above and 

because the addition of PMMA which also has high intensity peaks and is in higher quantities than the 

drug, masking Dap peaks even more.  

As can be seen from the Raman spectra from both films that contain Dap, when compared to a PCL/Chi 

film and the spectra of the drug (Figure 3.59), it is possible to note a lack of clear peaks belonging to 

Dap in either film. In the PCL/Chi-Dap film, possible Dap peaks, at 1553 cm-1 and 1637 cm-1, may 

indicate the presence of the drug. 
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Figure 3.59: Raman spectra of: green) Chi/PCL grey) Chi/PCL-Dap, black) Chi/PCL-
PMMA-EUD-Dap and blue) Dap between 1500 cm-1 and 1700 cm-1.  

Using Raman technique, maps of an area of 5 µm2 of Chi/PCL-PMMA-EUD-Dap film was obtained 

(Figure 3.60), measuring the intensity of different peaks, allowing to understand the distribution of the 

several components in the film. The peaks used were the characteristic peaks found: 1810 cm-1 for PCL, 

475 cm-1 for chitosan, 813 cm-1 for PMMA and 1350 cm-1 for Dap. 

 

Figure 3.60: Raman maps made at 1302 cm-1, 1080 cm-1, 813 cm-1 and 1350 cm-1 for 
the analysis of distribution of PCL, Chitosan, PMMA and Dap respectively. 

In the maps obtained, it is possible to observe that at 1080 cm-1 the intensity is higher than at the other 

three analysed wavelengths. It may be also noted that the distribution of PCL has a complementary 

distribution to the other three components, and that the peaks correspondent to Chi, PMMA and Dap 
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that have similar distributions amongst themselves. This is to be expected because the construction of 

the film implies that both PCL and Chi are distributed throughout the whole film in overlapping layers 

and Dap loaded microspheres are in the chitosan layer.  

From the Raman spectra of the Dap loaded microspheres it was possible to observe that the Dap was 

inside or in the surface of the spheres. Then, it would be expected that both PMMA and Dap would be 

found in the same place, and should be present where Chi is present, which is confirmed by the similar 

distribution of the three compounds. It is however important to note that no peak belonging solely to 

chitosan was found and thus the intensity observed at 475 cm-1 cannot be attributed to chitosan alone. 

Because the intensity of PMMA and Dap in these wavenumbers are low, however, it is possible to 

conclude that the map observed corresponds mostly to Chi. 

 

• PMMA and PMMA-VAN microspheres 

 

From the Raman spectra of the PMMA and PMMA-Van microspheres (Figure 3.61) it is possible to 

conclude that there are two peaks, at 882 cm-1 and at 1306 cm-1 that correspond to Van, showing the 

presence of the drug in the microspheres. 

 

Figure 3.61: Raman spectra of PMMA (black), vancomycin (deep blue), PMMA 
microspheres (blue) and PMMA-Van microspheres (green) with dotted lines detailing 
peaks corresponding to PMMA (grey) and vancomycin (blue).  

• Van loaded films 

 

When observing the films loaded with Van and with PMMA-Van microspheres (Figure 3.62) two peaks, 

at 1606 cm-1 and at 1334 cm-1, that are not present in the PCL/Chi film, are common to the spectrum of 

Van, indicating its presence in these films. 
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Figure 3.62: Raman spectra of: green) Chi/PCL-Van, blue) Chi/PCL-PMMA-Van, dark 
blue) Chi/PCL, and black) Van with dotted lines detailing peaks corresponding to 
vancomycin (grey) and to PCL or chitosan (blue). 

Raman distribution maps were obtained for Chi/PCL-PMMA-Van and Chi/ PCL -Van films. In the map 

obtained for the first film (Figure 3.63), it is possible to note that the map of the polymers seems to be 

complementary to that of the drug. Because, as mentioned previously, PCL has much higher intensities 

than Chi, one can infer that the map of the polymers consists mostly of PCL. Because in these films 

separate maps for Chi and PCL were not possible to obtain, it is impossible to determine if the drug is 

located in the chitosan layer. The maps also show that Van is evenly distributed throughout the film. 

The spheres cannot be seen clearly, and, since no map of the distribution of PMMA alone was made, 

the presence of the polymer cannot be ascertained and therefore it is impossible to conclude if the drug 

and PMMA have similar distributions. 

 

Figure 3.63: Raman distribution maps obtained for Van, PCL, and chitosan in a 5 µm2 
area of a Chi/PCL-PMMA-Van film. 
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In the maps obtained for Chi/PCL-Van film (Figure 3.64) the same assessment can be made. Both maps 

complement each other, indicating that the Van is not in the PCL layer. In these films as well, the drug 

seems to be evenly distributed through the film. 

 

 

Figure 3.64: Raman distribution maps obtained for Van, PCL, and Chi in a 5 µm2 area 
of a Chi/PCL-Van film. 

3.5.6 Drug Release 

To do the drug release study first there were made several solutions of daptomycin and vancomycin to 

produce a calibration curve for each of the pH values used for drug release, this is, 7.4, 6.5 and 5.5 

correspondent to the normal physiological pH value (7.4), the value of pH existent in a stage of infection 

(5.5) and a pH value between the two to verify if the changes in drug release occurred in a linear fashion. 

The solutions were analysed with UV-Vis spectroscopy and calibration curves were made to study the 

dependence of the absorbance in function of the drug concentration for the calculations of drug in the 

drug release solutions (Figure 3.65).  

For both drugs the solutions studied were of 0.666 mg/mL, 0.5 mg/mL 0.333 mg/mL, 0.25 mg/mL, 

0.1665 mg/mL, 0.125 mg/mL, 0.08325 mg/mL, 0.0625 mg/mL, 0.03125 mg/mL, 0.01563 mg/mL, 

0.00781 mg/mL and 0.00391 mg/mL. The wavelengths used to construct the several calibration curves 

(Figure 6.27 in Appendix O) correspond to the peaks observed in the spectra of the drugs, being only 

one wavelength chosen for each drug for drug release studies. For Dap the wavelength chosen was of 

262 nm and for Van of 280 nm since they show a linear tendency for a broader range of concentrations 

and no peak shift. 

   

Figure 3.65: Calibration curves for Dap and Van in SBF at 262 nm and 280 nm 
respectively.  
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Samples of the several films were then submerged in SBF at a pH of 5.5, 6.5 or 7.4 and the drug 

contained in this SBF quantified for 5 replicas of each film. Plots of the drug concentration versus 

release time were obtained, and the release mechanism was studied by comparing several known 

mathematical models of drug release. For the drug free samples, the quantification was not done, being 

these samples only used as reference, to ensure that the peaks observed belonged to the drugs and not 

to any other component of the films. 

 

• Unloaded films 

 

The absorbances obtained for the unloaded films (Figure 3.66 and Figure 6.28 to Figure 6.30 in 

Appendix O) show that some polymer is being eroded. Because of this, an off-set value is observed in 

the spectra, that was visible in all Chi/PCL, Chi/PCL-PMMA and Chi/PCL-EUD films. These values 

show high standard deviations, thus, the amount of drug released cannot be calculated because the 

absorbances measured will always be due to partially the drug concentration, and partially to the 

polymer concentration. Instead, only a qualitative analysis between the several samples can be made.  

 

Figure 3.66: Average absorbances measured for drug release of Chi/PCL-PMMA-EUD 
films (n=5). 

• Chi/PCL-Dap 

 

For Chi/PCL-Dap films it is possible to note that the changes in pH do not seem to alter the drug release 

profile greatly. For all 3 pH values 90 % drug release is only achieved after 48 h of release, and 50 % 

release is achieved between 2 and a half hours and 4 h of release (Figure 6.31 in Appendix O). Apart 

from this, concentrations of 19.53 ± 19.58 µg/mL, 13.13 ± 4.53 µg/mL and 33.25 ± 26.37 µg/mL are 

achieved for pH values of 5.5, 6.5 and 7.4 respectively, showing that the amount of drug released for 

all pH values is also similar. 
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Figure 3.67: Cumulative daptomycin release from Chi/PCL-Dap films plotted versus 
the release time for the first 48 hours of drug release. 

Comparing the drug release profile with several models  (Figure 6.32 in Appendix O) it is possible to 

note that the most appropriated release model is the Korsmeyer-Peppas model[109] since this model is 

the one whose graphical representation leads to a higher R2 value of the linear regression (Table 3.11). 

 

Figure 3.68: Korsmeyer-Peppas model representation for release of Dap from Chi/PCL-
Dap films at pH values of 5.5, 6.5 and 7.4. 
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Table 3.11: Values of R2 obtained for the linear fit of the several mathematical models 
that describe drug release profiles. 

 R2 Value 

Model pH 5.5 pH 6.5 pH 7.4 

Zero Order 0.6712 0.51567 0.51463 

First Order 0.47 0.33378 0.31399 

Higuchi 0.90407 0.79288 0.76642 

Hixon-Crowell 0.53944 0.39585 0.38015 

Korsmeyer-Peppas 0.98121 0.94587 0.91322 

Taking the equation that describes the Korsmeyer-Peppas model (Formula 3.6) 

 

𝑙𝑜𝑔 (
𝑀𝑖

𝑀∞
) = log(𝐾) + 𝑛 log (𝑡)     (3.6) 

 

Where M∞ is the amount of drug at the equilibrium state, Mi is the amount of drug released over time t, 

K is the constant of incorporation of structural modifications and geometrical characteristics of the 

system (also considered the release velocity constant) and n is the exponent of release (related to the 

drug release mechanism) in function of time, one has that, by the graphical representation of the model, 

n represents the slope of the linear fit obtained. 

Depending on the value of n that better adjusts to the release profile, it is possible to classify the kind 

of release that corresponds the type of observed behaviour [110]. These types can be divided into 3: 

• Quasi-Fickian 

• Fickian model (Case I) 

• Non-Fickian models (Case II, Anomalous Case and Super Case II) 

In the Quasi-Fickian model, n<0.5 release mechanism is ruled by diffusion, that occurs partially in the 

swollen matrix and partially in the solvent filled pores[111]. 

In the Fickian model, n=0.5 and the drug release mechanisms are governed by diffusion because the 

diffusion is much greater than the polymeric chain relaxation[110].  

When 0.5<n<1 the model is Non-Fickian or anomalous transport, and drug release is governed by 

diffusion and swelling that have comparable rates. In this case, the combination of the rearrangement 

of polymeric chains that happens slowly and diffusion that occurs at the same time results in anomalous 

effects[110]. 

When n=1, the model is non-Fickian (Case II), the drug release corresponds to a zero-order release 

kinetics and the mechanism driving the drug release is the swelling or relaxation of polymeric 

chains[110].  

At the end of Case II transport, a fast increase of the swelling ratio may be observed. In this situation, 

the mechanism becomes Super Case II, where n > 1, due to the expansion of forces exercised by swollen 

gel in the vitreous nucleus. For studies related to the value of n, only values of drug release percentage 

up to 60 % are used (Figure 3.69).  
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Figure 3.69: Korsmeyer-Peppas model applied to drug release values <60 % for the 
calculation of n value for Chi/PCL-Dap films. 

From the Korsmeyer-Peppas model equation, one has that the value of n represents the slope of the 

linear fit obtained (Table 3.12). 

Table 3.12: Linear Fits obtained for the calculation of n value for Dap in Chi/PCL-Dap 
films at ph values of 5.5, 6.5 and 7.4. 

Release medium Linear Fit equation 

pH 5.5 Y= 0.15485 x + 1.65554 

pH 6.5 Y= 0.23573 x + 1.59352 

pH 7.4 Y= 0.22658 x + 1.63008 

 

For this value of n, as described above the value of n for all pH studied is lower than 0.5 and therefore 

the mechanism of release is Quasi-Fickian, with release mechanism being ruled by diffusion, that occurs 

in both the swollen matrix and solvent filled pores. 

 

• Chi/PCL-PMMA-EUD-Dap 

 

For Chi/PCL-Dap films (Figure 3.70) the drug release shows to be more affected by the pH of the 

release medium. For a pH of 5.5 50 % of the drug is released within 1 and an half hours and 2 and an 

half hours (Figure 6.33 in Appendix O), however for a pH of 6.5 this same percentage of release occurs 

only within 8 h and at a pH of 7.4 within 8 h. The same trend maintains itself for a drug release 

percentage of 90 % that occurs at 12 h for a pH of 5.5 and yet only at about 48 h for pH values of 6.5 

and 7.4. This indicates that the lower pH results in a faster drug release, although similar concentrations 

of drug released are achieved for all pH values being of 6.24 ± 1.38 µg/mL, 16.22 ± 9.93 µg/mL and 

6.33 ± 0.91 µg/mL for a pH of 5.5, 6.5 and 7.4 respectively. 
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Figure 3.70: Cumulative Dap release from Chi/PCL-PMMA-EUD-Dap films plotted 
versus release time for the first 48 hours of drug release. 

Doing as before and comparing the drug release profile obtained for the Chi/PCL-PMMA-EUD-Dap 

films with several models (Figure 6.34 in Appendix O) it is possible to note that the most appropriated 

release model is again the Korsmeyer-Peppas model (Figure 3.71) since it is the one that leads to the 

linear fit with the highest R2 value (Table 3.13). 

 

Figure 3.71: Korsmeyer-Peppas model representation for the release of daptomycin 
from Chi/PCL-PMMA-EUD-Dap films at pH values of 5.5, 6.5 and 7.4. 
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Table 3.13: Values of R2 obtained for the linear fit of the several mathematical models 
that describe drug release profiles for Chi/PCL-PMMA-EUD-Dap. 

 R2 Value 

Model pH 5.5 pH 6.5 pH 7.4 

Zero Order 0.30632 0.6765 0.51344 

First Order 0.14537 0.28691 0.39373 

Higuchi 0.59868 0.90067 0.78888 

Hixon-Crowell 0.20452 0.36526 0.49329 

Korsmeyer-Peppas 0.84429 0.94965 0.92456 

 

Again, calculating the value of n in order to obtain the kind of mechanism behind the drug release 

profile (Figure 6.35 in Appendix O) it is possible to conclude that the value of n is <0.5 for pH values 

of 6.5 and 7.4, and yet just above 0.5 for a pH value of 5.5 (Table 3.14). Thus, the mechanism is also 

Quasi-Fickian for the first two pH values, and yet, Fickian, or non-Fickian for a pH of 5.5. This indicates 

that for the films with the microspheres, at a lower pH, the drug release is affected by both diffusion 

and polymer swelling. 

Table 3.14: Linear Fits obtained for the calculation of n value for Dap in Chi/PCL-
PMMA-EUD-Dap films at pH values of 5.5, 6.5 and 7.4. 

Release medium Linear Fit equation 

pH 5.5 Y = 0.5197 x + 1.6093 

pH 6.5 Y= 0.26431 x + 1.4908 

pH 7.4 Y= 0.35121 x + 1.46042 

• Chi/PCL-Van 

 

For Chi/PCL-Van films (Figure 3.72) the drug release shows to be more affected by the pH of the 

release medium. For all pH values 50 % of the drug is released within 1 and a half hours (Figure 6.36 

in Appendix O). The same trend maintains itself for a drug release percentage of 90 % that occurs at 24 

h for all pH values. This indicates that drug release of vancomycin from this film is not pH dependent. 

Additionally, similar concentrations of drug released are achieved for all pH values being of 6.85 ± 1.99 

µg/mL, 29.70 ± 10.19 µg/mL, and 10.27 ± 1.94 µg/mL for a pH of 5.5, 6.5 and 7.4, respectively. 

 

 

Figure 3.72: Cumulative vancomycin release from Chi/PCL-Van films plotted versus 
release time for the first 48 hours of drug release. 
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Comparing several release models (Figure 6.37 in Appendix O) it is possible to note that the release 

follows the Korsmeyer-Peppas (Figure 3.73) model since this model is the one that leads to a linear fit 

with a higher R2 value (Table 3.15). 

 

 

Figure 3.73: Korsmeyer-Peppas model representation for the release of vancomycin 
from Chi/PCL-Van films at pH values of 5.5, 6.5 and 7.4. 

 

Table 3.15: Values of R2 obtained for the linear fit of the several mathematical models 
that describe drug release profiles for Chi/PCL-Van. 

 R2 Value 

Model pH 5.5 pH 6.5 pH 7.4 

Zero Order 0.35953 0.32639 0.41732 

First Order 0.15478 0.15467 0.27008 

Higuchi 0.62990 0.60076 0.69513 

Hixon-Crowell 0.22195 0.21170 0.31899 

Korsmeyer-Peppas 0.82198 0.83439 0.91429 

 

Again, calculating the value of n in order to obtain the kind of mechanism behind the drug release 

profile (Figure 6.38 in Appendix O) it is possible to conclude that the value of n is <0.5 for all pH values 

(Table 3.16) and thus the mechanism is always Quasi-Fickian. This indicates that for the films loaded 

with freestanding vancomycin, the drug release is ruled by diffusion in the swollen matrix and solvent 

filled pores. 

Table 3.16: Linear Fits obtained for the calculation of n value for Van in Chi/PCL-Van 
films at pH values of 5.5, 6.5 and 7.4. 

Release medium Linear Fit equation 

pH 5.5 Y = 0.25901 x + 1.7794 

pH 6.5 Y= 0.43279 x + 1.61402 

pH 7.4 Y= 0.22212 x + 1.65421 

• Chi/PCL-PMMA-Van 

 

For Chi/PCL-Van films (Figure 3.74) the drug release shows to be more affected by the pH of the 

release medium. For a pH value of 5.5, 50 % of the drug is released within 2 and a half hours, and yet 
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for pH values of 6.5 and 7.4 the same only occurs after 4 h of drug release (Figure 6.39 in Appendix 

O). For a drug release of 90 % however, that occurs at 48 h for all pH values. This indicates that drug 

release of vancomycin from this film is only pH dependent in the burst release phase. Additionally, 

similar concentrations of drug released are achieved for all pH values being of 15.64 ± 4.00 µg/mL, 

11.66 ± 1.76 µg/mL and 14.33 ± 1.36 µg/mL for a pH of 5.5, 6.5 and 7.4 respectively. 

 

 

Figure 3.74: Cumulative vancomycin release from Chi/PCL-Van films plotted versus 
release time for the first 48 hours of drug release. 

Comparing several release models (Figure 6.40 in Appendix O) it is possible to note that the release 

follows the Korsmeyer-Peppas (Figure 3.75) model since this model is the one that leads to a linear fit 

with a higher R2 value (Table 3.17). 

 

Figure 3.75: Korsmeyer-Peppas model representation for the release of vancomycin 
from Chi/PCL-Van films at pH values of 5.5, 6.5 and 7.4. 
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Table 3.17: Values of R2 obtained for the linear fit of the several mathematical models 
that describe drug release profiles for Chi/PCL-Van. 

 R2 Value 

Model pH 5.5 pH 6.5 pH 7.4 

Zero Order 0.44861 0.54697 0.44235 

First Order 0.22828 0.27874 0.21808 

Higuchi 0.72719 0.80285 0.72346 

Hixon-Crowell 0.30194 0.36981 0.29382 

Korsmeyer-Peppas 0.89497 0.90401 0.88698 

 

Again, calculating the value of n in order to obtain the kind of mechanism behind the drug release 

profile (Figure 6.41 in Appendix O) it is possible to conclude that the value of n is < 0.5 for all pH 

values (Table 3.18) and thus the mechanism is always Quasi-Fickian. This indicates that for the films 

loaded with freestanding vancomycin, the drug release is ruled by diffusion in the swollen matrix and 

solvent filled pores. 

Table 3.18: Linear Fits obtained for the calculation of n value for Van in Chi/PCL-Van 
films at pH values of 5.5, 6.5 and 7.4. 

Release medium Linear Fit equation 

pH 5.5 Y= 0.38752 x + 1.61130 

pH 6.5 Y= 0.34311 x + 1.54780 

pH 7.4 Y= 0.44959 x + 1.52059 

3.5.7 SEM 

In the Chi/PCL-PMMA-Van films (Figure 3.76) it is possible to see the presence of microspheres in the 

surface of the film. Since the last layer is of PCL, which should not contain the spheres, we can conclude 

that the spheres from the chitosan solutions are being transferred to the PCL solution when the substrate 

is submerged on it. 

 

  

Figure 3.76: SEM micrograph of a Chi/PCL-PMMA-Van film at an ampliation of: A) 
600 x and B) 2000 x. 

It is possible to note lines correspondent to the mechanical abrasion performed in the metal, indicating 

that the treatment might affect the film’s final rugosity. 

The Chi/PCL-Van film (Figure 3.77) presents a smooth surface where, again, indentations from the 

treatment to the metal are present. It is possible to see some spheres in the film, showing a contamination 

of the surface occurred during the preparation of the sample for SEM analysis. Although some 

depressions can be observed in the film surface for a magnification of 600 x (Figure 3.77 A), the lack 
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of a large quantity of pores in the surface of the film indicates that the deposition of the final polymer 

layer is mostly homogeneous. 

 

    

Figure 3.77: SEM micrograph of a Chi/ PCL -Van film at a magnification of A) 600 x 
and B) 2000 x with detail in an indentation in picture A. 

The Chi/ PCL -PMMA-EUD-Dap films (Figure 3.78) show a very porous surface with uneven pores 

with a size of 1.38 ± 3.00 µm. No microspheres are present at the top of the film, indicating that if there 

are microspheres they are in the lower layers. The layer visible under the upmost one also presents 

porous, and there seems to be a sphere present in that layer (Figure 3.78 B denoted by a yellow arrow). 

 

  

Figure 3.78: SEM micrograph of a Chi/ PCL -PMMA-EUD-Dap film at a magnification 
of A) 600 x and B) 2000 x with detail on a sphere in figure B by a yellow arrow. 

In these films the lines from the metal treatment are not visible, indicating that perhaps the film is thicker 

or opaquer than the precious ones. 

The Chi/PCL-Dap films (Figure 3.79) are also porous seeming to be however less so than the Chi/PCL-

PMMA-EUD-Dap, indicating that the surface in the Dap loaded films is more homogenous than that of 

the films loaded with PMMA-EUD-Dap microspheres. The pores present also appear to be of similar 

size throughout the surface, with an average size of 0.94 ± 0.25 µm. In these images it is possible to 

note once again the lines from the metal treatment, just as it happened with the Van loaded films. 
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Figure 3.79: SEM micrograph of a Chi/ PCL-Dap film bilayers at a magnification of 
A) 600 x and B) 2000 x. 

The unloaded Chi/pcl films (Figure 3.80) also show a porous surface with pores that are very much 

smaller than those found in the previous film. These pores are heterogenous with an average diameter 

of 2.56 ± 1.85 µm but appear to be more dispersed over the entire surface of the film than it happened 

with the Chi/PCL-Dap films.  

 

   

Figure 3.80: SEM micrograph of a Chi/ film with at a magnification of A) 600 x and 
B) 2000 x. 

Reported formation of pores in films obtained by dip-coating indicate that the cause for their formation 

would be phase separation, in the cases of presented films. This phase separation occurs when a critical 

polymer or nonsolvent concentration is reached during solvent evaporation. When this happens, one 

phase of the phase-separated blends is removed when nonsolvent evaporates from the nonsolvent-

containing phase[112]. Because no pores can be seen in Chi/PCL-Van or Chi/PCL-PMMA-Van films, 

it can be hypothesized that Van affects solvent evaporation from the chitosan layer. 



84 

 

 

4 Conclusions and future work 

The main goal of this project was the development of novel polymeric coatings suitable for local 

controlled release of daptomycin and vancomycin from titanium and steel substrates using the dip-

coating technique. 

Towards that goal, films of 12 alternated layers of chitosan loaded with vancomycin and daptomycin 

loaded acrylic particles and loaded with daptomycin and vancomycin and PCL were successfully 

deposited in 316L-SS. 

 

The work was split into several steps, including synthesis of daptomycin and vancomycin loaded 

particles, substrate treatment optimization and deposition of films. Chemical, structural, and 

morphological characterizations were also made to the produced microparticles and films. 

 

Confirmation of successful production of microspheres was obtained via SEM. The loading of the 

spheres was confirmed via UV-Vis spectroscopy, with a encapsulation efficiency above 99% being 

obtained for PMMA-Van and PMMA-EUD-Dap spheres. Raman spectroscopy was also used to verify 

the presence of both drugs in the microspheres, confirming their presence, although not concluding on 

whether the drugs were inside or in the surface of the spheres. 

 

As for the substrate treatment, three strategies were used: chemical etching, electrochemical etching, 

and mechanical abrasion. Using AFM it was possible to verify that the electrochemical etching 

produced rougher surfaces, and the mechanical abrasion and chemical etching produced surfaces of 

similar roughness. It was also possible to observe that the morphology of the erosion pattern caused by 

chemical and electrochemical etchings were similar and very different from the pattern obtained for 

mechanical abrasion.  

From the film deposition, it was concluded that the mechanical abrasion treatment was the most 

appropriate, showing that the adhesion is more likely dependant in the morphology of the surface and 

not simply in the roughness of it. 

 

Regarding the addition of both drugs and the several spheres into the films, by Raman spectroscopy it 

was possible to confirm the presence of the spheres and of vancomycin in the films, yet, the presence 

of daptomycin could not be ascertained by this spectroscopy.  

 

Drug release studies were performed in the produced films, and the results demonstrated that none of 

the films showed a pH dependent drug release profile, with the drug release happening through diffusion 

even though swelling and degradation ratios indicated that the polymer in which the active compounds 

are encapsulated is pH responsive. 

 

Acknowledging the problems faced during this work, much can be done to further 

study and understand these films: 

 

I.  Further investigate different deposition parameters to produce more homogenous films; 

II.  
Improvement of the mechanical treatment, changing it from manual to machine-made to 

facilitate process reproducibility 

III.  Study process alteration to improve pH response, such as crosslinking of the chitosan layers 

IV Study film surface characteristics, such as surface energy and rugosity 

 

Biological studies including antimicrobial tests, bacterial and cell adhesion tests, and biocompatibility 

and bioactivity tests should also be done in order to determine if the produced films could be used in 

implants. 

Silanization of Ti-6Al-4V were made using TEOS and APTES. Results indicate that Ti treated by 

immersion in APTES after a piranha passivation and Ti treated with TEOS vapor in argon atmosphere 
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without previous passivation in piranha solution result in Si deposition in the metal, indicating that these 

treatments are the most promising for film deposition. 
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6 Appendixes 

 Absorbances and concentrations measured for EE and DL 

calculations 

Table 6.1: Table representing the matrix of a well plate indicating the placement of the 
several samples for absorption measurements with solutions for calibration curves of 
yellow) Dap, purple) Van) with the respective concentrations of drug in each well 
(µg/mL), as well as the supernatant from the solutions of: blue) PMMA microspheres, 
red) PMMA-Van microspheres, green) PMMA-EUD microspheres, orange) PMMA-
EUD-Dap microspheres and white) empty wells. 

  1 2 3 4 5 6 7 8 9 10 11 12 

A 1000 500 250 125 62.5 31.25 15.63 7.812 3.906 1.953 0.9766 0 

B 1000 500 250 125 62.5 31.25 15.63 7.813 3.906 1.953 0.9766 0 

C                         

D                         

E                         

F                         

G                         

H                         

Table 6.2: Absorbances measured at 230 nm for the supernatant after purification of all 
particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

 
1 2 3 4 5 6 7 8 9 10 11 12 

A 3.14 3.38 3.33 2.29 1.21 0.77 0.45 0.29 0.21 0.20 0.17 0.10 

B 3.50 3.50 3.50 3.50 2.08 1.13 0.67 0.40 0.25 0.21 0.16 0.11 

C 3.50 3.50 3.50 3.50 3.50 3.50 2.35 2.37 2.38 
   

D 3.37 3.37 3.38 3.50 3.50 3.50 3.50 3.50 3.50 
   

E 1.64 1.54 1.56 1.53 1.61 1.58 2.67 3.50 2.06 
   

F 1.52 1.46 1.51 3.50 3.50 3.50 2.62 2.78 2.81 
   

Table 6.3: Absorbances measured at 260 nm for the supernatant after purification of all 
particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

 
1 2 3 4 5 6 7 8 9 10 11 12 

A 3.45 3.28 2.01 0.88 0.46 0.30 0.19 0.13 0.11 0.12 0.11 0.07 

B 2.78 1.16 0.68 0.44 0.24 0.17 0.15 0.11 0.09 0.11 0.09 0.08 

C 2.06 1.83 1.92 2.80 2.85 2.91 1.24 1.25 1.29 
   

D 1.82 1.87 1.88 2.75 2.74 2.81 2.60 3.37 1.97 
   

E 0.74 0.74 0.75 0.72 0.76 0.74 0.95 1.29 0.73 
   

F 0.74 0.69 0.71 1.63 1.79 1.85 0.94 1.01 1.11 
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Table 6.4: Absorbances measured at 280 nm for the supernatant after purification of all 
particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

 
1 2 3 4 5 6 7 8 9 10 11 12 

A 3.50 2.14 1.23 0.55 0.30 0.21 0.14 0.10 0.09 0.10 0.10 0.07 

B 3.50 2.02 1.15 0.70 0.36 0.23 0.17 0.12 0.09 0.10 0.08 0.07 

C 1.67 1.47 1.55 2.96 3.20 3.21 1.04 1.05 1.08 
   

D 1.48 1.53 1.53 3.03 3.18 3.10 2.86 3.50 2.07 
   

E 0.65 0.64 0.64 0.62 0.65 0.64 0.68 0.93 0.53 
   

F 0.64 0.59 0.61 1.15 1.29 1.32 0.67 0.72 0.82 
   

Table 6.5: Absorbances measured at 365 nm for the supernatant after purification of all 
particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

  1 2 3 4 5 6 7 8 9 10 11 12 

A 2.566 1.579 0.942 0.429 0.24 0.165 0.118 0.083 0.078 0.084 0.077 0.058 

B 0.111 0.065 0.057 0.07 0.055 0.06 0.063 0.055 0.054 0.073 0.053 0.059 

C 0.73 0.642 0.67 0.781 0.783 0.816 0.447 0.453 0.469       

D 0.644 0.668 0.672 0.77 0.759 0.768 0.712 0.897 0.542 
   

E 0.286 0.279 0.283 0.269 0.289 0.279 0.443 0.618 0.348 
   

F 0.288 0.255 0.265 0.741 0.81 0.84 0.458 0.49 0.518 
   

Table 6.6: Concentrations measured at 230 nm for the supernatant after purification of 
all particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

  1 2 3 4 5 6 7 8 9 

C 0.170 0.170 0.170 0.170 0.171 0.170 0.139 0.139 0.140 

D 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 0.081 

E 0.081 0.079 0.079 0.079 0.080 0.080 0.098 0.113 0.088 

F 0.079 0.079 0.080 0.114 0.114 0.114 0.099 0.102 0.103 

Table 6.7: Concentrations measured at 260 nm for the supernatant after purification of 
all particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

  1 2 3 4 5 6 7 8 9 

C 0.028 0.028 0.028 0.029 0.029 0.029 0.027 0.027 0.027 

D 0.028 0.028 0.028 0.029 0.029 0.029 0.029 0.029 0.028 

E 0.028 0.028 0.028 0.028 0.029 0.028 0.030 0.032 0.028 

F 0.028 0.028 0.028 0.034 0.035 0.036 0.030 0.030 0.031 
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Table 6.8: Concentrations measured at 280 nm for the supernatant after purification of 
all particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

  1 2 3 4 5 6 7 8 9 

C 0.040 0.040 0.040 0.045 0.046 0.046 0.038 0.038 0.038 

D 0.040 0.040 0.040 0.046 0.046 0.046 0.045 0.048 0.042 

E 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.037 0.036 

F 0.036 0.036 0.036 0.038 0.039 0.039 0.036 0.037 0.037 

Table 6.9: Concentrations measured at 365 nm for the supernatant after purification of 
all particle solutions obeying the matrix for sample distribution in a well plate described 
on table. 

  1 2 3 4 5 6 7 8 9 

E 0.011 0.011 0.011 0.011 0.011 0.011 0.012 0.012 0.012 

F 0.011 0.011 0.011 0.013 0.013 0.013 0.012 0.012 0.012 

 

 Calibration curves obtained for DL and EE. 

 

Figure 6.1: Calibration curves obtained for Dap (dark grey) and Van (light grey) at 
several wavelengths. 
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 Histograms obtained for microsphere diameter 

 

Figure 6.21: Histograms obtained for the average diameter values for PMMA, 
PMMA-EUD, PMMA-Van and PMMA-EUD-Dap spheres calculated using ImageJ 

software. 

 AFM 3D Maps 

 

Figure 6.3: AFM images of a 316L-SS sample A) before and B) after an 
electropolishing step. 
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Figure 6.4: AFM  316L-SS immersed in HCl at concentrations of 1) 37 % v/v 2) 18.5 
% v/v for a period of A) 30 min, B) 45 min, C) 1 h, D)1 h and 30 min, E) 2 h. 
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Figure 6.5: AFM 3D Maps obtained for 316L-SS treated by electrochemical etching 
with A) HCl, B) Piranha solution, C) H2SO4. 

 

Figure 6.6: AFM 3D Maps obtained for 316L-SS treated by mechanical abrasion. 
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 Histograms of the thickness obtained for 316L-SS treatments 
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Figure 6.7: Histogram of the thickness values obtained for 316L-SS treated by acid 
etching with HCl. 

 

Figure 6.8: Histogram of the thickness values for untreated 316L-SS and 316L-SS 
treated by mechanical abrasion 
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 SEM micrographs and EDS reports of Ti-6Al-4V after silanization. 

 

Figure 6.9: SEM micrographs of Ti surfaces after silanization process showing: A) Ti 
immersed in TEOS after passivation with piranha, B) Ti immersed in APTES after 
passivation with piranha, C) Ti immersed in APTES without passivation D) treated 
with TEOS vapour in Argon atmosphere, E) treated with TEOS vapour in normal 
atmosphere, F) treated with APTES vapour in Argon atmosphere and G) untreated Ti. 
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Figure 6.10: EDS report from Ti treated by immersion in APTES after a piranha 
passivation. 

 

Figure 6.11: EDS report from Ti treated with TEOS vapour in Argon atmosphere 
without previous passivation in piranha solution. 
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Figure 6.12: EDS report for Ti treated with immersion in TEOS after passivation in 
piranha solution. 

 

Figure 6.13: EDS report for Ti treated by immersion in TEOS after a passivation in 
piranha. 
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 Parameters altered for film deposition studies 

Table 6.10: List of parameters altered for PMMA in DCM film deposition studies on 
316L-SS without a polishing step and respective adhesion evaluation in: green) full 
adhesion, yellow) detachment when submerged in water and red) detachment after 
drying. 
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Table 6.11: List of parameters altered for PMMA in DMAc/Acetone film deposition 
studies on 316L-SS without a polishing step and respective adhesion: green) full 
adhesion, yellow) detachment when submerged in water and red) detachment after 
drying. 
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Table 6.12: Parameters altered for the deposition of PMMA films with 1 layer. 
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 Thickness obtained during film optimization  
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Figure 6.14: Histograms of the thicknesses obtained for PMMA films in 
DMAc/Acetone and DCM with dap, van, or no drug, crosslinked or non-crosslinked. 
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Figure 6.15: Histogram of the thickness values obtained for chitosan films of several 
layers in HAc 1% v/v and in HAc 1 % v/v + ethanol. 
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 Electrophoretic deposition 

 

 

 

 

 

Figure 6.16: Optical microscope images of the substrates with a chitosan film deposited 
for A) 10 minutes at 4 mA and B) 5 minutes at 4 mA showing 1) deposited film and 2) 
metal with no film, 3) birefringence and 4) pitting in the film covered area. 
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 Peel-off Curves obtained during film optimization  

  
 

 

 
 

Figure 6.17: Peel-off curves obtained for film optimization of chitosan. 
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 Thickness obtained for optimized films 
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Figure 6.18: Histograms of the thickness values obtained for optimized films. 
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 Peel-Off curves obtained for optimized films 
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Figure 6.19: Pee-Off curves obtained for the several replicas of the optimized films. 

Table 6.13:  Interception values of the linear fits obtained for optimized films and 316L-
SS treated by mechanical abrasion. 
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 Degradation and swelling ratio of Chi and PCL Films 

 

Figure 6.20: Degradation of chitosan films at pH values between 5 and 8. 

 

Figure 6.21: Degradation of PCL films at pH values between 5 and 8. 
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Figure 6.22: Swelling ratio of chitosan films at pH values between 5 and 8. 

 

Figure 6.23: Swelling ratio of PCL films at pH values between 5 and 8. 
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 Raman 

 

     

Figure 6.24: Raman spectra of the several compounds used for film deposition. 
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Figure 6.25: Raman spectrum of the microspheres (µS) produced. 
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Figure 6.26: Raman Spectra obtained for the several optimized films. 
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Table 6.14: Peak assignment for Raman spectra of PCL, PMMA, Chi, Van and Dap 
showing the experimental and literature peaks, and the correpondant vibrational mode. 

Component Peak in 

spectrum (cm-

1) 

Peak in literature 

(cm-1) 

Vibrational mode 

PCL 878 865 (broad)  

913 913 ν(C–COO) 

1063, 1106 1003-1110 skeletal stretching 

1302 1270-1320 ω(CH2) 

1441 1405-1470 δ(CH2) 

2910 2800-3200 υ(CH) 

Several narrow peaks at 913 cm-1, 1003–1110 cm-1, 1270– 1320 cm-1, 1405–1470 cm-

1 (d) and 2800– 3200 cm-1 refer to the crystalline fraction and the broad peak at 865 

cm*1 indicates the amorphous phase. 

Chitosan 358, 420.0 357,424,444 γ(OH) + γ(ϕ) 

489 493 δ(CO-NH) + δ(C-CH3) 

558 566 γ(NH) + γ(C=O) + ω(CH3) 

 1037 1044 ρ(CH3) + δ(CH) + δ(OH) 

1106, 1156 1093, 1114 ν(C-O-C) + ν(ϕ) + ν(C-OH) + 

ν(C-CH2) + δ(CH) + ρ(CH2) + 

CH3 

1261 1263 δ(OH…O) + ν(C-C) + ν(C-O) + 

δ(CH) + ρ(CH2) 

1318 1325 ν(CN) + δ(CH) 

1376 1377 δ(CH2) + δ(CH) + δ(OH) + ν(ϕ) 

1461 1458 δ(CH) + ω(CH2) + δ(OH) 

1603 1591 δ(NH2) 

1657 1654 ν(CO) 

2883.6 2885 ν(CH2) 

3311.6, 3373.3 3308, 3362 ν(OH) HB 

PMMA 296.7 304 δ(C-C-C) 

362.2 370 νs(C–COO) + δs(O-C=O) 

481.7 487 ν6(C–COO) 

601.2 602    ν(C–COO), νs(C–C–O) 

813.3 818 νs(C–O-C) 

971.4 967 α–CH3 rock 

1125.6 1125 ν(C-C) skeletal mode 

1187.3 1188 νa(C–O-C) 

   

1453.3 1456 δa (C–H) of α-CH3, δa(C–H) of 

O–CH3 

1730 1736 ν(C=O) of (C–COO) 

2841 2848 Combination band involving 

O–CH3 

2949 2957 νs(C–H) of O–CH3 with νs(C–

H) of α-CH3 and νa(CH2) 

3003.2 3001 νa (C–H) of O–CH3, νa (C–H) of 

α-CH3 

Vancomycin 990 993 ν(C-C) skeletal mode 

 1242 1232 ν (C-N) of amide III 

 1334 1328 δ(C-H) of CH2 and CH3 

 1602 1610 ν(C=O) of amide I 

 1678 1682 ν(C=C)  
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Daptomycin 420 399, 418 Arginine, Threonine 

 562 533, 564 Arginine, Threonine 

 759 749, 779, 742, 774 Aspartic Acid, Aspartic Acid, 

Threonine, Threonine 

 844 852 Alanine 

 1013 1021, 1010 Alanine, Serine 

 1063 1083, 1084, 1045 Arginine, Aspartic Acid, 

Threonine 

 1218 1199, 1220 Arginine, Serine 

 1353 1361, 1364, 1338, 

1362, 1341 

Alanine, Arginine, Aspartic Acid 

 1433 1423, 1443, 1426, 

1419, 1442 

Arginine, Arginine, Aspartic Acid, 

Threonine, Glycine 

 1553 1568, 1548 Glycine, Threonine 

 1638 1630, 1621, 1651 Serine, Threonine, Threonine 

νa - asymmetric stretching mode; νs - symmetric stretching mode (same for δ). Φ- 

pyranoid ring; ν - stretching; δ-  in-plane bending vibrations; ω,γ - out-of plane 

bending; HB, hydrogen bond 
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 Drug Release 

 

Figure 6.27: UV-Vis spectra obtained for Van and Dap calibration curves at pH values 
of 5.5, 6.5 and 7.4. 
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Figure 6.28: Absorbances measured for Chi/PCL films at 280 nm. 

 

Figure 6.29: Absorbances measured for Chi/PCL films at 262 nm. 
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Figure 6.30: Absorbances measured for Chi/PCL-PMMA films at 280 nm. 

 

Figure 6.31: Plot of the cumulative daptomycin release from Chi/PCL-PMMA-EUD-
Dap films vs. release time for the first 6 hours of drug release. 

0 2 4 6 8 10 12 22 24 46 48 118 120 122
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

A
b

s
o

rb
a
n

c
e
 (

a
.u

.)

Time (h)

 pH 5

 pH 6

 pH 7



127 

 

 

 

Figure 6.32: Comparison of drug release to mathematical models for Chi/PCL-Dap 
films. 



128 

 

 

 

Figure 6.33: Plot of the cumulative daptomycin release from Chi/PCL-PMMA-EUD-
Dap films vs. release time for the first 6 hours of drug release. 

 

Figure 6.34: Comparison of drug release to mathematical models for Chi/PCL-PMMA-
EUD-Dap films. 
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Figure 6.35: Korsmeyer-Peppas representation for a cumulative drug release < 60 % 
for the calculation of the value of n for Chi/PCL-PMMA-EUD-Dap films. 

 

Figure 6.36: Cumulative vancomycin release from Chi/PCL-Van films vs. release time 
for the first 6 hours of drug release. 
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Figure 6.37: Comparison of drug release to mathematical models for Chi/PCL-Van 
films. 

 

Figure 6.38: Korsmeyer-Peppas representation for a cumulative drug release < 60 % 
for the calculation of the value of n for Chi/PCL-Van films. 
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Figure 6.39: Cumulative vancomycin release from Chi/PCL-PMMA-Van films vs. 
release time for the first 6 hours of drug release. 
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Figure 6.40: Comparison of drug release to mathematical models for Chi/PCL-PMMA-
Van films. 

 
Figure 6.41: Korsmeyer-Peppas representation for a cumulative drug release < 60 % for the calculation 

of the value of n for Chi/PCL-PMMA Van films. 
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