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ABSTRACT 

This work aimed to study the application of a multilayer polymeric coating on stainless-steel (SS) sur-

faces to provide local and controlled drug delivery to prevent the formation of biofilms. The bacteria colonies 

formed onto non-recognized surfaces placed inside the body could cause serious infections leading to the im-

plant’s removal. Therefore, implant’s surface functionalization is a key point to overcome this problem. 

Using electrospinning and blow-spinning techniques, the SS substrates were coated layer-by-layer with 

membranes made of cellulose acetate (CA) and polycaprolactone (PCL) fibres containing ibuprofen (Ibu). The 

fibres retain the mechanical properties of the polymers while also allow for controlled Ibu release in specific 

locations. As a result, Ibu efficacy improves and the ability of implant rejection decreases. Optical microscopy, 

scanning electron microscopy, and Raman spectroscopy were used to characterize the fibres. 

Following the films production, drug release, swelling, and degradation tests were carried out to simu-

late in vivo performance of the membranes. Mechanical properties were also evaluated through stress and 

peeling-off adhesion tests. A layer of chitosan (CHI) was electrosprayed between the substrate and the coating 

for the peeling-off tests, to evaluate the effect of CHI on adhesion. 

Ibu was successfully incorporated into the fibres, but the concentrations and control of its release require 

further investigation. The electrosprayed CHI layer improved the adhesion of the coating to the surfaces. In 

conclusion, this research has demonstrated that the films obtained have promising properties for use in the 

context of implant-related infection treatment. 

Keywords: Cellulose acetate, polycaprolactone, ibuprofen, electrospinning, blow-spinning, drug re-

lease 
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RESUMO 

Este trabalho teve como objetivo estudar a aplicação de um revestimento polimérico multicamada em 

superfícies de aço inoxidável (SS) para fornecer libertação local e controlada de fármacos para prevenir a 

formação de biofilmes. As colónias de bactérias formadas em superfícies não reconhecidas colocadas dentro 

do corpo podem causar infeções graves que levam à remoção do implante. Portanto, a funcionalização da 

superfície do implante é um ponto chave para superar este problema. 

Utilizando técnicas de eletrofiação e blow-spinning, os substratos SS foram revestidos camada por ca-

mada com membranas feitas de fibras de acetato de celulose (CA) e de policaprolactona (PCL) incorporando 

ibuprofeno (Ibu). As fibras retêm as propriedades mecânicas dos polímeros, permitindo também a libertação 

controlada de Ibu em locais específicos. Como resultado, a eficácia do Ibu melhora e a capacidade de rejeição 

do implante diminui. Microscopia ótica, microscopia eletrónica de varredura e espectroscopia Raman foram 

utilizadas para caracterizar as fibras. 

Após a produção dos filmes, testes de libertação do fármaco, inchamento e degradação foram realizados 

para simular o desempenho in vivo das membranas. As propriedades mecânicas também foram avaliadas por 

meio de testes de tração e adesão. Uma camada de quitosana (CHI) foi eletropulverizada entre o substrato e o 

revestimento para avaliar o efeito da CHI nos testes de adesão. 

O Ibu foi incorporado com sucesso nas fibras, mas as concentrações e o controlo da sua libertação re-

querem investigação adicional. A camada de CHI eletropulverizada melhorou a adesão do revestimento às 

superfícies. Concluindo, esta pesquisa demonstrou que os filmes obtidos possuem propriedades promissoras 

para uso no contexto do tratamento de infeções relacionadas a implantes. 

Palavas chave: Acetato de celulose, policaprolactona, ibuprofeno, eletrofiação, blow-spinning, libertação de 

fármaco 
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INTRODUCTION 

This work aims to investigate multifunctional polymeric coatings containing drug delivery vehicles to 

prevent the formation of biofilms on implant surfaces. Polymeric coatings must be biocompatible, have good 

substrate adhesion, and have controlled drug release. 

This introduction aims to emphasize the importance of biofilms in the context of implants and to present 

the approach proposed in this work with the incorporation of the drug in coatings that will serve as an anti-

inflammatory agent preventing prosthesis rejections. As a substrate for the coating deposition, stainless steel, 

a metallic alloy commonly used in biomedical devices, was chosen. These were coated with films made of 

multilayers of cellulose acetate, polycaprolactone, and chitosan, all of which are well-known biocompatible 

materials that are frequently used in implant materials. Ibuprofen was chosen as the anti-inflammatory to be 

loaded into the solutions due to its easy accessibility. Electrospinning, electrospray, and blow-spinning tech-

niques will ensure its ease of production, low cost, and versatility to suit various surface formats. 

 

1.1 Biofilms 

Biofilms are microorganism aggregates (bacteria, fungi, protists) that can grow as structured communi-

ties on a variety of surfaces while embedded in a polymeric matrix. These biofilms are formed by initially 

weak links between the bacteria and the surface, which eventually progress to an almost permanent link, fol-

lowed by the biofilm's own structurization[1]. 

Bacterial adhesion to implant surfaces occurs primarily through contact with contaminated surfaces, 

preventing antibiotics and anti-inflammatory drugs from acting as intended. They also become difficult to treat 

with antimicrobial agents due to the formation of a protective layer around the bacteria. This situation results 

in recurring or persistent infections, which cause tissue destruction, dysfunction, and implant removal in ex-

change for a new one, accounting for approximately 15% of all orthopaedic surgeries[2][3]. 

Figure 1.1 shows the process of biofilm formation from left to right, regardless of infection mechanism: 

(1) Attachment; (2) Accumulation; (3) Maturation; and (4) Dispersion through the environment[4]. 
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Surface modifications, nanoparticle-based treatments, biocompatible polymer coatings, and antibiotic 

concentration adjustments are some of the main methods for preventing and combating biofilms[2]. The use 

of polymer blends as coating materials for controlled drug delivery systems can provide significant benefits, 

including the ability to easily adjust desired drug release patterns, mechanical properties, and drug release 

mechanisms, and improved film formation and storage stability[2]. 

 

1.2 Implants 

Implants are any device or material used to replace or repair a part of the body to improve quality of life 

or to help re-establish functions lost due to disease or accident. Despite the success of these devices, there is 

still concern about long-term problems associated with continued exposure of body tissues to implant materi-

als. These concerns stem from the interaction of implant materials with surrounding tissues and physiological 

fluids[5]. 

The materials used to make the implants will vary depending on their intended use. The following im-

plantable devices are commonly found in biomedical implants: cardiovascular (stents), neurological (cochlear 

and retinal), and orthopaedic (bone plates and dental implants)[6]. 

Metals are by far the most ancient and widely used materials in surgical procedures. This is due to their 

properties, which include high strength, high fracture resistance, good formability, and, most importantly, bi-

ocompatibility, which prevents the body from attacking the implant, resulting in corrosion of the implant, 

which causes an overall loss of efficiency and can have other negative effects on the body. As a result, stainless 

steel (SS), titanium and its alloys, cobalt-based alloys, and tantalum are the most used metals in implantable 

devices[6]. 

Among metallic implants, SS (especially types 316 and 316L) is a popular choice for orthopaedic sur-

geries such as fracture fixation and bone plates, owing to its high shear strength when compared to titanium 

alloys, and the ability to vary corrosion resistance depending on the alloy, making them very versatile, but also 

because they are inexpensive and simple to handle. As a result, improving the bioactivity and corrosion re-

sistance of SS implants is critical for clinical applications[7]. 

Major complications with SS implants include allergic reactions to wear debris in the surrounding tis-

sues, corrosion-induced toxicity, and device degradation. Furthermore, previous research has shown that ap-

plying protective coatings is one of the most effective ways to protect stainless-steel alloys from corrosion[8]. 

Figure 1.1 – Biofilm formation process. Adapted from [4]. 
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The following section discusses the technique used in this study to modify 316L SS substrates with a 

polymer-based sandwich drug release coating. 

 

1.3 Coatings for controlled drug release 

After implant placement, controlled drug release coatings are standard procedures used to try to avoid 

situations such as biofilm formation and associated infections. They are devices that can deliver small but 

sustained doses of drug to the implantation site while causing minimal systemic toxicity, making drug re-

sistance unlikely in microorganisms[9]. 

This chapter provides an overview of the drug and the polymers used in the coating of this work. 

 

 Polymers 

Cellulose acetate (CA) is a cellulose derivative, which is one of the most abundant natural polymers on 

the planet. It is a biopolymer, which means it is a biodegradable polymer (hydrophilic in nature), biocompati-

ble, nontoxic, and can be functionalized by different groups to achieve the desired properties, making it par-

ticularly appealing to researchers[9]. 

CA solutions are simple to convert into membranes and fibres. These membranes have high chemical 

and mechanical stability, excellent water affinity, high porosity, and superior transport properties, all of which 

are desirable properties for tissue engineering scaffolds and drug-delivery devices[9],[10]. 

Polycaprolactone (PCL) has long been recognized as a biocompatible and biodegradable synthetic pol-

ymer. In physiological conditions (such as the human body), PCL is degraded by hydrolysis of its ester linkages 

and has thus received a lot of attention for use as an implantable biomaterial. It is particularly interesting for 

the development of long-term implantable devices[11]. 

PCL membranes form a randomized fibrous and porous matrix that can increase mechanical strength 

while also allowing for cell proliferation and fluid absorption. However, due to its hydrophobic nature, PCL's 

use in medicine has been limited. To overcome this disadvantage, PCL has been modified with other biopoly-

mers such as CA to create a hydrophilic property and improve the scaffold's strength and biocompatibility[9]. 

CA fibres have a high surface area due to their nano size, which increases their ability as drug carriers because 

the drug is released locally in the target organ or tissue, requiring less drug with fewer side effects[10]. 

Chitosan (CHI) is a naturally occurring cationic and highly basic linear polymer (polysaccharide) 

formed by the N-deacetylation of chitin. CHI is made up of units of glucosamine and N-acetyl-D-glucosamine 

with β (1→4) bonds between them (Figure 1.2 c))[12]. It is ideal for biomedical applications because it is 

antimicrobial, promotes cell proliferation, is biodegradable, biocompatible, and provides excellent mechanical 

resistance to biomaterials based on it[13]. 

CHI can be formed into films, fibres, beads, powders, and solutions. The polymer's cationic nature at-

tracts negatively charged cytokines and growth factors, which is thought to help protect and concentrate cyto-

kines and growth factors secreted by local cells, resulting in accelerated healing[14]. 
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Figure 1.2 shows the chemical structures of CA, PCL, and CHI. 

 

 Ibuprofen 

Ibuprofen (Ibu), Figure 1.3, is a popular analgesic-antipyretic-anti-inflammatory medication. Although 

analgesic usage patterns vary significantly by country, it is likely to rank third behind aspirin and paracetamol 

in non-prescription over-the-counter use for the relief of symptoms of acute pain, inflammation, and fever. It 

is also, probably, the least toxic of these three analgesics, with few reports of fatalities from accidental or 

intentional ingestion or severe adverse reactions[16]. 

As a nonsteroidal anti-inflammatory drug (NSAID), it focuses on skin applications to treat local pain 

and inflammation associated with chronic wounds with prolonged inflammation and musculoskeletal prob-

lems. When compared to other NSAIDs, the relative topical efficacy of drug reveals that there is a greater flux 

of Ibu through the skin, indicating that it is suitable for topical administration[17][18]. While other drugs like 

Ibu appear to be more effective at relieving the symptoms, Ibu compensates by being safer, which is possible 

due to its short plasma elimination half-life, with little variation from person to person[17]. 

The use of Ibu in this study aims to confirm drug retention and release of CA and PCL fibres, and not 

to prevent biofilm formation since it is an anti-inflammatory drug. This choice was made due to their availa-

bility and low cost, when compared to antibacterial drugs. 

 

 

 

 

 

 

1.4 Electrospinning/Electrospray and Blow-spinning membranes 

Electrospinning/Electrospray (ES) techniques, Figure 1.4 a), work on the same principles. A syringe 

containing the solution is placed on a syringe pump and the material inside is extruded with the help of an 

electrical field applied between the syringe needle and a grounded collector. The physical properties of the 

polymer solution (viscosity, surface tension) as well as the electrohydrodynamic device parameters influence 

the final morphology of the obtained polymeric material. When the concentration of the polymer solution is 

high enough to promote chain entanglements, a polymer jet forms. On the other hand, if the polymer solution 

concentration is too low, chain entanglements do not form and droplets are sprayed from the needle, resulting 

in the electrospray process. These techniques were chosen for the fabrication of the membranes due to their 

Figure 1.2 - Representation of a) Chemical structure of CA [15], b) Chemical structure of PCL [11], c) Chemical structure of CHI 

with glucosamine (left) and N-acetyl-D-glucosamine (right) [13]. 

 

Figure 1.3 - Chemical structure of ibuprofen. Adapted from [16]. 
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versatility, simplicity, and scalability[19]. They present many process variables that can be used to control the 

process, such as temperature, humidity, flow, voltage, needle diameter, and distance from the collector to the 

needle[20]. 

Blow-spinning (BS) technique, Figure 1.4 b), is a relatively new method for producing polymer micro 

and nanofibers that is gaining significant interest as a quick, safe, and appealing alternative to the widely used 

ES. BS employs concentric nozzles, with the polymer solution extruded through the inner nozzle and high-

pressure gas released through the outer nozzle. The high-pressure compressed gas causes a polymer solution 

jet to discharge from the tip of a Taylor cone at the inner nozzle's exit. The jet is then accelerated over the 

working distance towards the collector. Although the potential for significantly faster fibre production rates 

and a wider range of available polymer-solvent systems were the primary reasons for choosing the BS method, 

extensive research is still needed to establish the relationships between the fibrous materials structure and the 

processing parameters, such as airflow, pistol-target distance, and chamber temperature. The formation of 

uniform fibres has been shown to be dependent on polymer solution concentration, which influences solution 

viscosity[21].  

Previous studies used Ibu in CA fibres, which were then used to make bandages and wound dressing, to 

reduce inflammation. The fibres would dissolve quickly, releasing all the Ibu that had been retained in them. 

This opens the possibility of using fast-dissolving drug delivery for poorly water-soluble drugs like Ibu[24]. 

Other previous research has shown that CHI coatings can provide corrosive protection for a short period 

of time due to their fast resorption rate, but their superior biocompatibility and bioactivity can bring additional 

benefits in terms of biological performance. PCL coatings improved mechanical adhesion to AZ91 alloy sub-

strates (magnesium alloy) and promoted greater spreading and elongation of osteoblastic cells than untreated 

substrates. Thus, the combination of CHI and PCL into a single coating system has unique properties such as 

antimicrobialability, osteoinductivity, and strong adhesion to surfaces[25]. 

Previously[26], our research group investigated the use of dip-coating and ES techniques to prepare 

alternate layers of CHI and CA fibres containing antibiotics as a protective coating and drug delivery vehicle 

for metal implants. This thesis will build on those advances by focusing on the ES and BS techniques for 

encapsulating a model drug (Ibu) into fibres of CA, PCL and CHI deposited on SS substrates. The following 

objectives were set for this work: 

i. Production of CA fibres incorporating Ibu by ES (process optimization). 

ii. Production of PCL fibres incorporating Ibu by ES and BS. 

iii. Production of a coating with layers of CA and PCL incorporating Ibu. 

iv. Evaluation of the obtained drug release profiles. 

v. Study of fibres adhesion to SS substrates with a CHI layer on it.  

 

  

Figure 1.4 - Schematics of a) Electrospinning/Electrospray[22] and b) Blow-spinning[23] setups 
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MATERIALS AND METHODS 

This chapter provides a brief overview of the materials and processes used in this work. Starting with 

polymeric solution preparation, membrane fabrication, drug release tests, and finally the methods used to an-

alyse and characterize the various membrane properties presented. 

2.1 Polymeric solutions 

The CA (Sigma-Aldrich, USA, average Mn ~50,000 by GPC, 39.7 wt.% acetyl) solution 12% wt/v, used 

as solvents dimethylacetamide (≥ 99.8%, Carlo Erba, France) and acetone (≥ 99.5%, Honeywell, Germany), 

with a ratio of 1:2. The PCL (Sigma-Aldrich, UK, average Mn ~80,000) solution 5% wt/v, used as solvents 

dichloromethane (Carlo Erba, France) and dimethylformamide (≥ 99.9%, Carlo Erba, France), with a ratio of 

7:3. The same quantity of Ibu (Farma-Quimica Sur, Spain), 1 mg, was added to the CA and PCL solutions, 

resulting in concentrations of about 0.5 g/L. 

The CHI (Sigma-Aldrich, USA) solution 0.5% wt/v, used as solvents ultrapure water, and ethanol (≥ 

99.8%, Honeywell, Germany), with a ratio of 1:1 and acetic acid (≥ 99.7%, Sigma-Aldrich, USA), 1% v/v. 

2.2 Membranes fabrication 

The CA membranes were produced using electrospinning technique, the parameters vary according to 

whether Ibu is incorporated and can be found in Annex A. The PCL membranes were produced using electro-

spinning or blow-spinning techniques, the parameters can be found in Annex B. The CHI was deposited on SS 

substrates immediately before the CA or PCL depositions using the electrospray technique, and used the pa-

rameters presented in Annex C. Several depositions were performed, resulting in membranes of various con-

figurations. 

To obtain only the CA and PCL membranes, depositions were made on aluminium foil, allowed to rest 

for 24 hours to completely dry, and then removed with a scalpel. The implant material was then represented 

by depositions on SS substrates (GoodFellow Cambridge Ltd, 316L). The optical microscope (Leica DMi8) 

confirmed that the SS substrates used had previously[27] been cleaned and mechanically treated (steps pre-

sented in Annex D), so it was only necessary to sand and clean them with ethanol as a precaution. 
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2.3 Drug release tests 

A simulated body fluid (SBF) solution was prepared according to a standard protocol [28], at pH 7.4. 

The constituents of SBF can be found in Annex E. After prepared the SBF solution was then kept in a refrig-

erator until use. 

To conduct the drug release study, an absorption-concentration calibration curve was first created using 

the following methodology: a solution of SBF-Ibu at a concentration of 20 mg/L was prepared. The SBF-Ibu 

solution was then diluted sequentially as shown in Annex F, and the absorbance spectra for each concentration 

were obtained using UV-VIS spectrophotometry (T90+ UV/VIS Spectrometer PG Instruments Ltd). 

The drug release from the membranes was studied by immersing each one in 20 mL of SBF solution at 

37 ºC and acquiring the absorption spectrum of the SBF solution at regular intervals for subsequent comparison 

with the calibration curve. 

In a previous study[29], an absorption-concentration calibration curve for Millipore water-Ibu was cre-

ated in the same way as the one already developed. Each membrane was immersed in 20 mL of Millipore 

water solution at room temperature, and the absorption spectrum of the water was measured at regular intervals 

for comparison with the calibration curve. 

2.4 Characterization 

The surface morphology of substrates and coatings was examined using an optical microscope (Leica 

DMi8) and a scanning electron microscope (SEM Hitachi S2400) with a 20 kV energy beam. Carbon tape was 

used to fix the samples in the sample holder. 

A compositional analysis was performed using Raman spectroscopy (Witec Alpha 300 RAS) to demon-

strate the presence of compounds added to the membranes, such as ibuprofen. This device used a monochro-

matic laser with a wavelength of 532 nm and a power of 1.5 mW to analyse the samples. 

CA and PCL membranes were immersed in 20 mL of SBF solution at 37 ºC for swelling studies. After 

drying with absorbent paper, the samples were initially weighed at 20-minute intervals, and then every 24 

hours for 15 days. For degradation studies, CA and PCL membranes were also immersed in 20 mL of SBF 

solution at 37 ºC. The samples were cleaned in ultrapure water and dried in an oven at 50 ºC until completely 

dry before being weighed every 24 hours for 15 days. 

The stress testing was done by cutting 1x1.5 cm samples, measured the thickness and fixing in a univer-

sal mechanical testing machine (Shimadzu AG-50kNG with the “Trapezium2” software). The membranes 

were stretched at 2 mm/minute by the 1 cm side, with increasing force up to 10 N, until the membrane tore. 

The peeling-off tests evaluate the adhesion properties of the polymeric film bonded to SS substrate fixed 

in a universal mechanical testing machine (Shimadzu AG-50kNG with the “Trapezium2” software). The film 

was covered with adhesive tape. The SS tip was attached to one of the claws, and the adhesive tape tip was 

attached to the moving claw, which was pulled at 5 mm/min, with an increasing force up to 5 N, until it 

detached from the substrate. This procedure was carried out in films made with and without CHI, to evaluate 

its influence on adhesion.  

Figure 2.1 shows the schematics of the overall process considered. 
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Figure 2.1 - Schematics of the overall process considered 
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3  

 

RESULTS AND DISCUSSION 

The obtained results will be presented and discussed in this chapter. First, the results of the membrane 

fabrication step will be discussed, specifically the morphology of the fibres obtained with the various condi-

tions and processing solutions, as well as their deposition on SS substrates. Then the drug release tests results 

and finally the mechanical and degradation membrane tests. 

3.1 Membranes fabrication 

In this subchapter are presented and described the main fabricated membranes, their morphology and 

mean fibre diameters (MFD). Membranes were made by electrospinning from four different solutions: 12% 

wt/v CA, 12% wt/v CA 0.5 g/L Ibu, 5% wt/v PCL, and 5% wt/v PCL 0.5 g/L Ibu. Blow-spinning was also 

used for some PCL depositions. After deposition the membranes were removed from the aluminium foil and 

cut into 1.5x1.5 cm squares. 

 CA membranes 

The CA membranes with and without Ibu were produced by the electrospinning technique, using the 

parameters described in Annex A. 

The macroscopic and microscopic images of the obtained CA membrane are shown in Figure 3.1. From 

the optical microscope image, it is observed that membranes are formed by very thin fibres. 

 

 

 

 

 

 

 

 

 

 

b) a) 

 

 

Figure 3.1 - CA membrane with Ibu produced by electrospinning (a) Photograph of the membrane, b) Optical microscope image of 

the fibres 
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Figure 3.2 depicts the SEM images of obtained coatings formed by CA fibres without and with Ibu, and 

MFD is represented in the histogram. 

 

 

 

 

 

 

 

 

 

Using the ImageJ® program, the average diameters of the fibres were estimated. Comparing the fibres 

of Figure 3.2 a) and Figure 3.2 b), for the CA membranes without Ibu, the MFD is 439 ± 202 nm, and for the 

CA membranes with Ibu the MFD is 921 ± 596 nm. The mean diameter and its variance are larger for CA Ibu 

fibres. This difference can be explained by an increase in solution viscosity when Ibu is added, resulting in the 

production of fibres with an overall larger diameter when compared to CA electrospun fibres without Ibu. 

However, due to the small amount of Ibu in the solution, it is possible that not all fibres contain Ibu, resulting 

in a larger variation in diameters. 

 

a) 

 

 

b) 

 

 

Figure 3.2 - SEM images of CA fibres without Ibu (a) and with Ibu (b), and respective MFD (N=30). Scale bars represent 20 µm 

or 2 µm in higher magnification images. 
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 PCL membranes 

The PCL membranes with and without Ibu, were mostly produced by electrospinning, and some by 

blow-spinning. The electrospinning parameters used can be found on Annex B.  

Figure 3.3 depicts the SEM images of obtained coatings formed by PCL fibres without and with Ibu 

produced by electrospinning, and MFD is represented in the histogram. 

 

 

 

 

 

 

 

 

 

Comparing the images of Figure 3.3 a) and Figure 3.3 b), the difference in fibres morphology is clear. 

For the PCL membranes without Ibu, the MFD is 312 ± 117 nm, and for the PCL membranes with Ibu the 

MFD is 726 ± 454 nm. As well as CA membranes, the difference in diameters and morphology can be ex-

plained by an increase in solution viscosity when Ibu is added, resulting in the production of fibres with a 

larger diameter when compared to PCL electrospun fibres without Ibu. Fibres from membranes with Ibu also 

show wider zones, although it is not possible to conclude whether Ibu is accumulated there or whether the 

increased viscosity of the PCL and Ibu solution is promoting these tangles and/or fibre fusion. 

a) 

 

 

b) 

 

 

Figure 3.3- SEM images of PCL fibres without Ibu (a) and with Ibu (b), and respective MFD (N=30). Scale bars represent 20 

µm or 2 µm in higher magnification images. 
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 CA and PCL membranes 

Double sequential CA and PCL layer membranes were formed with and without Ibu. First CA by elec-

trospinning followed by electrospinning or blow-spinning PCL. The electrospinning parameters can be found 

on Annex A, and Annex B, respectively.  

Figure 3.4 depicts the SEM images of those membrane coatings without and with Ibu produced by 

electrospinning, MFD histogram is shown next to respective SEM image. 

 

 

 

 

 

 

 

 

Comparing the fibres of Figure 3.4 a) and Figure 3.4 b), their morphology is comparable to the SEM of 

PCL fibres without and with Ibu of Figure 3.3 a) and Figure 3.3 b). For the CA and PCL membranes without 

Ibu, the MFD is 446 ± 147 nm, and for the CA and PCL membranes with Ibu the MFD is 703 ± 461 nm, which 

is also in the same range of the MFD for PCL fibres. Since PCL is the top layer, it would be the one observed 

in the SEM images, top view, if there was no fusion with the previous CA layer during deposition. 

a) 

 

 

b) 

 

 

Figure 3.4 - SEM images of CA and PCL fibres without Ibu (a) and with Ibu (b), and respective MFD (N=30). Scale bars repre-

sent 20 µm or 2 µm in higher magnification images. 
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3.2 Coatings in SS substrates 

Medical grade SS substrates were used to simulate prostheses surface. The CA and PCL layers deposi-

tions were carried out in a similar way as the previous ones in the aluminium foil. The SS substrates used for 

coatings should first be treated with mechanical and/or chemical abrasion to remove surface oxides and create 

anchor sites for the film/membranes fix and adhere. 

The SS substrates used had already been treated by a student who had done a similar study the previous 

year[27], the steps can be found on Annex D. Observing the SS substrates using an optical microscope (Figure 

3.5), that was confirmed. It was only necessary, as a precaution, to sand and then clean them with ethanol. 

 

The CA, PCL and CHI solutions were deposited by ES in SS substrates connected with aluminium 

adhesive tape to an aluminium foil-coated target, as shown in the experimental setup of the Figure 3.6. This 

setup has a copper ring attached to the syringe needle, that contains the solution, to collimate the flow and to 

decrease fibre dispersion to the edges of the SS substrates. As the setup starts operating, the fibres would begin 

to deposit slowly on the substrate, with random orientation, producing a membrane. The deposition parameters 

used for the CA, PCL, and CHI solutions are referred in Annex A, Annex B, and Annex C, respectively. As 

previously reported[27], the CHI layer was introduced to enhance the adhesion of the CA membranes to the 

SS substrates, it will not intervene in the drug release process. 

 

 

 

 

 

 

 

 

Figure 3.5 - Optical microscope image of stainless-steel substrate a) before treatment[27] and b) after treatment 

 

a) 

 

 

b) 

 

 

Figure 3.6 - Experimental setup of electrospinning/electrospray collector (1) with four SS substrates (2) attached to it and copper 

ring (3) attached to the syringe needle (4) by crocodiles. 
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3.3 Drug Release 

To determine the exact quantity of Ibu present in the total membrane, the solutions containing Ibu were 

completely used to produce the membranes. The membranes were then cut in approximately 10% of the total 

membrane. However, the quantity of Ibu in these membranes could not be accurately quantified because they 

were not uniform, with the middle part of the total membrane being thicker and thus more concentrated than 

the rest. In addition to the membrane waste that could not always be removed from the aluminium foil.  

 In SBF 

To obtain the calibration curve of Ibu in SBF, an SBF-Ibu solution with a concentration of 20 mg/L was 

prepared, dilutions were made to obtain different concentrations in intervals of 1 mg/L, from 0 mg/L to 20 

mg/L. The absorption spectra for the different concentrations are shown in Figure G.1 in Annex G.  

The calibration curve of Figure 3.7 is obtained by the maximum absorption value of the peak at 222 nm 

and 211 nm. Equation (3.1) relates the absorption and concentration obtained from the linear regression of 

calibration curve of peak of 222 nm and Equation (3.2) is obtained from the peak of 211 nm. Thus, is possible 

to estimate the concentration when the absorbance is known.  

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

From the calibration curve was obtained the following empirical correlation between absorption and Ibu 

concentration in SBF. 

 

Concentration ibu 222 nm (
mg

L
) =

ABS

0.052
 

 

Concentration ibu 211 nm (
mg

L
) =

ABS

0.037
 

 

 

Figure 3.7 - Absorption spectra for the different ibuprofen concentrations on SBF and calibration curve of the two obtained peaks  

 

(3.1) 

 
(3.2) 
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The Beer-Lambert law states that the molar concentration (c) and the absorbance (A) of a solution have 

a direct proportionality, represented by the Equation (3.3). A notice to justify the deviation of this low to lower 

concentrations which is due to the sensibility limitations of the equipment used.  

 

𝐴 = 𝑒 (M−1. cm−1) × 𝑐 (M) × 𝑙 (cm) 

 

Drug release tests were performed by measuring the absorption spectrum of SBF medium were CA 

and/or PCL membranes with Ibu were immersed, at certain intervals, until the end of 7 days. The obtained 

spectra are shown in Figure H.1, Figure H.2, Figure H.3, Figure H.4, Figure H.5, Figure H.6 and Figure H.7 

in Annex H.  

Figure 3.8 shows the average variation of drug release concentration with time of all different mem-

branes in SBF, that was obtained using Equation (3.2), due to the similar absorbance peaks in 211 nm.  

To estimate the quantity of Ibu released to the SBF medium, the final values of concentration obtained 

for every membrane are multiplied by the 20 mL of SBF used. The final values of released Ibu are presented 

in Table 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Membrane Ibu released (mg) 

CA Ibu 0.498 

PCL Ibu (ES) 0.832 

PCL Ibu (BS) 0.762 

CA Ibu + PCL (ES) 0.438 

CA Ibu + PCL (BS) 0.789 

CA + PCL Ibu (ES) 0.779 

CA Ibu + PCL Ibu (ES) 0.700 

Figure 3.8 - Average variation of drug release concentration with time in SBF. 

 
Table 3.1 – Estimated final quantity of Ibu released in SBF from each membrane after 190h 

 

(3.3) 
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Figure 3.8 compares various membrane behaviours in drug release. Starting with PCL Ibu (ES) and 

PCL Ibu (BS), the BS membrane allows for faster drug release at the beginning due to its greater porosity, 

but at the end it becomes very similar. The PCL-BS membrane shows a linear release over time while for PCL-

ES it shows a smaller variation up to 2h and then the release is as well faster. Due to porosities the PCL 

dissolution is faster in BS membranes while in ES it needs more time to start dissolve PCL and then release 

the drug.  

Comparing CA Ibu + PCL (ES) to CA Ibu + PCL (BS), it follows the same trend as the isolated PCL 

membranes, indicating that the BS-fabricated membrane allows for greater drug release due to their porosity, 

whereas the ES-fabricated membrane acts as a retarding layer. 

Comparing CA Ibu + PCL (ES) to CA + PCL Ibu (ES), their behaviour is very similar up to 20 h. 

Following that, the membrane with Ibu incorporated into the PCL membrane releases drug more easily than 

when incorporated into the CA membrane. 

The CA Ibu + PCL Ibu (ES) layers behave similarly to the CA + PCL Ibu (ES) layers. However, the 

concentration is lower, and should be higher since both layers contain Ibu. This effect is caused by a possible 

difference in the drug content incorporated into the membranes due to the non-radial uniformity of the thick-

ness of the layers. 

The values in the Table 3.1 are inaccurate due to the non-uniform distribution of Ibu in the membrane. 

To obtain more precise results, it would be necessary, for example, to increase the number of samples or to 

use a more specific technique for Ibu quantification, as the absorption of SBF salts or polymers can hide the 

Ibu absorption values. 

 In water 

In a previous work[29], the calibration curve of Ibu in water was obtained in a similar way to in SBF. 

A 20 mg/L water solution was prepared, and dilutions were made to obtain different concentrations in 1 mg/L 

intervals ranging from 0 mg/L to 20 mg/L. The 222 nm peak is the most cited in the literature, so it was the 

value chosen to construct the graph of the calibration curve. The empirical correlation between absorption and 

Ibu concentration in water is shown in the Equation (3.4), provided by the calibration curve[29]. 

 

Concentration ibu 222 nm (
mg

L
) =

ABS

0.0378
 

 

Drug release tests were performed by measuring the absorption spectrum of water medium were all CA 

and/or PCL membranes with Ibu were immersed, at certain intervals, until the end of 7 days. The obtained 

spectra are shown in Figure H.8, Figure H.9, Figure H.10, Figure H.11 and  in Annex H. The average variation 

of concentration with time of all different membranes was obtained using the corresponding absorption peak 

at 222 nm and Equation (3.4). 

Figure 3.9 shows the average variation of drug release concentration with time of all different mem-

branes in water, that was obtained using Equation (3.4), due to the similar absorbance peaks in 222 nm. 

To estimate the quantity of Ibu released to the water medium, the final values of concentration obtained 

for every membrane are multiplied by the 20 mL of water used. The final values of released Ibu are presented 

in Table 3.2. 

 

 

 

 

 
(3.4) 
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Figure 3.9 shows that the CA Ibu and CA Ibu + PCL membranes behave very similarly, releasing a 

low amount of drug up to 100 hours. After that, it seems that the tendency is for the release to be greater in the 

CA Ibu membranes, suggesting that the PCL is retaining the drug in the CA Ibu + PCL (ES) membrane. 

However, to be conclusive, the study should have been conducted over a longer period of time and with more 

samples. 

When the release of PCL Ibu membrane is compared to the release of CA + PCL Ibu membrane, it 

appears that the junction of CA + PCL Ibu has a higher initial drug release in the first 10 h, whereas PCL Ibu 

has a more controlled release initially, then firing at around 180 h for ending with equal drug releases.  

According to this graph, drug release is faster when PCL Ibu is on top of the CA membrane. At least 

two reasons may cause this behaviour. One is the fact that when placed on top of the CA membrane the PCL 

Ibu is more porous, which increases drug release, the second is the fact that the PCL Ibu membrane that was 

deposited on top of the CA membrane contains more drug than the single PCL Ibu membrane. To understand 

the difference, more results would be needed to have sufficient statistics. 

The values in the Table 3.2 are inaccurate due to the non-uniform distribution of Ibu in the membrane. 

To obtain more precise results, it would be necessary, for example, to increase the number of samples or to 

use a more specific technique for Ibu quantification, as the absorption of polymers can hide the Ibu absorption 

values. 

Membrane Ibu released (mg) 

CA Ibu 0.098 

PCL Ibu (ES) 0.284 

CA Ibu + PCL (ES) 0.062 

CA + PCL Ibu (ES) 0.290 

Figure 3.9 - Average variation of drug release concentration with time in water. 

 
Table 3.2 – Estimated final quantity of Ibu released in water from each membrane after 190h 
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 Compositional and morphological analysis 

To identify the presence of Ibu in CA and PCL membranes, 5 samples (CA, PCL, Ibu, CA Ibu, PCL 

Ibu) were prepared for analysis in the Raman spectrometer. Figure 3.10 a) shows the obtained spectra for CA 

and CA Ibu membranes, while Figure 3.10 b) shows the obtained spectra for PCL and PCL Ibu membranes 

and Figure 3.10 c) shows the obtained spectra for Ibu. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Although the obtained spectra differ in terms of shape or in a small displacement, as is natural since 

they are different membranes, characteristic peaks of the CA, PCL and Ibu are observed in Figure 3.10 a) and 

Figure 3.10 b). The 1155 cm-1 and 1508 cm-1 peaks were found in CA Ibu membranes, while 1150 cm-1 and 

1508 cm-1 were found in PCL Ibu membranes, corresponding to Ibu's characteristic peaks 1182 cm-1 and 1609 

cm-1, since these are not represented on the isolated spectra of CA and PCL membranes. 

Thus, it can be said that the presence of Ibu in CA and PCL membranes was confirmed by Raman 

spectroscopy, guaranteeing the produced fibres contain Ibu. 

 

Figure 3.10 - Raman spectra of a) CA membranes with and without Ibu, b) PCL membranes with and without Ibu and c) Ibu 

 

a) 

 

 

b) 

 

 

c) 
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After drug release the MFD for the CA Ibu membranes is 381 ± 190 nm, for the PCL Ibu is 297 ± 70 

nm and for CA+PCL Ibu is 353 ± 111 nm. Comparing these results with the ones from sub-chapter 3.1, there 

is a general decrease in MFD, which is significantly lower than the corresponding membranes before release 

and slightly lower than the membranes without Ibu, indicating that both Ibu and CA and PCL polymers were 

released during the drug release process. 

a) 

 

 

b) 

 

 

c) 

 

 

Figure 3.11 - SEM images of membranes after 190 hours of drug release a) CA Ibu, b) PCL Ibu, c) CA + PCL Ibu, and respec-

tive MFD (N=30). Scale bars represent 2 µm. 
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3.4 Mechanical and degradation tests of membranes 

The degradation, swelling, stress, and peeling-off tests are all covered in this chapter. The degradation 

tests revealed how long it would take for the degradation to begin and when it would become noticeable. 

Swelling tests were performed in this chapter to determine how the fibre membrane expanded when immersed 

in SBF solution and to forecast how it would react in the human body. The stress tests were performed to 

ensure that the fibre membrane could withstand some tearing. Finally, peeling-off tests were performed to 

assess membrane adhesion to the substrate and the influence of the CHI layer. 

 Degradation tests 

During the immersion of membrane in medium water or SBF the CA and PCL fibers tend to swell and 

possibly loss mass. As mass loss is a direct measurement to quantify polymer degradation, degradation tests 

were performed by weighing the membranes and placing them in SBF solution at 37ºC, to simulate body 

temperature. Before weighing the membranes, they were washed in Millipore water and placed in the oven at 

50 ºC until completely dry. This process was repeated at 24-hour intervals for 15 days. The mass loss of the 

replicas was calculated according to the Equation (3.5), where W0 is the original weight of each sample before 

degradation, and Wd is the dry weight, after the degradation. 

 

𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 (%) =  
𝑊0  − 𝑊𝑑

𝑊0
 × 100 

 

Figure 3.12 shows the plots of the mass loss vs time of the CA and PCL membranes, obtained to access 

the mass loss rates observed for both polymers. The most significant loss of mass in the case of CA was 15% 

at the end of 48 hours. However, this value was never exceeded, and the mass loss stabilized between 5% and 

10% after 10 days. The mass loss was relatively low throughout the process, so the degradation is primarily 

due to measurement reproducibility. In the case of PCL, there is a significant loss of mass of 27% after 48 

hours, which returns to this value after 10 days and stabilizes at 30% after 13 days. The larger variations in 

mass midway through the process can be attributed to the cleaning and drying process. Since PCL is hydro-

phobic and semicrystalline, its degradation is relatively slow 2-4 years. However recent studies of the degra-

dation of PCL of electrospun fibres shows a mass loss of about 30% in 15 days and 100% loss in 60% when 

in phosphate buffered saline (PBS) medium[30]. Due to high surface area of fibres may hinder the water pen-

etration inside the nanofibers, so water absorption occurs faster, resulting in a fast degradation rate[31]. To 

complement this information sweeling tests were also performed. 

 

 

 

 

 

 (3.5) 
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 Swelling tests 

Swelling tests were performed by weighing the membranes and placing them in SBF solution at 37ºC, 

to simulate body temperature. Before weighing the membranes, they were dried with absorbent paper. This 

process was initially repeated 6 times for periods of 20 minutes and then, 24-hour intervals for 15 days. The 

swelling ratio was calculated according to Equation (3.6), where W0 is the original weight of each sample 

before swelling, and Wd is the dry weight, after the swelling process. 

 

𝑆𝑤𝑒𝑙𝑙𝑖𝑛𝑔 𝑅𝑎𝑡𝑖𝑜 (%) =  
𝑊𝑑

𝑊0
× 100 

 

Figure 3.13 depicts the sweeling results for CA and PCL membranes. The CA membrane results show 

a rapid increase, which corresponds to a maximum swelling of 379% after 1 hour. The sweeling ratio decreases 

with increasing swelling time, which is likely related to the drying method and possible loss mass of the mem-

branes when dried. The results for PCL membranes show a very low swelling ratio throughout the process, 

peaking at 213% after 6 days and then stabilising between 115% and 135%. The low swelling ratio is expected 

because PCL is reported to be hydrophobic, which means it is insoluble in any type of aqueous solution[31], 

however for membranes formed by fibres the sweeling is usually higher as explained previously for mass loss. 

Furthermore, some studies[30] also reported that swelling can range between 200-300%. Therefore, this swell-

ing and mass losses explain the high drug delivery in PCL Ibu membranes. Concerning CA membranes, the 

mass loss is low while the swelling is very high, which is a good characteristic for drug carriers. However, 

when needed drug retention PCL can be a choice. 

 

Figure 3.12 - Average percentage of mass loss of the CA and PCL membranes in the degradation process when submerged in 

SBF (membranes without Ibu) 

 

 
(3.6) 
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 Stress tests 

Stress tests were done in 1x1.5 cm membranes, using a universal mechanical testing machine that would, 

at 2 mm/minute, push the 1 cm side of the membrane, with increasing force up to 10 N, until the membrane 

tore. The Figure 3.14 a) shows the experimental setup of the membrane in the machine. 

The stress tests were performed to obtain the maximum stress (𝜎) and strain (ε) of the membranes. The 

Figure 3.14 b) shows an example of a stress-strain curve[32]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 - Average percentage change in the mass of CA and PCL membranes in the swelling process when submerged in 

SBF (membranes without Ibu). 

 

Figure 3.14 - a) Membrane in the mechanical test machine, b) Typical stress-strain curve for brittle and ductile materials[32]. 

b) a) 
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The stress (σ) is the ratio between the applied force (F) and the sample area (A), represented by the 

Equation (3.7) The strain (ε) is the ratio between the elongation (Δl) of the samples and their initial length (l0), 

represented by the Equation (3.8).Young’s modulus is the relation between strength and elongation, i.e., the 

slope in the linear region of the curve, represented by the Equation (3.9). 

 

𝜎 (𝑃𝑎) =
𝐹 (𝑁)

𝐴 (𝑚2)
 

 

𝜀 =  
∆𝑙 (𝑚𝑚)

𝑙0 (𝑚𝑚)
 

 

𝐸 (𝑃𝑎) =  
𝜎 (𝑃𝑎)

𝜀
 

 

 

Figure 3.15 show the stress-strain curves for a sample of each type of membrane used in the tests.  

  

 

 

 

(3.7) 

(3.8) 

(3.9) 
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a) b) 

c) d) 

e) f) 

Figure 3.15 - Example of a stress-strain curves from each type of membrane a) CA, b) CA Ibu, c) PCL ES, d) PCL Ibu ES, e) 

PCL BS, f) PCL Ibu BS, g) CA Ibu + PCL (ES), h) CA Ibu + PCL (BS) 

g) h) 
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Figure 3.15 shows that the a) and b) membranes experience a small plastic deformation followed by a 

sudden drop in stress, indicating brittle fracture. In contrast to membranes e), f), and h), which show elastic 

deformation indicating ductile fracture. The c), d) and g) membranes, show possible behaviour curves for 

brittle materials, but the membranes stretch beyond 50% of their elongation, so it is considered ductile behav-

iour. These behaviours are related to the type of polymer and production technique used. PCL membranes are 

naturally more elastic than CA membranes, but when produced by BS, this characteristic becomes more ap-

parent. 

The differences in force can also be attributed to different membrane production techniques, environ-

mental conditions, or even variations in thickness, causing membranes to rip sooner with less force. The Table 

3.3 presents the average values of thickness, Young's modulus, yield strength and ultimate strength of the 

membranes used in the tests. 

 

 

The tensile tests were the last ones done in this study, so the available membranes had very thin thick-

nesses compared to the ones found in the literature, resulting in less accurate results. Despite this, it is possible 

to compare the results obtained by the various membranes. 

PCL made by BS demonstrated excellent elasticity and strength. PCL is already known for its high 

mechanical strength, however CA has relatively poor mechanical properties. As a result, the CA-PCL system 

can overcome CA's poor mechanical properties to achieve significant strength[33]. Blending CA with PCL 

increased tensile strength compared to CA, achieving a reasonable balance of flexibility and hardness, as 

shown in Table 3.3. 

 

 Peeling-off tests 

To test the adhesion of the membrane to the surface of the SS substrate, the substrates were fixed into a 

uniaxial traction machine, with one side held by a clamp and a piece of tape, that was placed over the mem-

brane, also held by a clamp. All membranes were electrospun onto the substrates, and some had the added 

feature of an electrosprayed layer of CHI between the substrate and the membrane to evaluate its effect on 

adhesion. The schematic of the setup used for the tests is shown in Figure 3.16 [34]. 

The SS substrates were tested with a speed of 5 mm/min and increasing force up to 5 N pulling the tape. 

The results are showed in Table 3.4. 

Membrane 
Thickness 

(mm) 

Young’s modu-

lus (MPa) 

Yield strength 

(Pa) 

Ultimate strength 

(Pa) 

CA 0.039 ± 0.015 0.107 ± 0.008 858.3 ± 153.2 

CA Ibu 0.053 ± 0.004 0.155 ± 0.049 5422.2 ± 1614.6 

PCL (ES) 0.027 ± 0.007 0.012 ± 0.001 2400 ± 212.1 

PCL Ibu (ES) 0.067 ± 0.010 0.051 ± 0.016 3855.6 ± 2299.2 

PCL (BS) 0.089 ± 0.021 0.248 ± 0.129 21938.9 ± 14064.4 28061.1 ± 18812.2 

PCL Ibu (BS) 0.113 ± 0.023 0.208 ± 0.112 13825.3 ± 7328.4 18500 ± 10326.6 

CA Ibu + PCL (ES) 0.019 ± 0.002 0.008 ± 0.001 1841.7 ± 836.7 

CA Ibu + PCL (BS) 0.045 ± 0.006 0.288 ± 0.205 5208.5 ± 907.2 7516.7 ± 3087.7 

Table 3.3 - Average thickness (mm), Young’s modulus (MPa), yield strength (Pa) and ultimate strength (Pa) of the tested membranes 
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Comparing the results in the Table 3.4, it is possible to confirm that CHI increases membrane adhesion 

to the substrate, particularly in the CA+PCL mixtures. Because the polymers have opposite charges (CA is 

negatively charged and CHI layer is positively charged), electrostatic forces will contribute to this adhe-

sion[26]. 

Following the peeling-off tests, it was possible to conclude, in a qualitative evaluation, that the substrates 

with CHI (Figure 3.17 a)) continued to have membranes attached, while the substrates without CHI (Figure 

3.17 b)) remained practically without traces of the membranes, demonstrating the influence of the CHI in 

adhesion once more. 

SS Substrates 

Average Force (N) 

without CHI with CHI 

CA 0.15 ± 0.02 0.21 ± 0.03 

CA Ibu 0.20 ± 0.03 0.22 ± 0.03 

PCL 0.20 ± 0.03 0.30 ± 0.02 

PCL Ibu 0.22 ± 0.02 0.27 ± 0.03 

CA + PCL 0.21 ± 0.04 0.46 ± 0.06 

CA Ibu + PCL Ibu 0.22 ± 0.05 0.74 ± 0.05 

Figure 3.16 - Schematic of the setup used for adhesion tests[34]. 

Table 3.4 - Average force of the adhesion tests for various substrates 

Figure 3.17 - SS substrates after peeling-off test a) with CHI, b) without CHI 

a) b) 
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CONCLUSIONS AND FUTURE PERSPECTIVES  

The purpose of this research was to investigate the application of polymeric coatings on stainless-steel 

(SS) surfaces, as well as drug incorporation and release to prevent the formation of biofilms and the failure of 

medical implants. 

Cellulose acetate (CA) and polycaprolactone (PCL) were the chosen polymers, because of their biocom-

patibility, drug retention capacity, and use in previous studies with positive results. To produce fibre mem-

branes and deposit on SS substrates, solutions of CA without or with 1 mg of ibuprofen (Ibu) were produced 

by the electrospinning (ES) technique, while solutions of PCL without or with 1 mg of Ibu were produced by 

ES or blow-spinning (BS) techniques. The SS substrates were cleaned and mechanically treated, to improve 

the adhesion of the membranes to the substrates. 

The diameters of the electrospun fibres were measured from SEM images using the ImageJ® program. 

CA fibres without Ibu had an average diameter of 439 nm, while CA fibres with Ibu had an average diameter 

of 921 nm. PCL fibres without Ibu had an average diameter of 312 nm, while those with Ibu had a diameter of 

726 nm. CA+PCL fibres without Ibu had an average diameter of 446 nm, while those with Ibu had an average 

diameter of 703 nm. This diameters difference shows a tendency to form larger fibres when Ibu is added, which 

appears to be the result of fibre fusion. However, other parameters such as Ibu agglomeration and change in 

viscosity cannot be excluded.  

Raman spectroscopy was used to confirm drug incorporation in the CA and PCL membranes. Some of 

the most distinctive peaks of the Ibu compounds were identified through analysis of their individual spectra. 

Thus, by comparing the spectra obtained from the CA and PCL membranes with and without Ibu, the presence 

of Ibu in its composition was identified. 

The drug release tests were carried out in both simulated body fluid (SBF) solution and water. They 

were carried out by immersing membrane pieces containing Ibu in SBF or water, with a volume to avoid 

oversaturation of the Ibu during release. For 7 days, the absorption spectra of SBF or water mediums with Ibu 

concentrations were measured at various intervals. The absorbance values were compared to those of a cali-

bration curve that was obtained by diluting a solution of SBF with 20 mg/L concentration of ibuprofen from 0 

mg/L to 20 mg/L in 1 mg/L intervals. Water followed the same procedure. 

The drug release tests results show that Ibu was successfully released, but with different behaviours 

depending on which membrane it was encapsulated and its producing technique. When comparing PCL Ibu 

(ES) to PCL Ibu (BS), or CA Ibu + PCL (ES) to CA Ibu + PCL (BS), it is verified that PCL dissolution is 

faster in BS membranes due to porosities, whereas in ES it takes longer to dissolve PCL and then release the 

drug. It was also determined that the PCL Ibu membrane releases drug more easily than the CA Ibu membrane. 

However, the obtained values of Ibu released were inaccurate due to the non-uniform distribution of Ibu 

in the membrane. To obtain more precise results, it would be necessary, for example, to increase the number 
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of samples or to use a more specific technique for Ibu quantification, as the absorption of SBF salts or polymers 

can hide the Ibu absorption values. 

The degradation tests performed on the fibres revealed that mass loss remained relatively low through 

the process. CA mass loss stabilises between 5% and 10% after 10 days, and PCL mass loss stabilises at 30% 

after 13 days. Sweeling tests were also performed to supplement this information. The swelling ratio for PCL 

was low throughout the process, peaking at 213% after 6 days and then stabilising between 115% and 135%, 

as expected given that PCL is hydrophobic, which means it is insoluble in any type of aqueous solution. As a 

result, the high drug delivery in PCL Ibu membranes can be explained by swelling and mass losses. In the case 

of CA membranes, mass loss is low while swelling is very high, which is ideal for drug carriers. However, 

when needed drug retention PCL can be a possible choice. 

Mechanical performance of membranes produced with or without Ibu was expected, with a Young's 

modulus ranging from 0.008 to 0.288 MPa. The membranes containing Ibu had a higher Young's modulus 

than those without. Membrane production techniques, environmental conditions, and even variations in thick-

ness can cause membranes to tear faster and with less force. It was also observed that PCL membranes were 

naturally more elastic than CA membranes, but when produced by BS, this characteristic is even more evident. 

A layer of chitosan (CHI) was electrosprayed for some substrates before the CA or PCL membranes 

with the objective of improving adhesion. Due to the conductive nature of the SS substrates, no changes to the 

electrospinning assembly were required, resulting in the same parameters used to produce the membranes. 

Membrane adhesion testing to substrates revealed that the addition of the CHI layer increased peel-off force, 

resulting in a force range of 0.15-0.22 N without CHI and 0.21-0.74 N with CHI. 

In conclusion, the thesis's goals were achieved, however, there is still much to investigate about this 

subject. Some of the processes used could be optimised, as well as changes and/or additions that could solidify 

this coating as a method of combating biofilm formation.  

In future, some topics worth researching or pursue include: 

i. Prevent fibre fusion by reducing the diameter of the fibres, using a more controlled environ-

ment, or improving the ES parameters. 

ii. Experiment deposition of other polymers using the BS technique and standardise the produc-

tion parameters. 

iii. Create coatings by adapting polymers and their producing techniques to the needs of the drug 

delivery system (higher release initially or more continuous release over time). 

iv. Perform more tests to have better statistics and control the amount of drug release. 

v. Use a CHI layer to improve membrane adherence in SS substrates. 

vi. Perform proliferation tests to understand the extent to which the biofilm is formed or con-

trolled by the application of the drug and films to the metal substrates.  
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ANNEXES 

6.1 Annex A 

Table A.1 shows the electrospinning parameters used to produce cellulose acetate membranes and for 

the deposition of the cellulose acetate solutions with and without ibuprofen, onto the substrates. 

 

 

 

 

 

 

 

 

 

6.2 Annex B 

Table B.1 shows the electrospinning parameters used to produce polycaprolactone membranes and for 

the deposition of the polycaprolactone solutions with and without ibuprofen, onto the substrates. 

 PCL solution 

Parameters With ibuprofen Without ibuprofen 

Voltage 18 kV 

Flow Rate 0.5 mL/h 

Needle 25G 

Temperature 20 – 28ºC 

Humidity 30 – 50% 

Distance from target 15 cm 

 CA solution 

Parameters With ibuprofen Without ibuprofen 

Voltage 18 kV 20 kV 

Flow Rate 0.2 mL/h 

Needle 25G 

Temperature 20 – 28ºC 

Humidity 30 – 50% 

Distance from target 15 cm 

Table A.1 - Electrospinning parameters for CA solution 

 

Table B.1 - Electrospinning parameters for PCL solution 
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6.3 Annex C 

Table C.1 shows the electrospray parameters used for the deposition of the chitosan layer on stainless-

steel.  

 

 

 

 

 

 

 

6.4 Annex D 

In Table D.1 the steps for the cleaning and treatment of the stainless-steel substrates are described in 

order. The mechanical treatment was done manually consisting of 100 passes horizontally, vertically and in a 

circular motion with sandpaper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parameters Values 

Voltage 20 kV 

Flow Rate 0.2 mL/h 

Needle 25G 

Temperature 20 – 28ºC 

Humidity 30 – 50% 

Distance from target 15 cm 

Steps Cleaning and treatment description of stainless steel Duration 

1 Cut into 1 by 1.5 cm NA 

2 Ultrapure water ultrasound bath 5 min 

3 Acetone ultrasound bath 5 min 

4 Oven 300°C 10 min 

5 Acetone ultrasound bath 10 min 

6 Ultrapure water ultrasound bath 10 min 

7 Submerge in sodium hydroxide (0.75 M) 4 min 

8 Mechanical treatment NA 

9 Ultrapure water ultrasound bath 15 min 

10 Ethanol ultrasound bath 15 min 

11 Toluene ultrasound bath 15 min 

12 Vacuum -1 Bar at 70°C 90 min 

Table C.1 - Electrospray parameters for CHI solution 

 

Table D.1 - Stainless-steel cleaning and treatment steps[27] 
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6.5 Annex E 

Table E.1 shows the components used to make the simulated body fluid solution, in order of addition. 

The reagents are added one by one, after total dissolution, in 700 mL of distilled water. After adding the 9th 

reagent, the solution was warmed from room temperature to 37ºC. Then, hydrochloric acid should be added to 

lower the pH and, finally, add water to cover 1L of solution.  

 Table E.1 – SBF solution components[28] 

6.6 Annex F 

Table F.1 contains the volumes of SBF solutions without ibuprofen and with 20 mg/L ibuprofen con-

centration, used to make the several dilutions for 10 mL of total solution. These dilutions were made to set up 

the ibuprofen calibration curve in SBF. 

Table F.1 - Dilutions of SBF solution with ibuprofen for calibration curve 

Concentration (mg/L) SBF solution (mL) SBF solution with ibuprofen (mL) 

0 10 0 

1 9.5 0.5 

2 9 1 

3 8.5 1.5 

4 8 2 

5 7.5 2.5 

6 7 3 

7 6.5 3.5 

8 6 4 

9 5.5 4.5 

10 5 5 

11 4.5 5.5 

12 4 6 

13 3.5 6.5 

14 3 7 

15 2.5 7.5 

16 2 8 

17 1.5 8.5 

18 1 9 

19 0.5 9.5 

20 0 10 

Order Component Formula Mass (g) 

1 Sodium chloride (Sigma-Aldrich, Germany) NaCl 6.547 

2 Sodium carbonate (PanReacAppliChem, Germany) NaHCO3 2.268 

3 Potassium chloride (Scharlau, Spain) KCl 0.373 

4 Sodium phosphate dibasic dihydrate (FLuka Analytical) Na2HPO4·H2O 0.178 

5 
Magnesium chloride hexahydrate (PanReacAppliChem, 

Germany) 
MgCl2·6H2O 

0.305 

6 Hydrochloric acid (1 M) HCl 15 mL 

7 Calcium chloride dihydrate (Sigma-Aldrich, Germany) CaCl2⸱2H2O 0.368 

8 Sodium sulphate (Sigma-Aldrich, Germany) Na2SO4 0.071 

9 Tris(hydromethyl)aminomethane (Sigma-Aldrich, USA) (CH2OH)3CNH2 6.057 

10 Hydrochloric acid (1 M) HCl 
“tritate” up to 

pH 7.4 at 37ºC 
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6.7 Annex G 

Figure G.1 shows the absorbance spectra of the dilutions of SBF solution with ibuprofen, that were 

used to make the calibration curve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.8 Annex H 

Figure H.1, Figure H.2, Figure H.3, Figure H.4, Figure H.5, Figure H.6 and Figure H.7 show the ab-

sorbance spectra of the cumulative ibuprofen release from all membranes in SBF. Used together with the 

calibration curve to determine the concentration of ibuprofen in the different solution on the represented inter-

vals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure G.1 - Absorbance spectra for the different ibuprofen concentrations in SBF, used for the calibration curve 

 

Figure H.1 - Absorbance spectra for CA Ibu membrane in SBF 
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Figure H.2 - Absorbance spectra for PCL Ibu (ES) membrane in SBF 

 

 

Figure H.3 – Absorbance spectra for PCL Ibu (BS) membrane in SBF 
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Figure H.4 - Absorbance spectra for CA + PCL Ibu (ES) membrane in SBF 

 

 

 

Figure H.5 - Absorbance spectra for CA + PCL Ibu (BS) membrane in SBF 
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Figure H.8, Figure H.9, Figure H.10, and Figure H.11 show the absorbance spectra of the cumulative 

ibuprofen release from all membranes in water. Used together with the calibration curve to determine the 

concentration of ibuprofen in the different solution on the represented intervals. 

Figure H.6 - Absorbance spectra for CA Ibu + PCL (ES) membrane in SBF 

 

 

 Figure H.7 – Absorbance spectra for CA Ibu + PCL Ibu (ES) membrane in SBF 
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Figure H.8 - Absorbance spectra for CA Ibu membrane in water 

 

 

 

Figure H.9 - Absorbance spectra for PCL Ibu (ES) membrane in water 
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Figure H.10 - Absorbance spectra for CA Ibu + PCL (ES) membrane in water 

 

Figure H.11 - Absorbance spectra for CA + PCL Ibu (ES) membrane in water 
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