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ABSTRACT 

 

“Halloysite nanotubes/hydroxyapatite nanocomposites as hard tissue 

substitutes: effect on the morphology, thermomechanical behavior and biological 

development of aliphatic polyesters and polymethacrylates” 

Bone pathology entails physical disability to a large extent, bone tissue regeneration 

being therefore one of the most actively researched fields in Tissue Engineering. 

Accordingly, large efforts are focused on the research of novel bioabsorbable materials 

as prostheses with stiffness values similar to that of the host tissue capable of fulfilling 

the requirements for bone fracture remodelling. This work is focused on studying 

mechanical properties and cell interaction as a function of the chemical structure and 

hydrophobicity of different bioabsorbable polymers compared with non-absorbable 

polymers, all of them proposed for the regeneration of hard tissues. Hydroxyapatite (HA) 

and Halloysite nanotubes (HNTs) were used as fillers in order to improve better cell 

attachment, proliferation and differentiation along with hydrophobicity behaviour. 

For this end, it was aimed to firstly monitor the effects of bioactive fillers on the structural 

properties of bioabsorbable polycaprolactone (PCL). Thus, mechanical and thermal 

properties of PCL were studied by modifying the additivation percentage of the bioactive 

fillers HA and HNTs. This preliminary study allowed to understand the synergistic effect 

among the polymeric matrix and the functional groups present on the additives chemical 

structure by establishing the additivation threshold and optimizing the additivation rate. 

In general terms, a noticeable improvement of mechanical properties was achieved with 

the simultaneous addition of the two fillers. Additionally, taking advantage of the HNTs 

nano-tubular shape, those were studied as drug carrier structures and their loading and 

release ability with curcumin was monitored. 

Knowing on the one side that HA promotes the formation of a layer of new bone 

composed of biological apatite and collagen, and in the other side, that HA and HNTs 

alter hydrophobicity behaviour, morphological properties supplied by both fillers were 

studied and compared on different pairs of polymers with similar chemical natures but 

different hydrophobicity. Accordingly, the hydrophobic polyester PCL was modified by its 

blending with polylactic acid (PLA) and combined with HA nanoparticles and HNTs. On  

 



 

 

 

the other hand, the hydrophilic poly(2-hydroxyethyl methacrylate) (PHEMA) was 

copolymerized with ethyl methacrylate (EMA) and also combined with HA and HNTs.  

 

Thus, the effect of both fillers on Hydroxyapatite nucleation, distribution of the fillers into 

the polymeric matrices and PCL/PLA degradation rate was studied. Therefore, it was 

observed that introduction of HA in polymers with moderately hydrophilic character 

induces a higher rate of hydroxyapatite nucleation and a faster degradation rate. 

However, HNTs tend to form large aggregates when the hydrophilic character increases, 

driving to crack initiation sites and failure of the material. 

The completion of this study was accomplished by means of monitoring cell viability, 

proliferation, and morphology on the two pairs of polymers varying the polymer’s 

chemical surface by blending hydrophilic and hydrophobic polymers, copolymerizing 

monomers of opposite nature, and/or loading the polymer matrix with nanoparticles such 

as HA or HNTs. Polymer surface wettability is known to affect cell attachment and can 

be enhanced by modifying the polymer with HA and HNTs. In this way, improvement in 

cell viability with the addition of HA and HNTs was observed due to the generation of 

new reactive sites with Ca2+ and PO4 3− groups present in HA, and silanol groups (Si-

OH) located at the surfaces of HNTs. Thus, it was concluded that on hydrophobic 

materials, due to a faster arrival rate of proteins, those compete for surface absorption 

driving to low interaction sites between cells and polymer surface showing a round 

shape. However, on hydrophilic materials, the highly solvated surface at initial stage 

limits protein arrival and allowed protein rearrangement and spreading over the surface 

promoting cell adhesion and proliferation with better cytoskeleton spreading. 

  



 

 

RESUMEN 

 
“Nanocompuestos de nanotubos de haloisita/hidroxiapatita como sustitutos de 

tejidos duros: efecto en la morfología, comportamiento termomecánico y 

desarrollo biológico de poliésteres alifáticos y polimetacrilatos” 

Las patologías óseas provocan en gran medida discapacidad física, siendo la 

regeneración de tejidos vivos uno de los campos más avanzados en Ingeniería de 

Tejidos. Consecuentemente, se focalizan grandes esfuerzos en el estudio de nuevos 

materiales bioabsorbibles para tratar remodelaciones de fracturas óseas. Es por ello que 

este trabajo se centra en estudiar las propiedades mecánicas y la interacción de las 

células en función de la hidrofobicidad y la química de diferentes polímeros 

bioabsorbibles comparados con polímeros no-bioabsorbibles, todos ellos comúnmente 

utilizados en la regeneración de tejidos óseos. Por otro lado, se utilizaron cargas como 

Hidroxiapatita (HA) y Nanotubos de Haloisita (HNTs) para mejorar la afinidad, 

interacción y proliferación de células junto con el comportamiento hidrófobo de los 

materiales. 

Para ello, inicialmente se monitorizó el efecto de las cargas inorgánicas en las 

propiedades estructurales del polímero bioabsorbible policaprolactona (PCL). Por lo 

tanto, se estudiaron las variaciones de propiedades térmicas y mecánicas de la PCL 

provocadas por la adición de HA y HNTs. Este estudio preliminar permitió entender el 

efecto sinérgico entre el polímero y los grupos funcionales de las cargas inorgánicas, 

estableciendo el umbral de carga y optimizando la ratio de aditivación. En términos 

generales, se observó una mejora de las propiedades mecánicas cuando las dos cargas 

se utilizan simultáneamente. Asimismo, aprovechando la forma tubular de los HNTs, 

estos fueron utilizados como portadores de fármacos, estudiándose su capacidad de ser 

cargados con curcumina y su habilidad para liberarla después en un ambiente 

fisiológico. 

Conociendo por una parte la habilidad del HA de promover la formación de hueso nuevo 

compuesto por apatita y colágeno, y, por otra parte, que la HA y los HNTs alteran el 

comportamiento hidrofóbico de los polímeros, se estudiaron los cambios morfológicos 

provocados por la adición de HA y HNTs en dos familias de polímeros con químicas 

similares pero diferente hidrofobicidad. Por consiguiente, el poliéster hidrofóbico PCL se 

mezcló con ácido poliláctico (PLA) y se combinó con nanopartículas de HA y HNTs. Por  



 

 

 

otra parte, el altamente hidrofóbico poli(etil metacrilato) (EMA) se copolimerizó con 2-

hidroxietil metacrilato (HEMA) y se aditivó con HA y HNTs. Por lo tanto, se estudió la 

dispersión de cargas inorgánicas en las matrices poliméricas, además de la formación 

de hidroxiapatita en la superficie del polímero, y la velocidad de degradación del 

PCL/PLA. Se observó que la introducción de HA en polímeros con carácter hidrófilo 

induce la nucleación de hidroxiapatita y la degradación de los polímeros bioabsorbibles. 

Sin embargo, los HNTs tienden a formar grandes agregados cuando el carácter hidrófilo 

del polímero aumenta, dando lugar a puntos de inicio de grietas y fallo del material. 

La culminación de este estudio se alcanzó mediante la monitorización de la viabilidad 

celular, proliferación y morfología celular como efecto de la superficie química de los 

polímeros. La hidrofobicidad de la superficie del polímero afecta a la interacción de las 

células y esta se puede mejorar mediante la modificación del polímero con HA y HNTs. 

De ese modo, la mejora de la viabilidad celular con la adición de las dos cargas 

inorgánicas es inducida por la generación de nuevos centros reactivos de Ca2+ y PO4 

3−presentes en la HA, y los grupos silanol (Si-OH) situados en la superficie de los HNTs. 

Así, se observó que, en superficies hidrófobas, debido a la más fácil adsorción de 

proteínas, estas compiten por el espacio dando lugar a interacciones pobres entre 

células y polímero mostrando una geometría celular redondeada. Sin embargo, en 

superficies más hidrófilas, al hallarse altamente solvatadas, las proteínas inicialmente 

encuentran mayor dificultad para llegar a la superficie, y con ello disponen de mayor 

espacio para organizarse y anclarse a la superficie, dando lugar a una mayor adhesión 

y proliferación de las células con una mejor organización del citoesqueleto. 

 

  



 

 

RESUM 

 
“Nanocompòsits de nanotubs haloisites/hidroxiapatites com a substituts del teixit 

dur: efecte sobre la morfologia, comportament termomecànic i desenvolupament 

biològic de poliesters i polimetacrilats alifàtics"” 

Les patologies òssies provoquen en gran mesura discapacitat física, sent la regeneració 

de teixits vius un dels camps més avançats en Enginyeria de Teixits. Per consegüent, 

es focalitzen grans esforços en l'estudi de nous materials bioabsorbibles per a tractar 

remodelacions de fractures òssies. És per això que aquest treball es focalitza a estudiar 

les propietats mecàniques i la interacció de les cèl·lules en funció de la hidrofobicitat i la 

química de diferents polímers bioabsorbibles comparats amb polímers no-absorbibles, 

tots ells comunament utilitzats en la regeneració de teixits ossis. D'altra banda, 

càrregues com Hidroxiapatita (HA) i Nano-tubs d'Hal·loysita (HNTs) es van utilitzar per 

a millorar l'afinitat, interacció i proliferació de cèl·lules junt amb el comportament 

hidrofòbic dels materials. 

Per aquest motiu, inicialment es va monitoritzar l'efecte de les càrregues inorgàniques 

amb les propietats estructurals del polímer bioabsorbible policaprolactona (PCL). Per 

tant, es van estudiar les variacions de propietats tèrmiques i mecàniques de PCL 

provocades per l'addició de HA i HNTs. Aquest estudi preliminar va permetre entendre 

l'efecte sinèrgic entre el polímer i els grups funcionals de les càrregues inorgàniques, 

establint el llindar de càrrega i optimitzant la ràtio d'aditivació. En termes generals, es va 

observar una millora de les propietats mecàniques quan les dues càrregues s'utilitzen 

simultàniament. Així mateix, aprofitant la forma tubular dels HNTs, aquests van ser 

utilitzats com a portadors de fàrmacs, estudiant la seva habilitat per a ser carregats amb 

cúrcuma i la seva habilitat per a alliberar-la en un ambient fisiològic. 

Coneixent d'una banda l'habilitat de l´HA de promoure la formació d'os nou compost per 

apatita i col·lagen, i, d'altra banda, que l´HA i els HNTs alteren el comportament 

hidrofòbic dels polímers, es van estudiar els canvis morfològics provocats per l'addició 

de HA i HNTs en dues famílies de polímers amb químiques semblants però diferent 

hidrofobicitat. Per consegüent, el polièster hidrofòbic PCL es va mesclar amb àcid 

poliláctic (PLA) i es va combinar amb nanopartícules de HA i HNTs. D'altra banda, 

l'altament hidrofòbic poli (etil metacrilat (PEMA) és va copolimeritzar amb 2-hidroxietil 

metacrilat (HEMA) i s'additivà amb HA i HNTs. A continuació, la dispersió de càrregues  



 

 

 

inorgàniques en les matrius polimèrica va ser estudiada, a més de la formació 

d´hidroxiapatita en la superfície del polímer, i la velocitat de degradació del PCL/PLA. 

Es va observar que la introducció de HA en polímers amb caràcter hidrofílic indueix la 

nucleació de hidroxiapatita i la degradació dels polímers bioabsorbibles. No obstant això, 

els HNTs tendeixen a formar grans agregats quan el caràcter hidrofílic del polímer 

augmenta, donant lloc a punts d'inici de clavills i fallada del material. 

La culminació d'aquest estudi es va aconseguir per mitjà del monitoratge de la viabilitat 

cel·lular, proliferació i morfologia de les cèl·lules com a efecte de la superfície química 

dels polímers. La hidrofobicitat de la superfície del polímer afecta la interacció de les 

cèl·lules i aquesta es pot millorar per mitjà de la modificació del polímer amb HA i HNTs. 

D'aquesta manera, l'increment de la viabilitat cel·lular amb l'addició de les dues 

càrregues inorgàniques és induït per la generació de nous centres reactius de Ca2+ i 

PO4 3− presents en l'HA, i els grups silanol (Si-OH) situats en la superfície dels HNTs. 

Per tant, es va observar que en superfícies hidrofòbiques, a causa d'un alt grau 

d'arribada de proteïnes, aquestes competeixen per l'espai donant lloc a interaccions 

pobres entre cèl·lules i polímer mostrant una geometria cel·lular arrodonida. No obstant 

això, en superfícies hidròfiles,  al trobar-se altament solvatades, les proteïnes inicialment 

troben més dificultat per a arribar a la superfície, i amb això disposen de major espai per 

a organitzar-se i ancorar-se a la superfície, donant lloc a una major adhesió i proliferació 

de les cèl·lules amb una millor organització del citoesquelet. 

 

  



 

 

CONTENTS 

ABBREVIATIONS AND TERMS. ............................................................................................ 19 

1 INTRODUCTION ...................................................................................... 21 

1.1 Tissue Engineering ....................................................................................................... 23 

1.1.1 Bone tissue regeneration ......................................................................................... 24 

1.2 Aliphatic polyesters ...................................................................................................... 27 

1.2.1 PCL: Poly(휀-caprolactone) ....................................................................................... 28 

1.2.2 PLA: Poly(lactic acid) ............................................................................................... 29 

1.2.3 PCL/PLA copolymers ............................................................................................... 31 

1.2.4 PGA: Polyglycolic acid ............................................................................................. 31 

1.2.5 PHAs: Polyhydroxyalkanoates (PHB, PHBV, P4HB, PHBHHx, PHO) .................... 32 

1.3 Biodegradation of aliphatic polyesters ....................................................................... 33 

1.3.1 Biodegradation process for aliphatic polyesters [71] ............................................... 33 

1.3.2 Biodegradation rate of PCL, PLA and PGA ............................................................. 35 

1.3.3 Inflammatory response of polyesters ....................................................................... 37 

1.4 Polymethacrylates ........................................................................................................ 39 

1.4.1 Inflammatory response of polymethacrylates .......................................................... 39 

1.5 Bioactive composites ................................................................................................... 40 

1.5.1 Hydroxyapatite (HA) ................................................................................................ 40 

1.5.2 Halloysite nanotubes (HNTs) ................................................................................... 43 

1.5.3 Curcumin .................................................................................................................. 45 

2 OBJECTIVES........................................................................................... 47 

3 EXPERIMENTAL SECTION .................................................................... 51 

3.1 First chapter – Study of the improvement of PCL thermal and mechanical properties 
through the addition of HA and HNTs ......................................................................... 53 

3.1.1 Preparation of the PCL-based hybrids .................................................................... 53 

3.1.2 Thermal characterization ......................................................................................... 55 

3.1.3 Mechanical characterization .................................................................................... 58 

3.1.4 Optimization of the HNTs loading with curcumin ..................................................... 59 

3.1.5 Curcumin delivery rate ............................................................................................. 61 



 

 

3.2 Second chapter - Study of the influence of the addition of HA and HNTs on the 
morphological properties of PCL- and PHEMA-based polymers ............................. 62 

3.2.1 PCL/PLA-based hybrid samples .............................................................................. 62 

3.2.2 PHEMA and P(HEMA-co-EMA)-based hybrids ....................................................... 63 

3.2.3 Structural properties ................................................................................................ 64 

3.2.4 Hydroxyapatite nucleation ....................................................................................... 65 

3.2.5 Degradation of PCL and PCL/PLA based hybrids ................................................... 66 

3.3 Third chapter - Influence of the hydrophobic–hydrophilic nature of PCL- and 
PHEMA-based polymers and their nanocomposites on their in vitro biological 
development .................................................................................................................. 66 

3.3.1 Contact Angle Measurements ................................................................................. 68 

3.3.2 Cell Viability and Morphology .................................................................................. 69 

3.3.3 Organization of Cell Cytoskeleton ........................................................................... 71 

4 RESULTS AND DISCUSSION ................................................................. 73 

4.1 First chapter – Study of the improvement of PCL thermal and mechanical properties 
through the addition of HA and HNTs ......................................................................... 75 

4.1.1 Thermal characterization ......................................................................................... 75 

4.1.2 Mechanical characterization .................................................................................... 80 

4.1.3 General observations: Improvement of PCL mechanical properties with HA and HNTs
 89 

4.1.4 Optimization of the HNTs loading with curcumin ..................................................... 91 

4.1.5 Curcumin delivery rate ............................................................................................. 96 

4.1.6 General Observations: Loading HNTs with curcumin and delivery rate .................. 97 

4.2 Second chapter - Study of the influence of the addition of HA and HNTs on the 
morphological properties of PCL- and PHEMA-based polymers ............................. 99 

4.2.1 Structural properties ................................................................................................ 99 

4.2.2 Hydroxyapatite nucleation ..................................................................................... 101 

4.2.3 Degradation of PCL and PCL/PLA based hybrids ................................................. 111 

4.2.4 General observations: Influence of the addition of HA and HNTs on the morphological 
properties of PCL- and PHEMA-based polymers .................................................. 114 

4.3 Third chapter - Influence of the hydrophobic–hydrophilic nature of PCL- and 
PHEMA-based polymers and their nanocomposites on their in vitro biological 
development ................................................................................................................ 115 

4.3.1 Contact Angle Measurements ............................................................................... 115 

4.3.2 Cell Viability and Morphology ................................................................................ 116 

4.3.3 Organization of Cell Cytoskeleton ......................................................................... 120 



 

 

4.3.4 General observations for cell interaction influenced by the hydrophobic–hydrophilic 
nature ..................................................................................................................... 124 

5 CONCLUSIONS ..................................................................................... 131 

5.1 First chapter – Study of the improvement of PCL thermal and mechanical properties 
through the addition of HA and HNTs ....................................................................... 133 

5.2 Second chapter - Study of the influence of the addition of HA and HNTs on the 
morphological properties of PCL- and PHEMA-based polymers ........................... 134 

5.3 Third chapter - Influence of the hydrophobic–hydrophilic nature of PCL- and 
PHEMA-based polymers and their nanocomposites on their in vitro biological 
development ................................................................................................................ 135 

6 LIST OF CONTRIBUTIONS ................................................................... 137 

7 FIGURE CAPTIONS .............................................................................. 141 

8 TABLE CAPTIONS ................................................................................ 145 

9 REFERENCES ....................................................................................... 149 

 

 



 

 



 

 

ABBREVIATIONS AND TERMS. 

Adenosine Triphosphate       (ATP) 

Average Value       (X̅) 

Copolymers of 3-Hydroxybutyrate and 3-Hydroxyhexanoate (PHBHHX)  

Crystallization Temperature       (Tc) 

D,L-Lactide        (PDLLA) 

Decomposition Temperature       (Td) 

Differential Scanning Calorimetry      (DSC) 

D-Lactide        (PDLA) 

Dulbecco’s Phosphate Buffered Saline    (DPBS) 

Dynamic Mechanical Analysis     (DMA) 

Dynamic Mechanical Thermal Analyses    (DMTA) 

Energy‐Dispersive X‐Ray Spectroscopy    (EDS) 

Enthalpy         (ΔH) 

Ethyl Methacrylate       (EMA) 

Ethyldiaminotetra Acetic Acid      (EDTA) 

Ethylene Glycol Dimethacrylate     (EGDMA) 

Glass Transition Temperature      (Tg) 

Halloysite Nanotubes        (HNTS) 

Heat Adsorbed per Mass Unit      (Δhm) 

Heat Deflection Temperature Tests      (HDT) 

Hydroxyapatite        (HA) 

Hydroxyl-2-Ethyl Methacrylate      (HEMA) 

L-Lactide        (PLLA) 



 

 

Melting Temperature        (Tm) 

Phosphate Buffered Saline       (PBS) 

Poly 4-Hydroxybutyrate       (P4HB) 

3-Hydroxybutyrate And 3-Hydroxyvalerate     (PHBV) 

Poly(2-Hydroxyethyl Methacrylate)      (PHEMA) 

Poly(2-Hydroxyethyl Methacrylate) and Ethyl Methacrylate blend  P(HEMA-Co-EMA) 

Poly(Dioxanone)       (PDO) 

Poly(Lactic Acid)        (PLA) 

Poly(Lactic-Co-Glycolic Acid)      (PLGA) 

Poly(휀-Caprolactone)        (PCL) 

Polyglycolic Acid        (PGA) 

Polyhydroxyalkanoates      (PHAS) 

Polyhydroxybutirate        (PHB) 

Polyhydroxyoctanoate       (PHO) 

Scanning Electron Microscopy      (SEM) 

Simulated Body Fluid        (SBF) 

Softening Point        (Tvicat) 

Standard Deviation        (s) 

Stereocomplex        (Scpla) 

Storage Modulus       (G’) 

Temperature at the Melting Onset      (TOnset) 

Temperature at the Peak Maximum      (TmPeak) 

Thermogravimetric Analysi      (TGA) 

Maximum Stress       (Σmax) 

Water Contact Angles       (WCA) 



 

 

 

 

 

 

 

 

 

 

 

 

1 Introduction 
 

 

 

 



 

 



Introduction  23 

Elena Torres Roca  Doctoral dissertation 

1.1 Tissue Engineering 

Tissue Engineering was defined in 2009 by D.F. Williams as “the creation of new tissue 

for the therapeutic reconstruction of the human body, by the deliberate and controlled 

stimulation of selected target cells through a systematic combination of molecular and 

mechanical signals” [1]. Tissue Engineering has been exploring new methods to treat or 

replace missing or malfunctioning human tissues and organs through biomaterials-based 

scaffolds. Scaffolds are usually engineered to drive cell growth and proliferation and 

provide shape to the creation of the new tissue and facilitate the delivery of those 

molecular and mechanical signals. 

Biomaterial is a term which involves different connotations since it could either imply 

something derived from life or something used to the benefit of life. Therefore, it is very 

important to state a valid definition. The first attempt to define the concept “Biomaterial” 

was not until the Consensus Conference on Definitions in Biomaterials Science, in 1987 

of the European Society for Biomaterials. Biomaterial was defined as “a non-viable 

material used in a medical device, intended to interact with biological systems” [2] being 

debated overtime and finally accepted in 1999 as “a material intended to interface with 

biological systems to evaluate, treat, augment or replace any tissue, organ or function of 

the body” considering the scope of the definition in the field of health care [1]. Up to now, 

biomaterials have been widely used in skin [3, 4], cartilage [5] bone [6, 7] tendons [8] 

vessels [9, 10] nerves [11], bladder [12] and liver [13] tissue engineering. Among all the 

biomaterials used for Tissue Engineering, polymers are the dominant scaffolding 

materials [14] due to their special characteristics, comprising a great processing flexibility 

and biodegradability, which enable to meet the required structural designs [15]. However, 

different issues should be taken in consideration when engineering a polymeric scaffold. 

Material selection is a key factor, since it should satisfy the following criteria [16]: 

• Biocompatibility, capability of being integrated in the organism without immune 

response, cytotoxic or genotoxic effects. 

• Biodegradability/bioabsorbability with a controllable degradation and resorption 

rate to match cell/tissue growth in vitro/vivo. 

• Suitable surface chemistry and hydrophobicity for cell attachment, proliferation, 

and differentiation [17]. 
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• Three-dimensional and highly porous structure with an interconnected porous 

network for cell growth, flow transport of nutrients, and metabolic wastes. 

• It should mimic mechanical properties to match the tissues at the site of 

implantation [18]. 

1.1.1 Bone tissue regeneration 

Bone tissue regeneration is one of the most actively researched fields in Tissue 

Engineering, because of the critical functions of the involved tissues in the daily life [19]. 

Recently, bone implant materials have been described by Ikada [20], Meyer [21] and 

Barrere [22] as materials which, besides the characteristics mentioned above, should 

have the following properties: 

• Osteoinductivity: process whereby mesenchymal stem cells are stimulated by the 

chemical environment to differentiate into pre-osteoblasts, driving to the 

acceleration of new bone formation. 

• Osteoconductivity: the growth of bony tissue into the structure of an implant or 

graft. This process should be coupled with the biodegradability rate because the 

scaffold material should be absorbed to provide space to the new tissue while 

mechanical properties are maintained. 

When talking about bone regeneration, there are certain aspects that determine whether 

metal prostheses, autologous bone grafts or biopolymers should be used in each 

particular case, as discussed below: 

Metal prostheses 

Bone pathology entails an important average of physical disability; metal prostheses, 

plates and screws are often used for long term applications with no need of being 

bioabsorbable. Defective bone often needs to be surgically removed and replaced by a 

graft or scaffold in order to restore the bone functionality [23].Considering that bone 

implants were originally designed to support mechanical effort of the injured bone while 

healing, materials used for these applications include metallic materials, such as 

stainless steel and titanium alloys. However, the use of bioabsorbable polymers acting 

as a protheses, scaffolds, plates and screws is increasing. Metal prostheses have the 
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advantage of being biocompatible and highly resistant to break; nevertheless, they 

present numerous disadvantages: 

• are heavy and expensive, 

• are neither biodegradable nor bioabsorbable, 

• do not promote bone regeneration, 

• impose a second chirurgical intervention to remove the device once the fractured 

bone is healed, entailing higher costs, extended recuperation processes and 

promotion of infections, 

• induce shielding effect: this effect is caused by large load stress supported by 

the prosthesis instead of the bone, inducing a poor bone regeneration with a 

decrease in bone mass and an increase in bone porosity (bone atrophy) [24].  

For the purpose of obtaining a desirable tissue remodelling and avoid the shield effect, 

the design of bioabsorbable prostheses with stiffness values similar to that of the host 

tissue appears to be the best option. Thus, development of economic low-modulus 

biodegradable polymers will prevent the aforementioned drawbacks presented by metal 

prostheses. 

Autologous bone graft 

The autologous bone graft is the most popular treatment currently used. The bone grafth 

is harvested from the patient´s own body, usually from the iliac crest, the fibula, the ribs, 

the mandible and sometimes from parts of the skull. However, it implies several 

drawbacks compared with other techniques [25]: 

• Need of additional surgery to harvest the patient´s bone to obtain the graft, 

entailing increased surgery times. 

• Donor site morbidity and greater scar formation. 

• High probability of pain, infection and bleeding increasing probability of donor-

site morbidity at the harvesting site [26]. 

• Limitation on quantity and geometry of the harvested bone. 
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• Low reproducibility of the patient´s feature due to the challenge of precise 

tailoring of the graft's shape. 

A study review of the effects after cranioplasty comparing autologous bone graft with 

synthetic materials was developed in 2015 using the medical records of 100 cranioplasty 

patients cases from Turku University Hospital during the period of 2002-2012 [27]. The 

authors observed that the healing process for re-implanted autografts was complicated 

in 60% of the cases, and 40% of the patients needed removal of the implanted autograft 

after cranioplasty. Those results were in consistency with more recent publications [28, 

29]. On the other hand, patients with cranioplasty using synthetic materials shown fewer 

complications and the best outcomes compared with autografts. Following the 

observations of that review, nowadays, the interest for developing bioactive implants with 

porous structures with the ability of accelerating bone ingrowth is increasing. The general 

advantages of using biomaterials include no donor-site morbidity, shortening of operation 

time, hence shortening of hospital stay. 

Biopolymers 

Biopolymers have been intensively studied to replace both metal prostheses as well as 

autologous bone grafts. As an example, some authors have tested poly(휀-caprolactone) 

(PCL) composites as internal fixation systems, such as Lowry et al. [30], whose results 

revealed a higher strength for PCL/bone complex compared with bony humerus healed 

with a stainless-steel implant. As such, craniofacial repair fixations appear to be a 

plausible application for PCL, as it has also been studied by Rudd and co-workers for 

the last decade [31-35]. In-vivo studies using poly(lactic acid) (PLA) as plates and screw 

were also performed by Bos et al. [36], who monitored the mandibular bone regeneration 

of six dogs. Kaan C. et al. [37] also followed bone fracture remodelling of twenty-two 

patients, reporting satisfactory results for PLA plates and screws. Boeree et al [38] 

studied the efficiency of Polyhydroxybutirate (PHB) injected moulded composites to be 

used in orthopaedic surgery obtaining good results. Biopolymers are preferable over 

metal prostheses because they make possible to partly avoid second surgery to remove 

the metal prosthesis once the fractured bone is healed, which prolongates the recovery 

process and eventual infections, corrosion and metal toxicity [39]. The shield effect is 

also suppressed because stiffness values of the scaffold are similar to those of the host 

tissues [40, 41], resulting in a desirable tissue remodelling. 

On the other hand, biopolymers are also preferable over autologous bone grafts since 

donor bone is not needed, additional surgeries and co-morbidities are eliminated [25], 
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and rates of infections and implant rejection are lower [27]. All these facts imply 

shortening of hospital stay; hence, economizing the public health system. Bioabsorbable 

aliphatic polyesters are the most commonly studied biopolymers for this purpose, e.g., 

poly(휀-caprolactone) (PCL) [40, 41], poly(lactic acid) (PLA) [42], and polyglycolic acid 

(PGA) [43] due to their low cost, high reproducibility, and good resistance to physical 

aging and biological attacks. Osteogenic biopolymers offer the virtue of easy 

processability to achieve a desired geometry. In addition, osteogenic biopolymers also 

offer the possibility of controlling their physicochemical properties to mimic and 

accelerate the native tissue remodelling by serving as graft to guide the infiltration of host 

cells while the biopolymer is reabsorbed by the body. These biopolymers allow the in 

vitro evaluation of the effects of cell-seeding density, culture period and mineralization, 

demonstrating the feasibility of modulating osteogenesis [44]. 

It is for these reasons that this work is focused on studying mechanical properties and 

cell interaction as a function of the chemical structure and hydrophobicity of different 

bioabsorbable polymers compared with non-absorbable polymers, all of them proposed 

for the regeneration of hard tissues. For this purpose, the hydrophobic polyester PCL is 

modified by blending with the more hydrophilic PLA, and the hydrophilic acrylate poly(2-

hydroxyethyl methacrylate) (PHEMA) is copolymerized with its hydrophobic counterpart 

ethyl methacrylate (EMA) at a ratio of 50/50 wt.%. Neat resins (PCL, PLA, PCL/PLA, 

HEMA, EMA and P(HEMA-co-EMA) have been used as a control material, and resins 

combined with hydroxyapatite (HA) nanoparticles and halloysite nanotubes (HNTs) have 

been studied to enhance cell attachment and mechanical properties [17]. 

1.2 Aliphatic polyesters 

Aliphatic polyesters are a category of polymers that contain the ester functional group in 

their main chain, providing properties such as biodegradability and biocompatibility. The 

degradation process of aliphatic polyesters prevents the accumulation of degraded 

products in the body, reducing the risk of long-term toxicity. Among all the polymers used 

in Tissue Engineering, PCL, PLA, PHB, PGA, poly(lactic-co-glycolic acid) (PLGA), and 

poly(dioxanone)s (PDO) are the most studied. Among them, PCL, PLA, PGA, and PHB 

(Figure 1) are the most used due to their easy processability into tissue engineered 

scaffolds, and their properties tunability regarding crystallinity, thermal transitions, 

mechanical strength, through alteration of its molecular weight, or addition of substituents 

to the polymer backbones [19, 45]. In general, polymers can be biodegraded via 
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hydrolysis or selective enzymes; however, enzymes are codified to specially attack a 

specific polymer and are present only if the right cells are present. Consequently, in the 

early 1960s, PGA was the first artificial degradable polymer developed as suturing 

material due to the fact that it does not require an enzyme to be degraded in the human 

body [46]. 
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Figure 1 Aliphatic polyesters typically used in Tissue Engineering. 

Although this study is focused on PCL, PLA and PCL/PLA blends due to their 

biocompatibility, biodegradability, low infection rate and their common use as scaffold 

and fixation elements for hard tissues regeneration, it seems interesting at this point to 

introduce the characteristics of the most important bio-absorbable polymers of the 

polyester family. In such a way, PCL, PLA, PGA and PHB are briefly explained in the 

following section. 

1.2.1 PCL: Poly(휀-caprolactone)  

Table 1 PCL thermal, mechanical properties and degradation rate. 

n

O

O

 

Tg (ºC) Tm (ºC) 
Tensile 

strength 
(MPa) 

Degradation 
rate 

Cost 
(€/Kg) 

-60 60 23.30±1.39 
> 50 weeks 

(1 year) 
7,60 

[39] [39] [39] [47]  

Tg (ºC): Glass transition temperature  
Tm (ºC): Melting temperature  

 

In the early 1930s PCL was synthesized by the Carothers group (DuPont) [48] and 

became commercialized because of its biodegradability. PCL can be obtained through 

ring-opening polymerization of 휀-caprolactone or via free-radical ring-opening 

polymerization of 2-methiylene-1-3dioxepane [49]. PCL is a biopolymer approved by the 
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US Food and Drug Administration extensively used for drug delivery devices due to its 

good bio-resorbability, slow degradation rate, cellular biocompatibility, and non-

immunogenicity [49]. Accordingly, studies are focused on the use of this biopolymer as 

a Tissue Engineering scaffold and internal fixation systems. However, its low mechanical 

properties limit its use; thus, an appropriate addition of fillers or blends to the polymeric 

matrix could provide an adequate mechanical stiffness to resist in vivo stresses and 

prevent new-tissue deformation [50]. 

1.2.2 PLA: Poly(lactic acid) 

Table 2 PLA thermal, mechanical properties and degradation rate. 

n

O

O

 

Tg (ºC) Tm (ºC) 
Tensile 

strength 
(MPa) 

Degradation 
rate 

Cost 
(€/Kg) 

55–65 160–170 40 
12 months (1 

year) 
8,00 

[51] [51] [52] [53] - 

Tg (ºC): Glass transition temperature  
Tm (ºC): Melting temperature  

 

PLA is a bio-polymer derived 100% from renewable sources [54, 55], which was 

discovered in 1932 by Carothers (DuPont). Because of its biodegradability, 

biocompatibility, and non-toxicity, PLA has been approved by the US Food and Drug 

Administration and is extensively used in biomedical applications. Ring-opening 

polymerization can result in three stereoisomers of L D-lactide (PDLA), L-lactide (PLLA) 

(Figure 2) and racemic mixture of D,L-lactide (PDLLA), giving the building block of PLA 

units isotactic, syndiotactic or atactic/heterotactic PLA primary structures (Figure 3). The 

stereoisomers PDLA and PLLA present enhanced physical and thermal properties, as 

well as hydrolytic stability compared with the parent polymers [56]. 
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Figure 2 PLA stereoisomers: L-lactide (PLLA) on the left and D-lactide (PDLA) on the right. 
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Figure 3 PLA Tacticity. Relative stereochemistry of adjacent PLA chiral centres. 

The mechanical properties of PLA depend on the polymer enantiomeric purity, the 

stereospecificity, and the molecular packing, which will drive to a high crystallinity. 

Generally, the vast majority of the commercial amorphous PLA is a mixture of L and D 

lactic copolymers, due to the synthesis process usually leading to impurities. PLA 

stereocomplex (scPLA), prepared by the equimolecular mixture of PLLA and PDLA (1:1), 

has been recently studied because of its improved mechanical and thermal properties, 

rising 60ºC its melt temperature. The improvement of scPLA properties is ascribed to the 

formation of a stereoregular crystal lattice with van der Waals interactions between L-

lactic unit sequences and D-lactic units [57]. 

Table 3 Crystallinity, elongation and thermal properties of the different PLA stereoisomers. 

Polymer Crystallinity 
(%) 

Tm (ºC) Tg (ºC) 
T (VICAT) 

(ºC) 
elongation 

at break (%) 

PLLA 
Semi-crystalline 

45% [51] 
160-180 55-65ºC 55-65ºC 3-5% 

PDLA 
Semi-crystalline 

37% [51] 
170ºC 55ºC 60-70ºC 50-200% 

PDLLA Amorphous 160–170ºC 55–65 ºC 50-70ºC 9% 

scPLA 
Semi-crystalline 

67% 
220-230ºC 60ºC 190ºC 3-5% 

Tg (ºC): Glass transition temperature  
Tm (ºC): Melting temperature  
T (VICAT) (ºC): Softening point 
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1.2.3 PCL/PLA copolymers 

PLA is a rigid polymer with good mechanical properties with its brittleness as the main 

drawback. On the other hand, PCL is a very flexible polymer with a slow degradation 

rate. Upon mixing PLA and PCL, a synergic effect leads to retain the merits of each 

polymer, making the mixture more flexible, hydrophobic, and crystalline compared to 

neat PLA, which is translated into a slower degradation ratio (ranging from months to 

years) [58]. The PCL crosslinking factor (crystallinity) limits chains mobility; thus, it 

decreases the degradation velocity due to the difficult accessibility for the enzymes inside 

the polymer matrix. The modification on hydrophobicity, inferred by the mixture of both 

polymers, strongly improves the bioactivity of the blend [17]. Since both polymers are 

immiscible, PCL/PLA blends have attracted less attention than PCL/PLA copolymers. 

Although blends prepared through solvent evaporation showed smaller phase separation 

but worse mechanical properties [59]. and lower crystalline structure because the 

extrusion process comprises a slow cooling enabling the formation of crystalline regions 

[59]. PCL/PLA 1:1wt ratio was chosen to proceed with this experimental with the aim of 

transferring the highest mechanical properties to the PCL without losing its intrinsic 

characteristics. Therefore, PCL/PLA blends will exhibit the following desired properties: 

• Improvement of PCL mechanical properties due to the high mechanical 

properties of PLA. 

• To infer hydrophilic character to the PCL/PLA matrix due to the hydrophilic 

character of PLA, which will enhance cell attachment and proliferation. 

• Accelerate the degradation process of PCL due to the amorphous and hydrophilic 

character of PLA. 

1.2.4 PGA: Polyglycolic acid 

Table 4 PGA thermal, mechanical properties and degradation rate. 

n

O

O

 

Tg (ºC) Tm (ºC) 
Tensile 
strength 

(MPa) 

Degradation 
rate 

35-40 225-230 
340–920 

(fibre) 
6 weeks  

[60] [60] [61] [62] 

Tg (ºC): Glass transition temperature  
Tm (ºC): Melting temperature  
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PGA was one of the initial, degradable polymers researched for biomedical application, 

first synthetized in 1954 [63]. PGA has been commercially available since 1970 [63] and 

the American Cyanamid Co developed in 1962 the first synthetic absorbable suture of 

PGA under the name of Dexon [63]. However, its sensitivity to hydrolysis and fast 

biodegradation rate made it difficult to be use compared with other synthetic polymers. 

PGA can be obtained through both, polycondensation or ring-opening polymerization of 

the monomer [63]. PGA is approved by the U.S. Food and Drug Administration for human 

clinical applications. PGA has high crystallinity because of its chain-structural regularity, 

it degrades rapidly in aqueous solutions and loses its mechanical integrity between 2 

and 4 weeks, depending on the molecular weight. 

1.2.5 PHAs: Polyhydroxyalkanoates (PHB, PHBV, P4HB, PHBHHx, 
PHO) 

Table 5 PHB thermal, mechanical properties and degradation rate. 

O

O

n 

Tg (ºC) Tm (ºC) 
tensile 

strength 
(MPa) 

Degradation 
rate 

Cost 
(€/Kg) 

2 175 37,5 24-30 
months 

19,70 

[64] [64] [64] [65]  

Tg (ºC): Glass transition temperature  
Tm (ºC): Melting temperature  

 

Polyhydroxyalkanoates (PHAs) are a family of biodegradable polyesters produced by 

microorganisms through bacterial fermentation of sugar or lipids. PHAs are 

semicrystalline bioabsorbable polyesters with excellent biocompatibility and viability. 

About 150 different congeners of PHAs have been reported [66] and can be combined 

to obtain several copolymers of polyhydroxyalkanoates, including poly 3-hydroxybutyrate 

(PHB), copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate (PHBV), poly 4-

hydroxybutyrate (P4HB), copolymers of 3-hydroxybutyrate and 3-hydroxyhexanoate 

(PHBHHx) and polyhydroxyoctanoate (PHO). PHA was first discovered by Lemoigne in 

Bacillus megaterium in the form of poly (3-hydroxybutyrate) (PHB) in 1925 [52]. PHAs 

can be classified according their chain length: short (scl), with less than 5 carbon atoms, 
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medium (mcl), between 5-14 carbon atoms, or long (lcl), with more than 14 carbon 

atoms, but are uncommon [67]. 

Among all the mentioned PHAs, PHB has attracted the attention for applications in 

biomedical areas, such as in the production of scaffolds for Tissue Engineering due to 

its biocompatibility and biodegradability [68]. PHB bio-resorption shows long degradation 

times [69], displaying slower rates compared with other biodegradable biomaterials.. 

Although polymers obtained from renewable sources have advantage over conventional 

petroleum-based polymers, the principal drawback associated to PHB is its high cost 

production process through fermentation, dependent on high cost carbon sources [67]. 

1.3 Biodegradation of aliphatic polyesters 

Biomedical polymers, especially those introduced above, after implantation or when in 

contact with biological fluids undergo significant changes regarding mechanical 

properties influenced by their degradation process. Considering that 75% of the human 

body is composed by water, 65% of which is located within cells, hydrolytic degradation 

of aliphatic polyesters is an interesting feature for Tissue Engineering materials. Bone 

remodelling field implies time-limited applications, which requires the elimination of the 

biopolymer after use to restore the surrounding living medium. It is important to 

differentiate the terms biodegradation and bioresorption. Biodegradation entails 

biological agents that cause the chemical breakdown of the implanted material, while 

bioresorption entails removal of polymer degradation products by cellular activity through 

metabolic processes or natural pathways in a biological environment. Thus, aliphatic 

polyesters able to biodegrade and bioresorb show the highest potential for replacing 

biostable polymers, such as polyacrylates, in time-limited applications [70].  

1.3.1 Biodegradation process for aliphatic polyesters [71] 

Biodegradation of aliphatic polyesters in aqueous medium, both in vitro and in vivo, 

occurs through disintegration of the polymer chain in small polymeric segments, which 

are consequently bioresorbed, thus reintegrated into the carbon cycle by assimilation 

and mineralisation in the media. Biodegradation entails three main stages: 

1. Deterioration 

Water molecules penetrate into the polymer matrix, attacking first the amorphous phase, 

and the hydrolytic cleavage of ester bonds and carbonate groups start generating 
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carboxylic acid end groups, as schematized in Figure 4, which later induce autocatalysis 

[47, 72]. In the initial stages, the partially degraded macromolecules remain insoluble in 

the surrounding aqueous medium while the autocatalysis process continues. When the 

molecular weight of partially degraded macromolecules decreases (oligomers) to allow 

dissolution in the surrounding aqueous medium, the diffusion of these oligomers to the 

surface of the polymer starts [70]. The rates of degradation at the surface and the interior 

of the matrix depend on the combination of diffusion, chemical reaction, and dissolution 

phenomena of the polymeric matrix [73]. During the degradation of the amorphous 

phase, there is a decrease of molecular weight without loss of physical properties since 

the material matrix is supported by the crystal phase. Once the amorphous phase is 

consumed, the crystalline phase degradation begins. In porous systems, due to the 

higher surface area and easier release of soluble by-products, the degradation rate is 

slower compared with plain structures. The deterioration effect could proceed through 

bulk or surface erosion [74]. Thus, matter is lost without a relevant change in the molar 

mass.  

Aliphatic polyesters degrade, roughly speaking, through a bulk hydrolysis process. 

Fragments are lost from the polymer mass by diffusion, which occurs faster than the 

cleavage of polymer bonds, and the molar mass decreases due to bond cleavage. Bulk 

degradation rate is enhanced by autocatalysis due to carboxylic end groups, as shown 

in Figure 4. However, there is some difference between PCL and PLA, because the 

CH2/COO- ratio is greater in the first, that is, is more hydrophobic, and thus, degradation 

is not purely a bulk one but some surface erosion occurs as well, due to hydrolysis of 

COO- groups at the surface. 

CH3 O
CH3

OH
+

OH

OH
+

CH3 OH++OH2

 

Figure 4 Hydrolytic cleavage of ester bonds generating carboxylic acid end groups. 

2. Fragmentation 

The fragmentation is a decomposition phenomenon leading to low molecular weight 

molecules [74] that will, subsequently, be assimilated into the surrounding environment 

through an electron transfer process. 
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3. Assimilation 

The assimilation consists on the integration of atoms from the degraded polymer inside 

cells [75, 76]. Inside the cells, the integrated molecules are usually oxidised through 

catabolic pathways producing adenosine triphosphate (ATP), thus providing the 

necessary sources of energy for the formation of the cell structure. 

1.3.2 Biodegradation rate of PCL, PLA and PGA 

Biopolymers used as scaffolds for tissue engineering applications need to accomplish 

two significant challenges. First of all, the biodegradation process should be controlled. 

Secondly, the material should maintain its structural and mechanical properties to avoid 

malformation of the new regenerated bone while healing [77]. Biodegradation rate will 

be affected by hydrophobicity, crystallinity and acidity of the polymer.  

As the amorphous phase is the first to be affected by the hydrolysis of ester bonds, it 

implies a loss in molecular weight without losing physical properties, since the material 

matrix is supported by the crystal phase [61]. Thus, the polymer crystallinity influences 

the degradation rate. Hydrophobicity also has an impact in the degradation rate. A lower 

water absorption capacity reduces the accessibility of water molecules and enzymes to 

the polymer bulk [78], fact that restricts the rate of chain scission. Acidity of the polymer 

influences degradation rate, as mentioned before, because hydrolysis of the remaining 

ester bonds is catalysed by carboxyl end groups formed after chain cleavage [79]. When 

soluble oligomeric compounds are generated in the matrix, those which are near the 

surface can escape before total degradation, while those located inside the matrix can 

hardly diffuse out of the matrix. Thus, the oligomer compounds released to the aqueous 

medium are neutralized by the phosphate buffered medium (pH= 7,4) in the case of an 

in vitro study, contributing to decrease the surface acidity. However, the entrapped 

oligomer molecules inside the polymer matrix catalyse hydrolysis of the neighbouring 

ester bonds, accelerating the degradation. Although degradation of polymers depends 

of several factors, it is reasonable to think that acid amorphous and hydrophilic polymers 

will degrade faster than basic crystalline polymers as shown in Table 6.  
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Table 6 Comparison among PCL, PLA, PGA and PHB polyesters regarding crystallinity, 
hydrophobicity and degradation rate. 

Polymer Crystallinity Hydrophobicity Degradation rate 

PCL 
50.4% [80] hydrophobic 12-24 months [47] 

PLA Amorphous moderately 
hydrophobic 

12 months [53] 

PGA 
45-50% hydrophilic 6 weeks [62] 

PHB highly crystalline 
70% [65] 

 24-30 months [65] 

 
Craniofacial fractures can demand implants to maintain their structural properties 

between 6 and 52 weeks [32]. Considering resorption kinetics and degradation, in vivo 

studies reported rates of PHA items from 2 to 2.5 years, possibly because of its high 

crystallinity (70%) [65]. However, due to its low biodegradable rate and expensive 

obtention process, PHB is uncommonly used in biomedical applications. On the other 

hand, although PCL shows a notable slow rate of resorption (>24 months) [45], it is 

resorbed faster than PHB, due to its lower crystallinity degree (50,4%) [80]. PCL is known 

to persist in vivo for more than one year [81, 82] fulfilling the implantation time 

requirement. PLA, being a moderately hydrophobic and amorphous polymer, remained 

intact for 6 weeks displaying a lower mechanical performance in vivo than PCL [83]. 

Much more hydrophilic PGA, though crystalline, loses practically all its strength within 6 

weeks [62]. Thus, PGA biodegradation period is notably shorter than the 50 weeks 

exhibited by PCL, making PGA ineffective for fulfilling the requirements needed for 

treating craniofacial fractures. 

In view of the aforementioned facts, the degradation rates decrease in the following order 

[61]: 

PGA>PDLLA>PLLA>PCL>PHB 

Aiming to investigate in this thesis the biodegradation and cell interaction on PCL surface 

when varying its hydrophobicity through blending with PLA and additivating it with HA 

and HNTs, special attention is placed herein on PCL and PLA degradation studies in 

vitro and in vivo. Pego et al. [47] studied the in vitro degradation of PCL copolymers (90 
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mol%) and loss of molecular weight over a 52-week period. The results confirmed that 

PCL copolymers retained a constant strength during the first 50 weeks (around one year) 

of degradation. However, the mechanical properties were affected during the second 

year, the values of stress (σmax) decreasing linearly with the decrease of molecular 

weight. Congruent results were obtained by Kweon et al. [80], who analysed mass loss 

over a 6-week period. Hong Fan Sun et al. [78] studied the in vivo degradation of PCL in 

rats for 3 years, finding that PCL structures remained intact during 2-year implantation. 

However, after 30 months of implantation, they broke into low molecular weight pieces 

completely losing their mechanical strength. Hong Fan Sun also studied resorption of 

PCL, concluding that after 135 days 92% of the implanted PCL was excreted from feces 

and urine, avoiding the accumulation of PCL in body tissue. Results are in agreement 

with those of Pitt et al. [84], who also studied in vivo adsorption of PCL at cellular level 

and concluded that PCL was ingested and digested ultimately by phagocyte and giant 

cell. Pitt exposed that PCL degradation first involves a decrease in molecular weight 

without mass loss and deformation, and then the molecular weight drops producing a 

failure of the material into pieces driving a mass loss. PLA (mixture of L and D lactic 

copolymers) is an amorphous and moderately hydrophobic polymer due to its methyl 

groups [61], and needs at least 1 year for completely absorption [53]. However, ring-

opening polymerization results in three stereoisomers with different crystallinities 

depending on the packing of the polymeric units. Thus, degradation takes longer for 

PLLA (45% of crystallinity), more specifically more than 5 years for total absorption [53]. 

1.3.3 Inflammatory response of polyesters 

When selecting a biopolymer to be used in biomedicine as scaffolding material or internal 

fixation, the inflammatory response caused in the surrounding living tissue should be 

considered. When a material is implanted into living tissue, it induces foreign body 

reactions that take place at the interface between the biomaterial and the host tissue. 

Understanding the mechanism of biodegradation and the biodegraded products released 

to the physiological environment will help to design optimum scaffolding materials [85]. 

PCL, PLA PGA and PHB degradation products are non-toxic and usually metabolized 

and eliminated through natural pathways [86]; furthermore, the pH equal to 7.4 of 

phosphate buffer helps to solubilize the degradation by-products, as for example the 

carboxylate form RCOO- of organic acids being more hydrophilic than the carboxylic acid 

form RCOOH [79]. Nonetheless, acidic degradation products and crystalline by-products 

released during PCL, PLA and PGA degradation can cause inflammatory response [61], 

as opposed to PHB, which keeps a neutral pH during degradation and hence a higher 
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tolerance of cells [69]. There are alternatives to minimize inflammation by stabilizing the 

pH of the environment surroundings. For example, incorporating basic compounds (such 

as bioactive glasses and calcium phosphates) to the polymeric matrix has been reported 

to minimize inflammatory reaction [61]. Breakdown products as lactide from PLA 

degradation, 6-hydroxyhexanoic acid from PCL degradation, and glycol from PGA 

degradation are excreted from the body by physiological processes (e.g., the Krebs 

cycle) [87, 88]. While some of them can induce a minimal inflammatory response, they 

do not induce cytotoxic effects [89, 90]. For instance, PCL degradation product (6-

hydroxyhexanoic acid) is transformed by microsomal ω-oxidation to adipic acid, a natural 

occurring metabolite [91], or excreted through urine [78, 92]. 

PCL exhibits several advantages over PLA, PGA and PHB. Examining the inflammatory 

response, Lowry et al. [30] stated that the use of PGA and PLA induces a foreign body 

reaction that has not been seen with PCL implants. Lowry founded his observations on 

two studies carried out by Bostmant et al. [93] and Mannien et al. [94] who used PGA 

screws to maintain a transverse distal femoral osteomy in rabbits femur and self-

reinforced PLLA rods to fix cortical femoral rabbit bone for reduction of a transverse 

osteotomy, respectively. Both studies show foreign-body reaction with the absorption of 

the PGA screw and occurrence of giant cells and foam cells on the surface of the PLLA 

rods, as well as around the connective tissue surrounding the rod. More recent studies 

support Lowry’s suggestions [95, 96]. Ceonzo et al. [96] studied the inflammatory 

response following implantation of PGA, concluding that degraded PGA induced an 

acute peritonitis. Lowry’s statements suggest that the use of PCL results in a lower 

inflammatory response. Gogolewski et al. [97] compared tissue response and polymer 

degradation of PLA and PHB implants in mice. Results showed that the number of 

inflammatory cells increased with the content of valerate units in the PHB within the three 

first months of implantation, however, PHB biodegraded products do not change the local 

pH of the surrounding area [98]. After six months of implantation, PHB degraded less 

(15%) than PLA. PHB is uncommonly used as biomedical fixation or scaffolds due to low 

degradation rate and its challenging and expensive purification for medical degree 

application [99]. 

Because PCL induces a lower inflammatory response and retains its mechanical 

properties for the desired amount of time compared to PLA, PGA and PHB; PCL was 

chosen herein to study mechanical properties and cell viability, proliferation, and surface 

morphology varying hydrophobicity and acidity of the compounds. To this end, PCL and 
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PCL/PLA blends were additivated with HA and HNTs and compared with non-

biodegradable poly-methacrylate at the same conditions. 

1.4 Polymethacrylates 

This work aims to study aliphatic polyesters able to biodegrade in order to replace 

biostable polymers, such as polyacrylates, in time-limited applications [70]. Thus, cell 

interaction depending on chemical structure and hydrophobicity of different bio-

absorbable polymers is compared with non-absorbable polymethacrylates. As non-

absorbable polymethacrylate, the hydrophilic acrylate poly(2-hydroxyethyl methacrylate) 

(PHEMA) copolymerized with ethyl methacrylate (EMA) at a ratio of 50/50 wt.%. PHEMA 

and P(HEMA-co-EMA) will be used as neat resins or combined with HA nanoparticles 

and HNTs to enhance cell attachment and mechanical properties. 

Crosslinked HEMA hydrogel was first synthetized by Wichterle and Lim in 1960 [100], 

and is one of the most studied synthetic hydrogels and commonly used in ophthalmic 

uses as contact lenses and drug delivery applications [101]. HEMA is considered of great 

importance because of its hydrophilic character and biocompatibility and is extensively 

used in Tissue Engineering. Hydrogels are hydrophilic polymer networks with the 

capability of absorbing from 10% to thousand times their dry weight in water. Some 

hydrogels can be degraded and consequently disintegrate and dissolved; however, 

HEMA and EMA are chemically stable. When crosslinked hydrogels are place in 

aqueous solution, reach an equilibrium swelling which, together with permeability and 

hydrophilicity, depends mainly on the crosslink density. Water molecules attack the 

hydrogel surface penetrating into the polymer network and hydrate the most polar and 

hydrophilic groups. Water interactions produce an expansion of the network allowing 

other water molecules to penetrate within the hydrogel network. Thus, the swollen 

network exposes hydrophobic groups, which also interact with water molecules [101]. 

Hydrogels used in Tissue Engineering will be working in the aqueous physiological 

environment, thus may never be in their dry (xerogel) state. 

1.4.1 Inflammatory response of polymethacrylates 

Crosslinked PHEMA and PEMA, which have very similar chemical structures, have been 

chosen in this study to compare with aliphatic polyesters because of their demonstrated 

biocompatibility and non-toxicity [101]. However, PHEMA implants have shown 

inflammatory response in some cases, as for example in the work of Belkas et al. [102] 
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who synthesized poly(2-hydroxyethyl methacrylate-co-methyl methacrylate) (PHEMA-

MMA) porous tubes and studied their efficacy in vivo in rat sciatic nerves. The study 

showed collapse of the tube’s walls after 16 weeks of implantation and chronic 

inflammation. Results were in consistency with other authors such as Jeyanthi et al. 

[103], who implanted collagen-PHEMA hydrogels in rats, finding acute and then a chronic 

inflammatory response after 6 months; and Smetana et al. [104], who implanted PHEMA 

hydrogel in chinchilla rabbits and observed foreign body giant multinucleate cells on the 

implant surface after 6 months of implantation. Although PHEMA implants induce 

inflammatory response, no adverse tissue reactions were observed at the implant site, 

denoting good biocompatibility and non-toxicity of the implanted PHEMA matrix. 

1.5 Bioactive composites 

Generally, the biopolymers introduced in the previous section show poor mechanical 

properties, which do not meet the structural demands of the host tissue. Although they 

show good bioactivity, the new bone formed does not bond tightly to the polymer surface. 

This problem can be addressed by the introduction of bioceramics, which grant new 

functionalities such as higher bioactivity and enhancement of mechanical strength [105]. 

Thus, polymer/inorganic composites are a common practice reviewed intensively in the 

literature [61, 68]. Aiming to improve mechanical and biological properties of different 

polymeric matrices, as well as to study cell interaction as consequence of hydrophobicity 

modification, this study has focused on the use of hydroxyapatite (HA) and halloysite 

nanotubes (HNTs), both of which are well demonstrated biocompatible fillers [61, 106]. 

1.5.1 Hydroxyapatite (HA) 

Apatite term was used for the first time to refer ores in 1788 by the German geologist 

William Alexander Deer [107], but the first attempt to establish the hydroxyapatite 

composition by chemical analysis began in the second half of the 18th century by the 

Swedish chemist Jöns Jacob Berzelius [108]. Currently, this term is referred to a crystal 

family of materials related to the formula M10(RO4)6X2, where M refers to calcium (Ca2+), 

R to Phosphorus (PO4
3−) and X to a hydroxide (OH-) or another halogen compound such 

as fluorine (F-). Hydroxyapatite (HA) is one of the most common and inexpensive fillers 

broadly used in Tissue Engineering field [109-111] due to its osteoconductive properties, 

low inflammatory response, and very low toxicity in humans [112, 113]. The biological 

properties exhibed by HA are based on the fact that the mineral phase of the human 

bone is composed principally (around 60 wt.%) of HA [114, 115], which was determined 
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in 1926 by X-ray diffraction technique exposing that it was apatite [116]. HA is an apatite 

composed essentially of phosphorous and calcium with the chemical formula 

Ca10(PO4)6(OH)2. The atomic ratio CA/P is 1.67 with 39% by weight of Ca, 18.5% P and 

3.38% of OH [117]. Although several materials have been designed as hydroxyapatite 

by diverse researchers, actually the Ca/P rate shown could be variable with a range of 

1.3 to 2.0. Nevertheless, the American Society for Testing and Materials (1987) 

determined the reference patterns both for hydroxyapatite and tricalcium phosphates, in 

order to control and determine the purity of these compounds [116]. 

It is well known that introduction of HA to a polymer matrix induce apatite layer formation 

on the scaffold surface. The formed apatite layer is composed of nano-crystals of 

carbonate-ion with very similar characteristics of the mineral phase in bone, thus, cells 

proliferate and differentiate forming a layer of biological apatite and collagen [118]. The 

apatite deposition mechanism involves the extraction of Ca2+ ions out of the HA crystal 

by exchange with protons from the SBF solution. The increasing concentration of Ca2+ 

ions in the SBF medium accelerates the apatite precipitation [119]. Silanol groups Si-OH 

present in the HNTs would provide favourable sites for apatite nucleation; although this 

mechanism is not totally clear yet, it is speculated that electrostatic interactions drive the 

formation of calcium silicates [120]. With the precipitation of the Ca2+ ions the surface 

acquires a positive charge and interacts electrostatically with the negatively charged 

phosphate ions in the SBF, leading to the formation of an amorphous calcium phosphate. 

Once the apatite nuclei are formed, they grow spontaneously by consuming the calcium 

and phosphate ions from the SBF solution. Specific surface functional groups can act as 

effective sites for apatite nucleation even with Ca and P absent from the composition. 

Phosphate, carboxy, hydroxy and amine groups have been found to induce calcium 

phosphate nucleation [121, 122]. The introduction of HA to a polymer matrix has also 

been demonstrated to support enzyme activity [123] and improve cell attachment by 

generating new reactive sites where proteins can interact by electrostatic forces and 

hydrogen bonds [124]. These interactions are the result of Ca2+ and PO4
3− groups 

present in HA and are available for binding respectively with negative carboxylate (COO-

) and positive amino groups (NH3
+), present in the proteins structure [125-128]. After 

protein interaction on the scaffold surface, protein unfolds and spreads over the polymer; 

consequently, cells will interact with the unfold protein. It has been demonstrated that 

HA induce the differentiation of mesenchymal cells into osteoblasts, which accelerates 

bone formation [61, 129]. 



42  Introduction 

Doctoral dissertation  Elena Torres Roca 

Besides its biological properties previously mentioned, the additivation of a polymer 

matrix with HA is a common practice to achieve prostheses stiffness values similar to 

that of the host tissue, resulting in a desirable tissue remodelling [40, 41]. Considering 

the polymers studied in this work, different authors have observed both mechanical and 

biological improvement on biopolymers matrix. For example, Biqiong Chen and Kang 

Sun [130] studied reinforcement of PCL with different amounts of HA (0 wt.%, 20 wt.%, 

40 wt.% and 60 wt.%) and correlated the improvement of mechanical properties with the 

added hydroxyapatite amount. The composite melting temperature (Tm) and 

crystallization temperature (Tc) increased by the presence of HA, suggesting slight 

interactions between PCL and HA, facilitating the crystallization of PCL under cooling, 

HA acting as nucleating agent. The study reported an enhancement of mechanical 

properties, reaching the greatest strength value when the concentration of HA was 20%. 

Nevertheless, when the content of HA increased over 20%, the strength of the compound 

decreased significantly. Results are in consistency with Heo et al. [131] who compared 

additivation of nano-HA and micro-HA to the PCL matrix. Mechanical testing revealed an 

increase in the Young’s modulus of the compound from 193 MPa of the neat PCL to 665 

MPa with the addition of 50 wt.% of nano-HA to the PCL matrix. Heo also stated the 

growth of MSCs and guided their osteogenic differentiation on PCL/HA composites 

maintaining cell viability. Reviewing PLA bibliography, it was found that Hong et al. [132] 

prepared PLLA/HA composites as potential bone substitute material, and observed that 

at HA content of 4 wt.%, the composite showed a maximum in tensile strength (74 MPa). 

Zangh et al. [133] also reported greatly enhanced Young’s modulus for nano-HA-PLLA 

nanocomposites, reaching values of 3,6 GPa at 20 wt.%. Regarding improvement of 

bioactivity, Hong [132], Ronca et al. [134] and Abdal et al. [135] observed higher cell 

ingrowth and proliferation of MC3T3 osteoblasts on PLA/HA scaffolds. Studies on 

PHB/HA composites suitable for medical applications and proved that new bone grows 

highly organised close to the material, and structural strength was maintained during the 

in vivo implantation period [64]. When talking about polyacrylate biopolymers, few 

studies have tested the enhancement of mechanical properties with the introduction of 

HA. Song et al. [136] designed synthetic bone grafts based on PHEMA/HA composites, 

showing excellent structural integration between the filler and the matrix, fact that derived 

to an improvement of stiffness and the ability to withstand compressive stress. The 

PHEMA/HA synthetic bone grafts where implanted subcutaneously in rats supporting 

osteoblastic differentiation of the bone marrow stromal cells pre‐seeded on the graft. 

Huang et al. [137] prepared nanoHA-PHEMA/PCL porous nanocomposite scaffolds and 

studied their bioactivity in vitro, observing the formation of a bone-like apatite layer after 
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immersion in simulated body fluid. Growth and proliferation of primary human osteoblast 

cells was also observed. In a similar study developed by Juhasz et al [138], a nano-HA 

filler content of 10 wt.% was found to enhance the bioactivity and biocompatibility of the 

PHEMA/PCL matrix. The fabricated hydrogel was able to retain its ability to swell, while 

allowing the material to be stabilized in vivo and have improved mechanical properties 

due to the addition of ceramic nanoparticles. The human osteoblast cells were able to 

differentiate and proliferate on the hydrogel surface. 

1.5.2 Halloysite nanotubes (HNTs) 

Halloysite nanotubes (HNTs) are a biocompatible clay material found as a raw mineral 

in natural deposits, fact that makes halloysite economically viable [139] for polymer 

additivation. HNTs present nanotubular structure where the outer surface can be 

compared to silica with oxygen atoms, making the surface predominantly negative over 

most of the physiologically relevant range (pH 6-7) [140], while the inner surface is 

composed of alumina with hydroxyl groups, giving a positive charge surface below pH 

equal to 8.5 [141] (Figure 5). Is for their biocompatibility, abundance in nature and tubular 

shape that HNTs have been extensively used in biomedicine for drug release and Tissue 

Engineering [141] through polymer additivation. For example, mechanical properties of 

PCL/HNTs nanocomposites have been studied by Kang-Suk Lee et al. [142] reporting 

an improvement of tensile strength with the inclusion of HNTs, attributed to the formation 

of strong hydrogen bonds between the hydroxyl groups (–OH) present on the HNTs inner 

surfaces and the carbonyl (C=O) of the ester linkages in the PCL molecular chains [143]. 

However, care must be taken when a matrix is loaded, due to the limitation of the 

molecular chains movement in the matrix. Indeed, exceeding the amount of the fillers 

can generate agglomerates, acting as weak points and failure initiation sites [143, 144]. 

For example, Liu et al. [143] and Prashantha et al. [144] detected a decrease in flexural 

properties when exceeding 7.5 wt.% of HNTs, generated by an overloading. The 

development of PLA matrices reinforced with HNTs was studied by Rangika Thilan De 

Silva et al. [145], who concluded that the percentage of loading with the highest 

mechanical properties was 5% of HNTs, obtaining an increase of 22% in Young modulus. 

Stoclet and Sclavons [146] prepared PLA nanocomposites, concluding that the mixture 

with best mechanical properties was obtained with an 8 wt.% of HNTs additivation. 

Kalappa [147] and Garrasi et al. [148] obtained comparative results with the additivation 

of 6 wt.% of HNTs to the PLA matrix; they observed, separately, an increase of tensile 

modulus (15%) and Young modulus (18%). Enhancement of mechanical properties was 

stated to be induced by hydrogen bonding between the carbonyl groups of PLA and the 
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hydroxyl groups in HNTs according to Liu et al. [149], who used infrared spectroscopy to 

confirm these observations. Additionally, OH- groups of PLA could also interact with the 

Si-O-Si groups present in HNTs [150, 151]. 

 

Figure 5 Scheme of an halloysite nanotube [152]. 

The HNTs cylindrical structure results of a natural process which takes millions of years 

[152], caused by the hydration of alumina and silica layers, which creates a packing 

disorder resulting in the curvature of the sheets and rolling its selvedges giving a 

multilayer tube [139]. Their biocompatibility properties and tubular shape make HNTs a 

perfect material to be used for loading, storage, and controlled release of drugs to be 

used as a delivery system [139, 153], with a small inner diameter of 15 nm and outer 

diameter of 50 nm [154-156]. The first relevant study using HNTs as a nanocontainer 

was carried out by Price et al. [155], demonstrating that HNTs are viable nanocontainers 

for encapsulation of biologically active molecules. It has been demonstrated that the 

release rate of a drug entrapped in HNTs lumen takes from 30 to 100 times longer than 

the drug alone, and this rate is increased when the HNTs is coated or embedded in a 

polymer matrix [157]. The entrapment of a drug in HNTs can be performed in different 

ways, including adsorption to the external and internal walls of the tubes [158, 159], 

intercalation [160-165] and loading of the substances into the lumen [166]. The addition 

of HNTs to the polymeric matrix has proven to favour cell adhesion due to surface nano-

roughness acting as an anchoring framework [167] and the presence of silicate ions 

[168]. The formation of hydrogen bonds between HNTs and proteins are led by silanol 

groups (Si–OH) located on the surfaces of HNTs [169], especially on their crystal edges 

[106]. Protein molecules contain hydroxyl and amino groups with which they interact with 

Si–OH through hydrogen bonds [170]. 

Due to the HNTs double benefit introduced above, we have investigated the 

enhancement of mechanical properties and drug delivery capacity of a specific drug 

previously entrapped in the HNTs lumen.  
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1.5.3 Curcumin 

In such a way, curcumin has been selected as a drug to load the HNTs lumen and its 

delivery rate has been subsequently studied. Curcumin is a yellow lipid-soluble natural 

pigment extracted from the powdered rhizome of the plant Curcuma longa, with a 

chemical formula [1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-hepadiene-3,5-dione] [171, 

172]. Curcumin is a commonly used food colorant which possesses excellent 

pharmacological properties such as anti-oxidant [172], anti-inflammatory [173], anti-

tumorigenic [174], in addition to numerous desirable biological benefits [175]. Due to the 

mentioned properties, considerable attention has been paid to curcumin, being one of 

the most studied natural compounds [176]. However, curcumin has demonstrated to 

have very low activity in physiological environments owing to its poor solubility in water 

(< 1 µg/mL). Furthermore, it exhibits rapid degradation in alkali conditions (pH 7.4) at 

physiological temperature [177], which makes curcumin hard to absorb from the 

gastrointestinal tract after oral administration. Consequently, studies are continuously 

being developed to achieve appropriate drug delivery systems to enhance in vivo 

curcumin stability. Some of these efforts have been based upon the use of polymer 

nanospheres of poly (DL-lactide) [178] and (NIDAM-NVP-(PEG-A)) copolymers [179], 

also the encapsulation with different bio-microspheres using bovine serum albumin and 

chitosan [180] or lipid-based nanoparticles [181].
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1. To understand the mechanical effect of inorganic fillers such as hydroxyapatite 

and halloysite nanotubes into a polyester matrix. 

It is aimed to firstly monitor the effects of HA and HNTs on mechanical and thermal 

properties of PCL in order to determine the additivation threshold and optimize the 

additivation rate. The results will be subsequently transferred to the following chapters 

using polymers with different nature to intensively study the biological effect of the fillers, 

which will also modify the hydrophobicity of the materials. 

2. To optimize HNTs’ loading with curcumin before their mixture with PCL and HA 

in the optimal proportion previously established in order to validate the HNTs 

encapsulation capacity. 

The functionalization of HNTs with curcumin has been addressed by using different 

solvents to prove the capacity of loading and successive delivery of the active agent. 

Secondly, the modifications on mechanical and thermal properties of the PCL-based 

hybrids after loading process has been followed. [This experimental part has been 

partially developed during the research stay in 2015 at the University of Wisconsin 

Madison in the Wisconsin Institute for Discovery under the supervision of Professor Lih-

Sheng (Tom) Turng.] 

3. To study the role of HA and HNTs when loaded in polymer matrices of different 

chemical composition and hydrophilicity, such as PCL- and PHEMA-based 

polymers. 

Structural properties of pairs of polymers with similar chemical natures but different 

hydrophobicity will be compared. On the one hand, the hydrophobic polyester PCL is 

modified by its blending with PLA. On the other hand, the hydrophilic acrylate PHEMA is 

copolymerized with EMA at a ratio of 50/50 wt.%, P(HEMA-co-EMA). These polymers 

are used as neat resins and combined with HA nanoparticles and HNTs. In particular, 

the behaviour to be compared is:  

o Distribution of the HA and HNT fillers into the polymeric matrices 

o Hydroxyapatite nucleation process on the polymer surfaces 

o Degradation rate (only in polyesters, for their biodegradable character)  
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4. To study the influence of the hydrophobic–hydrophilic nature of PCL- and 

PHEMA-based polymers and their nanocomposites on their in vitro biological 

development. 

Cell viability, proliferation, and morphology will be monitored on the two pairs of polymers 

having different chemical nature. PCL, PCL/PLA and the polyacrylates PHEMA and 

P(HEMA-co-EMA) are used alone and loaded with HA and HNTs. [This experimental 

part has been partially developed during the research stay in 2016 at the University of 

Wisconsin Madison in the Wisconsin]. 
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3.1 First chapter – Study of the improvement of PCL thermal 
and mechanical properties through the addition of HA 
and HNTs 

In a first stage, PCL mechanical and thermal properties were studied by modifying the 

additivation percentage of HA and HNTs. This preliminary study allowed to understand 

the synergic effect among the polymeric matrix and the functional groups present on the 

additives chemical structure. Simultaneously, the additivation threshold was determined, 

thus optimizing the additivation rate. 

3.1.1 Preparation of the PCL-based hybrids 

For the purpose of obtaining PCL-base hybrids, seven different types of 

polycaprolactone (PCL) biomaterials were prepared, containing different mass fractions 

of hydroxyapatite (HA) and halloysite nanotubes (HNTs), as specified below in Table 7. 

PCL Capa™ 6500 provided by Solvay Interox UK, is a high molecular weight 

thermoplastic linear polyester derived from caprolactone monomer supplied in granular 

form, approximately 3 mm pellets. With a mean molecular weight of 50 000 Da and a 

melting point of 58-60ºC. Hydroxyapatite nanoparticle (HCa5O13P3; HA) with <200nm 

particle size was supplied by Sigma Aldrich, Madrid, Spain. Halloysite nanotubes 

(HNTs), with molecular formula Al2Si2O5 (OH)4 2 H2O (294.19 g/mol), were supplied by 

Sigma Aldrich, Madrid, Spain. The HA and HNTs mass fractions were chosen based, on 

the one hand, on the work developed by Biqiong Chen and Kang Sun's [130]. They 

reported an enhancement of mechanical properties when PCL was reinforced with 

different amounts of HA, reaching the greatest strength value when the concentration of 

HA was 20%, and noticing a significant strength decrease when the content of HA 

increased beyond 20%. And, on the other hand, on the works of Liu et al. [143] and 

Prashantha et al. [144], who observed an improvement in flexural properties of the 

polymer matrix loaded with HNTs, not exceeding 7.5 wt.%. In the latter, the authors 

correlated the overloading of HNTs with the generation of aggregates acting as weak 

points and failure initiation sites. 

Previous to extrusion mixing process, all the components of each blend formulation 

specified in Table 7 were dried separately in a vacuum oven (PCL at 45°C for 24 h; HA 

and HNTs at 200°C for 48 h). 600 g of each manufacturing mixture were next prepared 

following the percentages specified, manually mixed in a zip bag and mechanically mixed 

in a twin-screw corotating extruder at 40 rpm, mass dosing of 2.5 kg/h and a mass flow 



54  Experimental section 

Doctoral dissertation  Elena Torres Roca 

rate of 30 kg/h. The temperature profile for the four-extruder zone of the barrels is 

specified in Table 8. After this process, a room temperature cooling during 5 min was 

needed before the pelletization of the mixture in a jaw mill. The mill used was a jaw 

crusher BB 300 supplied by Retsch GmbH (Retsch Spain). Samples were injection 

moulded in a Meteor 270/75 injection machine (Mateu and Solé, Barcelona, Spain). The 

temperature profile of the extruder was 80°C/80°C/85°C/85°C/90°C, with a mould 

temperature of 50°C and a cooling time of 6 s. The pressure value of the injection 

moulding process was 800 pSi and the mould used was a steel mould with mirror 

finishing with the dimensions recommended by the corresponding standards: strength 

samples type 1A had dimensions of 170×10×4 mm3 (UNE EN ISO 527), and flexural 

samples were 90×10×4 mm3 (ISO 178). 

Table 7 PCL/HA/HNTs mass percent composition of injected mixtures. 

Mass (%) 

Sample ID PCL HA HNTs 

PCL HA 20 80 20 - 

PCL HA 20 HNTs 2.5 77.5 20 2.5 

PCL HA 20 HNTs 5.0 75 20 5.0 

PCL HA 20 HNTs 7.5 72.5 20 7.5 

PCL HNTs 2.5 97.5 - 2.5 

PCL HNTs 5.0 95 - 5.0 

PCL HNTs 7.5 92.5 - 7.5 

PCL 100 - - 

 

In this first stage, eight different types of hybrids were herein extruded, and injection 

moulded. Pure PCL samples were used as control. From these seven hybrids samples, 

the optimal was chosen in terms of its mechanical and thermal properties, with the aim 

of studying the influence of HNTs loaded with curcumin on the final properties of the 

PCL-based hybrids. 
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Table 8 Extrusion and injection moulding parameters. 

Sample 
T1 

(°C) 

T2 

(°C) 

T3 

(°C) 

V 

(rpm) 

P 

(bar) 

volumetric 

feeding 

(Kg/h) 

Calculated 

flow 

(Kg/h) 

PCL HA 20 60 70 80 250 50 2.5 30 

PCL HA 20 

HNTs 2.5 
60 70 80 250 50 2.5 30 

PCL HA 20 

HNTs 5.0 
65 75 85 250 45 2.5 T30 

PCL HA 20 

HNTs 7.5 
65 75 85 250 45 2.5 30 

PCL HNTs 2.5 65 80 90 250 60 2.5 30 

PCL HNTs 5.0 70 80 90 250 65 2.5 30 

PCL HNTs 7.5 70 80 90 250 65 2.5 30 

PCL 90 85 80 75 60 2.5 30 

 

3.1.2 Thermal characterization 

Thermo-analytical techniques are widely used in the characterization of materials. 

Thermal analysis covers all measurement methods based on the change, with 

temperature, of a physical or mechanical property of the polymeric material. The 

conditions of manufacture of a product, as well as its history and thermal treatments, are 

decisive in the final properties of the material, so thermo-analytical techniques are 

essential in any control process over the manufacture of a material. 

Differential Scanning Calorimetry (DSC) 

Differential Scanning Calorimetry allows the study of those processes in which an 

enthalpic variation occurs, for example, determination of specific heats, melting and 

boiling temperatures, purity of crystalline compounds, enthalpies and determination of 

first and second order transitions. Hence, DSC was used to uncover any physical change 



56  Experimental section 

Doctoral dissertation  Elena Torres Roca 

in the hybrids and settle subtle temperature variations induced by the addition of 

inorganic compounds. Measurements were performed in a Mettler-Toledo DSC 821e 

device (Mettler-Toledo S.A.E., Barcelona, Spain). Each sample consisted in between 5 

and 10 mg and was scanned from 30 to 350°C at 10°C·min-1 under atmospheric air. 

Measuring crucibles were standard aluminium crucibles, with a net volume of 40 l, with 

an aluminium lid and sealing capacity to avoid sample losses. Periodic calibration of the 

DSC cell was carried out using indium and zinc standards, with well-known melting points 

and enthalpies. The test conditions used for each of the samples are listed in Table 9 for 

the single cycle programs. 

Table 9 Test conditions used in the Differential Scanning Calorimetry (DSC). 

Property Value 

Dynamic Trials 

Material mass 3-6 mg 

Atmosphere air 

Temperature ratio 30-300°C 

Heating rate 20°C·min-1  

Thermal heating-cooling cycles 

Material mass 3-6 mg 

Atmosphere air 

Temperature ratio 10-100°C/100-10°C 

Heating rate 20°C·min-1 

 

Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis is a well proven thermal analysis method for measuring 

mass changes as a function of temperature. TGA is used in the research and 

development of various substances and engineering materials in order to obtain 

knowledge about their thermal stability and composition. In recent decades, TGA has 
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been used increasingly in quality control and assurance for raw materials and incoming 

goods, as well as in the failure analysis of finished parts, especially in the polymer-

processing industry. Various international standards describe the general principles of 

thermogravimetry for polymers (ISO 11358). 

Thermogravimetric analyses were performed to study plausible physical modifications 

as a consequence of the temperature and determine the mass loss attributed to polymer 

degradation, to thereby corroborate the percentage of inorganic additives effectively 

incorporated to the polymeric matrix. The equipment used was a TGA/SDTA 851 

(Mettler-Toledo Inc., Schwerzenbach, Switzerland) with a heating rate from 30 to 350°C 

at 20°C min−1. 

Standard aluminium crucibles with a volume of 70 µl were used to scan the samples. 

VICAT tests 

Vicat softening temperature is the temperature at which the plastic specimen under study 

is penetrated to a depth of 1 mm by a flat-ended needle with a 1 mm2 circular section 

loaded with a pre-defined weight (for the Vicat A test, a load of 10 N is used, and for the 

Vicat B test, the load used is 50 N). VICAT tests were carried out to determine the 

softening point of the different mixtures, in a Vicat/HDT VHDT 20 device (Metrotec S.A., 

San Sebastian, Spain). The experiment conditions were chosen from the standards ISO 

306 and D1525. 

Heat deflection temperature tests (HDT) 

Heat deflection temperature tests were undergone to determine the temperature at which 

the material deforms under a specific load of 200 g, while immersed in a temperature-

controlled bath whose temperature increases at a constant rate of 50°C/h. The 

equipment used was a Vicat/HDT VHDT 20 (Metrotec S.A., San Sebastian, Spain). Tests 

were carried out with a load of 200 g and a temperature program increase of 50°C/h, 

following the ISO 75 and ASTM D648 standards. 

Dynamic Mechanical Thermal Analyses (DMTA) 

Dynamic Mechanical Thermal Analysis allows quantitative determination of the 

mechanical properties of a sample under an oscillating force and as a function of 

temperature, time, frequency and strain (DIN EN ISO 6721). The results reveal the linear 

viscoelastic properties, typically depicted as a graphical plot of E' (storage modulus), E" 

(loss modulus), and tanδ (loss factor) versus temperature. The study allows to analyse 

the viscoelastic behaviour of the materials under stress, to obtain the storage modulus 
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and thus determine the elasticity variation of each hybrid caused by the incorporation of 

reinforcing fillers into the polymeric matrix. All composites were scanned in an AR G2 

device from TA Instruments (TA Instruments, New Castle, USA). The analyses were 

carried out in torsion mode with specimens of 40×10×4 mm3. The heating rate was 

2°C·min-1 from 25°C to 80°C at a constant frequency of 1 Hz and a strain of 0.1% as 

controlled variable. The storage modulus was obtained as: 

𝐸´ =
𝜎0

휀0
cos 𝛿 

where E´ is the storage modulus (MPa), σ and ε are the stress and strain, respectively, 

and δ is the phase lag between stress and strain. 

3.1.3 Mechanical characterization 

Aiming to evaluate the dependence of mechanical properties with the addition of the 

fillers in the polymer matrix, a deep mechanical characterization was carried out to select 

the blend formulation which better met the structural demand for the intended application. 

To this end, the material mechanical properties will define how the material responds to 

an applied load or force. 

Hardness Shore D 

Hardness Shore tests were carried out to measure the resistance of the material towards 

indentation, and correlate the empirical hardness relation with the addition of inorganic 

fillers to the polymeric matrix. The test measures the depth of an indentation in the 

material produced by a flat tip needle with a given force on a standardized presser foot. 

This depth is dependent on the material hardness, its viscoelastic properties, the presser 

foot shape, and the test duration. There are two Shore scales depending on the material 

nature. The Shore A scale is used for softer materials such as rubbers or elastomers, 

while the Shore D scale is used for harder materials such as polyolefins, fluoropolymers 

and vinyls. 

Hardness Shore D was measured using a durometer Model 673-D (J. Bot Instruments, 

Barcelona, Spain) following the UNE-EN ISO 868 standard. Five replicates of each 

sample were evaluated to obtain an average value. 
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Impact Charpy tests 

The Impact Charpy test determines the amount of energy absorbed by a material during 

fracture. The apparatus consists of a pendulum of known mass and length that is 

dropped from a known height to impact a notched material specimen . The energy 

transferred to the material can be inferred by comparing the difference in the height of 

the hammer before and after the fracture (energy absorbed by the fracture event). 

The test was carried out using a Charpy pendulum (Metrotec S. A., San Sebastian, 

Spain) with an energy of 1 J, according to ISO 179 standard. Each value was obtained 

from a minimum of 5 notched samples and calculating the average value, not accepting 

a deviation above 5%. 

Flexural tests 

Fexural Tests were performed to establish the material bending behavior under specific 

forces. The test provides values for the elastic modulus in bending and flexural stress-

strain response of the material under a specific applied force.  

The Flexural test was performed using an electromechanical universal test machine Elib 

30 (Ibertest S.A.E, Madrid, Spain) following the specification established in the ISO 178 

standard with an extension rate of 5 mm·min-1. 

Tensile tests 

Tensile strength is the capacity of a material to withstand loads tending to elongate, and 

gives the measurement of the maximum stress that the material can withstand while 

being stretched before breaking. The results show the force per unit area (MPa) required 

to break the material, in such a manner it is the ultimate tensile strength or tensile 

strength at break.  

These tests were performed using an electromechanical universal test machine Elib 30 

(Ibertest S.A.E, Madrid, Spain) following the specification established in the ISO 527 

standard, with an extension rate of 10 mm min−1. 

3.1.4  Optimization of the HNTs loading with curcumin 

After investigating the PCL additivation effect on the mechanical and thermal properties, 

HNTs were functionalized with curcumin before their mixture with PCL and HA in the 

optimal proportion previously established. Curcumin with a linear formula (E,E)-1,7-
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bis(4-Hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione, was supplied by Sigma 

Aldrich,Madrid, Spain. 

For that purpose the procedure proposed by Abdullayev and Lvov [141] was followed to 

introduce curcumin in the nanotubes lumen. Briefly, HNTs powder (10 wt.%) was mixed 

with a saturated solution of curcumin at room temperature. Water, acetone and ethanol 

are the most commonly used solvents [139, 182] for curcumin; therefore, in this study 

the HNTs functionalization efficiency was evaluated for those three solvents. The use of 

polar solvents enhances the loading effect due to large capillary forces of 200 atm (as 

estimated by Laplace formula) pushing the solution into the lumen [183]. Vacuum was 

applied to the solution containing the active agent, to force the entry of the solution into 

the nanopores and a partial crystallization of the loaded substance took place (Figure 6). 

This process was repeated 3-4 times in order to increase the loading efficiency. After the 

loading, the halloysite suspension was centrifuged and rinsed with water in order to 

remove any loosely attached substance from the external walls and to remove dissolved 

excess molecules. Finally, the powder was dried at 80°C under vacuum. After 

functionalization of HNTs with curcumin, hybrids with the best performance previously 

established were extruded and injected moulded following the extrusion and injection 

conditions listed in Table 8. 

 

Figure 6 Halloysite nanotubes functionalization process with curcumin proposed by Abdullayev 
and Lvov [1]. 

Analysis of the solvent with best performance 

TGA measurements, together with SEM images allowed a coarse determination of the 

amount of curcumin loaded inside HNTs. TGA curves yielded the inorganic mass 

percentage of different compounds based on degradation temperatures. SEM provided 

images of the loaded nanotubes where the lumen diameter could be measured.  
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Scanning Electron Microscopy (SEM) images were obtained to prove the nanotubes 

dispersion in each matrix as well as to give a qualitative assessment of HNTs loading 

efficiency. Images were taken in an EOL 1530 FESEM with a 3 kV accelerating voltage 

using an in-lens detector and a working distance of 1.3 mm. Samples were previously 

gold coated for 30 s at 45mA in a Denton Vaccum Desk V sputter coater. All image 

processing was done with the ImageJ software. 

Thermogravimetric Analyses (TGA) were performed to study plausible physical 

modifications as a consequence of the temperature. Specially, TGA was used to 

calculate the percentage of inorganic compound effectively incorporated into the HNTs 

lumen and thus, determine which of the three solvents used (water, ethanol or acetone) 

allowed the incorporation of the greatest amount of curcumin inside the HNTs lumen. 

The equipment used was a TGA/SDTA 851 (Mettler-Toledo Inc., Schwerzenbach, 

Switzerland) with a heating rate of 30–350°C at 20°C min−1. 

3.1.5 Curcumin delivery rate 

This experimental part was carried out in order to prove the HNTs double functionality: 

on the one hand, the improvement on mechanical properties inferred to the polymeric 

matrix after the loading procedure; on the other hand, their capacity to carry a drug such 

as curcumin and its subsequent delivery.  

To effectively validate the HNTs ability of delivery, the effect of PCL + HNTs loaded with 

curcumin was compared with PCL + curcumin. In this sense, curcumin was dispersed in 

the PCL matrix and its delivery rate was followed. At the same time, in order to quantify 

the attenuation of delivery capacity when HNTs are entrapped into a polymer matrix, 

dispersion of HNTs loaded with curcumin in PBS was also studied separately. Sample 

identification is specified in Table 10. Samples were prepared through solvent casting 

procedure using dioxane to dissolve PCL and adding the respective fillers (curcumin or 

HNTs loaded with curcumin). The different dissolutions were place onto a glass plate of 

6 cm of diameter to obtain a final film of 0.2mm thin. After 24h of solvent evaporation in 

an extraction fume hood, samples were punched into 13 mm diameter circles, immersed 

individually in 10ml of PBS solution (Sigma) and incubated at 37ºC and 5% CO2. PBS 

solution was replaced every two days and aliquots of the remanent solution were 

withdrawn to measure absorbance at 420 nm, 350 nm and 263 nm using an ultraviolet 

spectrophotometer (Cecil CE9200, Aquarius). Curcumin concentration was calculated 

from the aliquots making use of a standard calibration curve previously obtained. 
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Table 10 Sample identification for the curcumin delivery rate evaluation 

Sample ID Composition 

HNTs HNTs loaded with curcumin dispersed in PBS solution 

PCL + 7.5% HNTs PCL + 7.5% HNTs loaded with curcumin 

PCL + 0.75% curcumin PCL + 0.75% curcumin 

 

3.2 Second chapter - Study of the influence of the addition of 
HA and HNTs on the morphological properties of PCL- 
and PHEMA-based polymers 

Once the influence of the additives on the PCL mechanical properties was evaluated and 

the thresholds of additives were set in the first part of this work, this investigation moved 

forward to a second stage. Morphological properties were studied and compared among 

different pairs of polymers with similar chemical natures but different hydrophobicity. On 

the one hand, the hydrophobic polyester PCL was modified by its blending with PLA at 

a ratio of 1:1 wt.%. On the other hand, the hydrophilic acrylate PHEMA was 

copolymerized with EMA at a ratio of 1:1 wt.%. These polymers were used as neat resins 

and combined with HA nanoparticles and HNTs. 

3.2.1 PCL/PLA-based hybrid samples 

PCL/PLA-based hybrid samples were prepared by manually mixing all components, 

previously dried separately in a vacuum oven (PCL at 50°C, PLA at 60°C, HA at 200°C, 

and HNTs at 80°C, for 48 hours), in a zip bag with the mass percentage specified in 

Table 11. A total mass of 600 g of each mixture was prepared. Pure PCL and PCL/PLA 

1:1 wt.% samples were used as controls. PLA Ingeo™ biopolymer 6201D is a 

thermoplastic available in pellet form. With a glass transition temperature of 55-60ºC and 

melting point of 155-170ºC, was supplied by NatureWorks LLC (Nature Works LLC, 

Minnetonka, MN, USA). 

The powdery mixtures were next mechanically mixed by extrusion with a twin-screw co-

rotating extruder at 40 rpm, with a mass dosing of 2.5 Kg/h and a mass flow rate of 30 

Kg/h. The temperature profile for the four extruder barrels was 65°C/75°C/85°C/90°C for 
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PCL-based hybrids and 170°C/173°C/175°C/180°C for PCL/PLA-based hybrids. Next, 

30 min of cooling at room temperature was needed before pelletization of the mixture in 

a ball mill at room temperature, followed by drying in a vacuum oven at 50°C for 48 h, 

and then injected moulded in a Meteor 270/75 injection moulding machine (Mateu and 

Solé, Barcelona, Spain). The temperature profile of the extruder was 

80ºC/80ºC/85ºC/85ºC/90ºC for PCL-based hybrids and 170°C/173°C/175°C/ 180°C for 

PCL/PLA-based hybrids, with a mould temperature of 50°C and a cooling time of 6 s. 

The mould used was a steel mould with mirror finishing with the dimensions 

recommended by the corresponding standards: strength samples type 1A had 

dimensions of 170×10×4 mm3 (UNEEN ISO 527), and flexural samples were 90×10×4 

mm3 (ISO 178). In parallel, films were obtained through compression moulding, and were 

consequently laser cut to obtain the 13 mm-diameter samples for subsequent biological 

experiments. 

3.2.2 PHEMA and P(HEMA-co-EMA)-based hybrids 

Hydroxyl-2-ethyl methacrylate (96%), (HEMA) with a linear formula 

CH2=C(CH3)COOCH2CH2OH and a molecular weight of 130,14 g/mol, was supplied by 

Sigma-Aldrich (Sigma-Aldrich, Madrid, Spain). Ethyl methacrylate (99%), (EMA) with a 

linear formula CH2=C(CH3)COOC2H5 and a molecular weight of 114,14 g/mol was 

supplied by Sigma-Aldrich (Sigma-Aldrich, Madrid, Spain). 

Hybrid acrylate-based materials were obtained by simultaneous polymerization of the 

organic (co)monomer mixture with the mass percentage specify in Table 11: neat 

hydroxyl-2-ethyl methacrylate, HEMA or mixed with EMA at a 1:1 wt.% monomer ratio in 

the case of the copolymer, were stirred together with 1 wt.% (relative to monomer weight) 

of benzoin as an ultraviolet initiator of the radical polymerization, and 0.5 wt.% of 

ethylene glycol dimethacrylate, EGDMA (98%, Sigma–Aldrich), as crosslinking agent. 

HA and HNTs were previously dried separately in a vacuum oven for 48 h at 200°C and 

80°C, respectively, and incorporated into the mixture being stirred for 15 min. Each 

reactant mixture was injected in glass templates with a standardized strength test 

template according the UNE-EN ISO 527 standard, polymerized for 24 h in an ultraviolet 

oven, and thermally post-polymerized for 24 h more in an oven at 90°C. Each film was 

rinsed for 24 h in boiling ethanol twice and then punched into 13 mm diameter circles for 

subsequent cell cultures. 
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Table 11 Weight percentages of the reactants used for sample preparation. 

Sample ID 

Polymer Inorganic Loading 

PCL 

wt.% 

PLA 

wt.% 

HA 

wt.% 

HNTs 

wt.% 

PCL 100 - - - 

PCL HA 20 100 - 20 - 

PCL HA 20 HNTs 7.5 100 - 20 7.5 

PCL/PLA 50 50 - - 

PCL/PLA HA 20 50 50 20 - 

PCL/PLA HA 20 HNTs 7.5 50 50 20 7.5 

 PHEMA 

wt.% 

EMA 

wt.% 

HA 

wt.% 

HNTs 

wt.% 

PHEMA 100 - - - 

PHEMA HA 20 100 - 20 - 

PHEMA HA 20 HNTs 7.5 100 - 20 7.5 

PHEMA-co-EMA 50 50 0 - 

(PHEMA-co-EMA) HA 20 50 50 20 - 

(PHEMA-co-EMA) HA 20 HNTs 7.5 50 50 20 7.5 

Mechanical and thermal analyses were performed following the methodology detailed in 

the previous sections. 

3.2.3 Structural properties 

Comparison of PCL/PLA based hybrids mechanical properties 

To demonstrate improvement of mechanical properties for PCL/PLA blended hybrids, 

mechanical properties were measured. Young and flexural moduli were obtained as 
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described in section 3.1.3 Mechanical characterization. PCL. PLA and PCL/PLA samples 

were studied alone and loaded with HA. 

Analogously, mechanical properties for PHEMA and P(HEMA-co-EMA)-based hybrids 

were determined. However, the polymerization process in silicone moulds with probe 

shape posed several problems and the mechanical results obtained did not give 

substantial information. For this reason, it was decided not to introduce the obtained 

results in this work. 

Energy‐Dispersive X‐Ray Spectroscopy (EDS) 

The morphology of the samples and distribution of HA and HNTs were studied by 

Energy-dispersive X‐ray spectroscopy in a ZEISS FESEM ULTRATM 55 scanning 

electron microscope (SEM). To this end, each sample was cut in half to observe both, 

the surface and transversal section. Two replicates of each sample were placed onto a 

stub using conductive tape to image the surface dispersion and the transversal side 

dispersion. The samples were connected to the conductive tape using colloidal graphite 

and subsequently sputter‐coated with carbon under vacuum through a BALL-TEC/SCD 

005 sputter coater. The mapping spectra were taken at 15 kV of acceleration voltage 

and 5 mm of working distance, a secondary electron detector was used. Silicon was 

used as optimization standard. 

3.2.4 Hydroxyapatite nucleation 

Hydroxyapatite nucleation was studied on two replicates of each sample. First of all, 

Simulated Body Fluid (SBF) solution with an ion concentration close to that of human 

blood plasma, was prepared by the method proposed by Kokubo and coworkers [184, 

185]. In order to obtain the SBF, two solutions were prepared. Solution 1 consisted in 

1.599 g of NaCl (Scharlau, 99% pure), 0.045 g of KCl (Scharlau, 99% pure), 0.110 g of 

CaCl2·6H2O (Fluka, 99% pure), and 0.061 g of MgCl2·6H2O (Fluka) in deionized ultra-

pure water (Scharlau) up to 100 ml. Solution 2 was prepared by dissolving 0.032 g of 

Na2SO4·10H2O (Fluka), 0.071 g of NaHCO3 (Fluka), and 0.046 g of K2HPO4·3H2O 

(Aldrich, 99% pure) in water up to 100 ml. Both solutions were buffered at pH 7.4, by 

adding the necessary amounts of aqueous 1 Mtris-hydroxymethyl aminomethane, 

(CH2OH)3CNH2 (Aldrich), and 1 M hydrochloric acid, HCl (Aldrich, 37% pure). Then, both 

solutions were mixed to obtain SBF with the following molar ion concentrations: 142 Na+, 

5.0 K+, 1.5 Mg2+, 2.5 Ca2+, 148.8 Cl-, 4.2 HCO3
-, 1.0 HPO4

2-, 0.5 SO4
2- mM. Two replicates 

of each sample were immersed in individual vials containing 10 mL of SBF solution with 
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hydrazine (NaH2) to prevent bacterial proliferation. The vials were place in an incubator 

at 37°C and 5% CO2. After 7 and 14 days, one replicate of each sample was removed 

and prepared to observe they surface through SEM microscopy following the procedure 

specified above. Pictures were taken at 1000 and 5000 magnifications; EDS pictures 

were also taken in order to validate the formation of a hydroxyapatite layer and the Ca/P 

ratio.  

3.2.5 Degradation of PCL and PCL/PLA based hybrids 

Degradation of PCL and PCL/PLA at ratio 1:1 wt.% loaded with HA and HNTs was 

followed in vitro at 37°C using Phosphate Buffered Saline (PBS 0.01 M (NaCl 0.138 M; 

KCl - 0.0027 M) with a pH 7.4, at 25 °C was supplied by Sigma Aldrich). With the aim of 

accelerating the process, samples were previously immersed in a 2M NaOH solution for 

24 h. Three replicates of each composition were immersed in individual tubes with 10 ml 

of DPBS (Dulbecco’s Phosphate Buffered Saline supplied by Sigma Aldrich) (at pH 7.4) 

with screw caps and maintained at 37°C in an incubator. Each sample was removed 

after four, eight and twelve weeks; rinsed thoroughly with deionized water and dried in 

an oven at 35°C for 12 h. The weight loss and the mechanical integrity of the materials 

were evaluated. 

3.3 Third chapter - Influence of the hydrophobic–hydrophilic 
nature of PCL- and PHEMA-based polymers and their 
nanocomposites on their in vitro biological development 

In this chapter, cell viability, proliferation, and morphology were studied on the two pairs 

of polymers varying the polymer’s chemical surface by blending hydrophilic and 

hydrophobic polymers, copolymerizing monomers of opposite natures, and/or loading 

the polymer matrix with nanoparticles such as HA or HNTs. To this end, the polyester 

PCL, PCL/PLA and the polyacrylates PHEMA and P(HEMA-co-EMA) were used alone 

and loaded with HA and HNTs. In Table 12, the materials with different hydrophobicity 

used for this biological study are presented. 
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Table 12 Materials selected for the biological study. 

Polycaprolactone 

PCL 

Poly (lactic 

acid) PLA 

Poly 

(ethylmethacrylat

e) PEMA 

Poly (2-hydroxyethyl 

methacrylate) 

PHEMA 

n

O

O

 n

O

O

 

O

O

n  

O

O

OH

n  

Hydrophobic 
Moderately 

hydrophilic 

Moderately 

Hydrophobic 
Hydrophilic 

 

Table 13 Weight percentages of the polyester polymers and inorganic fillers used for samples 
preparation for biological studies. 

Sample ID 

Polymer Inorganic  

Injected 

& 

Laser cut 

Ø 13 mm  

PCL  

wt.% 

PLA 

wt.% 

HA  

wt.% 

HNTs 

wt.% 

PCL 
100 0 0 0 

PCL HA 20 
100 0 20 0 

PCL HA 20 HNTs 7.5 
100 0 20 7.5 

PCL/PLA 
50 50 0 0 

PCL/PLA HA 20 
50 50 20 0 

PCL/PLA HA 20 HNTs 7.5 
50 50 20 7.5 
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Table 14 Weight percentages of the acrylates polymers and inorganic fillers used for samples 
preparation for biological studies. 

Sample ID 

Polymer Inorganic  

Polymeriz

ed 

& 

Punched 

Ø 13 mm 

HEMA 

wt.% 

EMA 

wt.% 

HA  

wt.% 

HNTs 

wt.% 

PHEMA 
100 0 0 0 

PHEMA HA 20 
100 0 20 0 

PHEMA HA 20 HNTs 7.5 
100 0 20 7.5 

PHEMA-co-EMA 
50 50 0 0 

(PHEMA-co-EMA) HA 20 
50 50 20 0 

(PHEMA-co-EMA) HA 20 HNTs 

7.5 50 50 20 7.5 

3.3.1 Contact Angle Measurements 

Chemical surface interactions (electrostatic or hydrophobic interactions) are important in 

the bio-adhesion process. Hydrophobic polymers lead to strong interactions with 

hydrophobic domains of proteins which would unfold and spread over the polymer 

surface to reduce the net hydrophobic surface in contact with the solvent medium. 

Varying the polymer chemical surface by blending hydrophilic/hydrophobic polymers 

and/or loading the polymer matrix with HA or HNTs would be ways to improve cell 

adhesion efficiency. 

The water contact angles (WCA) of the different nano-composites were measured on the 

surface of the dry samples in the sessile drop mode. An Easy Drop Standard goniometer 

model FM140 (110/220 V, 50/60 Hz) supplied by Krüss GmbH (Hamburg, Germany) was 

used for this purpose. In order to determine the contact angle, the Drop Shape Analysis 

SW21 (DSA1) software was used and five replicates of each composition were analysed 

to obtain ten values per sample type, yielding a standard deviation of less than 5%. 

  



Experimental section  69 

Elena Torres Roca  Doctoral dissertation 

3.3.2 Cell Viability and Morphology 

Sanitization 

Sterilization is a process which avoids contamination of the biomaterials from living 

microorganisms, including bacteria, yeasts, and viruses. The chosen sterilization 

technique should maintain structural and biochemical properties of the materials to 

ensure the intended purpose. 

Each sample was rinsed in a 70 vol % ethanol aqueous solution three times for 15 min 

each (in a laminar flow cabinet from the second rinse on), followed by two more times 

for 2 h. Then, samples were washed with DPBS (3 rinses of 20 min and 2 more of 1 h) 

and kept overnight in fresh DPBS. Finally, samples were sterilized with UV light. 

Cells conditioning and resuspension 

NIH 3T3 fibroblast cells (NIH/3T3 (ATCC® CRL-1658™) were expanded in the presence 

of DMEM medium 4.5 g/l glucose (Dulbecco’s Modify Eagle Medium-ThermoFisher 

(Gibco)) supplemented with 10% fetal bovine serum (FBS; ThermoFisher (Gibco)) and 

1% penicillin/streptomycin (P/S; ThermoFisher (Gibco)) at 37°C in a 5% CO2 incubator 

until confluence. 

After reaching confluence (3 days), cells were withdrawn from the culture flask. To 

proceed, 5 ml of versene solution (0.48 mM) formulated in 0.2 g EDTA 

(ethyldiaminotetraacetic acid) (Na4) per liter of phosphate buffered saline (PBS) supplied 

by ThermoFisher (Gibco), were added for 5 min at 37°C, and then removed. Next, 10 

mL of DMEM were added to neutralize the versene, and the resultant solution was 

centrifuged at 1000 rpm for 5 min. 

Cells were resuspended in 1 ml of culture medium, counted and diluted to be seeded 

(passage 60). 

Cell seeding and culture 

Cells were seeded on 13 mm diameter samples as 100 µl droplets (0.1 ml), each one 

containing resuspended cells, so that, the seeding density was 2x104 cells/cm2. Samples 

were incubated for 30 min at 37°C and 5% CO2 to allow cells to attach on the material 

surface. Next, 1 ml of DMEM medium was added per well. Culture medium was renewed 

every day. Samples were withdrawn after 1, 3, 7, and 14 days. 
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Cell viability assay 

Three replicates of each type were withdrawn after each culture time for the analysis. 

The medium of each well was aspirated, and cultured samples were rinsed with DPBS. 

Their cytotoxicities were determined by carrying out an MTS (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium; CellTiter 96® 

Aqueous One Solution cell proliferation assay Promega) assay. 

For this purpose, culture medium without phenol red (ThermoFisher Scientific) was 

mixed with the MTS reactant in a 5:1 ratio, added to the wells, and incubated for 3 h at 

37°C in the 5% CO2 incubator. When incorporated into the cells, the MTS was 

bioreduced by metabolically active cells. After the incubation period, 440 μL of each MTS 

solution were transferred into a new well of a 24-well TCPS plate, and absorbance was 

read for all three replicates of each sample at 450 nm and 560 nm in a GoldMax Multi 

Detection System Instinct (Promega Corporation, Madison, WI, USA), taking as a 

reference the MTS reagent solution incubated likewise in wells empty of cells. Cells 

cultured directly in polystyrene wells were used as positive controls (non-cytotoxic) for 

comparison. The MTS reactant solution incubated in wells with acellular materials 

worked as blank. 

Scanning Electron Microscopy (SEM) 

Morphology of NIH 3T3 fibroblast cells and their layout on the surfaces were analysed in 

each cultured sample through Scanning Electron Microscopy (SEM). After 1, 3, 7, and 

14 days of incubation, the culture medium was removed, and samples were rinsed with 

PB. Fixation of samples was carried out with a 4% paraformaldehyde solution in PB 

(Affymetrix) incubated for 30 h at 37°C, followed by a rinse with PB. 

Water of the samples was removed to avoid any deformation of cell morphology when 

applying vacuum. For this purpose, freeze-drying with liquid nitrogen was done. First, 

samples were rinsed twice with PBS and then with double deionized water (DDI). Each 

sample was then quickly frozen in liquid nitrogen and transferred to a freezer-dryer for 

drying. 

Influence of HNTs loaded with curcumin incorporated to the PCL matrix on its 

biological properties 

Aiming to study the viability of the materials loaded with curcumin three replicates of 

each sample were prepared to compare cell culture and viability. PCL sample was used 

as control to compare PCL 20 HA 7.5 HNTs and PCL 20 HA 7.5 HNTs + curcumin. To 
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perform cell culture a 24 well culture plate with a depth of 17mm was used, NIH 3T3 

ECACC fibroblasts were used for all biological assays. These cells were cultured in high-

glucose DMEM (Invitrogen) supplemented with 10% fetal bovine serum (Gibco). Cells 

were resuspended, counted, and seeded at a density of 10000 cells/well. Viability was 

assessed via LIVE/DEAD Viability/Cytotoxicity kits (Invitrogen). The stain used was 

green fluorescent Calcein-AM to target esterase activity within the cytoplasm of living 

cells, and red fluorescent ethidium homodimer-1 (EthD-1) to indicate cell death by 

penetrating damaged cellular membranes. 

The cultured samples were washed twice with Hanks’ balanced salt solution (HBSS; 

Thermo Scientific) and then fixed with a 4% paraformaldehyde (Electron microscopy 

Sciences) in HyClone HyPure molecular biology grade water (from Thermo Scientific) 

solution for 30 min at room temperature. The rinsed samples were washed by a series 

of ethanol washes, each for 30 min. Consecutively; higher concentrations were applied 

with each wash, namely, 50% ethanol, 80, 90, and then 100%. At last, the samples were 

dried within a vacuum desiccator overnight before gold sputtering for SEM. 

3.3.3 Organization of Cell Cytoskeleton 

Immunocytochemistry 

Simultaneously, analogous cultured samples were rinsed with phosphate buffer (PB 0.1 

M, PH= 7,2 supplied by Grainger), fixed with 4% paraformaldehyde (Affymetrix) in PBS 

(100 ml) for 15 min at room temperature, and rinsed again with PBS twice for 5 min. 

Permeabilization and blocking were performed using bovine serum albumin (WiCell), 

10% goat serum (IgG in solution with a concentration of 45-75 mg protein/ml was 

supplied by Sigma Aldrich), and 1% Triton X-100 (with a linear formula t-Oct-C6H4-

(OCH2CH2)xOH, x= 9-10 was supplied by Sigma Aldrich) in PBS, at 500 µl per sample, 

for 1 h at room temperature. 

Samples were next stained using Vinculin (Anti-Vinculin antibody produced in mouse 

(monoclonal VIN-11-5, ascites fluid) with a protein concentration by Biuret of 15-55 

mg/ml and a molecular mas of 130kDa was supplied by Sigma Aldrich) as the primary 

antibody at a 1:300 proportion with a blocking solution at 4°C in the dark. Vinculin was 

used to stain vinculin, which is a cytoskeletal protein involved in the linkage of integrin 

adhesion molecules to the actin cytoskeleton. Hence, using vinculin, the focal adhesion 

associated with cell–cell and cell–matrix junctions could be detected. After 15 h (or 

overnight), samples were rinsed with PBS and incubated with goat anti-mouse Cy5 
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secondary antibody (ThermoFisher) at a 1:1000 proportion with a blocking solution, for 

1 h, at room temperature in the dark. Finally, PBS was used to rinse the samples. Next, 

samples were incubated for 1 h in phalloidin (1:250) (Sigma Aldrich) to stain actin 

filaments, and DAPI (4,6-diamidino-2-phenylindole with a linear molecular structure 

C16H17Cl2N5 and a molecular weight of 350,25 g/mol was supplied by ThermoFisher), at 

a ratio of 1:2000 in PBS, was used to stain the nuclei. Finally, PBS was used to rinse the 

samples. They were examined under a Nikon ECLIPSE 80i fluorescence microscope 

(Nikon Instruments, Inc., Amsterdam, The Netherlands). 
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4.1 First chapter – Study of the improvement of PCL thermal 
and mechanical properties through the addition of HA 
and HNTs 

4.1.1 Thermal characterization 

Polymers are very sensitive to temperature changes and many factors contribute to 

affect their thermal behaviour. Thermal properties of polymers are equally as important 

as the mechanical properties. Thermal analysis involves several techniques to assess 

the material behaviour vs. temperature changes. The aim of these analyses is to set a 

relationship between the material physical properties and temperature. To study the 

thermal stability, thermal transitions and the possibility of their modification in the 

composites, different techniques were used. 

Differential Scanning Calorimetry (DSC) 

In a first stage, DSC was performed in order to determine the possible changes in thermal 

properties of the different obtained composites. 

Heat flux of DSC plots was normalized in order to make the different curves comparable. 

Samples with a mass between 6.0 g and 9.5 g were used for the analysis. Melting 

temperature (Tm (°C)) is an endothermic process, which absorbs heat and was 

calculated by taking the highest value of the endothermic peak. Enthalpy (J/g) was 

calculated by integrating the area under the endothermic peak corresponding to the 

melting transition. Decomposition temperature Td (°C) was obtained by taking the 

temperature when the polymer starts to decompose. From the results presented in Table 

15 it is observed that with the addition of fillers in the PCL matrix, the melting temperature 

remains almost stable, with a maximum difference of 2°C. This slight difference does not 

affect the injection moulding processability with the consequent energy saving [186]. 

However, the addition of HNTs rises the onset of degradation with the greater value when 

the two fillers are added, reaching values of 274°C (results are in consistency with TGA 

curves observed in Figure 8). It provides a great thermal stability range, shifting the start 

of the main mass loss 20°C compared with PCL samples (250°C). This temperature shift 

could be explained by a change of simple chain scission degradation process common 

in raw PCL [187] to a complex two-step nucleation driven degradation mechanism, which 

implies the starting of the degradation process at discrete points (where the clay is 
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added) from where it extends to the rest of the polymer [188]. Thus, the thermal 

decomposition process is delayed due to the slow formation of those discrete points. 

Table 15 Differential Scanning Calorimetry results for PCL-based hybrids. Samples with a mass 
between 6.0 g and 9.5 g were used for the analysis. Enthalpy (ΔH (J/g)) is given as the integral 
area of the melting transition, melting (Tm) and decomposition temperature (Td) is expressed in 

°C. 

Sample 
Mass 

(mg) 

ΔH  

(J/g) 

Tm 

(°C) 

Td 

(°C) 

PCL HA 20 
8.8 -108.96 64.69 268.11 

PCL HA 20 HNTs 2,5 
7.0 -58.71 62.80 268.89 

PCLA HA 20 HNTs 5,0 
9.2 -50.11 62.40 274.69 

PCL HA 20 HNTs 7,5 
9.3 -60.30 63.08 271.86 

PCL HNTs 2,5 
7.1 -56.88 63.17 238.78 

PCL HNTs 5,0 
9.0 -79.32 61.12 262.60 

PCL HNTs 7,5 
6.6 -51.26 61.74 261.61 

PCL 
6.9 -72.46 63.76 250.26 

 

 

Figure 7 Comparison of Differential Scanning Calorimetry curves for PCL-based hybrids 
showing the normalized heat flux vs. temperature for PCL-based hybrids. 
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Thermogravimetric Analysis (TGA) 

Samples with a mass between 6.0 g and 9.5 g were used for the analysis. The measured 

mass for samples was normalized in order to make the different curves comparable. Two 

experimental parameters were simultaneously determined for the polymer mixtures: 

mass loss (%) and mass residual ratio (%), these two parameters sum together to equal 

100 %. Mass loss (%) and mass residual ratio (%) were studied in a range of temperature 

of 200 °C (Tinitial=300 °C - Tfinal= 500 °C). Results are expressed in Table 16. TGA 

analyses exhibited, as expected, a residual mass of 30% corresponding to the total 

inorganic load of HA and HNTs. The representative curves of samples loaded with HA 

show high thermal stability supplied by calcium apatite present in the HA molecules. Only 

a 4% of weight loss of HA is attributed to the absorbed water and CO2 registered from 

600 to 1000ºC [189]. In light of these results, the incorporation of HA and HNTs as fillers 

in PCL matrix has not drawbacks in common manufacturing processes. If the viscosity 

of the mixture increases in any case, only some adjustments in pressure or time cycle 

would be necessary. 

Table 16 Thermogravimetric Analysis results for PCL-based hybrids. Samples with a mass 
between 6.0 g and 9.5 g were used for the analysis. Mass loss (%) and mass residual ratio (%) 

were studied in a range of temperature of 200 °C 

Sample 
Tinitial - Tfinal 

(˚C) 

Mass loss 

(%) 

Mass Residual Ratio 

(%) 

PCL HA 20 
300-500 -77.63 22.4 

PCL HA 20 HNTs 2,5 
300-500 -76.62 23.4 

PCLA HA 20 HNTs 5,0 
300-500 -74.22 25.8 

PCL HA 20 HNTs 7,5 
300-500 -70.74 29.3 

PCL HNTs 2,5 
300-500 -88.58 11.4 

PCL HNTs 5,0 
300-500 -89.64 10.4 

PCL HNTs 7,5 
300-500 -87.41 12.6 

PCL 
300-500 -91.75 8.2 
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Figure 8 Comparison of TGA curves showing the mass loss (%) vs. temperature for PCL-based 
hybrids. 

VICAT tests and heat deflection temperature tests (HDT) 

To complete the thermal analysis, VICAT and HDT tests were performed in order to 

determine heat resistance characteristics of the material and to precisely define the 

thermal behavior in order to stablish the polymer processability parametres. In injection 

moulding process, the removal of the piece from the mold has to be near or below the 

HDT temperature, this means that part deformation will be held within acceptable limits 

after removal. 

For VICAT analysis two replicates per sample were tested, results shown in Table 17 

gives the temperatures obtained from the two analysis T1 (°C) and T2 (°C), For HDT 

analysis, only one replicate per sample was tested, results shown in Table 17 gives the 

T1 (°C) of each sample. VICAT and HDT data shown in Table 17 revealed that the 

temperature change between samples was not higher than 2°C. For example, value of 

VICAT temperature of PCL is 54.3°C, while that of samples with the highest loading, PCL 

HA 20 HNTS 7.5 is 54.9°C. The increase in temperature with the addition of HNTs can 

be ascribed to the hydrogen bound interactions between the hydroxyl group present in 

HNTs surface and the carboxyl groups of ester linkage in PCL molecular chain [143]. 

These results do not provide substantial information other than that required to perform 

an optimum mixing of the material as it was specified in the temperature profile for the 

four extruder zone of the barrels. 
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Table 17 VICAT tests results and heat deflection temperatures (HDT) for PCL-based hybrids. 
VICAT analysis show results for two replicates of each sample, while HDT analysis show only 

one replicate for each sample. 

Sample VICAT HDT 

T1 (°C) T2 (°C) �̅� s T1 (°C) 

PCL HA 20 
56.8 56.6 56.7 0.14 35.8 

PCL HA 20 HNTs 2,5 
55.6 55.6 55.6 0.00 37.6 

PCLA HA 20 HNTs 5,0 
55.0 55.2 55.1 0.14 37.4 

PCL HA 20 HNTs 7,5 
54.8 55.0 54.9 0.14 38.6 

PCL HNTs 2,5 
55.4 55.6 55.5 0.14 32.0 

PCL HNTs 5,0 
54.6 54.6 54.6 0.00 38.8 

PCL HNTs 7,5 
54.2 54.6 54.4 0.28 34.6 

PCL 
54.8 53.8 54.3 0.71 37.8 

 

Dynamic Mechanical Thermal Analyses (DMTA) 

Aiming to complete the thermal properties, Dynamic Mechanical Thermal Analyses were 

carried out. Considering the glass transition of PCL (-60°C), one of the most reported 

thermal transitions, previous studies have demonstrated that the glass transition is not 

affected by the addition of different amounts of filler in polymeric matrix as PCL or 

polyethylene [190, 191]. For this reason, the temperature range studied in DMA analysis 

was set from 25°C to 80°C. Figure 9 plots the evolution of the storage modulus as a 

function of the temperature. 

The obtained results for DMA indicate a decrease in the storage modulus around 50°C -

55°C as a consequence of the softening, due to the melting of PCL matrix leading to an 

increase in chain mobility. It can be seen an increment of around 109% in the storage 

modulus with the addition of HA. Furthermore, the addition of HNTs results in an 

increment of mechanical properties. Nevertheless, besides the increment of mechanical 

properties obtained when adding HNTs, the main purpose was to use them as delivery 

systems [153]. According to Lun et al. and Schmitt et al., the composite with 7.5% of 
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HNTs guarantees enough tubular structures to be used as storage of specific drugs [192, 

193]. 

 

Figure 9 Dynamical Mechanical Thermal Analysis curves (storage modulus) for PCL-based 
hybrids. 

4.1.2 Mechanical characterization 

Shore D Hardness  

Shore D Hardness was measured as a first approximation to determinate the mechanical 

properties. Results are shown in Table 18, five replicates of each sample were evaluated 

and the final average value (x̅) and the standard deviation (s) was obtained. If Shore D 

Hardness value of neat PCL is compared with samples with 20% of HA and 7.5% of 

HNTs, an increase of 10.3% was obtained (p-value=0.4). Analysing the data, the 

introduction of HA and HNTs filler increases Shore D Hardness of the composites, so it 

seems evident that a synergic effect between the addition of HA and HNTs has been 

produced, increasing 5% the Shore D Hardness value. Therefore, it is possible that the 

filler acts filling the empty spaces between the polymer chains as different authors have 

demonstrated [194-196]. 
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Table 18 Shore D Hardness results for PCL-based hybrids. Values represented for 5 replicates 
of each sample indicating the average value (𝒙) and standard deviations (s). 

Sample 1 2 3 4 5 �̅� s 

PCL HA 20 
49 50 49 50 50 49.6 0.55 

PCL HA 20 HNTs 2.5 
50 50 51 51 51 50.6 0.55 

PCL HA 20 HNTs 5.0 
50 50 51 51 50 50.4 0.55 

PCL HA 20 HNTs 7.5 
52 52 52 53 52 52.2 0.45 

PCL HNTs 2.5 
48 48 48 47 47 47.6 0.55 

PCL HNTs 5.0 
47 47 46 47 48 47 0.71 

PCL HNTs 7.5 
46 46 47 47 47 46.6 0.55 

PCL 
48 48 47 48 48 47.8 0.45 

Charpy Impact tests 

Charpy Impact results presented in Table 19 show different behaviour as function of filler 

type. For example, when both fillers are added to the polymer matrix, HA provides a 

decrease in toughness with the increase of the amount of HNTs. However, with HNTs 

alone, the capacity to absorb impacts increases considerably with the increase of HNTs 

amount in the polymer. The capacity to absorb impacts goes up to 50% when 7.5% of 

HNTs is added. These results suggest that strong interactions between PCL and HNTs 

are achieved, allowing more efficient load transfer [147]. Notwithstanding, one of the 

main drawbacks of loading polymers is the decrease of absorbed energy by the polymer 

during the impact or deformation [190]. 
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Table 19 Impact Charpy analysis results for PCL-based hybrids. Values represented for 5 
replicates of each sample indicating the average value (𝒙) and standard deviations (s). 

Sample 1 2 3 4 5 �̅� s 

PCL HA 20 
0.56 0.52 0.54 0.56 0.56 0.55 0.02 

PCL HA 20 HNTs 2.5 
0.43 0.43 0.46 0.45 0.44 0.44 0.01 

PCL HA 20 HNTs 5.0 
0.38 0.39 0.38 0.33 0.39 0.37 0.03 

PCL HA 20 HNTs 7.5 
0.3 0.33 0.34 0.32 0.32 0.32 0.01 

PCL HNTs 2.5 
0.47 0.53 0.49 0.48 0.51 0.50 0.02 

PCL HANTs 5.0 
1.18 1.17 1.06 1.14 1.09 1.13 0.05 

PCL HNTs 7.5 
0.78 0.85 0.8 0.8 0.81 0.81 0.03 

PCL 
0.53 0.53 0.53 0.52 0.5 0.52 0.01 

Analysing the Charpy impact test, a failure surface morphology study was needed for 

two reasons: first of all, to give a logical explanation to the impact test results. Secondly, 

to observe the proper distribution of the HA and HNTs fillers in the PCL matrix. The study 

of the different images obtained by SEM showed two types of morphologies (Table 20). 

As a representative sample of composite with low toughness, the images of PCL HA 20 

HNTs 7.5 sample (3.2 KJ/m2) showed a homogeneous surface, without excessive 

cracks, feature that is typically present in brittle materials [197]. These samples are 

characterized for the lack of failure surface. Moreover, in these samples is possible to 

observe a homogenous distribution of particles of HA and HNTs, entailing a correct 

compatibility between the fillers and the PCL matrix. This fact can be confirmed by the 

absence of large gaps between both components [198]. On the other hand, samples with 

high toughness, for example PCL HTNs 7.5 (8.1 KJ/m2), have a high roughness surface. 

In these samples the heterogeneity is higher than in samples with low toughness. The 

surface is characterized by a non-uniform appearance, with parallel lines of PCL 

consequence of the advanced rate of the cracks during the fracture. This kind of 

morphology can be detected in ductile samples. In the same way, samples with low 

toughness showed distribution of dispersed particles, which could facilitate the correct 

delivery of drugs present in the lumen of the HNTs. 
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Flexural tests 

Mechanical properties were completed with the determination of the flexural behaviour 

of the different composites. As it can be seen in Table 21, flexural modulus improves as 

the HNTs percentage increased, reaching values of up to 112.3% in samples with 20% 

of HA and 7.5% of HNTs, with a flexural modulus of 886.8 MPa (standard deviation 

=42.1). On the other hand, a different behaviour was registered with the lack of HA, 

samples containing only PCL and HNTs had practically identical flexural properties that 

raw PCL samples. This behaviour agrees with hardness results. Nevertheless, a 

decrease of flexural properties exceeding 7.5 wt.% of HNTs was tested by Liu et al. [143] 

and Prashantha et al. [144], correlating the overloading of HNTs with the generation of 

agglomerates acting as weak points and failure initiation sites. 

However, the values of flexural moduli obtained are lower compared to the majority of 

human bones, as reported in [199]. Nevertheless, the values obtained can be compared 

with those of human trabecular bone, which is typically between 7000 and 25.000 MPa, 

although these values depend on different variables such as type of bone, age, location, 

and health factors [200-203]. 
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Table 21 Flexural analysis results for PCL-based hybrids. Five replicates of each sample were 
studied, the mean value (𝒙) and standard deviation s are indicated. 

 
Load 

(N) 

Flexural 

modulus 

(MPa) 

Flexural 

strength 

(MPa) 

Load 

(N) 

Flexural 

modulus 

(MPa) 

Flexural 

strength 

(MPa) 

Sample 
PCL PCL HA 20 

mean value �̅� 
40.82 417.66 23.30 48.60 626.74 29.33 

Standard deviation s 
1.71 28.69 1.39 1.93 32.36 1.15 

Sample 
PCL HNTs 2.5 PCL HA 20 HNTs 2.5 

mean value �̅� 
40.98 439.20 24.76 52.18 770.91 31.50 

Standard deviation s 
0.95 27.46 0.57 1.47 50.18 0.90 

Sample  
PCL HNTs 5.0 PCL HA 20 HNTs 5.0 

mean value �̅� 
39.74 443.80 23.97 53.80 863.81 32.50 

Standard deviation s 
1.05 27.22 0.64 1.95 32.20 1.19 

Sample 
PCL HNTs 7.5 PCL HA 20 HNTs 7.5 

mean value �̅� 
41.86 483.59 25.30 53.80 886.81 33.60 

Standard deviation s 
1.47 53.75 0.89 1.58 47.08 2.75 

Tensile tests 

Tensile strength was measured to evaluated the capacity of the material to withstand 

loads tending to elongate. Results presented in Table 22 show similar values for all 

samples with values around 20 MPa. Elastic moduli show the best mechanical 

performances when the two fillers are added simultaneously, reaching values up to 

230.22 ± 4.12 MPa with 20% of HA and 5.0% of HNTs. 
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Table 22 Tensile analysis results for PCL-based hybrids. Five replicates of each sample were 
studied, the mean value (𝒙) and standard deviation s are indicated. 

 

Tensile 

strength 

(MPa) 

Young 

modulus (MPa) 

Tensile 

strength 

(MPa) 

Young 

modulus (MPa) 

Sample PCL PCL HA 20 

mean value �̅� 23.76 153.80 19.234 157.73 

Standard deviation s 0.29 15.0 2.03 13.2 

Sample 
PCL HNTs 2.5 PCL HA 20 HNTs 2.5 

mean value �̅� 17.764 143.69 20.17 227.86 

Standard deviation s 2.014 3.81 1.57 23.0 

Sample  
PCL HNTs 5.0 PCL HA 20 HNTs 5.0 

mean value �̅� 17.67 141.80 19.8 230.22 

Standard deviation s 3.01 6.04 0.73 4.11 

Sample 
PCL HNTs 7.5 PCL HA 20 HNTs 7.5 

mean value �̅� 18.17 145.96 18.93 163.22 

Standard deviation s 2.50 12.2 0.34 9.21 

4.1.3 General observations: Improvement of PCL mechanical 
properties with HA and HNTs 

In the following, the different results obtained for termal and mechancial analysis for PCL-

based hibrids had been merged and compared in Figure 10. Analyzing the data (Figure 

10), it is evident that a synergic effect between HA and HNTs in the polymeric matrix 

occurs. Comparing the results within different samples and PCL raw material, a 

noticeable improvement of mechanical properties was achieved with the simultaneous 

addition of the two fillers. If Shore D Hardness value of neat PCL is compared with 

samples with 20% of HA and 7.5% of HNTs, an increase of 10.3% was obtained 

(standard deviation=0.4). Flexural modulus improved as the HNTs percentage 

increased, reaching values of up to 112.3% in samples with 20% of HA and 7.5% of 
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HNTs, with a flexural modulus of 886.8 MPa (standard deviation=42.1). Young's Modulus 

was observed to increase to 109.3% with the addition of the two fillers reaching its 

greatest value of 449.6 MPa (standard deviation= 17.12) when 7.5% of HNTs was added. 

Dynamic Mechanical Analysis (DMA) at human body temperature, 37°C, indicates that 

the addition of HA and HNTs as fillers entails an enhancement of the storage modulus 

being again the hybrid loaded with 7.5% HNTs the material that shows the highest value. 

On the other side, samples with only HNTs as filler show a decrease in Shore D 

Hardness average values, with similar flexural and strength results compared to those 

of raw PCL samples. Hence, the addition of only HNTs does not provide a substantial 

improvement, but loading PCL with both fillers leads to an enhancement of mechanical 

properties with 20% HA and 7.5% HNTs. 

 

Figure 10 Comparison of mechanical properties of the different nanohybrids and PCL as 
control. DMA (MPa), Young´s modulus (MPa),  Flexural modulus (MPa),

 Shore D Hardness (secondary axis). 

These results suggest that strong interactions between PCL, HA and HNTs occur, 

allowing a more efficient load transfer [147]. These must be hydrogen bondings between 

the hydroxyl groups present in the surface of HNTs and the carboxyls present in the ester 
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linkages of the PCL molecular chains [143]. Additionally, it cannot be ruled out that the 

fillers act to fill the empty spaces between the polymer chains as different authors have 

suggested [194-196]. 

Regarding the impact test, it highlights the difference in results as a function of the added 

filler. In general terms, a reduction of absorbed energy by the polymer is detected, 

resulting from the introduction of HA and HNTs simultaneously. A PCL unfilled has a 

toughness of 13.1 kJ/m2, while as for example, in sample with 20% of HA and 7.5% of 

HNTs the toughness is reduced to 8.0 kJ/m2. Thus, as expected, the addition of fillers 

provokes a lower toughness of samples. However, an interesting aspect is detectable: 

in samples with HNTs but not HA, the absorbed energy was greater. For example, 

samples with 5 or 7.5% of HNTs have a toughness around 25 kJ/m2. Therefore, addition 

of only HNTs induces an increase in the toughness of the samples, possibly due to the 

tubular shape of HNTs, structure able to absorb energy during impacts. 

In this section the first objective proposed in this thesis has been fulfilled by establishing 

the additivation threshold and optimizing the additivation rate. The materials with the best 

behaviour were those with 5 and 7.5 wt.% of HNTs, keeping constant the 20 wt.% of HA. 

Although both materials showed similar thermal and mechanical properties, a 7.5 wt.% 

of HNTs was established as the optimum percentage, because it allows a greater loading 

with the selected drug. Therefore, the second objective proposed in this thesis could be 

accomplished in the following section 4.1.4 through HNTs loading optimization with 

curcumin. 

4.1.4 Optimization of the HNTs loading with curcumin 

Thermogravimetric Analysis (TGA) 

TGA curves presented in Figure 11 were obtained with a maximum temperature of 600°C 

to determine which of the three solvents used (water, ethanol or acetone) allowed the 

incorporation of the greatest amount of curcumin inside the HNTs lumen. Two significant 

mass loss stages are discerned in Figure 11 for all solvents within the same range of 

temperature and a similar residual mass. The first step, between 210°C-277°C with a 

mass loss of around 3.5%, is attributed to the thermal decomposition of curcumin, which 

is known to occur in two overlapped stages [204, 205]: the first one (215°C-354°C) 

represents the degradation of acetone acetaldehyde while the second (215°C-469°C) 

corresponds to the descomposition of phenyl oxyacetic acid molecules [205]. It is 

noteworthy to point out that a loading efficiency of merely 10 wt.% of nanotubes can be 
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achieved according to literature [206]. The second degradation stage identified for the 

three solvents, within the temperature range of 413°C-490°C and a mass loss of 12.5%, 

is due to a combination of thermal descomposition of curcumin and the dehydroxylation 

of HNTs [207]. Dehydroxylation has been postulated to be analogous to thermal 

dehydroxylation and degradation of kaloinite due to the symilarity between the structure 

and chemistry between halloysite and kaloinite [208], where most of the OH groups are 

removed. Although results are quite similar independently of the solvent, HNTs 

functionalized with acetone exhibit a slightly higher mass loss percentage taking into 

account both steps, hence a greater amount of curcumin is introduced in the HNTs lumen 

by using acetone as solvent. 

 

Figure 11 Normalized mass loss vs. temperature of halloysite nanotubes functionalized with 
curcumin using three different solvents (ethanol, acetone or water). The thermograms for HNTs 

and curcumin are given for comparison. 

Scanning Electron Microscopy (SEM) 

SEM images shown in Table 23, were obtained with the aim of visually assessing the 

functionalization efficiency corresponding to each solvent. Traces of active agent 

attached to the outer surface of HNTs cannot be excluded, even though it is difficult to 

distinguish them. Nonetheless, the same loading procedure was followed by Riela et al. 

[209] using ethanol as solvent and reported a successful encapsulation. Similar results 

using poly(amidoamine) dendrimers as container were also reported by Wang et al. 
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[210]. If attention is paid to the inner diameter of the nanotubes in the SEM images, 

narrower diameters can be observed for HNTs when acetone was used as a solvent, 

suggesting that curcumin molecules are attached to the inner surface of the nanotubes. 

These results agree with the solubility of curcumin in each solvent (solubility values in 

Table 23 were provided by the supplier Sigma Aldrich) and the TGA results, concluding 

that using acetone as solvent, yields the highest amount of curcumin inside the HNTs 

lumen. The functionalization efficiency can thus be linked to the solubility of curcumin in 

each solvent. With curcumin being nearly insoluble in water (<0.1 mg/ml), its 

concentration in the solution would be small, hence only a small amount of curcumin 

would be introduced into HNTs lumen using water as solvent. Conversely, with a 

solubility of >50 mg/mL in acetone, the amount of curcumin inside the nanotubes is 

expected to be greater for the same dissolution volume compared with those in water or 

ethanol (the solubility of curcumin in ethanol is 10 mg/mL). 

 

Table 23. Comparison of the curcumin loading efficiency in HNTs using SEM images to 
evaluate the diameter of the loaded nanotubes with curcumin using water, ethanol or acetone 

as a solvent. 

Water 

 

Solubility < 0.1 mg/ml 

3.95% mass loss 1st step 

12.47% mass loss 2nd step 
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Ethanol 

 

Solubility 10 mg/ml 

3.10% mass loss 1st step 

12.35% mass loss 2nd step 

Acetone 

 

Solubility >50 mg/ml 

4.46% mass loss 1st step 

13% mass loss 2nd step 

Influence of HNTs loaded with curcumin incorporated to the PCL matrix on 

its mechanical and thermal properties 

Incorporation of HNTs, previously loaded with curcumin, to PCL matrix provokes a 

reduction on mechanical properties as compared with those of PCL HA20 HNTs7.5 

samples (Table 24). The improvement of flexural modulus with the addition of HA and 

HNTs to the PCL matrix was 112.33%. However, when HNTs were functionalized with 

curcumin, the flexural modulus decreased 30.55%. Nevertheless, the results obtained 

for PCL HA20 HNTs7.5 + curcumin are 47.47% higher than those of neat PCL. A 

significant reduction of tensile strength was also observed with the addition of curcumin 

being 50% less than that of PCL HA20 HNTs7.5 samples. 
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Table 24. Mechanical properties of PCL, PCL HA20 HNTs7.5 and PCL HA20 
HNTs7.5+curcumin samples. Values represented for 5 replicates of each sample indicating the 

average value (𝒙) and standard deviations (s). 

 PCL 
PCL HA20 
HNTs7.5 

PCL HA20 
HNTs7.5 + 
curcumin 

Flexural modulus (MPa) 

average value (�̅�) 449.45 886.8 615.91 

Standard deviation (s) 20 37.53 3.36 

Tensile strength (MPa) 

average value (�̅�) 214.82 449.62 224.85 

Standard deviation (s) 18.45 17.12 4.73 

Thermal analysis of HNTs loaded with curcumin and incorporated to PCL revealed an 

increment of 5°C in the melting temperature when comparing with neat PCL and PCL 

loaded with HA and HNTs (Table 25). This effect can be explained by a complex two-

step nucleation-driven degradation mechanism induced by the introduction of fillers 

[188], which appears to provide a greater thermal stability range without affecting the 

injection moulding processability. 

Table 25. Thermal properties of PCL, PCL HA20 HNTs7.5 and PCL HA20 HNTs7.5+curcumin 
samples, where Tm,onset is the temperature at the melting onset, Tm,peak is the temperature at the 

peak maximum, and Δhm is the heat adsorbed per mass unit. 

Sample Tm,onset (°C) Tm,peak (°C) Δhm (J/g) 

PCL 
54.15 58.27 54.81 

PCL HA20 HNTs7.5 
53.32 60.03 40.78 

PCL HA20 HNTs7.5 + curcumin 53.43 60.92 43.1 

SEM images were taken to qualitatively analyse the morphology of the materials (Figure 

12). Clusters with size around 6 µm were observed in PCL HA20 HNTs7.5 + curcumin 

samples, which could explain the loss of mechanical properties (Table 24). Indeed, HNTs 

aggregates are known to usually act as crack initiation sites leading to sudden failure of 
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the material [144, 211]. Aggregate formation seems to be accentuated during the drying 

process after functionalization of HNTs with the consequent reduction of water 

molecules, resulting in less interactions between them and HNTs [212]. Aggregates of 

hollow nanotubes are induced by edge to edge and face to edge interactions between 

HNTs resulting in zig-zag structures [213]. In further works, the aggregates formation 

could plausibly be avoided by the dispersion of the powder in polar solvents such as 

acetone, followed by mechanical stirring [214], alternatively or simultaneously to the 

modification of the HNTs surface [215], and additionally with successive extrusion steps 

previous to injection moulding [211]. 

PCL PCL + HA + HNTs 
PCL + HA + HNTs+ 

curcumin 

   

Figure 12. SEM images of PCL, PLA HA20 HNTs7.5 and PCL HA20 HNTs7.5 + curcumin 
samples, the last two showing HNTs aggregates. 

4.1.5 Curcumin delivery rate 

In order to evaluate the delivery rate of curcumin, firstly a calibration curve was prepared. 

For this purpose, three curcumin dissolutions with increasing concentrations were 

prepared in PBS (0.0025 mg/10mL, 0.005 mg/10mL and 0.01 mg/10mL) and the 

absorbance was measured at 263nm, 350nm and 420nm.  

Evaluated samples are specified in Table 10 (HNTs, PCL+7.5%HNTs and PCL + 0.75% 

curcumin). Two replicates per sample were placed in different vials containing 10mL of 

PBS. Aliquots were taken every two days and their absorbance was measured. Results 

are presented in Figure 13 showing accumulation of curcumin concentration (mg/10mL) 

vs time (days). 
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Figure 13 Curcumin delivery rate measurements presented as cumulative concentration vs time 
for HNTs loaded with curcumin and dispersed in PBS, PCL aditivated with HNTs loaded with 

curcumin, and PCL aditivated with curcumin. 

A sharp increase of curcumin release can be seen during the first four days of the 

experiment, especially in the dispersed HNTs samples, probably because of remanent 

curcumin onto the nanotubes surface which was not properly removed after the loading 

procedure. A general tendency of decrease of the curcumin amount released is seen 

over time. After one week of release, at day 22 and 29, the concentration increases for 

all the samples due to the greater time of delivery with regard to the previous measures. 

Results are coherent with a typical kinetics of delivery [179, 180]. In view of the results, 

at initial stages the concentration of curcumin delivered is higher in the HNTs loaded with 

curcumin dispersed in PBS, because of the remanent curcumin attached to the HNTs 

outer surface. However, when curcumin is introduced into the nanotubes and entrapped 

in the polymer, the release rate decreases. Notwithstanding, at longer periods of time, 

the three curves meet, revealing that the delivery kinetics is comparable for the three 

studied samples. 

4.1.6 General Observations: Loading HNTs with curcumin and 
delivery rate 

HNTs loading with curcumin using saturated solutions of acetone, ethanol and water, 

was studied through a qualitative analysis of curcumin solubility, Thermal Analysis and 

Scanning Electron Microscopy. Although the techniques used gave indirect results for 

loading efficiency, the observations suggest that the greatest efficiency was obtained 

when acetone was used as a solvent. First of all, curcumin solubility was greater in 

acetone compared with ethanol or water. Thus, an equal volume of solvent introduced in 

the HNTs lumen will entail higher concentration of curcumin. Secondly, TGA results for 

HNTs functionalised with acetone gave higher mass loss percentage in the first and 
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second step associated to the thermal decomposition of curcumin, implying a greater 

amount of curcumin introduced in the HNTs lumen. Finally, SEM images showed 

narrower diameters for HNTs when acetone was used as a solvent, suggesting that 

curcumin molecules are attached to the inner surface of the nanotubes.  

Subsequently, HNTs functionalized with curcumin in acetone saturated solution were 

mixed and injected with PCL and HA to be mechanically and thermally tested. The results 

showed that functionalization of HNTs with curcumin gave a reduction of the mechanical 

properties compared with the hybrids studied in the previous section without 

functionalization of HNTs. The properties loss is due to the agglomerates formation 

during the drying process. The curcumin delivery rate was also studied observing a 

decreased activity when curcumin is introduced into the nanotubes and entrapped in the 

polymer. However, at longer periods of time, the three curves (curcumin from HNTs, from 

neat PCL and from HNTs-loaded PCL) run in parallel, revealing that the delivery kinetics 

is comparable for the three studied samples.  
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4.2 Second chapter - Study of the influence of the addition of 
HA and HNTs on the morphological properties of PCL- 
and PHEMA-based polymers 

4.2.1 Structural properties 

Comparison of PCL/PLA based hybrids mechanical properties 

Mechanical properties for PCL/PLA based hybrids were studied in order to verify the 

improvement on Young and Flexural moduli when PCL is mixed with PLA and loaded 

with HA (Figure 14 and Table 26). Accordingly, PCL, PLA and PCL/PLA raw polymers 

and additivated with 20wt% HA were melt injected following the specifications on section 

3.2.1 PCL/PLA-based hybrid samples. Five replicates of each sample were studied. 

Young modulus gave an increase of 281.72 % when comparing PCL/PLA with PCL raw 

polymer. When HA was added to the PCL/PLA polymer matrix, an increase of 271.42 % 

was observed compared with PCL aditivated with HA. Similar results were obtained for 

Flexural modulus with an increase of 332.17 % for PCL/PLA samples and an 364.02 % 

when loading with HA. In view of these results, mechanical properties of PCL are 

effectively improved when mixing with 50wt% of PLA and 20wt% of HA. 

 

  

Figure 14 Representation of Mechanical properties for PCL/PLA based hybrids. On the left 
Young modulus and standard deviation of PCL/PLA based hybrids. On the right, Flexural 

modulus and standard deviation of PCL/PLA based hybrids. 
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Table 26 Mechanical properties for PCL/PLA based hybrids. Young and Flexural moduli mean 
value for 5 replicates of each sample and the standard deviation. 

 Young Modulus (MPa) Flexural modulus (MPa) 

 
PCL PLA PCL/PLA PCL PLA PCL/PLA 

Polymer (�̅�) 
485.48 3185.50 1853.17 391.61 3185.50 1692.43 

s 
65.54 79.63 101.32 25.41 79.63 90.01 

Polymer + HA (�̅�) 
531.13 3242.80 1972.76 335.73 3242.80 1557.86 

s 
18.14 42.48 71.03 9.43 42.48 83.45 

Energy‐Dispersive X‐Ray Spectroscopy (EDS) 

SEM images were first taken to qualitatively analyze the morphology of the materials. 

Results showed homogeneous flat surfaces in all samples, independently of their 

composition (data not shown). Surface and transversal section EDS mapping images 

were obtained to assess the distribution of the loadings throughout the samples: calcium 

(Ca) and phosphorus (P) standing for HA and aluminum (Al) and silicon (Si) for HNTs, 

while oxygen (O) and carbon (C) show the polymer matrix. Figure 15 shows the 

corresponding mappings for the transversal sections of samples loaded with HA and 

HNTs. The surfaces showed in all cases a homogeneous distribution of HA and HNTs. 

Transversal section images show that HA is homogeneously distributed throughout the 

samples in all cases (for this reason, images of samples loaded only with HA are not 

shown). However, HNTs are distributed in the samples in a dissimilar way, depending 

on their chemical composition: on PCL samples they are well dispersed, but form small 

sporadic aggregates when PCL is combined with PLA, and these aggregates are more 

prevalent and increase in size in the P(HEMA-co-EMA) copolymer and the PHEMA 

homopolymer, not being significant differences between them. This effect could be 

explained due the hydrophobic character of the nanotubes, given by its relatively low 

content of hydroxyl groups on their surfaces, resulting in a good dispersion in non-polar 

polymers [216] and creating agglomerations in hydrophilic polymers due to the lower 

interfacial adhesion. 
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4.2.2 Hydroxyapatite nucleation 

Aiming to analyse the formation of a hydroxyapatite layer on the surface of the different 

materials, microscopic images were taken, and 5000 magnifications images are 

presented in Table 27. EDS spectra were also obtained in order to validate the formation 

of a layer of hydroxyapatite and the Ca/P ratio. 

From the results presented in Table 27, after 7 days in SBF, the PCL based hybrids did 

not efficiently induce any apatite growth, while the polymethacrylate-based hybrids did. 

The precipitates on the PCL, PCL/PLA and PHEMA without needle-like conformation 

correspond to the salts dissolved in the SBF medium, generally NaCl (EDS spectra not 

shown). In PHEMA surface some HA crystals have nucleated and precipitated salts from 

the SBF are also observed simultaneously. P(HEMA-co-EMA) surface exhibits plenty of 

precipitates forming big and defined cauliflowers with needle-shaped crystals intricately 

Polymer HA HNTs 

PHEMA HA20 HNTs7.5 section 

HNTs HA Polymer 

PHEMA-co-EMA HA20 HNTs7.5 

PCL/PLA HA20 HNTs7.5 section 

Polymer HA HNTs Polymer HNTs 

PCL HA20 HNTs7.5 section 

HA 

Figure 15 Energy-dispersive X-ray spectroscopy (EDS) for copolymers samples loaded with HA 
and HNTs (PCL HA20 HNTs7.5, PCL/PLA HA20 HNTs7.5, PHEMA HA20 HNTs7.5, PHEMA-

co-EMA HA20 HNTs7.5) 
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intertwined forming the typical porous cauliflower HA structures [119]. Once apatite has 

nucleated in a certain location, it grows outwards in a radial pattern [217], leading to 

cauliflower or hemispherical structures that merge to form a continuous layer.  

Samples with HA fillers provide nucleating sites, also silanol groups (Si-OH) present in 

the HNTs would provide favourable sites for apatite nucleation, although this mechanism 

is not totally clear yet it is speculated that electrostatic interactions drive to the formation 

of calcium silicates [120]. Comparing neat polymers (especially PCL and PCL/PLA 

blend) with materials aditivated with HA and HNTs, nucleation efficiency increases with 

the addition of the fillers. It is thought that both polar carboxy and hydroxy groups induced 

apatite nucleation [119]. 

Greater bioactivity is seen for P(HEMA-co-EMA) with respect to PHEMA due to the less 

hydrophilic character of P(HEMA-co-EMA), in which the number of polar groups available 

on the surface for nucleation per unit volume is greater. Consequently, the absorption 

efficiency of Ca2+ ions from the SBF solution by the P(HEMA-co-EMA) surface is higher, 

increasing the Ca2+ ion concentration at the surface and thus, the formation of nucleation 

sites for the Ca-P [218]. Grape-like aggregates of cauliflowers observed, especially in 

P(HEMA-co-EMA), are generated by the secondary nucleation sites provided by the 

apatite molecules of the first layer, giving place to spherical formations which grow 

perpendicularly to the surface leading to the formation of clusters or grape-like structures 

[219]. 

From the EDS results, the Ca/P atomic ratio has been calculated in each case for 

comparison with that of the stoichiometric HA (Ca10(PO4)6(OH)2), Ca/P ¼ 1.67 [220]. In 

most of the calculations presented in Table 27, Ca/P atomic ratio remains between the 

accepted values of 1.3-2.0; thus, there are calcium phosphate deposits with cauliflowers 

morphology that resembles physiological apatite structures. 

 



 

 

Table 27 SEM and EDS images taken for hydroxyapatite nucleation analysis. 5000 magnification pictures are shown, and formation of hydroxyapatite 
cauliflowers can be observed in the surface of some materials. The Ca/P ratio was calculated in order to verify the hydroxyapatite layer formation. 

7 days 

PCL PCL HA20 PCL HA20 HNTs7.5 

   

Ca/P=1.87 Ca/P=1.7 Ca/P=1.65 

   



 

 

 

14 days 

PCL PCL HA20 PCL HA20 HNTs7.5 

   

Ca/P=1.55 Ca/P=1.45 Ca/P=1.55 

   



 

 

 

7 days 

PCL/PLA PCL/PLA HA20 PCL/PLA HA20 HNTs7.5 

   

Ca/P=1.2 Ca/P=1.63 Ca/P=1.60 

   



 

 

 

14 days 

PCL/PLA PCL/PLA HA20 PCL/PLA HA20 HNTs7.5 

   

Ca/P=1.2 Ca/P=1.61 Ca/P=1.65 

   



 

 

 

7 days 

PHEMA PHEMA HA20 PHEMA HA20 HNTs7.5 

   

Ca/P=1.86 Ca/P=1.9 Ca/P=1.51 

   



 

 

 

14 days 

PHEMA PHEMA HA20 PHEMA HA20 HNTs7.5 

   

Ca/P=0 Ca/P=1.75 Ca/P=1.6 

   



 

 

 

7 days 

P(HEMA-co-EMA) P(HEMA-co-EMA) HA20 P(HEMA-co-EMA) HA20 HNTs7.5 

   

Ca/P=1.60 Ca/P=1.65 Ca/P= 1.53 

   



 

 

 

14 days 

P(HEMA-co-EMA) P(HEMA-co-EMA) HA20 P(HEMA-co-EMA) HA20 HNTs7.5 

   

Ca/P=1.60 Ca/P=1.47 Ca/P=1.58 
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4.2.3 Degradation of PCL and PCL/PLA based hybrids 

Mass loss of each sample was determined by measuring the mass loss at each time 

point (4, 8 and 12 weeks) using an electronic balance with a resolution of 0.1 mg: 

% 𝑀𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 =
𝑀𝑖 − 𝑀𝑓

𝑀𝑖
 × 100 

where Mi is the initial mass and Mf is the final mass. The stress-strain curves were 

obtained to evaluate the loss of mechanical properties, specifically the Young modulus, 

after degradation. 

Table 28 Degradation results for PCL- and PCL/PLA-based materials. % mass loss, Young 
modulus (MPa) and % of Young modulus upkeep over a period of 4, 8 and 12 weeks. 

Sample %Mass loss 
Young Modulus 

(MPa) 

% Young 

Modulus 

upkeep 

PCL 

Week 4 
0,37% ± 0.03 273,66 ± 9.15 100% 

Week 8 
0,39% ± 0.03 208,82 ± 12.16 76% 

Week 12 
0,44% ± 0.02 168,40 ± 11.65 62% 

PCL HA 

Week 4 
0,11% ± 0.03 270,22 ± 25,12 100% 

Week 8 
0,17% ± 0.02 261,99 ± 9,25 97% 

Week 12 
0,21% ± 0.02 261,27 ± 19,34 97% 

PCL HA HNTs 

Week 4 
0,10% ± 0.06 246,93 ± 33,40 100% 

Week 8 
0,16% ± 0.01 190,77 ± 17,64 77% 

Week 12 
0,18% ± 0.01 174,51 ± 8,43 71% 

PCL/PLA 

Week 4 
0,95% ± 0.11 813,61 ± 32,76 100% 

Week 8 
1,14% ± 0.01 657,80 ± 3,50 81% 

Week 12 
1,35% ± 0.09 891,19 ± 11,79 110% 



 

 

PCL/PLA HA 

Week 4 
11,42% ± 1.83 461,14 ± 54,56 100% 

Week 8 
12,08% ± 2.84 382,07 ± 35,12 83% 

Week 12 
11,98% ± 0.79 437,81 ± 45,44 95% 

PCL/PLA HA 

HNTs 

Week 4 
39,37% ± 2.55 328,29 ± 0,42 100% 

Week 8 
39,53% ± 1.37 366,60 ± 36,42 112% 

Week 12 
47,32% ± 3.04 384,66 ± 52,29 117% 

From the results presented in Figure 16, it was seen that materials based on PCL did 

not show significant morphological changes after 12 weeks of degradation in PBS at 

37°C, fact that coincided with the overall slow degree of mass loss. Although mass loss 

proceeds gradually for all samples based on PCL, a rapid mass loss spike for neat PCL 

over 12 degradation weeks was observed compared with the samples with inorganic 

fillers. The lower % mass loss observed in samples with HA could be explained by the 

fact that HA contains hydroxyl groups that may neutralize the medium by reacting with 

the degradation acid by-products, reducing the effect of acid catalysis on the hydrolysis 

of PCL [221]. From the observation of Lam et al. [86] the degradation of PCL seems to 

proceed through surface degradation and there are not evidences of internal 

autocatalysis. Surface degradation gives place to mass loss of the polymer surface over 

time without affecting the molecular weight of the internal bulk of the polymer. An 

unchanged molecular weight implies an efficient transmission of mechanical forces when 

the material is loaded. 

From the analysis of the mechanical properties of materials based on PCL (Figure 16), 

it can be said that Young Modulus decreases gradually with % mass loss. PCL samples 

show a sharp decrease of Young modulus, but samples with HA maintain their Young 

modulus due to the reinforcing effect provided by the filler. However, samples with HA 

and HNTs show a progressive decrease of mechanical properties over time because the 

additivation threshold can be exceeded with the degradation of the polymer and 

agglomerates could act as weak points and failure initiation sites. 



 

 

  

Figure 16 Left: Results of degradation % mass loss over 4, 8 and 12 weeks for PCL based 
materials. Right: Results of degradation Young Modulus over 4, 8 and 12 weeks for PCL based 

materials 

As oposed to the observation of materials based on PCL (Figure 16), blends of PCL/PLA 

showed acute morphological changes after degradation in PBS at 37°C, with a maximum 

rate of mass loss of 41% after 12 weeks for samples with the two fillers (Figure 17). PCL 

hydrophobicity owing to its chemical structure of five carbons per chain unit, are 

responsible for the slow hydrolisis rate. Blending PCL with PLA provides hydrophilic units 

and decreases the overall crystallinity of PCL, improving the water molecules 

accessability to ester linkages, thus increasing the rate of hydrolysis [222]. Addition of 

fillers confers a more hydrophobic character, and nano-roughness of the surface 

facilitates the interaction with water molecules and thus the hydrolytic cleavage. Due to 

the fluctuation on results caused by the short number of PCL/PLA blends tested for 

Young modulus (Table 28), conclusions will be expressed as general observations. 

Results for mechanical properties are in consistency with the mass loss. For PCL/PLA 

blends, the faster degradation rate related to the more hydrophilic character and the 

presence of more amorphous phase, leads to a faster drop of mechanical properties.  



 

 

  

Figure 17 Left: Results of degradation % mass loss over 4, 8 and 12 weeks for PCL/PLA based 
materials. Right: Results of Young Modulus following 4, 8 and 12 weeks of degradation for 

PCL/PLA based materials. 

4.2.4 General observations: Influence of the addition of HA and 
HNTs on the morphological properties of PCL- and PHEMA-
based polymers 

In the first chapter the aditivated threshold for PCL was established as 20% of HA, 

according to the literature, and 7.5% of HNTs was chosen rather than 5%, to have a 

higher percentage of HNTs loaded with a selected drug. After this preliminary study on 

the effect of inorganic fillers into a polyester matrix, the results were transferred to the 

followings chapters, were polymers with different nature were studied. Thus, the third 

objective of this thesis was addressed. In this sense, the structural properties of two pairs 

of polymers with similar chemical natures but different hydrophobicity were compared. 

First, PCL was blended with PLA with the aim of enhancing PCL mechanical properties 

while a moderately hydrophilic character was conferred driving to an acceleration of the 

degradation rate. Secondly, PHEMA was chosen to compare how the highly hydrophilic 

character affects the morphological and biological properties of the selected fillers. 

Accordingly, distribution of the HA and HNTS fillers into the polymeric matrices was 

studied through EDS mapping, yielding a homogeneous distribution of HA on all 

polymers but showing big aggregates of HNTs when the hydrophilic character increases. 

This effect could be explained due the hydrophobic character of the nanotubes, given by 

its relatively low content of hydroxyl groups on their surfaces, resulting in a good 

dispersion in non-polar polymers and creating agglomerations in hydrophilic polymers 

due to the lower interfacial adhesion. Hydroxyapatite nucleation of polymers surfaces 

was also studied, showing a not efficient induction of apatite growth on hydrophobic 

materials, but great hydroxyapatite cauliflower-shape crystals formation on moderately 



 

 

hydrophilic surfaces, which increases the number of nucleation sites for the Ca-P per 

surface unit. Finally, the degradation rate of PCL, PCL/PLA based hybrids was 

evaluated, concluding that blending PCL with PLA and the addition of fillers provides 

hydrophilic units and decreases the overall crystallinity of PCL, improving the water 

molecules accessibility to ester linkages, thus increasing the rate of hydrolysis and the 

hydrolytic cleavage. Mechanical properties are in consistency with the mass loss, the 

faster degradation rate leads to a faster drop of mechanical properties. In view of the 

results obtained in this chapter, an overall conclusion can be discerned: polymers with 

moderately hydrophilic character induce a higher rate of hydroxyapatite nucleation and 

a faster degradation rate. However, HNTs tends to form big aggregates when the 

hydrophilic character increases, driving to crack initiation sites and failure of the material. 

4.3 Third chapter - Influence of the hydrophobic–hydrophilic 
nature of PCL- and PHEMA-based polymers and their 
nanocomposites on their in vitro biological development 

4.3.1 Contact Angle Measurements 

Surface wettability of cellular materials was previously determined by water contact angle 

measurements. In Table 29, images of the water droplets are shown. The results are 

divided into three rows with regard to composition: the first row contains the raw polymers 

PCL, PCL/PLA, PHEMA, and P(HEMA-co-EMA); the second row contains those loaded 

with 20% HA; and the third row includes the polymers loaded with 20% HA and 7.5% 

HNTs. PCL is at the hydrophobic end, with a contact angle of 105º. Meanwhile, PHEMA 

is at the hydrophilic end, with a contact angle of 59.7º. The addition of HA and HNTs 

clearly improved surface wettability on PCL (mean contact angle value decreased 

around 22%). This effect was hardly observed in the PCL/PLA mixture taking into 

account the standard deviation. The addition of HA and HNTs in PHEMA increased its 

surface wettability (mean contact angle value decreased around 18%), but that of 

P(HEMA-co-EMA) remained constant. In summary, it appears that the addition of HA 

and HNT increased the wettability of neat samples (PCL and PHEMA), but not mixed 

samples (PCL/PLA and P(HEMA-co-EMA)). 

  



 

 

Table 29 Contact angle results of raw polymers (PCL, PCL/PLA, PHEMA, P(HEMA-co-EMA)) 
compared with those loaded with HA, and HA and HNTs. 𝒙 and s stand for average contact 

angle and standard deviation, respectively. 

Polymer 

PCL PCL/PLA PHEMA P(HEMA-co-EMA) 

    

�̅� = 105º 

𝑠 = 3.6 

�̅� = 83.7º 

𝑠 = 4.6 

�̅� = 59.7º 

𝑠 = 4.5 

�̅� = 73.7º 

𝑠 =4.5 

Polymer + 20% HA 

    

�̅� = 80.9º 

𝑠 = 2.2 

�̅� = 85.9º 

𝑠 = 4.9 

�̅� = 54.8º 

𝑠 = 3.8 

�̅� = 78.4º 

𝑠 = 4.64 

Polymer + 20% HA + 7.5% HNTs 

    

�̅� = 76.8º 

𝑠 = 2.6 

�̅� = 86.1º 

𝑠 = 2.3 

�̅� = 48.1º 

𝑠 = 4.6 

�̅� = 75.7º 

𝑠 =5.2 

4.3.2 Cell Viability and Morphology 

Cell Viability Assay 

MTS results were taken for triplicate for each sample obtaining standard deviation values 

lower than 0.05. The results were represented numerically in table form (Table 30) and 

graphically, for a better understanding, dividing the data in two sections: short periods of 

time (1 and 3 days) (Figure 18, A) and long periods of time (7 and 14 days) (Figure 18, 

B) with the aim of visually assess cell viability results. 



 

 

Three different groups of materials were compared. First, the raw polymers were 

compared (PCL, PCL/PLA, PHEMA, and P(HEMA-co-EMA)), and in the second and third 

rows, HA or HA and HNTs were incorporated. In all of them, a similar trend was seen. At 

day 1 and 3 of cell culture, the materials showing the highest absorbance values (highest 

amount of cells, highlighted in green) for all of the three groups were PCL/PLA, PCL/PLA 

HA20, and PCL/PLA HA20 HNTs7.5, being these materials moderately hydrophobic. 

However, at longer cell culture periods, day 7 and 14, the materials with the highest 

values of absorbance were P(HEMA-co-EMA), P(HEMA-co-EMA) HA20, and P(HEMA-

co-EMA) HA20 HNTs7.5, which are moderately hydrophilic. In view of the results, the 

addition of HA and HNTs improved the materials’ cell viability.  

 

Figure 18 MTS Cell viability results comparing first the raw polymers, secondly the addition of 
HA, and third the addition of HA and HNTs. A) Cell viability at initial stage and B) Cell viability at 

long periods of cell culture. 
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Table 30 MTS Cell viability results divided into three different groups of materials according to 
their inorganic loading: in the first group, raw polymers PCL, PCL/PLA, PHEMA, and P(HEMA-
co-EMA) are compared; in the second and third groups, HA or HA and HNTs are incorporated 

and compared. 
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day 1 1.03 1.18 0.03 0.67 2.42 2.90 0.87 1.00 2.57 2.7 1.53 1.73 

day 3 0.55 3.07 2.40 2.86 1.55 2.05 1.2 1.43 1.32 4.34 3.24 2.05 

day 7 5.73 9.03 13.07 7.48 7.18 6.13 12.63 13.33 3.37 9.83 5.63 12.27 

day 14 7.07 15.03 11.07 17.33 7.82 14.07 5.73 18.13 6.57 11.10 12.5 21.03 

Thus, in order to simplify our experimental data, in the following sections, we will only 

show and discuss this group of six materials, differentiating between moderately 

hydrophobic materials (PCL/PLA, PCL/PLA HA20, and PCL/PLA HA20 HNTs7.5) and 

moderately hydrophilic ones (P(HEMA-co-EMA), P(HEMA-co-EMA) HA20, and 

P(HEMA-co-EMA) HA20 HNTs7.5). 

Scanning Electron Microscopy (SEM) 

In the SEM images of morphology (Table 31), at the initial stages, it can be observed 

how cells on moderately hydrophobic surfaces (PCL/PLA) have better interactions with 

neighbouring extracellular matrices than with the biomaterial surface via the proteins 

adhered to it. Accordingly, a cell monolayer is formed with few bonding sites with the 

biomaterial surface, and a round cell shape prevails. Conversely, on moderately 

hydrophilic surfaces (P(HEMA-co-EMA)), although the cells are more isolated, the 

extracellular matrix of each individual cell seems to be spread out on the material with 

several bonding sites, thus yielding better cell attachments on the biomaterial and, 

consequently, a flat cell shape. SEM observation are coherent with MTS results. 

 



 

 

Table 31 SEM images (400 X) of the polymers showing the highest absorbance values in MTS 
assays: PCL/PLA, P(HEMA-co-EMA), raw and loaded with HA or HA and HNTs, after 3 and 14 

days of culture. 

SEM PCL/PLA PHEMA/EMA   

Day 3 

  

  

Day 14 

  

  

 PCL/PLA 20HA PHEMA/EMA 20HA   

Day 3 

  

  



 

 

Day 14 

  

  

 PCL/PLA 20HA 7.5HNTs PHEMA/EMA 20HA 7.5HNTs   

Day 3 

  

  

Day 14 

  

  

4.3.3 Organization of Cell Cytoskeleton 

Influence of HNTs loaded with curcumin incorporated to the PCL matrix on its 

biological properties 

Cell viability of the samples loaded with curcumin was studied (Table 32). However, it 

has to be taken into account than the anti-oxidant and anti-inflammatory effect of 

curcumin will eventually inhibit the proliferation of several cells. Indeed, Merrell et al. 

[223] observed significant decrease of viability in samples loaded with curcumin. 



 

 

However, more than 70% of the cells were viable on the samples, indicating their low 

cytotoxicity. 

Table 32 Influence of HNTs loaded with curcumin incorporated to the PCL matrix. Cell viability 
of samples aditivated with curcumin. 

PCL PCL 20 HA 7.5 HNTs 
PCL 20 HA 7.5 HNTs + 

curcumin 

3 days 

   

7 days 

  

---- 

SEM images 

   

Fluorescence characterization results show better cell viability on samples filled with HA 

and HNTs than on neat PCL. However, curcumin provokes fluorescence in the 

nanocomposite, hence cells cannot be distinguished under the fluorescence microscopy. 

In SEM images, adhered cells can be observed on both of the PCL and PCL 20 HA 7.5 

HNTs specimens, showing an extended morphology. On the contrary, interactions 



 

 

between cells and curcumin loaded samples are not observed probably because 

curcumin inhibits cell adhesion, in agreement with Merrell et al. [223]. 

Immunocytochemistry 

Immunocytochemistry images for the raw (PCL/PLA and P(HEMA-co-EMA)) and loaded 

materials, after 3 days of culture, are shown in Figure 19 and Figure 20. Results after 14 

days are not shown because the huge cells agglomerates did not shed information on 

cell attachment to the material surface. These results are in accordance with the MTS 

and SEM images. For raw P(HEMA-co-EMA) materials (Figure 19), the images show 

isolated cells with good cell attachment on the surface and spreading of the cytoskeleton 

with a flat surface. Using goat anti-mouse Cy5 secondary antibody (white) as stain, we 

were able to observe vinculin protein (involved in focal adhesions with integrin), which 

was distributed throughout the cells and boosted interactions with the surface. However, 

on PCL/PLA surfaces, cells aggregated in clusters, showing a rounded shape. Similar 

results are observed in Figure 20, where moderately hydrophilic surfaces (P(HEMA-co-

EMA) HA20 and P(HEMA-co-EMA) HA20 HNTs7.5)) show higher cytoskeleton 

spreading than moderately hydrophobic ones (PCL/PLA HA20, PCL/PLA HA20 

HNTs7.5). 



 

 

 

Figure 19 Immunocytochemistry images for raw PCL/PLA and P(HEMA-co-EMA) samples 
(scale bar 25 μm). Comparison of cell attachment and spreading depending on the surface 

hydrophobicity after 3 days of culture. Vinculin staining for focal adhesions is shown in white in 
the top raw for the two materials, together with DAPI staining of the nuclei. Phalloidin staining of 
the actin cytoskeleton is shown in the bottom raw in red. (DAPI staining in blue, vinculin in white 

in the top raw, and phalloidin in red in the bottom raw.) 
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Figure 20 Immunocytochemistry images (scale bar 25 μm) comparing moderately hydrophobic 
(PCL/PLA) and hydrophilic P(HEMA-co-EMA) surfaces loaded with HA and HNTs at day 3 of 

culture (DAPI staining in blue and phalloidin in red). 

4.3.4 General observations for cell interaction influenced by the 
hydrophobic–hydrophilic nature 

Polymer surface wettability is known to affect cell attachment for water contact angles in 

the range of 40º–70º [224]. Polymers with contact angles lying more or less in this range, 

with different chemical natures, were thus selected for this analysis, and their 

hydrophilicity was slightly modified by blending or copolymerizing with others of the same 

P(HEMA-co-EMA) 
HA PCL/PLA HA 

P(HEMA-co-EMA) 
HA HNTs PCL/PLA_HA_HNTs 



 

 

family. HA and HNTs are interesting inorganic additives and were added herein to 

analyse their effect in terms of wettability and biological development. 

In order to explain our results, how proteins interact with polymer surfaces needs to be 

understood. The two most abundant proteins in plasma are albumin and fibronectin. 

Albumin (Mw of 69,000) is the first protein to be adsorbed on the biomaterial surface and 

inhibits cell adhesion [225, 226]. On the other hand, fibronectin (Mw of 440,000) increases 

fibroblast attachment and spreading [227] and plays a very important role in the 

interaction with the surface of an artificial device [228, 229]. Fibronectin interacts with 

integrin [230], acting as a “bridge” between fibronectin and the cytoskeleton [231, 232], 

anchoring these cells to the biomaterial or extracellular matrix. This interaction is 

primarily responsible for the ability of cells to adhere to the surface of a biomaterial. 

According to the Vroman effect, smaller and more abundant proteins present in the 

medium dominate the biomaterial surface after short durations of exposure due to their 

higher collision rates. Various exchange processes occur thereafter and proteins with 

higher affinities replace them and take over the surface. Finally, after a very long time, 

only the proteins with the highest affinities remain present on the surface [233]. 

Therefore, albumin and fibronectin mutually compete for adsorption on any exposed 

surface. 

In order to confirm this assumption, Albumin and Fibronectin competitive absorption was 

followed on polyesters. This study was performed in the framework of a project 

progressing concurrently to this Thesis, which explains why PLA (moderately 

hydrophobic) and PHB (hydrophobic) -instead of PCL- surfaces were considered. 

Competitive adsorption of Fibronectin obtained from human serum and Albumin obtained 

from bovine serum albumin (BSA) was determined by immunofluorescence for short 

periods of time (1 day). Three solutions (of Fibronectin and Albumin separately for 

individual adsorption, and a third solution of a mixture of both) were used in this study, 

at concentrations of 20 µg/mL in DPBS at pH of 7.4. 1.4 mL of the solution was prepared 

in each case. Subsequently, 100 µL of each solution was dropped onto the surfaces 

materials and incubated for 30 min at 37ºC. After washing twice with PBS for 5 min, the 

specimens were incubated with a primary antibody BCA and Fibronectin for 1 h. The 

specimens were rinsed twice with DPBS for 5 min. Then, the mixed solution of Alexa 488 

and 633 was incubated in a dark place for 1 h. The samples were then observed under 

confocal laser scanning microscopy. For quantitative evaluation of protein adsorption, 

the images obtained were analysed with the ImageJ software from 5 random zones and 



 

 

by quantifying the relative area of adsorbed proteins. Results were gathered in the Table 

33. 

Table 33 Albumin and Fibronectin competitive absorption on PLA (moderately hydrophobic) and 
PHB (hydrophobic), measuring five replicates of each sample and obtaining the mean value and 

standard deviation. 

Protein PLA PLA + HA PHB PHB + HA 

Albumin 92.29% ± 1.35 96.8% ± 0.7 15.4% ±7.56 73.4% ± 11.62 

Fibronectin 7.71% ± 1.35 3.2% ± 0.7 84.6% ±7.56 26.64% ± 11.62 

 

Considering that PLA is a moderately hydrophobic material and PHB is a hydrophobic 

material and knowing that addition of HA provides a more hydrophilic character, from the 

results showed in Table 33 can be said that Albumin tends to bind to more hydrophilic 

surfaces. However, for hydrophobic surfaces, Fibronectin binds in a higher percentage.  

Herein it was observed that, at the initial stages, cells preferably proliferate and colonize 

moderately hydrophobic surfaces (PCL/PLA). Thus, cells appear with a round shape, 

where interactions occur primarily between them or with the extracellular matrix, thus 

resulting in a monolayer of cells with few bonding sites with the polymer surface. Over 

longer culture periods, though, cell proliferation occurs on more hydrophilic materials 

(P(HEMA-co-EMA)), on which cells exhibit a flatter shape, thus establishing contact with 

the polymer over its surface. Regarding loading with inorganic nanoparticles (HA and 

HNTs), cell viability and proliferation improved compared to the raw materials. This 

improvement can be attributed to the generation of new reactive sites with Ca2+ and 

PO4
3− groups present in HA available for binding with negative carboxylate and positive 

amino groups in proteins, respectively [125-128, 234-236]. Furthermore, the formation 

of hydrogen bonds between HNTs and proteins [170] led by silanol groups (Si–OH) [169] 

located at the surfaces of HNTs [106] can also take place. 

Our results show greater cell proliferation on moderately hydrophobic materials at the 

initial stages whereas over longer culture periods, cell proliferation occurs on more 

hydrophilic materials. Similar results were found by Zhou et al. [168] who used polyvinyl 

alcohol (PVA; which is a highly hydrophilic hydrogel) and surprisingly observed a higher 

cell proliferation (using NIH 3T3 fibroblasts) in the polystyrene control (hydrophobic) at 



 

 

day 1 of culture. However, after 4 or 7 days of culture, neat PVA showed higher cell 

viability. They stated that highly polar OH groups on neat PVA film might account for the 

delayed attachment of bone cells. We assume that such cell spreading reduction 

observed on hydrophobic surfaces at long culture times might occur as a consequence 

of two effects: protein absorption competition and the steric hindrance effect (solvation), 

which are analysed separately below. 

Competitive Absorption 

The reduction in cell spreading at long culture times observed in our study may be the 

result of the binding level of non-adhesive proteins such that albumin, which competes 

with adhesive proteins such fibronectin (plot representation can be observed in Figure 

21) [237]. Albumin tends to bind to hydrophobic surfaces by various hydrophobic 

interactions; Ying et al. [238] reported such interactions between hydrophobic surfaces 

and flexible albumin molecules. Albumin does not adsorb on hydrophilic surfaces likely 

because of electrostatic repulsion forces between the negatively charged surfaces and 

the albumin molecules. Conversely, fibronectin binding is greater on hydrophilic surfaces 

due to hydrogen bonding [239]. In view of these considerations, it seems unlikely that 

the proteins compete for the same sites even though they may compete for space. 

Nuttelman et al. [240] stated that cell adhesion proteins initially bind in a stronger way to 

surfaces with greater hydrophobicity; however, there is an associated loss of activity 

because on a highly hydrophobic surface, fibronectin may unwind into an inactive 

filamentous structure, and this denatured form of fibronectin hinders cell adhesion [241, 

242]. 

  



 

 

 

Figure 21 Competitive protein absorption between fibronectin and albumin at the initial stages 
and over longer culture periods. 

Water Steric Hindrance (Solvation) 

It was herein observed that cell proliferation increased on hydrophilic surfaces after 

seven days, a fact that can be explained because, during the initial stages, hydrophilic 

surfaces are highly solvated; hence, cells (and proteins) cannot closely approach such 

a substrate and, therefore, might not stick. Hydrophilic surfaces induce a strong 

organization of two to three layers of water molecules, repelling the shear plane to about 

1 nm from the surface [243], repulsing protein adsorption by steric hindrance effects 

(Figure 22 (A)). As a result, the adsorption is retarded, leaving the adsorbed proteins 

more time to rearrange their structure before the neighbouring sites are occupied by 

newly arriving proteins, thus allowing more time for them to “spread” out over the surface 

if the rate of the newly arriving molecules is low. As a consequence, the final extent of 

structural rearrangements (and hence the adsorbed amount) will depend on the relative 

rates of arrival and structural changes. For hydrophobic surfaces, on the other hand, the 

stagnant layer may be restricted to the ions [243] (Figure 22 (B)), where water tends to 

hydrogen bond to neighbouring water molecules, resulting in a highly ordered water 

structure. Disruption of this structure (dehydration) by adsorption of a protein to the 

surface increases the entropy of the system because proteins would unfold and spread 

over the surface to reduce the net hydrophobic surface in contact with the medium [244], 



 

 

which is thermodynamically favoured. Dehydration of a hydrophobic surface is driven by 

entropy gain and, therefore, promotes adsorption to occur spontaneously. As a result, 

adsorption to hydrophobic substrates is generally irreversible, whereas adsorption to 

hydrophilic substrates is reversible. 

 

 

 

 

 

Figure 22 Solvation effect. (A) Solvation on hydrophilic surfaces induces a 1 nm layer of water, 
delaying protein approach, and hence, absorption. (B) On hydrophobic surfaces, the layer of 

water is restricted to ions. 

In this chapter, the fourth objective of the thesis was approached and the in vitro 

biological development of the different pair of polymers was studied regarding its 

hydrophobicity character. First, the surface wettability was measured through water 

contact angle stablishing that PCL is at the hydrophobic end, while PHEMA is at the 

hydrophilic end. The addition of HA and HNTs clearly improved surface wettability of 

neat samples, but not mixed samples (PCL/PLA and P(HEMA-co-EMA)). Cell adhesion, 

morphology and proliferation was studied through MTS assay, Scanning Electron 

Microscopy and Immunocytochemistry assay. All the results obtained for the three 

studies were coherent among them: On moderately hydrophobic polyesters cells tended 

to proliferate and showed a round shape at the initial stages resulting in a monolayer of 

cells with few bonding sites between the polymer surface. On the contrary, on hydrophilic 
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acrylates cell proliferation was found at longer periods, with cells exhibiting a flatter 

shape and establishing contacts with the polymer surface. In view of these results, a 

proposed explanation is introduced:  

• Hydrophobic surfaces: Albumin (inhibits cell adhesion) and Fibronectin (increase 

cell attachment and proliferation) compete for absorption on the biomaterial 

surface. The anti-adhesive protein Albumin is the first to be absorbed on 

hydrophobic materials, bonding Fibronectin at lower rate. Due to the faster arrival 

rate of proteins on hydrophobic surface, adhesive proteins do not unfold 

completely, driving to low interaction sites between cells and polymer surface 

showing a round shape. 

• Hydrophilic surface: The anti-adhesive protein Albumin is not adsorbed on 

hydrophilic surfaces allowing more bounding sites for Fibronectin with good 

affinity on hydrophilic surfaces. The highly solvated hydrophilic surface at initial 

stage limits protein arrival and allowed protein rearrangement and spreading over 

the surface promoting cell adhesion and proliferation with better cytoskeleton 

spreading. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

5 Conclusions 
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5.1 First chapter – Study of the improvement of PCL thermal 
and mechanical properties through the addition of HA 
and HNTs 

In a first stage, the mechanical and thermal properties of PCL were studied by modifying 

the additivation percentage of HA and HNTs. This preliminary study allowed to 

understand the synergic effect between the polymeric matrix and the functional groups 

present on the additives chemical structure. Accordingly, the first objective proposed in 

this thesis was fulfilled by establishing the additivation threshold and optimizing the 

additivation rate. In this way, a 20 wt.% of HA was kept constant while the percentage of 

HNTs varied from 2.5 wt.% to 7.5 wt.%. The optimal HNTs percentage was determined 

after mechanical and thermal tests: the materials that showed the best properties were 

those with 5 and 7.5 wt.% of HNTs. Although both materials show similar thermal and 

mechanical properties, a 7.5 wt.% of HNTs was established as the optimum percentage, 

rather than 5%, because of a higher percentage of HNTs to be loaded with a selected 

drug. In general terms, a noticeable improvement of mechanical properties was achieved 

with the simultaneous addition of the two fillers. Shore D Hardness increased 10.3% with 

the addition of the two fillers simultaneously. Flexural modulus improved as the HNTs 

percentage increased, reaching values of up to 112.3% in samples with 20% of HA and 

7.5% of HNTs with a flexural modulus of 886.8 MPa. Young's Modulus was observed to 

increase up to 109.3% with the addition of the two fillers reaching its greatest value of 

449.6 MPa. Dynamic Mechanical Analysis indicates that the addition of HA and HNTs 

as fillers entails an enhancement of the storage modulus being again the hybrid loaded 

with 7.5% HNTs the material that shows the highest value. Regarding the impact test 

different results are obtained as a function of the added filler, the addition of fillers 

provokes a lower toughness of samples, however, in samples with HNTs but not HA, the 

absorbed energy was greater. 

After investigating the additivation effect on the mechanical and thermal properties of the 

PCL, the second objective proposed in this thesis was accomplished through HNTs 

functionalization with curcumin before their mixture with PCL and HA in the optimal 

proportion previously established (PCL 20 wt.% of HA and 7.5 wt.% of HNTs). HNTs 

were preferably functionalized with curcumin in an acetone saturated solution because 

its solubility in this solvent is greater than in others like ethanol or water, and 

subsequently rinsed in water, dried, mixed and injected with PCL and HA to be 

mechanically and thermally tested. The results showed that functionalization of HNTs 
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with curcumin entailed a reduction of the mechanical properties of the hybrids. SEM 

images suggest that the functionalization process provokes the formation of aggregates 

during the drying process, resulting in the generation of crack initiation sites that promote 

the failure of the material. Dispersion of functionalized HNTs should thus be further 

enhanced by using polar solvents followed by mechanical stirring and several extrusion 

processes prior to injection moulding to improve the mechanical properties of these 

nanohybrids. For curcumin release rate, a general slowing tendency was observed over 

time after an initial burst. No changes were observed between the samples additivated 

directly with curcumin and samples loaded with additivated HNTs, suggesting that most 

of the curcumin is not effectively loaded inside the nanotubes but coating their surfaces. 

5.2 Second chapter - Study of the influence of the addition of 
HA and HNTs on the morphological properties of PCL- 
and PHEMA-based polymers 

After the preliminary study on the effect of inorganic fillers into a polyester matrix, the 

results were transferred to the followings chapters, were polymers with different nature 

were studied. Thus, the third objective of this thesis was addressed. Consequently, 

morphological properties were studied and compared among different pairs of polymers 

and nanocomposites with similar chemical natures but different hydrophobicity. On the 

one hand, the hydrophobic polyester PCL was modified by its blending with PLA at a 

ratio of 1:1 wt.%. On the other hand, the hydrophilic acrylate PHEMA was copolymerized 

with EMA at a ratio of 1:1 wt.%. These polymers were used as neat resins and combined 

with HA nanoparticles and HNTs. 

Surface and transversal section EDS mapping images were obtained to assess the 

distribution of the fillers throughout the samples. The surfaces and transversal section 

showed in all cases a homogeneous distribution of HA. However, HNTs are distributed 

in a dissimilar way, depending on their composition showing big aggregates in P(HEMA-

co-EMA) copolymer and the PHEMA homopolymer. 

PCL based hybrids did not efficiently induce any apatite growth, however, 

Polymethacrylate based hybrids induced the formation of a hydroxyapatite layer. 

Comparing neat polymers (especially PCL and PCL/PLA blend) with materials aditivated 

with HA and HNTs, nucleation efficiency increases with the addition of the fillers. A 

greater bioactivity is seen for P(HEMA-co-EMA) with respect to PHEMA due to its less 

hydrophilic character which increases the number of nucleation sites for the Ca-P per 

surface unit. 
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Materials based on PCL did not show visual morphological changes after 12 weeks of 

degradation in PBS at 37°C, fact that coincided with the overall slow rate of mass loss 

and its associated gradual decrease of Young Modulus. As opposed, blends of PCL/PLA 

showed acute morphological changes after degradation in PBS at 37°C, with a maximum 

rate of mass loss of 41% after 12 weeks for samples with the two fillers. Decrease in 

mechanical properties was directly correlated to mass loss. 

An overall conclusion can be discerned: polymers with moderately hydrophilic character 

induce a higher rate of hydroxyapatite nucleation and a faster degradation rate. However, 

HNTs tends to form big aggregates when the hydrophilic character increases, driving to 

crack initiation sites and failure of the material. 

5.3 Third chapter - Influence of the hydrophobic–hydrophilic 
nature of PCL- and PHEMA-based polymers and their 
nanocomposites on their in vitro biological development 

In this chapter, the fourth objective of the thesis was approached and the in vitro 

biological development of the different pair of polymers was studied regarding its 

hydrophobicity character. Cell viability, proliferation, and morphology were monitored on 

the two pairs of polymers after varying the polymer’s chemical surface by blending 

hydrophilic and hydrophobic polymers, or copolymerizing monomers of opposite natures, 

and/or loading the polymer matrix with nanoparticles such as HA or HNTs. To this end, 

the polyesters PCL, PCL/PLA and the polyacrylates PHEMA and P(HEMA-co-EMA) 

were used alone and loaded with HA and HNTs. 

The surface wettability was determined by water contact angle measurements locating 

PCL at the hydrophobic end, with a contact angle of 105º and PHEMA at the hydrophilic 

end, with a contact angle of 59.7º. The addition of HA and HNTs clearly improved surface 

wettability on PCL (mean contact angle value decreased around 22%). This effect was 

hardly observed in the less hydrophobic PCL/PLA mixture. The addition of HA and HNTs 

in PHEMA increased its surface wettability (mean contact angle value decreased around 

18%), but that of P(HEMA-co-EMA) remained constant. In summary, it appears that the 

addition of HA and HNT increased the wettability of neat extreme samples (PCL and 

PHEMA), but not that of their balanced combinations (PCL/PLA and P(HEMA-co-EMA)). 

An improvement in cell viability with the addition of HA and HNTs was observed in 

PCL/PLA and P(HEMA-co-EMA) based samples. This was due to the generation of new 

reactive sites with Ca2+ and PO4 3− groups present in HA, and silanol groups (Si-OH) 
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located at the surfaces of HNTs. On moderately hydrophobic polyesters (PCL/PLA, 

PCL/PLA HA 20, and PCL/PLA HA 20 HNTs 7.5), at the initial stages, cells tended to 

proliferate and showed a round shape. Interactions occurred primarily between them or 

with the extracellular matrix, resulting in a monolayer of cells with few bonding sites with 

the polymer surface. On the contrary, on hydrophilic acrylates (P(HEMA-co-EMA), 

P(HEMA-co- EMA) HA 20, and P(HEMA-co-EMA) HA20 HNTs 7.5)) cell proliferation was 

found at longer periods, with cells exhibiting a flatter shape and establishing contacts 

with the polymer surface.  

On neat P(HEMA-co-EMA) materials isolated cells well adhered to the surface and 

spreading their cytoskeleton with a flat surface were observed. However, on PCL/PLA 

surfaces, cells aggregated in clusters, showing a rounded shape. Similar results were 

observed for moderately hydrophilic surfaces (P(HEMA-co-EMA) HA20 and P(HEMA-

co-EMA) HA20 HNTs7.5)) which showed a better cytoskeleton spreading than 

moderately hydrophobic ones (PCL/PLA HA20, PCL/PLA HA20 HNTs7.5). Competitive 

absorption and water steric hindrance support a plausible explanation for cell behaviour 

on polymer surfaces of different wettability.  

Initially, fibronectin and albumin seemed to compete for absorption on the biomaterial 

surface depending on the arrival rate, size, and affinity to the biomaterial surface. In 

moderately hydrophobic surfaces (PCL, PCL/PLA), the non-adhesive protein albumin 

adhered more easily to the surface than fibronectin, due to its shorter size and suitable 

hydrophobic affinity. Although fibronectin also bonded, it did so at a lower rate, thus 

promoting cell adhesion. Hence, hydrophilic surfaces (PHEMA, P(HEMA-co-EMA)) were 

highly solvated, obstructing protein approach and absorption, and hence, cell adhesion. 

Nevertheless, after long cell culture periods, the fibronectin’s slow initial absorption with 

good affinity on hydrophilic surfaces allowed a protein rearrangement and spreading over 

the surface promoting cell adhesion and proliferation. 
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