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Abstract 

Nowadays, the most common solution to maintain the teeth of patients that 

have suffered from a traumatism or a profound caries and have ended with root 

canal infection is to perform a root canal treatment. For this purpose, Gutta-

percha (GP) is one of the main materials used to fill root canals, presenting 

excellent biocompatibility and good sealing ability. However, GP poor bonding 

ability to dental tissues has led to high failure rates in endodontic treatments. To 

address these challenges, many studies have performed research to revise GP. 

Among the different options that are being explored as novel endodontic 

materials, bioactive elements are a promising strategy to improve root canal 

treatments. For instance, silica based microspheres (SiMS) are an example of 

bioactive elements that present an active surface and chemical composition that 

may provide a stronger adhesion to dentin tissue, biocompatibility and the 

possibility to serve as a possible drug delivery system.  

In the cases in which the patient presents a more advanced dental pathology, 

which has led to the tooth loss and/or bone loss surrounding the tooth, the 

treatment of choice is bone regeneration through a natural bone graft. This is 

the best option since it presents the same composition as the bone, containing 

cells with osteogenic potential and growth factors that stimulate cells 

differentiation into osteoblasts, among others. Nevertheless, this type of grafts 

present some drawbacks, such as pain, risk of infection, possible disease 

transmission and limited availability. For this reason, synthetic bone grafts 

research is one of the main proposals in regenerative medicine. This branch of 

medicine is based on the development of new biomaterials with the objective of 

increase the bone healing capacity and, more specific in the dentistry field, to 

prevent or eliminate bacterial infections at the same time. 
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The present thesis is divided in two parts: i) a treatment focused on the dental 

system and ii) a treatment focused on the bone system. The first part presents 

the fabrication of an endodontic biomaterial to enhance the GP sealing ability 

and its bonding capacity with the dental tissue; in the second part, two strategies 

to improve maxillary bone regeneration are presented: the first one through the 

in vitro study of a low level laser to study its osteogenic effect and cellular 

proliferation; the second one through the fabrication plus optimization of a 

biomaterial with a drug sustained release for its potential use as a synthetic bone 

graft. 
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Resumen 

Actualmente, la principal solución para mantener los dientes de los pacientes 

que han sufrido un traumatismo o una caries profunda, los cuales han 

desencadenado una infección del conducto radicular, es realizar el tratamiento 

de endodoncia. Para este fin, la Gutta-percha (GP) es el material más utilizado 

para rellenar los conductos radiculares, presentando una excelente 

biocompatibilidad y una buena propiedad de sellado. No obstante, la pobre 

capacidad de adhesión de la GP a los tejidos dentales ha llevado a alcanzar unas 

tasas elevadas de fracaso en los tratamientos endodónticos. Para solventar esta 

problemática, se han realizado muchos estudios para revisar la GP. Entre las 

diferentes opciones que se están investigando en el diseño de nuevos materiales 

de sellado de los conductos radiculares, los elementos bioactivos son una 

estrategia prometedora para mejorar los tratamientos endodónticos. Entre ellos, 

las microesferas basadas en sílica son un tipo de elementos bioactivos que 

presentan una superficie activa y una composición química que podrían 

proporcionar a la GP una adhesión más fuerte con el tejido dentinario, 

biocompatibilidad y la posibilidad de usarse como un sistema de liberación de 

fármacos. 

En los casos en que el paciente presenta una patología dental más avanzada, la 

cual haya conllevado a la pérdida del diente y/o una pérdida de tejido óseo 

alrededor del diente, el tratamiento de elección es el de regeneración ósea 

mediante un injerto de hueso natural. Es la mejor opción al presentar la misma 

composición que el hueso, contener células con potencial osteogénico y factores 

de crecimiento que estimulen la diferenciación de las células a osteoblastos, 

entre otros. Sin embargo, este tipo de injertos presenta algunas desventajas, 

tales como dolor, riesgo de infección, posible transmisión de enfermedades y 
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una disponibilidad limitada. Por este motivo, la investigación con injertos de 

hueso sintético es una de las principales propuestas en medicina regenerativa, la 

cual se basa en el desarrollo de nuevos biomateriales con el objetivo de 

aumentar la regeneración ósea y, más específicamente en el campo de la 

odontología, a la vez prevenir o eliminar la infección bacteriana. 

La presente tesis está dividida en dos partes: i) tratamiento enfocado en el 

sistema dental y ii) tratamiento enfocado en el sistema óseo. En la primera parte 

se describe un biomaterial endodóntico diseñado para mejorar el sellado de la 

GP y la unión con el tejido dental; en la segunda parte se presentan dos 

estrategias para mejorar la regeneración ósea a nivel maxilar: la primera 

mediante el estudio in vitro de un láser de baja potencia para analizar su efecto 

osteogénico y de proliferación celular, y la segunda mediante la fabricación y 

optimización de un biomaterial con liberación de un fármaco para su potencial 

uso como injerto de hueso sintético. 
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Thesis objectives 

The aim of this thesis is the research of different strategies to enhance dental 

treatments in the field of endodontics and bone regeneration. It has been 

divided in three main objectives: 

- O1: To design a bioactive endodontic material to enhance the sealing 

ability in teeth root canals.   

- O2: To study the effect of low-level laser therapy in cell proliferation 

and osteogenesis on dental pulp mesenchymal stem cells.  

- O3: To fabricate a bone graft biomaterial with sustained drug release 

to be used in bone regeneration treatments. 

 

1. Fabrication of silica microspheres/Gutta-percha (SiMS-GP) composite  

a. To decrease the melting point of GP in order to increase its flow 

properties  

b. To fabricate and incorporate bioactive ceramic components into 

the GP composite 

c. To determine the effect of silica microspheres in the physico-

chemical properties of the SiMS-GP composite 

d. To evaluate the in vitro response of mesenchymal stem cells on the 

SiMS-GP composites 

e. To analyze the sealing ability of SiMS-GP composite on simulated 

root canals and on extracted teeth  
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2. Study the effect of cell proliferation and osteogenesis by low-level laser 

therapy  

a. To study different irradiation parameters to obtain the optimal 

mesenchymal stem cells proliferation rate 

b. To determine the in vitro osteogenic response of mesenchymal 

stem cells after the irradiation by low-level laser therapy 

 

3. Fabrication of chitosan/hydroxyapatite/doxycycline bone graft composite  

a. To optimize the hydrogel/ceramic ratio to obtain an injectable 

bone graft composite with good handling and setting properties 

b. To  control the chemical parameters of the bone graft composite  

c. To study the sustained drug release of doxycycline within the bone 

graft composite at different time points 
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Introduction  3 

 

1. Biomaterials in Dentistry: Past and present 

Egyptians, Etruscan and Mayan civilizations from 2.500 BC to 600 AD were the 

first to use dental biomaterials as we know them today. They used nacre teeth 

from sea shells, ivory and bones and implanted them into maxillary bone 

obtaining what we nowadays refer to as osseointegration (Figure 1). There was 

no material science, biological understanding or modern medicine at that time. 

Nevertheless, their success and longevity are remarkable and highlight two 

aspects: the resilient nature of the human body, and the constant need, even in 

prehistoric times, to replace the loss of physiological/anatomical function with a 

biomaterial 1,2. In the 1920s, Reiner Erdle and Charles Prange joined their 

knowledge of dentist doctor and metallurgy respectively, to develop the alloy 

Vitallium. This material was the first metallic biomaterial with acceptable 

mechanical properties, biocompatibility and corrosion resistance for the 

application on surgical prostheses 3. That fact shows the constant demand of 

synergies between different specialties to achieve the same goal. Since then, with 

the aid of technology and material science development, modern dentistry has 

evolved rapidly. In 1928, the first dental material consensus was organized in the 

USA, which had a worldwide repercussion. After that, the physical and chemical 

characteristics of the materials used were investigated and also the different 

testing methods. In 1955, a chemist and dentist named Michael Buonocore 

discovered a method to change the roughness of the dental structure at a 

microscopic level by an acid agent to enhance the retention of a resin material. 

His research has focused in a sealing agent that could be mechanically adhered 

in the occlusal faces of the molars preventing children caries development. This 

discovery is considered the start of the adhesive dentistry era 4. Another 

revolutionary change in the modern history of dental materials was 

accomplished in 1982. The orthopedic surgeon Per-Ingvar Brånemark 

highlighted the importance of the biological aspects of body’s natural 
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cicatrization after the introduction of a strange body into the bone. After years of 

research, he was able to demonstrate the titanium dental implants 

osseointegration 5. Even though the excellent progress in the implantology field, 

the recent development in endodontic materials has changed the mentality from 

using bioinert materials to the bioactive ones. This dental field is highly 

important because its main goal is to preserve the teeth that in the past 

centuries had to be extracted. In 1995, Mahmoud Torabinejad et al. patented the 

biomaterial Mineral Trioxide Aggregate (MTA). Its composition is based on 

calcium silicate and it has been demonstrated that promotes the apatite 

deposition on its surface, making it a bioactive material 6. A definition of 

biomaterial endorsed by a consensus of experts in the field is “A material used in 

a medical device, intended to interact with biological systems” 1. As far as we 

know, natural and synthetic biomaterials have drawn attention in the past and 

nowadays in the medical field. Recently, the research in biomaterials is focused 

on its chemical modification, drug delivery systems and bioactivity, especially for 

being used in the dentistry field, which we will focus in this thesis. 

 

   

Figure 1. This Mayan lower jaw found in Honduras is dated from 600 A.D. It shows three implanted incisors 

made of carved seashells. Calculus formation on these three implants indicates that they were not made 

solely for a burial display but served as fixed, functional and esthetic tooth replacements (Image from the 

Peabody Museum of Archaeology and Ethnology, Harvard University, Cambridge, Mass.). 
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2. Oral tissues 

Teeth are closely related to the maxillary bone. However, in this chapter, they will 

be separately described in order to better focus individually in both structures 

and clinical problems. 

 

2.1 Tooth related 

2.1.1 Structure and composition 

Teeth are very important organs in our body. They help us with the feeding and 

with the phonation processes and give us esthetics. Because of their relevance, 

dentistry is becoming nowadays a more conservative field. Dentists are trying 

every day to repair teeth of their patients in order to maintain them, instead of 

extracting them, with a common goal which is enhancing the patient’s health.  

Tooth can be divided into two parts: crown and root. The crown is the visible 

part which is covered by the enamel, whereas the root is covered by the 

cementum and is the non-visible part, because it is inserted into the maxillary 

bone (Figure 2). 
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Figure 2. Tooth anatomy. The crown contains the enamel, the dentin and the pulp cavity. The root contains 

the nerve, blood vessels and dentin inside the root canals, the periodontal ligament and the cement. The 

root is surrounded by the maxillary bone 7.  

 

The more external part of the crown is the enamel, which is composed of ~96% 

calcium apatite, either as hydroxyapatite (HA) (Ca10 (PO4)6(OH)2) or fluorapatite 

(Ca10(PO4)6F2). This high mineral content and its hierarchical organization may 

explain that teeth are the strongest biological materials in the body. Enamel part 

is highly mineralized with organized HA crystallites. The microstructure of enamel 

has aligned prisms aligned perpendicular from the dentin-enamel-junction (DEJ) 

towards the tooth surface. Each prism consists of packed carbonated 

hydroxyapatite crystals covered by a nanometer-thin layer of enamelin and 

disposed along the prism axis. In the other hand, dentin is a hard bone-like 

tissue that is present in the crown (covered by enamel) as well as in the root of 

teeth (covered by cementum). It is the supporting structure of the tooth and is 

composed of ~68% HA mineralized collagenous matrix surrounding tubular 

extensions of the dentinoblast cells 7. Dentin formation, dentinogenesis, is 

accomplished by cells called odontoblasts. Because of these odontoblastic cell 

processes, dentin is considered a living tissue, with the capability of reacting to 
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physiologic and pathologic stimuli. Odontoblasts are considered part of pulp and 

dentin tissues because their cell bodies are in the pulp cavity, but their long 

cytoplasmic cell processes (Tome fibers) extend well (100-200 µm) into the 

tubules in the mineralized dentin 7,8.  

The pulp tissue is inside the pulp cavity of the teeth, which is not exposed to the 

microflora and subsequently remains usually sterile. Pulp is an unmineralized 

tissue composed of soft connective tissue, vascular, lymphatic and nervous 

element that occupies the central pulp cavity of each tooth. Pulp has a soft, 

gelatinous consistency. The majority of pulp composition is water (75-80%). It 

extends down through the root of the tooth as the root canal which opens into 

the periodontium (bone tissue and periodontal ligament) via the apical foramen 

(Figure 2). The blood vessels and nerves of dental pulp enter and leave the tooth 

through this foramen. This sets up a communication between the pulp and 

surrounding tissue – clinically important in the spread of inflammation from the 

pulp out into the surrounding periodontium. Pulp and dentin act as a unit (pulp-

dentin complex). Pulp is responsible for dentin formation, whereas enamel and 

dentin tissues protect the pulp tissue from physical and microbial attacks. Root 

canal system, which contains the pulp tissue inside, is composed of one or more 

main canals (depending on the tooth). This root canal is a channel inside the root 

that extends from the pulp chamber to the apical foramen. The root canal 

system is also composed by other smaller canals that branch out from the main 

canal and usually communicates with the external surface of the root (lateral, 

accessory, furcation canal). Finally, the apical delta is the region near the apical 

foramen where the main root canal is divided into more than two accessory 

canals 9 (Figure 3). 
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Figure 3. Root canal system that englobes the pulp chamber and the root canal parts. The root canal may 

have accessory canals (furcation canal, lateral canal) that communicate with the external surface of the root. 

The apical delta is the region near to the apex (which is the final part of the root), and the main root canal is 

divided in two or more accessory canals 9.    

      

2.2 Bone related 

2.2.1 Structure and composition 

Bone is a specialized form of connective tissue, with a calcified extracellular 

matrix, and is the main element of the skeletal tissues. We will focus on the 

description of the maxillary bone, which englobes both upper and lower jaw. The 

maxillary bone performs an essential structural and protective function. 

Important nerves and muscles pass through this bone and emerge from it. 

Moreover, it is the support of the teeth, being involved in mastication, 

protection, and in blood cell formation. Alveolar bone properties are similar to 

bones of other sites of the body. It is formed both by organic and inorganic 

components which mostly determine its properties, and by three types of cells: 
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osteoblasts, osteoclasts and osteocytes. The alveolar process is composed of an 

outer and inner cortical plate of compact bone that encloses the spongiosa, a 

compartment composed of spongy bone (also called trabecular or cancellous 

bone). The alveolar bone proper lines the alveolus (or tooth housing) which is 

contained within the alveolar process. It is composed of a thin plate of cortical 

bone with numerous perforations (or cribriform plate) that allows the passage of 

blood vessels between the bone marrow spaces and the periodontal ligament 

(Figure 4A). When teeth are extracted, most of the alveolar process is affected, 

leaving basal bone as the major constituent of the jawbone. The remaining 

maxillary bone, therefore, is much reduced in height 10. Bone contains a relatively 

small number of cells entrenched in a matrix of collagen fibers that provide a 

surface of inorganic salt crystals to adhere. These salt crystals form when calcium 

phosphate and calcium carbonate combine to create hydroxyapatite, which 

incorporates other inorganic salts like magnesium hydroxide, fluoride, and 

sulfate as it crystallizes, or calcifies, on the collagen fibers. The hydroxyapatite 

crystals give bones their hardness and strength, while the collagen fibers give 

them flexibility so that they are not brittle (Figure 4B). 
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Figure 4. (A) Tooth alveolar process showing the different parts of maxillary bone: cortical, trabecular and 

alveolar bone. (B) Chemical composition of the bone. Bone tissue has an inorganic phase (70%) mostly 

composed of hydroxyapatite (95%) and an organic phase (30%) mostly composed of collagen (95%) 10. 

Modified from 11.   
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Despite its solid appearance, maxillary bone is in a constant state of remodeling. 

This means that at all time some parts of the bone are being resorbed, while 

other parts are growing by apposition of new bone. This process requires 

coordination between resorption and opposition so that the normal function of 

the bone can be maintained. Osteoclasts are the cells involved in the bone 

matrix resorption and remodeling, which are derived from the mononuclear 

blood cells. In this process, osteoclasts form bone lacunae named Howship’s 

lacunae. Once the resorption process is finished, these lacunae are filled by 

osteoblast cells of mesenchymal origin, which are in charge of bone 

neoformation. Different proteins like cytokines and growth factors play important 

roles in bone remodeling 12,13. Remodeling of the alveolar process allows the 

normal migration of teeth in a mesial direction, or mesial drift, as their 

interproximal surfaces wear down. It also allows processes such as orthodontic 

tooth movement and wound healing (Figure 5). 
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Figure 5. Illustration showing the coordination of different cells and molecules involved in 

osteoclastogenesis. After osteoclast precursors proliferation they merge in multicellular structures, and 

differentiate into matured osteoclasts. Both osteoclasts and osteoblasts proliferation is regulated by 

different cytokines, hormones and growth factors. Modified from 13.  

 

3. Clinical problems 

3.1 Tooth related  

Among the different parts of the tooth, the one that has higher probability to 

suffer irreversible damage is the dental pulp. Dental pulp affectation can develop 

from different origins like caries infection, trauma, congenital etiology, among 

others. We will focus on the caries infection and trauma origin, being both the 

most common causes of dental pulp affectation causing severe pain to the 

patient. If these problems are not solved in time, the infection will involve the 

maxillary bone that surrounds the tooth, affecting the tooth survival which will 

cause several functional and esthetic problems to the patient.  



Introduction  13 

 

3.1.1 Caries 

Caries, or tooth decay, is the most prevalent chronic disease in humans across 

the globe 14. It is caused by acidogenic bacteria fermenting carbohydrates to 

produce acids, which leads to mineral loss with a degradation of the hard tissues 

of the teeth (enamel, dentin and cementum) 15. Symptoms may include pain and 

difficulty to eat. Complications may add inflammation of tooth surrounded tissue, 

tooth loss, and infection or abscess formation. If not treated in time, it can 

develop to a tooth nerve inflammation or infection (necrosis). (Figure 6). 

3.1.2 Traumatisms 

Traumatisms are one of the main causes of dental pulp affectation. It is 

characterized by the death of cells and tissues inside the pulp chamber of a 

tooth, with or without bacterial invasion. When cement around the root is lost 

and the dentin is exposed, dentin tubules may be a way for bacteria to enter the 

pulp. The most common clinical signs present in a tooth with necrotic pulp 

would be a grey discoloration of the crown and/or periapical radiolucency in 

radiographic exploration. The altered translucency in the tooth is due to 

disruption and cutting off of the apical neurovascular blood supply (Figure 6).  
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   Figure 6.  Caries or tooth decay process. From enamel degradation to pulp involvement  15. 

 

3.2 Bone related  

Maxillary bone defects can develop from different causes like infection, tumor, 

trauma, surgery, congenital etiology, among others 16. We will focus on the 

infection origin being one of the most common causes. As in tooth related 

clinical problems, if bone problems are not solved in time, they will cause 

functional and esthetic problems to the patient. As explained in section 3.1, the 

bone that supports the tooth will be reabsorbed because of the infection, 

compromising the tooth survival. Moreover, if the tooth is lost and we want to 

replace it with a dental implant, there may not be enough bone to support and 

osseointegrate it, compromising the dental implant survival.   
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3.2.1 Periodontal disease 

Periodontal disease is a prevalent chronic pathology characterized by an 

inflammatory destruction of the tooth supporting tissues (periodontium), like 

gingiva, periodontal ligament and alveolar bone. This pathology is one of the 

main causes of tooth loss in adults. Although its main etiological agents are 

bacteria that colonize subgingival tooth surfaces, it is the host inflammatory 

response to this microbial attack that first damages the periodontium, which may 

occur through an up-regulation of pro-inflammatory mediators or as a result of 

particular defects in the host response to the infection, leading extracellular 

matrix catabolism and bone resorption in periodontitis 17,18,19,20 (Figure 7).  

 

 

 

 

 

 

Figure 7. Tooth with healthy periodontal tissue, gingivitis and with advanced periodontitis. Accumulation of 

plaque and calculus triggers the inflammation of supporting tissues. When there is advanced periodontitis, 

maxillary bone loss occurs and the tooth stability is in danger 20. 
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3.2.2 Periapical lesions 

Periapical pathology or apical periodontitis is a general term used to englobe the 

periapical inflammatory process that affects the maxillary bone tissue. This 

pathology appears in response to the presence of polymicrobial infection and 

other irritants within the root canal system of a tooth. There are different 

conditions that can mimic periapical lesions, such as a progression of pulpitis, 

periodontal disease, occlusal trauma, an accident that has damaged the 

periodontal ligament and various tumors or cysts 21. It can also be a lesion 

related with a root-filled tooth, because of the presence of resistant bacteria 

previously or after the moment of the root canal treatment that have 

reproduced. As explained in section 2.1, there is an intimate relationship between 

the periodontium and pulpal tissues through 3 main avenues which are: apical 

foramen, lateral and accessory canals and dentinal tubules. These are the 

pathways through which bacteria arrives to the maxillary bone leading to the 

bone resorption (Figure 8).  
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Figure 8. Schematic figure of pulp and periapical pathology evolution. 1. Progress of carious lesion with 

rupture of enamel and dentin barriers. 2. Pulp inflammation, the first line of pulp defense with the migration 

of innate immune response cells. 3. Pulp necrosis, to which pulp inflammation evolves. 4. Periapical lesion, in 

which pulp necrosis makes the immune response migrate to the periapical area. The bone resorption starts. 

5. Immune-inflammatory response in periapical area with innate and adaptive cells and products. 6. Bone 

resorption, started and maintained by osteoclasts and molecules involved, like cytokines among others. 

Modified from 22. 

 

3.2.3 Bone resorption after tooth loss  

When conservative treatments such as endodontic and periodontal treatments 

fail, or when the infection process is such in an advanced stage that there is an 

uncertain prognostic, tooth extraction is the last treatment option in order to 

prevent future major complications (Figure 9). When a tooth is extracted from its 

alveoli, the healing process leads to vertical and horizontal alveolar crest 

resorption that can make difficult a dental implant installation in a prosthetically 

suitable position, affecting the functional and esthetic outcomes negatively 23. 

This fact explains that alveolar bone is tooth-dependent. The most volumetric 

Figure 2. Tooth anatomy. 
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alterations of alveolar bone occur in the first three months after tooth extraction 

and result in a 50% reduction in the buccolingual dimension of the alveolar crest 

during 1 year after tooth extraction 13,24. In the cases with an active bone 

infection, there will be a higher bone loss, first because of the infection process, 

and secondly, due to tooth extraction. In most cases, the next procedure will be 

to replace this lost tooth by a dental implant. However, in a stage with bone 

infection, the dental implant will not be able to osseointegrate to the alveolar 

bone and it will fail. Figure 10 illustrates the abstract of this section: clinical 

problems.   

 

 

 

Figure  9. Tooth extraction steps. The maxillary bone will start the resorption process after this procedure. 
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Figure 10. Schematic representation of the tooth related and the bone related parts and their clinical 

problems. In the tooth related parts we have considered the enamel, dentin, pulp and root canals. Their 

most common clinical problems are caries and traumatisms, which will cause an inflammation/infection of 

the pulp tissue; regarding the bone related parts we have focused on the gums, periodontal ligament and 

bone. Their most common clinical problems are periodontal disease and periapical lesions which are both 

caused by bacterial infections, and the bone resorption after a tooth loss, which may course with or without 

an infection process. 
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4. Conservative clinical treatments 

4.1 Tooth related  

4.1.1 Endodontic treatment 

Nowadays, the most common solution to maintain the teeth of patients that 

have suffered from profound caries or traumatism and have ended with root 

canal infection is to perform an endodontic treatment. Endodontics has been a 

specialist since 1867 25. Since then, this field has suffered an optimal development 

in terms of techniques and materials used. These advancements have enhanced 

the tooth prognosis in the past years. Moreover, they have also changed 

dentist’s and patient’s preferences to retain and preserve natural teeth instead of 

tooth extraction 26. Figure 11A shows the schematic representation of tooth-

related problems and its clinical treatment. The main goal of endodontics is to 

remove the infected pulp tissue from inside the root canals, to chemically 

disinfect and mechanically prepare the root canal system in order to seal it 

hermetically and three dimensionally with a solid core root filling material and a 

fluid sealer as a shell material to help improve sealing outcomes. The final 

objective is to prevent bacterial contamination and promote healing of the 

periradicular bone lesion to maintain the natural tooth function (Figure 11B) 

27,28,29,30.  The ideal properties of a root canal filling (RCF) material are presented 

in Table 1. 
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Figure 11. (A) Schematic representation of the tooth related clinical problems and the clinical treatment in 

which we will focus: the endodontic treatment. It has been represented with the core material used in this 

treatment. (B) Endodontic treatment of a tooth with an infected pulp tissue. This treatment is based 3 main 

steps: 1. Mechanical preparation and instrumentation by endodontic files in order to extract the pulp tissue 

and to widen the root canals. 2. The chemical disinfection with sodium hypochlorite solution in order to 

clean and eliminate the rests of dentin debris and pulp tissue inside the canals and 3. Root canals filling by a 

core material and a shell material in order to prevent a bacteria reinfection 31. 

A 

B 
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Table 1. Ideal properties of a RCF material which are not fully accomplished by the materials that are used 

nowadays 32,33 . 

 

4.1.1.1 Conventional materials 

Gutta-percha (GP) has been the material of choice as a solid core root canal 

filling for more than 150 years. Gutta-percha is a name derived from two words: 

“getah” meaning sap, and “pertja” meaning tree in Malay language. It is derived 

from the sap of trees from the Malasyan archipelago, particularly the Palaquium 

gender. The gum extracted is rubberlike, translucent, solid and flexible. This 
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material is then chemically processed to obtain a polymer, which will be one of 

the main components of the GP material as known by the clinicians. 

Contemporary GP-based root filling materials are composed by 20% GP polymer 

(matrix), 66% zinc oxide (filler), 11% heavy metal sulfates (radiopacifier), and 3% 

waxes and/or resins (plasticizer) 31,34,35,36. The percentages of components may 

differ depending on the manufacturer 37. Once the GP composite is obtained, it 

is molded in a cone shape to be used as a RCF material (Figure 12). GP has been 

a good material for this purpose because it is biocompatible, inert, easy to 

introduce into the root canal space and cost efficiency 29,38,39. Although with the 

advanced new filling techniques and materials used in the past decades, there 

are still high failure rates in endodontic treatments around 18-26% 40,41. One of 

the most important reasons is due to an inadequate root canal filling procedure. 

This fact may allow microleakage because of the lack of adhesiveness of GP to 

root canal dentin, being one of the most relevant drawbacks of this material. 

Moreover, GP does not have ideal mechanical properties to support tooth 

mechanical forces 38. 

 

   

Figure 12. GP polymer is obtained from the sap of the trees of the Palaquium gender. Then it is mixed with 

zinc oxide, barium sulfate and wax and molded into a cone shape to better introduce it in the root canal 

space 40. 
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Moreover, its degradation may occur with some conditions as chemical and 

biological factors by a slow oxidative process 36,42. Table 2 summarizes the 

advantages and the drawbacks of GP-based materials. Because of GP 

adhesiveness limitation, a sealer material has to be used in combination to get a 

tight seal, filling the space between the GP and the root canal dentin. Sealers 

may also penetrate lateral and accessory canals. Different types of sealers have 

been introduced in the past years, including several components based: zinc 

oxide eugenol and non-eugenol, glass ionomer, calcium hydroxide, epoxy-resin 

and methacrylate-resin, silicone, medicated sealers, and the more recently 

introduced bioceramic and nanoparticles-based sealer materials 25,43,44,45,46,47,48. 

The sealers penetration into dentinal tubules has often been used for 

demonstrating the enhancement of sealability to root canals. Nevertheless, 

studies have shown the lack of correlation between sealer insertion into dentinal 

tubules and sealability in non-bonded 49 or resin-bonded 50 root fillings. The 

same conclusion has been obtained with sealer penetration in apical 

ramifications 51 or lateral canals, which resulted in tissue damage and 

inflammation 52,53,54. Moreover, sealers dissolve in tissue fluid with time and 

shrink during setting, leaving voids between dentin and GP material which can 

be colonized by bacteria, compromising the outcome of the endodontic 

treatment 33,42. To address these challenges, many studies have performed 

research to revise GP-based materials and some modifications have been made 

on them in order to better accomplish the filling ability objective.  
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  Table 2. Advantages and drawbacks of GP material 38,40.  

 

4.1.1.2 New generation of endodontic biomaterials 

As explained in the previous section, different RCF materials have been 

introduced in the past years in order to enhance endodontic treatments by 

improving its bonding ability to dentin tissue. There have been many innovations 

both in the core and in the shell materials (sealers). This section is focused on the 

core material development, being the main material that fills the root canal 

space. We have divided them into GP-based and non GP-based RCF materials 

(Table 3).  
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In the first group, GP have been modified in three different manners: by coating 

its surface with iodoform, zinc oxide or antibiotic components in order to 

enhance its antibacterial effect 55,56,57,58,59; by manufacturing a composite to 

improve its sealing ability by adding glass ionomer 60,61,62, resins 63,64, calcium 

phosphate 65 or bioceramics 25,66,67 (Figure 13A) or to enhance GP antibacterial 

capacity by adding nanoparticles (Figure 13B) 33,39; finally, by modifying GP 

surface by non-thermal or argon plasma treatments in order to obtain an 

antibacterial or a higher sealing ability effect (Figure 13C) 28,68. Regarding to the 

bioceramics group, niobium phosphate glass experimental composite and Bio-

Gutta®, which is composed by bioactive glass particles, are the two only RCF 

materials presented with the advantage of been able to be used without any 

sealer, simplifying the root canal filling technique step (Figure 13A) 69. Following 

this classification, the second group is the non GP-based material. As much as 

we know, Resilon (RealSeal®) is the only material in this group that has been 

presented as an alternative to GP. Resilon has appeared in 2004 as a new 

thermoplastic synthetic polycaprolactone-based material that is combined with a 

self-etching sealer named Epiphany. It also contains methacrylate resin and 

bioactive glass particles 70,71,72. This material is claimed because of the advantage 

of bonding to the canal wall and to the core material by the sealer, creating a 

monoblock in the canal (Figure 13D) 73. Resilon good handling properties are 

similar to those of GP 74,75.  Nevertheless, it has a higher cost and its bonding 

ability have been questioned because of the low adhesion of its methacrylate 

resin sealer to the core material 36.  

Theoretically, an optimal bonding between a RCF material and the root canal 

dentin is supposed to not present voids or gaps within both structures. A 

chemical bonding between them may be explained as a reaction of the dentinal 

fluids with calcium phosphate ions present in the dentin and periradicular bone 

hydroxyapatite and the material composition (based on calcium or silicate 

phosphate components), in order to induce an interfacial layer of apatite 
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formation reaction 36,64. This intracanal bioactive process may contribute to a 

strongest and more predictable sealing ability (Figure 14). Recently, Lee et al. 

fabricated a modified GP with the incorporation of nanodiamonds platforms that 

were able to absorb amoxicillin on its surface and considered it as a novel GP 

with antibacterial capacity (Figure 13B). The study has performed a contact-

mediated inhibition method upon bacterial deposition onto the material surface. 

The authors claimed this material as an improvement of the mechanical 

properties of GP, which may lead to an enhancement of the handling properties 

during clinical procedures. They have studied its sealing ability on extracted 

tooth by radiographic images showing good results 39. Nevertheless, we believe 

that the presence of strong solvents such as chloroform could damage the 

surface adsorbed amoxicillin and hence reduce its efficiency. Furthermore, we 

believe that the amount of nanodiamonds placed in the matrix could be low to 

have a significant effect on GP mechanical properties. Moreover, this research 

only focuses on the antibacterial improvement of the GP and does not take into 

account the enhancement of the GP sealing ability in order to prevent future 

microleakage and bacterial reinfection. 

Modifications of GP may focus on having better flow properties and being 

bioactive to enhance dentin adhesion ability, meanwhile simplifying the RCF 

technique needing only a core material and not a sealer. To address these 

challenges, we propose a novel bioactive GP RCF material.  
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Figure 14. Illustration of the chemical bonding process between dentin tissue and Root Canal Filling (RCF) 

material. Calcium phosphate ions of dentin may interact with calcium or silicate phosphate components of 

the RCF material 36. 

 

4.2 Bone related  

4.2.1  Adjuvant treatments 

As explained in section 3.2, we have focused in 3 different situations regarding 

bone related clinical problems. The first one is the periodontal disease. There are 

several cases in which conventional treatments such as systemic antibiotic 

therapy and mechanical treatment (e.g. curettes, ultrasonic systems) are not 

enough to control advanced periodontitis 82. This fact has evoked an interest in 

the development of innovative therapies to use as adjuvant treatments in order 

to enhance bone regeneration (Figure 15A). In this sense, adjuvant treatments 

would also be very useful in endodontic microsurgeries, to improve the healing 

and the regeneration of bone defects produced by periapical lesions (Figure 

15B). Unfortunately, when tooth or bone related infections have not been treated 
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in time, or when endodontic or periodontal treatments fail, tooth extraction must 

be done. After this invasive procedure, the tooth socket will heal through a 

secondary healing process. First, a blood clot will develop in the alveolar socket. 

The clot will turn into a fibrin mesh which will facilitate the formation of 

granulation tissue. Epithelium lined granulation tissue will grow from the bottom 

of the socket up towards the sides of the socket. A tooth extraction may be 

complicated by the formation of a haematoma in the surrounding soft tissues, 

pain of varying degree which starts 2-3 hours after extraction, as the effect of 

local anesthesia wears off. Surrounding tissues (gum and bone tissues) will have 

to heal as soon as possible in order to return to healthy state and to let the 

replacement of the missing tooth by a dental implant 83 (Figure 15C).  
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Figure 15. (A) Periodontal surgery for bone augmentation with bone graft placement in a periodontal defect. 

(B) Endodontic surgery to eliminate a periapical lesion and to repair the bone defect. (C) Tooth extraction 

and bone graft placement for bone regeneration. In all these cases, adjuvant treatments like low-level laser 

therapy could enhance wound healing and bone regeneration strategies.  
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4.2.1.1 Low-level laser therapy 

Low-level laser therapy (LLLT) or photobiomodulation has been mainly used in 

the last 40 years for the treatment of wound healing. In fact, light therapy is 

known to be one of the oldest therapeutic methods applied by humans. LLLT 

began with the work of Mester et al. reporting non-thermal effects of these 

lasers on mouse hair growth 84. Interestingly, its applicability in pathological 

conditions such as tissue regeneration, pain relief and anti-inflammatory effects 

has increased in different branches of regenerative medicine and dentistry. LLLT 

precise mechanisms on bone repair process is deficient in the literature 83. This 

device generates an electromagnetic radiation that produces an effect on 

biologic systems (Figure 16). An in vivo study has examined its effect on the 

healing of extraction sockets in healthy and diabetic rats. After 14 days of 

irradiation, histological observations and gene expression analysis revealed that 

the irradiated groups showed more new alveolar bone formation than the 

control groups, both in healthy and diabetic rats 85. Several animal studies have 

shown improved bone healing in extraction sites and in bone fracture defects 

after LLLT irradiation at a wavelength between 632-930nm (Table 4) 86. 

Moreover, some clinical studies have reported the enhancement of bone healing 

after irradiation with LLLT compared with the control group. A clinical study of 71 

patients who have been treated with an endodontic periapical surgery has 

assessed the LLLT outcomes. The irradiation was applied daily during 7 days, and 

in the control group patients were not subjected laser therapy. The irradiated 

group showed better results in terms of edema, wound healing and the number 

of analgesic drugs used on the first postoperative days. This group also showed 

significant favorable results in bone density and defect volume area after 3 

months of the intervention 87. LLLT has also been studied in different cell types 

including fibroblasts, endothelial cells, skeletal cells, keratinocytes, myoblasts and 
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stem cells, among other cell types. Table 5 shows the results of several 

experiments and as can be observed, depending on the wavelength and potency 

of the laser, the cellular effect is different. At lower wavelengths there was a 

higher cell proliferation rate than at higher wavelengths applied. An important 

point that has been reported by multiple studies is that there is an optimal dose 

of light for any application, and doses lower or larger than optimum value will 

exhibit a diminished therapeutic outcome 88. Although photochemical effects are 

normally linear in dose, biological responses frequently exhibit a more complex, 

non-linear dose-response 89. Evaluating these results, LLLT may induce, at a 

cellular level, biomodulatory effects during own tissue repair on the molecular 

and biochemical processes. These effects are: increase epithelial and fibroblast 

proliferation, enhance collagen synthesis, accelerate the metabolic process of 

bone repair, increase potential for bone remodeling and repair, induce 

neovascularization, restoration of nerve function after injury, normalization of 

hormonal function, immune regulation, inflammation and edema reduction, 

modulation and relief of pain and improve postoperative analgesia 90. Although 

the molecular mechanism associated with the stimulatory effects of LLLT has not 

been totally understood, there are some theories studied in order to explain how 

this technique works. The more extended one is that low laser energy is 

absorbed by intracellular chromophores at the mitochondria. The absorption of 

photons by molecules contributes to electronically excited states and as a 

consequence can accelerate the electron transfer reactions. This fact necessarily 

leads to an increment of ATP synthesis, which means more energy, and induce 

low levels of reactive oxygen species (ROS). It is known that nitric oxide inhibits 

respiration by reversible binding to the oxygen attachment site of cytocrom c 

oxidase. It has previously reported that light can promote the dissociation of 

nitric oxide from the oxidase at low temperatures 88,91. As redox state modulates 

several regulation pathways, changes in redox state may activate numerous 

intracellular signaling processes such as nucleic acid and protein synthesis, 
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enzyme activation and cell cycle progression. These responses may induce 

changes in transcription factors responsible for gene expression 84,92 (Figure 16). 

 

  

Figure 16. Cell signaling pathways induced  by LLLT. LLLT is proposed to act via mitochondria (cytocrome c 

oxidase) displacing nitric oxide (NO) from the respiratory chain and increasing levels of adenosine 

triphosphate (ATP) and low levels of reactive oxygen species (ROS). These changes act via intermediaries 

cyclic adenosine monophosphate (cAMP)-activated transcription factors AP-1. The interaction of the ROS 

and IkB further transcription factor NF-kB. The LLLT can be photoactive of calcium channels, resulting in 

higher intracellular calcium concentrations. All stimuli resulting in changes in gene expression and 

subsequent downstream production of chemical messengers implicated in the cellular changes increase cell 

proliferation, cell differentiation, cell motility and growth factors production. Modified from 93. 

  

As far as we know, the optimal light parameters to promote cell proliferation and 

osteogenic differentiation have not yet been stablished. For this reason, we have 

studied different parameters of LLLT on mesenchymal stem cells in order to 

assess the evidenced clinical results. 

LOW LEVEL LASER THERAPY 
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4.2.2 Bone substitutes 

As previously explained, LLLT is a technique that can be used as an adjuvant 

treatment for bone regeneration. This means that there is a need of a combined 

treatment to obtain optimal bone regeneration results. That is why bone grafts 

are proposed as the main option to get this goal. The three main clinical 

situations in which we will focus in this section are the same explained before: 

the first one is the use of bone grafts for periodontal treatments in order to gain 

bone volume to have enough support to preserve teeth. This situation may occur 

when there is a bacterial infection that resorbs the alveolar bone and endangers 

the tooth survival (Figure 17A); the second one, also a very important one in 

order to preserve teeth, is the use of bone grafts in endodontic surgeries, in 

situations where there was a periapical lesion that we have eliminated and there 

remains an extensive bone defect that is not going to regenerate itself (Figure 

17B). Finally, the third situation, when a functional tooth has to be extracted and 

there is a requirement to preserve or improve the original alveolar ridge 

dimensions and to provide an ideal dental implant location, in order to 

rehabilitate the patient 98 (Figure 17C).  
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Figure 17. Schematic representation of the bone related clinical problems and the clinical treatment in which 

we will focus, which is the bone regeneration treatment in three different situations (A) periodontal site, (B) 

endodontic site and (C) post-extraction site. 

 

Bone grafting is one of the most commonly used surgical methods to replace 

missing bone. This procedure is accomplished by using material from patient’s 

own body, synthetic or natural material substitute. Bone grafting has dramatically 

increased in the past two decades as a result of progress in research in material 

design and techniques, and is expected to spread further in the future 99. The 

ideal material used to regenerate bone defects should possess 4 characteristics: 

osteoconduction, osteoinduction, osteogenesis and osseointegration. 
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Oseteoconduction is the ability of a material to stimulate bone growth by 

promoting optimal physical conditions like the porous spatial structure through 

which osteogenic cells infiltrate the bone. It serves as a scaffold. Osteoinduction 

implies the influence on stem cells by the matrix of bone grafting material that 

contains bone promotion substances, focusing cells to differentiate into 

osteoblasts, which are bone forming cells. One of the most known group of 

osteoinductive factors are bone morphogenetic proteins (BMPs). Finally, 

osteogenesis is the formation of new bone by osteogenic cells 100. The selection 

of a material must also take into account the clinical feasibility, predictability, 

minimal operative hazards, minimal postoperative sequel and patient’s 

acceptance. 

 

4.2.2.1 Natural bone grafts 

The ideal properties of bone grafts are shown in Table 6.  Natural bone grafts 

are those which have a biological origin. They can be classified into autografts, 

allografts and xenografts, depending on the source of donor. These types of 

bone grafts are derived from human or animal tissues. The gold standard in 

maxillary bone regeneration is autograft. It consists to obtain a bone graft from 

the same individual and transferring it from one anatomic site to another (Figure 

18A). For instance, the most common autograft is harvesting autologous bone 

from the iliac crest of a patient and then reimplanting it on his maxillary bone 

defect. Its use avoids any rejection problems as it is originated from the own 

patient’s body. This bone graft meets the mechanical and biological requisites 

for a filling material 101. 
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Table 6. Ideal properties of bone grafts 102. 

 

Autograft presents all three mechanisms: osteoconduction, osteoinduction and 

osteogenesis 103,99.  However, this technique entails many drawbacks as well, 

being risk of infection and morbidity in the donor site the most important ones; 

allografts are the ones transferred between two different persons. It is obtained 

mostly from cadavers (Figure 18B). One of its main advantages is that avoids the 

surgical intervention of the donor site, reducing the pain and the period of 

rehabilitation of the patient. However, allografts failure rate is higher compared 

to autografts. They can have an inflammatory response on the host site,  

transmission of diseases and being an expensive and difficult task to find a 
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suitable bone tissue; xenografts are obtained from animals, like bovine or 

porcine species (Figure 18C). They are commonly applied as a calcified matrix.  

 

 

 

 

 

 

 

 

 

 

Figure 18. Types of bone grafts. (A). Autograft: the surgeon harvests bone from another site of the patient’s 

skeleton, often from the iliac crest, and implants it into the bone defect site. (B,C). Allograft and xenograft: 

the bone graft is obtained from a human donor or animal model, respectively (D). Synthetic bone graft: 

there are different types of new bone substitutes. These materials are safe and need no second surgery site. 

Modified from 104. 

 

A commercially well-known xenograft from bovine origin is Bio-Oss®. It is one of 

the most used bone substitutes in dentistry. One of its main advantages is the 

high availability. Nevertheless, the potential transmission of disease and 

immunological problems are the xenografts main disadvantages. Bone allograft 
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and xenograft exclude donor site complications, but some mechanical and 

biological properties, such as osteogenic and osteoconductive properties, can be 

reduced because of the bone graft processing variable 105. The main advantages 

and drawbacks of natural bone grafts are shown in Table 7  106,107,108. 

 

 

    Table 7. Advantages and drawbacks of natural bone grafts 101,103,108.  
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4.2.2.2 Synthetic bone grafts 

Because of the drawbacks of natural bone grafts and due to the enhancement of 

biomaterial technology, new approaches of bone substitutes are on the rise 109. 

Synthetic bone grafts materials are those obtained from non-natural bone 

tissues (Figure 18D). In this sense, the materials are laboratory designed and  

manufactured in order to meet similar characteristics to those of natural bone 

grafts. Moreover, compared with natural bone grafts, they have no risk of 

disease transmission, their availability is highly superior and, most interestingly, 

they can be tuned and individually manufactured in order to better adapt to the 

bone site that has to be regenerated 110. As a result, this group of bone grafts is 

showing significant increase demand and that is why many synthetic bone grafts 

are under current investigations. A part of bone regeneration capacity, another 

interesting advantage of some of these grafts is that they can be used as local 

antibiotic carrier system. Depending on its material composition, they can be 

classified into metal-based, ceramic-based, polymer-based and composite-

based bone grafts..  

 Metal-based materials are more used in sites with a high mechanical 

resistance need, for instance in knee joint or hip orthopedic implants. 

Their main advantages are their superior mechanical properties, high 

biocompatibility, good corrosion resistance to body fluids, durability and 

low cost. Some examples are stainless steel, cobalt-chromium alloys, 

titanium, tantalum or magnesium materials 111.  

 Ceramic-based materials are solid inorganic compounds with different 

combinations of ionic and covalent bonds. They are extensively used as 

bone grafts with local antibiotic therapy. They can be divided in bioinerts 

(alumina, zirconia, calcium sulfate and calcium carbonate) and bioactives 

ceramics (calcium phosphate, bioactive glass). Calcium sulfate is a bioinert 

natural ceramic that is used as bone defect filler. It can restore the 
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morphological bone contours and form an osteoconductive matrix in the 

cavity. The disadvantages are the fast degradation and mild cytotoxic 

reactions that have been reported in some cases in human studies.  

Calcium phosphate (mostly tricalcium phosphates and hydroxyapatite) are 

bioactive ceramics that show the best similarity to the minerals found in 

bone. The main advantages are its excellent biocompatibility, 

biodegradability and osteoconductivity. They are capable to form 

molecular interaction with the surrounding tissue resulting in the 

deposition of an apatite layer on its surface. Calcium phosphate 

degradation is relatively slow compared to calcium sulfates. They can be 

used as local antibiotic delivery binding them on its surface. Bioactive 

glasses are solid bioceramics, nonporous and hard materials. Its main 

component is silicon dioxide (or silicate) apart from sodium dioxide, 

calcium oxide and phosphorous. They have been investigated for decades 

showing good results in bone regeneration. The degradation speed of 

this material depends on the composition of the glasses. They can also 

form a bonding interface with bone tissue 112. Ceramic-based bone grafts 

are rigid and hard. However, its main disadvantage is brittleness 113. 

Majority of bone grafts available include ceramics, either alone or in 

combination with another material. We have chosen hydroxyapatite 

material as a component of our synthetic bone graft. 

 Polymer-based materials have been extensively studied because of their 

great properties such as their biocompatibility, biodegradability and the 

characteristic that they can be tailored for specific applications 114. They 

can be divided into synthetic and natural polymers. Synthetic polymers 

can be non-degradable (like poly(methylmethacrylate) or PMMA) or fully 

biodegradable, allowing a total bone replacement in time (like polylactic 

acid (PLA)). Other examples are polyglycolic acid (PGA), poly(lactic-co-

glicolic acid) (PLGA) and polycaprolactone (PCL). Natural polymers 
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examples are collagen, alginate and chitosan. They are protein based and 

derived from biologic tissues 99,101,115. In the past years, polymer-based 

bone grafts have also been studied as a local antibiotic delivery system. 

Some drawbacks are the deformation with time and brittleness. We have 

chosen chitosan as a component of our synthetic bone graft.  

 Composite-based materials are a combination of two or more types of 

materials that are essentially insoluble in each other. The objective of 

these materials is to increase its mechanical properties or to create 

materials with functional and structural properties that are not able to get 

with only one material. They can be tuned depending on its site of action. 

For instance, in the case of a composite designed with polymers and 

ceramics, the polymer part may act as the matrix and the ceramic part 

may act as the filler to reinforce it. The main properties of these materials 

may be ductility and hardness, without modifying its structure. The main 

drawback is its manufacturing difficulty 116,117. One example is a polymer or 

a metal-based material with a hydroxyapatite covering, in order to gain 

bioactivity. Table 8 shows synthetic bone grafts classification. In this thesis 

we have designed a composite bone graft, incorporating chitosan, 

hydroxyapatite and loaded with an antibiotic molecule. 

 

 

 

 

 

 

 



Introduction   49 

 

 

 

T
ab

le
 8

.  
S
yn

th
e
ti
c 

b
o

n
e
 g

ra
ft

s 
cl

a
ss

if
ic

a
ti
o

n
 d

e
p

e
n
d

in
g

 o
n
 i
ts

 m
a
te

ri
a
l 
g

ro
u
p

. 
C

o
-C

r,
 c

o
b

a
lt
-c

h
ro

m
iu

m
; 
P
LA

, 
p

o
ly

la
ct

ic
 a

ci
d

; P
G

A
, 
p

o
ly

g
ly

co
lic

 a
ci

d
; 
P
LG

A
, 

p
o

ly
(l
a
ct

ic
-c

o
-g

lic
o

lic
a
ci

d
);
 P

LC
, 
p

o
ly

ca
p

ro
la

ct
o

n
e
 11

1 . 

  



50                                                                                                                Introduction  

 

Polymer-based bone grafts are interesting biomaterials because they can be 

tailored and combined with other type of materials forming a composite-based 

bone graft, in order to enhance its properties. Synthetic polymers are mostly 

derived from petroleum oil and made by scientists and engineer. They can be 

manufactured with more reproducibility and can be fine-tuned so as to achieve 

controlled molecular weight compositions of polymer-desired degradation rates. 

Despite this, limitations of their bioactivity result in restricted cell interactions and 

tissue-forming capacity 118. On the other hand, natural source polymers occur in 

nature and can be extracted. They can replace petrochemical products by 

renewable, bio-sources components having a positive environmental impact 119. 

Natural polymers constitute the native extracellular matrix and, thereby, have an 

excellent biocompatibility 120. This type of polymers seem to be beneficial to be 

used as bone substitutes due to their low cost, biocompatibility and aqueous 

solubility. Moreover, they present several interesting properties such as their 

capacity to interact with surrounding cells and tissues in order to mimic them, 

and to design them in a custom-made manner. Table 9 shows the main natural 

and synthetic polymers and their principal characteristics 121. 

 

 

 

 

 

 

 



Introduction   51 

 

 

 

 

 

 

 

 

 

 

 

  Table 9. Examples and characteristics of mostly used natural and synthetic polymers. Modified from 122. 

 

Bone repair or regeneration is a part of a complex dynamic process that involves 

many molecules and cells. Using biomaterials in this area may take into account 

that its therapeutic effects should be harmonized with the biological processes 

and induce a better healing capacity. This kind of biomaterials not only provide a 

supporting matrix for cells, but also supply essential environments for cells 

spread, migrate, proliferate and differentiate. Because of this, bone biomaterials 

should be able to modify physico-chemically and to successfully repair and 

regenerate bone 123. Biomaterials have higher risk to be infected, especially when 

the biomaterial is exposed to infected tissue or an area with high accessibility of 
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bacteria, such as the oral cavity. Thus, development of biomaterials with 

sufficient antibacterial properties may be a solution for these situations 124. 

Infected bone defects are conventionally treated by a systemic administration of 

antibiotics and a posterior placement of bone grafts 125. However, this option is 

time-consuming and entails bacterial resistance and lower effect of current 

antibiotics. To solve these problems, an interesting group of novel biomaterials 

with both antibacterial and osteoinductive properties have been developed in 

the last decade to be used as synthetic bone grafts. 

Recently, due to the search for green chemistry and environmentally-friendly 

materials, there has been an increase in interest in the use of natural polymers as 

a source of bone regeneration biomaterials 119,126,127. As we have explained 

before, collagen, hyaluronic acid, alginate and chitosan are some of the most 

studied natural polymers for bone regeneration. They have found different 

possibilities in the pharmaceutical and biomedical fields, especially to be used as 

drug-delivery systems, for wound dressing and as scaffolds for tissue 

engineering, between many other applications 126,127,128. Thanks to their chemical 

composition they are pH-sensitive materials, being an advantage property 

because they can be modified in different ways to obtain tailor-made materials 

being optimal as drug carriers 129. There are extensively documented studies 

about natural polymer-based bone grafts in the literature. We have chosen 

Chitosan-based biomaterial because its high availability, being the second most 

abundant polysaccharide in the world 124; a part from all its advantages, it has a 

unique property: it is antibacterial and inhibits the growth of a wide variety of 

fungi, yeasts and bacteria, which can be beneficial for use in the dentistry field 

130,131,132,133. Recently, polymer-ceramic composite bone grafts have been 

intensively investigated, showing promise in mimicking the organic and inorganic 

parts of natural bone. Chitosan-hydroxyapatite composite have resulted in 

enhancement of in vitro mechanical properties and bioactivity 134. For all these 

reasons, we have designed a synthetic composite-bone graft composed of 
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chitosan, hydroxyapatite and loaded with an antibiotic molecule in order to 

obtain an improved biomaterial to be used in the dentistry field. The antibiotic 

selected to accomplish this objective was Doxycycline (DX). It is a broad 

spectrum antibiotic of the tetracycline family which has been used to treat 

bacterial infections in the oral cavity 135. Moreover, tetracyclines are the only type 

of antibiotic that stimulate bone mineralization 136. 
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1. Introduction 

As explained in the previous chapter, Gutta-percha (GP) material remains as 

the gold standard to fill teeth root canals accompanied with a sealer material 1. 

Nowadays, authors are mostly focused on obtaining a monoblock in which the 

core material, sealing agent and root canal dentin tissue form a single cohesive 

ensemble with the objective of increasing the GP mechanical and sealing 

properties. One of the modifications of GP is focused on its handling and flow 

abilities. We believe that decreasing the melting temperature of GP will 

enhance GP capacity to fill the root canal system. In this sense, taking into 

account from a chemical point of view that GP is based on the polymerization 

of trans-polyisoprene, we thought that the trans-polyisoprene could be 

combined with its isomer cis-polyisoprene. The interesting thing is that while 

the trans polymer has a melting temperature of 65ºC, the cis polymer has a 

melting temperature of 45ºC. We hypothesize that by reducing the melting 

temperature of the polymer by combining the two isomers at different ratios, 

we would improve GP flow ability; yet, to the best of our knowledge, GP has 

never been modified with the incorporation of cis-isomer in order to enhance 

this property. Generally, GP composite material is presented in the β-form in 

most commercial forms of GP. When thermal manipulation at 46ºC is done it 

transforms to α-form; whereas when GP is heated at temperatures between 54 

to 60ºC an amorphous phase is reached 2,3,4. There are some commercial types 

of GP polymer which are presented in the α-phase: thermo-mechanical 

compactible GP like Thermafill, in the form of heated α-phase GP on a rigid 

carrier of stainless steel, titanium or plastic 5. However, the main drawback of 

this material is the difficulty to retreat the root canal system. Recently, 

GuttaCore material is developed to solve these problems. It is presented in a 

core-carrier system that is composed of β-phase GP (in the core or inner part) 
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and cross-linked thermoset α-phase GP (in the shell or external part) 6. 

Nevertheless, GP still does not bond properly to dentine tissue. That is why it 

has to be introduced in the tooth root canal with a sealer. However,  most 

sealers shrink and dissolve over time, leaving voids between dentin tissue and 

GP which can be colonized by bacteria 6. Among the strategies that are being 

explored to enhance GP sealing ability, bioactive elements are a promising 

strategy to improve root canal treatment 7,8. The introduction of bioactivity, 

which refers to the ability to form hydroxyapatite on the surface of the 

materials and hence establish a direct chemical bonding with natural bone or 

dentin, is hypothesized as an interesting option to reduce leakage within the 

filling material and root canals. For instance, glass ionomer, calcium phosphate 

and bioceramics-GP composite have been proposed as bioactive GP options. 

In the cases of glass ionomer and calcium phosphate-GP composites, they use 

a sealer material as happens in the case of conventional GP cone, leading two 

bonding surfaces between the GP and the sealer and between the sealer and 

the root canal dentin9,10,11. Instead, Bio-Gutta®, which is a bioactive glass-based 

GP, and niobium phosphate glass-based GP, have been proposed to replace 

conventional GP material. As far as we know, only these two biomaterials have 

been designed in order to be used as a solely root canal filling material 12,13,14. 

Silica-based microspheres (SiMS) are an example of bioactive elements that 

present a unique active surface and chemical composition. Thus, we 

hypothesize that they may provide a stronger adhesion to dentin tissue. These 

characteristic properties of ceramic based materials, and more specifically, silica 

based materials, may provide the missing features for the GP materials 15,16,17. 

SiMS are a room temperature material that can be easily prepared and that 

may allow the encapsulation of biological molecules with the possibility to 

serve as a drug delivery system 15,16,17. By providing a reinforcement into the 

polymeric matrix with a ceramic component, which in turn may allow a 

sustained drug release as well as with therapeutic ions 18, we hypothesize we 
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may provide the next generation of Gutta-Percha with better treatment 

outcomes. Hence, the aim of our first project is to develop a novel endodontic 

biomaterial, firstly by modifying the raw polymer of GP to obtain a more 

flowable root canal filling material; secondly by doping GP material with silica 

microspheres (SiMS-GP) in order to enhance the sealing ability and binding to 

dentin tissue of root canals, through the modification of GP from a bioinert to 

a bioactive material. 

 

2. Objectives 

The main objective of this chapter is to design and fabricate a bioactive 

endodontic material based on GP that has higher ability to flow combined with 

an increased ability to bind to dentin tissue. To tackle this challenge, we 

designed a strategy based on the following objectives: 

o O1: To decrease the melting point of GP in order to increase its flow 

properties by combining two polyisoprene isomers to select the proper 

blend 

o O2: To modify GP material from bioinert to bioactive by the fabrication and 

incorporation of silica microspheres within the GP composite  

o O3: To determine the effect of silica microspheres in the physico-chemical 

properties of the SiMS-GP composite 

o O4: To evaluate the in vitro response of mesenchymal stem cells on the 

SiMS-GP composites 

o O5: To fabricate SiMS-GP material in a cone shape to assess its sealing 

properties   

o O6: To analyze the sealing ability of SiMS-GP on simulated root canals and 

on extracted teeth  
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3. Materials and methods 

 Improvement of material’s flowing ability 

3.1 Combining isomers to modify flowing properties 

Chemically, GP polymer is a polyisoprene (PI), specifically trans-1,4-

polyisoprene. The trans-isomer is highly crystalline at room temperature 

leading to a tough, hard and rigid material. This polymer has excellent 

mechanical strength and its adhesion and thermoplastic properties are 

desirable in the coating of porous materials. The cis structure of polyisoprene is 

the common natural latex elastomer. General properties are low raw polymer 

hardness and tensile strength, high resistance to tearing and abrasion, high 

resilience at 200ºC and low heat build-up under mechanical vibrations. This 

material has a high viscosity, is flowable and crystallizes very slowly at room 

temperature, compared with trans- isomer that crystallizes rapidly at 

temperatures below 60º C 19,20,21. Figure 1.1 shows geometric isometry of PI. We 

wanted to assess the properties of both isomers at different blends in order to 

enhance the rheological capacity of GP composite to flow better within teeth 

root canals, thus, enhancing its sealing properties.  

 

Figure 1.1. (A) Two of the stereospecific polyisoprenes that can be obtained with the polymerization of 

several units of isoprene. (B) Geometric isomery of trans and cis polyisoprenes (PI). Adapted from  22,. 

A B 
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3.1.1 Synthesis and preparation 

The main materials used in this study were trans-PI (TPI) and cis-PI (CPI) which 

were obtained from Sigma-Aldrich. These are conformation isomers which 

differ from each other by the position were the two residues are placed in the 

double bond. Materials were separately weighed and prepared by mixing the 

components thoroughly in the TPI/CPI weight ratio of 100/0, 70/30 and 60/40 

% w/w composite. First, TPI which is in solid form was solvated in chloroform at 

a ratio of 6,75g/50 mL (w/v %)  until a more viscous material was obtained; 

secondly, 0g (100 TPI/0 CPI) 2,9 g (70 TPI/30 CPI) or 4,5 g (60 TPI/40 CPI) of 

CPI, which is in a thick oil form, was added to TPI solution. The composites 

obtained were first left drying for one week before being moulded into teflon 

cylinders. After obtaining the desired form, the samples were left drying again 

for 3 weeks at room temperature in the fume hood in order to let the solvent 

evaporate.  

 

3.1.2 Samples characterization 

First, in order to analyze the morphology and microstructure of the samples, 

an optical microscope (Zeiss Stemi 305, Axiocam 512 mono) and Scanning 

Electron Microscopy (SEM; JEOL JSM-7001F) were used.   

 

3.1.2.1 Chemical analysis: Fourier Transformed Infrared 

Spectroscopy (FTIR) 

FTIR was used to characterise the chemical composition of the experimental 

materials and to verify if there were any chemical interactions between the 

components within the materials studied. The assay consisted on first obtaining 
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a disk from each sample; then the disk was placed in the spectrometer (Agilent 

Cary 630 FTIR) and the measurement was done. The infrared spectrum is 

detected at a wave number range of 650 to 4000 cm-1 with a resolution of 4 

cm-1. The spectrums were done 6 times and an average spectrum was 

obtained. A blank with no sample was measured in order to have the base line. 

The spectrums were obtained and analyzed using the MicroLab Lite software. 

 

3.1.2.2 Mechanical properties 

Samples were prepared by heating them at 50ºC and the slurries were 

introduced into teflon cylinder moulds of 12 mm height and 6 mm diameter. 

Then, the samples were left dry for 3 weeks at room temperature in order to 

assure that the chloroform has evaporated after proceeding with the test. A 

standard number of ten cylinders were prepared for each composition and 

used for compression testing in Universal Testing Machine (Galdabini) at a 

crosshead spead of 1 mm/min. The force was axially applied. The samples 

analyzed were TPI/CPI 100/0, TPI/CPI 70/30 and TPI/CPI 60/40.  

Yield strain, yield strength and elastic modulus of each sample were calculated. 

The maximum force applied was calculated versus the displacement. These 

units were given in Newtons and mm, respectively. The force was transformed 

intro stress, by dividing the force by the area: 

σ = F / A       [MPa] 

Then strain was obtained by calculating the displacement divided by the 

original length of the material: 

ε = (displacement / l0) x 100       [%] 

where l0  is original length (mm). 
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Elastic modulus values were obtained from the slope of the straight-line 

portion of a stress (σ) strain (ε) curve. Therefore, the modulus is the change in 

stress divided by the change in strain, calculated by the next equation: 

Elastic Modulus = σ / ε 

 

 Improvement of material’s bioactivity 

3.2 Designing a bioactive composite 

3.2.1 Synthesis and preparation 

 

 Silica microspheres 

Silica microspheres (SiMS) were prepared by a sol-gel process at room 

temperature as previously described 15. This chemical process is when a 

solution of molecules (sol) acts as the precursor for an integrated network (gel). 

In this case, Tetraethyl orthosilicate (TEOS, C8H20O4Si, 98%, Sigma-Aldrich) (5 

mL) was mixed with 0,1 M HCl (1,2 mL), with the addition of deionized water to 

form an acid catalyzed sol. It was stirred at 300 rpm and once the sol was 

obtained, 0,08 M ammonium hydroxide (NH4OH, 28,0% NH3 in water, 99,99% 

metal basis, Sigma-Aldrich) was added dropwise to the sol with agitation. The 

pH was adjusted to 5-5,5 and 6,25 mL of the sol was then added dropwise to 

125 mL of olive oil. Then, it was stirred at 250 rpm to allow gelation. Gelled 

microspheres were gathered after precipitation at the bottom of the flask, 

vacuum filtered, rinsed with water, ethanol and acetone, and left overnight to 

dry (Figure 1.2). After drying, silica microspheres were sieved and the ones at 

size diameter of 20-100 µm were collected to use on further experiments. 

These sizes were chosen because dentine tubules are known to have a 
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diameter no superior to 5 µm 23. Therefore, we hypothesize that smaller SiMS 

sizes would not been able to seal dentine tubules. 

 

Figure 1.2. Schematic diagram for the preparation of silica microspheres by the sol-gel process. TEOS, 

tetraethyl orthosilicate; NH4OH, ammonium hydroxide; SiMS, silica microspheres. Modified from 24,25.   

 

 Composite 

Commercial GP cones are composed of 20% trans-polyisoprene (TPI), 66% zinc 

oxide (ZnO2), 11% barium sulphate (BaSO4) and 3% wax 26,27. SiMS-GP was 

prepared with the same materials that commercial GP is composed, with the 

addition of 5% or 10% silica microspheres with diameters between 20-100 µm. 

The material ratios are based on a previous study by Lee et al. 28. SiMS-GP was 

synthesized by mixing TPI, ZnO2, BaSO4 and wax (Sigma-Aldrich). First, TPI was 

prepared by dissolving 6,75 g of TPI in 50 mL of chloroform. Then, 22,4 g of 

ZnO2, 3,74 g of BaSO4 and 1,02 g of wax were added to the polyisoprene 

solution, with 15 minutes of sonication after the addition of each component. 

Finally, 1,79 g (5%) or 3,8 g (10%) of SiMS were then added to the composite  

and sonicated into the mix for 15 minutes to disperse any SiMS aggregates. 

Blanks composed with TPI alone (6,75 g) or mixed with 5% (0,35 g) or 10% 
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(0,75 g) SiMS were also prepared as control samples. The materials studied 

were: TPI and GP with and without SiMS, comGP and SiMS. Table 1.1 shows the 

different codes of the samples studied. After preparing the samples, they were 

left to dry first for one week before being moulded into teflon cylinders. After 

obtaining the desired form, the samples were left drying again for 3 weeks at 

room temperature in the fume hood in order to let the solvent evaporate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1.1. Samples studied and codes used for this chapter. The main variable studied was the 

SiMS percentage (5 and 10%) within TPI or GP composites. 

Code Components and percentages 

TPI trans-polyisoprene (100%) 

SiMS-TPI trans- polyisoprene (95% or 

90%) 

SiMS (5% or 10% from the total 

weight) 

GP TPI (20%), ZnO2 (66%) , BaSO4 

(11%) and wax (3%) 

SiMS-GP TPI (20%), ZnO2 (66%), BaSO4 

(11%) and wax (3%) 

SiMS (5% or 10% from the total 

weight) 

comGP 

(Dentsply Maillefer™) 

Prefabricated commercial GP: 

TPI, ZnO2, BaSO4 and wax 

SiMS Silica microspheres (100%) 
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3.2.2 Samples characterization 

Chemical and mechanical properties were analyzed as explained before with 

the polymer samples. FTIR and universal testing machine were also used for 

the assays, respectively. Moreover, in order to analyze the morphology and 

microstructure of the materials and to observe the incorporation of the SiMS 

within the composite, SEM and optical microscope were used. 

 

3.2.2.1 In vitro apatite forming ability 

As previously explained, one of the main objectives of our material is to be 

bioactive in order to enhance its sealing ability, meaning that it will promote an 

optimal bonding to dentine tissue, which has a very similar composition to 

bone tissue. With that purpose in mind, we have immersed the materials in 

simulated body fluid (SBF) solution to study the apatite-forming ability on its 

surface. This assay is extensively used to evaluate the bone-bonding ability of a 

material because SBF solution has ion concentrations nearly equal to those of 

human blood plasma. We have prepared SBF solution as Kokubo et al 29. All 

components were obtained from Sigma-Aldrich. First of all, all containers and 

utensils were washed with diluted acid, neutral soap and deionized water. After 

that, the reagents presented in Table 1.2 were mixed with 500 mL of deionized 

water in the order indicated and waiting for it to dissolve before adding the 

next reagent. Then, SBF solution was buffered at pH 7,4 with the addition of 50 

mM Tris and 45 mM HCl (the last reagents of the Table 1.2), and the 

temperature was kept constant at 37ºC. Finally, deionized water was added to 

complete 1 L of solution. 
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    Table 1.2. Order and amounts of reagents for preparing 1000 mL of SBF 29. 

 

The material composites were prepared as previously explained at size of 3 

mm height and 6 mm diameter. Moreover, one hundred milligrams of 

microspheres with diameters between 20 and 100 µm were collected to be 

used as control sample. All samples were incubated per triplicate in 50 mL of 

SBF solution for 14 and 21 days. The SBF solution volume needed was 

calculated by the next equation 29:  

V = A / 10 

where V is the volume of the necessary medium for each sample and A is the 

apparently superficial area of the sample.  

After the incubation period, the samples were collected and separated from 

the solution, gently rinsed with deionized water to remove any debris and 

finally they were left to dry for 24 hours. The samples were then mounted on 

Order Reagent Amount 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Sodium chloride (NaCl) 

Sodium hydrogen carbonate (NaHCO3) 

Potassium chloride (KCl) 

Di-potassium hydrogen phosphate trihydrate (K2HPO4 · 3H2O) 

Magnesium chloride hexahydrate (MgCl2 · 6 H2O) 

1 M  (mol/l) hydrochloric acid (1.0M-HCl) 

Calcium chloride (CaCl2) 

Sodium sulfate (Na2SO4) 

Tris-hydroxymethyl aminomethane Tris 

1 M  (mol/l) hydrochloric acid (1.0 M-HCl) 

7,996 g 

0.350 g 

0.224 g 

0.228 g 

0.305 g 

37,5 mL 

0.278 g 

0.074 g 

6.057 g 

0-5 mL 
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aluminium stubs, carbon-sputtered and examined with a Scanning Electron 

Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy (EDS) (JEOL JSM-

7001F). EDS is used to obtain information about which elements are present in 

the sample analyzed. This technique measures the X-ray energy emitted by the 

material, giving information about its composition. EDS was used in order to 

assess the presence of calcium phosphate and the different elements of the 

materials (Figure 1.3). 

 

   

Figure 1.3. Schematic representation of the Gutta-percha containing silica based microspheres and the 

precipitation of hydroxyapatite on the surface of the material that will eventually enhance the bonding 

ability to dentin. 

 

3.2.2.2 Cell proliferation assay 

 Materials  

Indirect cell proliferation assay was performed in order to assess the 

biocompatibility of SiMS-GP material. For that purpose, the material samples 

were prepared as follows: first of all, the ratio of material surface area to 

medium volume was set approximately 1,25 cm2/mL in accordance with the 

guidelines of the International Organization for Standardization 10993-12. 

Following this standard, the materials were shaped 7 mm height and 6 mm 

diameter. Moreover, 30 mg of SiMS were used for this assay. All samples were 
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sterilized by immersing them in ethanol solution for 3 times during 15 minutes 

and then in PBS solution during the same time. After that, ultraviolet irradiation 

was turned on during 30 minutes on each side of the samples and stored in 

the incubator at 37ºC. All samples were used in triplicate. The eluates of the 

different materials were obtained in sterile conditions, using basal culture 

medium as extraction vehicle. The materials studied were TPI, SiMS-TPI, GP, 

SiMS-GP and SiMS. The extraction process was as follows: first, the materials 

were maintained in the basal medium for 24 hours at 37ºC in a humid 

atmosphere containing 5% CO2 
30

. The conditioned medium extracted was 

filtered with sterile filters of 0,22 µm diameter pores (Thermo Fisher), and 

several dilutions of basal medium with conditioned medium were prepared. 

Basal medium without materials served as a control. 

 

 Cell morphology in presence of conditioned medium 

Rat mesenchymal stem cells (rMSCs) were obtained in accordance with an 

ethics approved protocol from the Research Committee from the Universitat 

Internacional de Catalunya, under the project code IMR-2017-04 

(supplementary data). Cells were isolated from 5 week old Sprague-Dawley 

male rat and were analyzed to confirm that they were optimal to be used in 

the next assay. Cells at passage 3 were used in order to assess the cell 

proliferation in an indirect experiment with the materials. The cells were 

cultured in DMEM with 4,5 g/L glucose supplemented with 20% fetal bovine 

serum (FBS), 1% L-glutamine (GlutaMax), 1% penicillin/streptomycin (Sigma-

Aldrich), and incubated at 37ºC in a humidified atmosphere of 5% CO2 in air. 

The culture medium was exchanged every second day. Upon confluence, the 

cells were detached with a minimum amount of Accutase (Sigma-Aldrich). The 

cells were then seeded in 24-well plates at a density of 1 x 104 cells per well with 
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500 µL of basal medium and allowed to attach for 24 hours. After that, the cells 

medium was changed for the conditioned medium of the materials at different 

dilutions (1, 1:5, 1:10 and 1:50). Cell-only with basal medium served as a control. 

Cell morphology was assessed after 1 and 3 days of culture with the 

conditioned medium by optical microscopy images (Olympus CKX41, Nikon) in 

order to observe the overall cell morphology and to qualitatively evaluate their 

correct proliferation rate. 

 

 Cell proliferation assay 

Cell viability was evaluated at 1 and 3 days of the experiment using the 

commercial available Cell Counting Kit (CCK-8) (Sigma-Aldrich). This assay uses 

a water-soluble product known as WST-8 that is reduced by cells and 

generates a yellow-coloured product (formazan), as shown in Figure 1.4. This 

metabolized product is soluble in the culture medium. For that purpose, at 

each time point, the samples medium was changed for fresh one and added a 

10% of CCK-8 solution to the cells. Then the plates were left in the incubator at 

37ºC for 3 hours for the reaction to take place. Aliquots of each sample were 

placed on 96 well-plate with a sample volume of 100 µL. A calibration curve 

with decreasing concentrations of cells was created to express results in cell 

number. The CCK-8 activity was then determined spectrophotometrically with 

a multi-detection microplate reader (Bio-Tek Synergy HT) by measuring 

absorbance at 450 nm. 
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Figure 1.4. Structures of WST-8 and WST-8 formazan. Modified from manufacturer’s protocol. 

 

3.2.2.3 Sealing ability assay 

This assay consists on performing an in vitro endodontic treatment following 

exactly the same steps as performed in the clinic. Its main objective is to assess 

and compare between different root canal filling materials or techniques.  

  On dental training blocks 

Commercial GP standardized cones and 10-SiMS-GP material were used for 

this assay. SiMS-GP samples were fabricated as explained before. The samples 

were heated with a blowtorch and manually shaped with a metal spatula until a 

cone-shape similar to comGP was obtained to be introduced in the dental 

training blocks. These blocks used were methacrylate endotrain beakers with a 

simulated root canal longitude size of 14 mm x 3 mm diameter (Dentsply 

Sirona). The mechanical preparation of the simulated root canal was done with 

the use of niquel titanium-made rotary Protaper files (Maillefer) with different 

tapers and diameters in order to wide and shape the canal. An automated 

torque control motor was used with a speed set to 300 rpm for all rotary files. 

The torque was set to 2.0 (N/cm). Between each rotary file instrumentation, an 

irrigation with 3 mL of 5% sodium hypochlorite solution was done in order to 
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eliminate the debris inside the canal and avoiding its blocking 31. The canals 

were then dried with paper points. Then, they were randomly divided into 2 

groups of 3 specimens each and the cone-shaped materials were introduced in 

the canals to perform the canal filling:  

 Group 1: commercial GP cones  

 Group 2: 10-SiMS-GP manually-fabricated cones  

Excess GP cone was seared off from the canal orifice using a heated 

endodontic metal instrument. After the filling procedure, the beakers were 

stored at room temperature for 24 hours and 10 µL of blue dying was applied 

on the top orifice of the beakers in order to assess the leakage. They were left 

for 7 days and photographs were taken to compare the filtration of the dye on 

the different samples. 

 On extracted teeth 

Patient-derived teeth samples were extracted for orthodontic or periodontal 

reasons at the UIC dental clinic. All the experiments were performed in 

accordance with an ethics approved protocol from the Research Committee 

from the Universitat Internacional de Catalunya, under the project code IMR-

2017-04 (supplementary data). Teeth with caries, multiple canals, root 

resorption, open apex or root curvatures were excluded so that the level of 

expertise did not play a factor in the success of the root canal treatment. Six 

single-root incisors were chosen for the experiment. The teeth were immersed 

in a disinfection solution during one week and then in saline solution. They 

were decoronated using diamond disk at the cement-enamel junction 

uniformly. The root canal access was prepared using an endo access bur. After 

that, an endo Z bur was used to create and refine the proper walls of the 

chamber and the working length was determined using a 010 K-file. Finally, the 

mechanical preparation and root canal filling protocol was the same as 
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described above. In this case, we opted to compare self-fabricated GP with 

self-fabricated SiMS-GP in order to observe if there were differences with the 

same fabricated material at the same conditions, with the only difference of 

adding SiMS or not to the composite. 

 Group 1: GP self-fabricated cones  

 Group 2: 10-SiMS-GP self-fabricated cones 

After the filling procedure, a final digital radiograph was taken to assess the 

quality of the filling. The X-ray tube and digital sensor were settled to allow 

radiographs to be exposed using the paralleling technique 32. 

 

3.3 Statistical analysis 

Statistical analysis was carried out with significance of 5%. One way analysis of 

variance (ANOVA) with Fisher post-hoc test was conducted. Data are 

expressed as mean ± standard deviation, except in the case of mechanical 

properties, which are expressed as mean ± standard error. The results were 

statistically analyzed using Minitab (Minitab® Software Inc. 17.1.0) and 

GraphPad Prism version 6 (Graphpad Software Inc.) was used to graph the 

data. 
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4. Results and Discussion 

 Improvement of material’s flowing ability 

4.1  Isomers characterization 

At the outset of our studies, we have evaluated a potential improvement in the 

flowing ability of polyisoprene by comparing pure trans-PI with mixtures of 

trans and cis PI. We hypothesized that by reducing the melting temperature of 

the polymer by combining the two isomers in different ratios, we would obtain 

a more flowable GP that will fill the root canal system much better. Yet, to the 

best of our knowledge, GP has never been modified by the incorporation of 

cis-isomer. We wanted to compare the mixtures with TPI alone and to assess if 

there was a significant improvement in the flowing ability. TPI was presented in 

a solid form. However, as CPI presentation was in a thick oil form, the material 

was too viscous and it did not set. For this reason, it was not possible to obtain 

a manipulable sample of CPI alone. That is why the ratios were maintained as 

they are presented in the assay. Figure 1.5 shows the morphology and 

structure of the different samples: the morphology of TPI was more 

homogenous than TPI/CPI, showing a whitish colour compared to the blended 

samples, which had a brown darker tone because of the cis component. The 

3D structure of all samples was maintained. TPI sample showed a harder 

consistency compared with TPI/CPI blends, which showed a softer consistency.    
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Figure 1.5. Optical microscopy images of (A) TPI (B) TPI/CPI 70/30 (C) TPI/CPI 60/40.  Scale bars: 200 µm. 

 

Taking all these considerations into account, we think it is important to find a 

strategy to convert GP in a more flowable material, which may chemically bind 

to dentin tissue avoiding gaps between GP and root canal walls, which would 

cause a bacteria reinfection and at the time the root canal treatment failure. In 

our study, TPI/CPI blends had good 3D maintained structure. With the 

characterization of the new materials in hand, we went on to study their 

chemical properties. 

 

A 

B 

C 
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4.1.1 Chemical analysis: Fourier Transformed Infrared Spectroscopy 

(FTIR)  

With the aim of characterising the chemical structure of the different polymers 

previously synthesized, and to verify the plausible chemical interactions 

between the compounds of the materials studied, we expected no new signals 

as we did not expect the formation of new covalent bonds. For this reason, we 

analyzed them by FTIR (Figure 1.6). We performed the sample analysis after 

allowing the material to dry for 3 weeks at room temperature in a fume hood. 

The assignment of the different bands observed in Figure 1.6-1.7 is summarized 

in Table 1.3. Importantly, we observed a shift of the C-H stretching signal 

towards lower wavenumbers (from 2981 cm-1 of pure TPI to 2970 cm-1,2933 

cm-1 and 2944 cm-1 for 70/30 TPI/CPI, 60/40 TPI/CPI and CPI respectively) 

demonstrating a weak interaction between de components within the 

composites. These results are in accordance with the knowledge of the 

vibration of hydrocarbons, in which C-H stretching vibrations are expected 

around 3000 cm-1  33  . The same weak interaction  happened regarding to C=C 

stretch, which was 1647 cm-1 for TPI and 1654 cm-1 for the rest of polymers. 

Another interesting change was C-H bending band at 1423 cm-1 for TPI and 

equal 1438 cm-1 for both concentrations of TPI/CPI and CPI alone.  
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Figure 1.6.  FTIR spectrum  showing chemical bond structure of the different samples at different trans- 

isomer concentrations: TPI, TPI/CPI 70/30,TPI/CPI 60/40 and CPI. 

 

In line with this observation, both the bands for C=C bending and C-H 

bending shifted to higher frequencies. Finally, C=C bend was 976 and 969 cm-1 

for TPI and TPI/CPI 70/30, and equal 961 cm-1  for both TPI/CPI 60/40 and CPI 

respectively. Chen et al. also compared 1,4-TPI and 1,4-CPI by FTIR obtaining 

similar results. They explained that the difference of FTIR behavior of the 

polyisoprenes is due to the different microstructure of TPI and CPI polymers 34. 

Another explanation about the shifts observed in the IR bands may be because 

of the presence of amorphous polymer (CPI) that would affect the crystalline 

character of the TPI substantially 35.  
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Figure 1.7.  FTIR spectrum  showing chemical bond structure of the different samples at different trans- 

isomer concentrations: TPI, TPI/CPI 70/30,TPI/CPI 60/40 and CPI. (A) Region from 4000-1800- cm-1 (B) 

Region from 1800-600 cm-1. 

 

 

 

 

A 

B 
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Interestingly, physically crosslinked elastomers like polyisoprenes, differ in the 

nature of the structure linking the chains together compared with chemically 

crosslinked elastomers. In physically crosslinked elastomers its polymer chains 

are held together by weak hydrogen bonds. The majority of thermoplastic 

elastomers have two separated microphases, the crystalline rigid segments and 

the amorphous segments. In contrast, in chemically crosslinked elastomers its 

polymer chains are linked together into a 3D network structure by covalent 

bonds  36. As expected, the absence of new bands in the FTIR spectra strongly 

suggests that no chemical reactions forming new covalent bonds took place. 

Besides, we observed shifts which may mean weak interactions took place. 

They were no forming new links and they did not act unexpectedly, as we only 

observed the shift of the aforementioned bands.  

 

 

Table 1.3. Main FTIR bands observed for the three different samples. The same bands were observed          

for all the studied materials: TPI, TPI/CPI 70/30 and TPI/CPI 60/40. 

 

With the characterization of the new materials in hand, we went on to study 

their physical properties. 
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4.1.2 Mechanical properties 

The yield strain, yield strength and elastic modulus of TPI, TPI/CPI blends and 

commercial GP as control are shown in Figure 1.8. Compared to comGP 

(4,25%), the yield strain of all groups, with and without incorporation of cis-

isomer, presented significant differences, being the highest value the one with 

the highest amount of cis component: TPI 6,87%, TPI/CPI 70/30 6,43% and 

TPI/CPI 60/40 7,81%. Yield strength presented higher values for TPI (6,63 MPa) 

and comGP (4,85 MPa) and the lowest values were obtained for the samples 

with the highest cis component: TPI/CPI 60/40 (0,87 MPa) and TPI/CPI 70/30 

(2,33 MPa). All sample values had significant differences among them. Elastic 

modulus showed a similar patron compared with yield strength, presenting 

significantly increased with the increment of concentration of TPI: 15,53 MPa; 

42,04 MPa and 129,82 MPa for TPI/CPI 60/40, TPI/CPI 70/30 and TPI 

respectively. TPI (129,82 MPa) and comGP (149,43 MPa) have the highest values 

of elastic modulus compared with both concentrations of TPI/CPI samples, 

being statistically significant. The results showed that as much TPI 

concentration is incorporated in the sample, the elastic modulus significantly 

increased. 
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Figure 1.8. Mechanical properties of the different samples at different trans and cis isomer concentrations: 

TPI, TPI/CPI 70/30 and TPI/CPI 60/40 compared with comGP. Data are shown as mean ± standard error 

(n = 10). Groups identified by the same superscript letter are not statistically different (P≥ 0.05). 

 

As we have observed in Figure 1.8, with the increase of CPI the elastic region 

and yield strength highly decreases. Our results are consistent with those of 

Baboo et al. 35 which also blended TPI with CPI at similar concentrations (100/0, 
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75/25, 50/50 and 25/75), in order to enhance the properties of the individual 

constituents. They have used toluene in order to dissolve the materials 

separately and the solutions were cast on petri dish. Their results showed a 

reduction in elastic modulus, tensile strength and toughness while an 

enhancement of the elongation break. They observed that blending TPI with 

CPI induced a phase transition from a hard phase to a soft phase. It can be 

explained due to the fact that this mixture increases the glass transition 

temperature at the same time that decreases the crystallinity, which results in a 

softer material 35. Regarding our results, the crystallinity and thus the 

mechanical properties of our material may also have changed because of the 

blend with CPI. Yield strain and yield strength of TPI were significantly higher 

compared with comGP. This result may be explained because with the addition 

of the rest of components of commercial GP, which are zinc oxide, barium 

sulphate and wax, these mechanical properties decrease. TPI is the 20% of the 

total weight in commercial GP. Knowing that a mechanical property is the 

description of the behavior of the material to physical forces 37, the interesting 

fact is that the objective of this biomaterial will be to introduce it in tooth root 

canals. Teeth support many functional forces such as mastication, and in some 

cases they have to lead with parafunctional forces such as bruxism. If the root 

canal filling biomaterial does not reach a minimum of mechanical properties, 

the tooth may break and it will have to be extracted. An ideal root canal filling 

material would have an elastic modulus similar to dentin tissue, which is 

14.000-18.600 MPa 1. Unfortunately, the materials that serve as root canal fillers 

do not reach such high values. Mechanical properties are important in a root 

canal filling material because dentin tissue will receive the physiological 

masticatory forces (around 150-450 N). These forces are distributed by dentin 

which acts as a cushion for enamel, which is brittle but does not fracture 

because of the protection of dentin 38. Taking this into account, we have 

measured yield strain, yield strength and elastic modulus of each material to 
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study if they reach a minimum desirable mechanical properties; stress is the 

internal resistance of the material to the force applied, whereas strain is the 

deformation of the material when this force reaches the material maximum 

support. Yield strength is the amount of stress that a material needs to 

experience for it to be permanently deformed whereas yield strain is essentially 

the maximum value of stress that a material can sustain without causing plastic 

deformation. Finally, elastic modulus or Young’s modulus represents the 

relative stiffness or rigidity of the material within the elastic interval.  

We have tried to optimize the GP flow ability by blending one of its matrix 

components, TPI, with CPI. As this material is found in a low proportion inside 

the total GP mix, and our results have not showed a significant difference in 

terms of flow capacity or mechanical properties, we have completed next 

assays with TPI component. 

 

 Improvement of material’s bioactivity 

4.2 Composite characterization 

The morphology and microstructure of TPI, SiMS-TPI, GP, SiMS-GP, comGP 

and SiMS are shown in Figure 1.9. The samples were observed by SEM and 

optical microscopy. TPI with and without SiMS was more homogenous (Figure 

1.9A) than GP with and without SiMS (Figure 1.9B). This fact can be explained 

because GP was prepared by mixing the rest of the components a part from 

TPI, which are zinc oxide, barium sulphate and wax. Regarding the samples 

with SiMS incorporation it can be observed the microspheres well integrated 

within the materials in an homogeneous distribution (Figure 1.9A2,A3 and 

B2,B3). As expected, GP microstructure (Figure 1.9B1) was similar to comGP 

(Figure 1.9C1) as they are composed by the same materials. Figure 1.9C2,C3 

shows that uniform solid SiMS between 20-100 µm are spherical in shape.  
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Figure 1.9. Images of (A1) TPI  (A2,A3) 10-SiMS-TPI (B1) GP (B2,B3) 10-SiMS-GP (C1) comGP (C2,C3) SiMS; 

SEM images (A1, A2, B1, B2, C1, C2) scale bars: 30 µm; optical microscopy images (A3,B3,C3) scale bars A3, 

B3: 100 µm; C3 500 µm. Arrows show SiMS within the materials. 

 

4.2.1  Chemical analysis: Fourier Transformed Infrared 

Spectroscopy (FTIR) 

We analyzed GP, SiMS and 10-SiMS-GP in order to see the chemical interaction 

of silica microspheres within the GP material. SiMS-TPI was not analyzed in this 

section because we wanted to assess if there were differences between the 

whole GP composite with or without SiMS incorporation. Figure 1.10-1.11 shows 

the IR spectra of these materials and the assignment of the different bands is 

summarized in Table 1.4. The C-H stretching bands are observed in GP with 

weak intensity at 2832-2922 cm-1. The same fact happened with C-H bending 

A1 A2 A3 

B1 B2 B3 

C1 C2 C3 
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(1338-1423 cm-1) and =C-H bonds (834 cm-1). SiMS showed Si-O bond 

stretching vibration (1010 cm-1). The 10-SiMS-GP composite showed a sharp 

signal in C-H stretching bands with strong intensity (2911-2847 cm-1) compared 

with GP composite. The same trend is observed with C-H bending (1379-1438 

cm-1) compared with the GP. The C=C stretching seems to be only present in 

10-SiMS-GP composite at 1636 cm-1.    

 

 

Figure 1.10. FTIR spectrum showing chemical bond structure of the different samples: GP, 10-SiMS-GP and 

SiMS alone. 

 

Finally, Si-O stretching vibration bonds presented a shift to higher frequencies 

compared to SiMS alone, being 1062 cm-1 for 10-SiMS-GP compared to 1010 

cm-1 for SiMS. Our results are consistent with the results of previous 

experimental work of Poochai et al., who fabricated polyisoprene-coated silica 

composites obtaining such similar characteristic peaks 39. These observations 

confirm the incorporation of SiMS in 10-SiMS-GP composite with no changes in 

the GP chemical structure 40,41. Importantly, the shifts showed in the IR confirm 
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that there are interactions between the GP and the SiMS that preserve the 

integrity of the 3D structure of this composite. Previous studies hypothesize 

that this 3D network may be formed by covalent bonds between polymer 

chains and silica particles 42,43,44,45.  However, the shift observed in Si-O 

stretching vibration bonds seems not to be so high to mean new covalent 

bonds were formed between the materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. FTIR spectrum showing chemical bond structure of the different samples: GP, 10-SiMS-GP and 

SiMS alone. (A) Region from 3200-2600 cm-1 (B) Region from 2600-500. 

 

B 

A 
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Table 1.4. Main FTIR bands observed for the three different samples: GP, 10-SiMS-GP and SiMS. 

 

These results may be interpreted as the carboxyl functional group of GP might 

interact with hydroxyl groups of silica. It has been reported that the high polar 

hydrophilic surface of silica may absorb components from the non-polar 

rubber matrix 46, which GP is based on. It is fundamental to know that taking 

into account GP contents a 66% of ZnO, the stabilization of the negative 

charges of the deprotonated Si-O groups may bond via hydrogen bridges (Si-

O · · · H-O-Zn, Si-O · · · HOH Zn 47.   

 

4.2.2 Mechanical properties 

Dentin tissue is the main structure of the tooth. Although is a mineralized 

tissue, it has also an elastic consistency. Its elastic modulus is around 15.000 

MPa, and its compressive strength is 100 MPa 48. Many studies affirm that when 

a root canal treatment is performed, as higher amount of tooth structure is 

removed because of the instrumentation and the previous caries, fracture 

resistance of the tooth decreases 49,50. That is why the biomaterial that will fill 
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root canals must have a minimum of optimal mechanical properties. For this 

reason, we have evaluated the yield strain, yield strength and elastic modulus 

of GP, 5-SiMS-GP, 10-SiMS-GP and commercial GP, which results are shown in 

Figure 1.12. The yield strain of GP without SiMS was 4,38%; with the addition of 

5% SiMS into GP the result was 3,07%, after 10% SiMS incorporation increased 

to 4,05% and commercial GP (used as control) resulted in 4,25% (Figure 1.12A). 

No significant differences were observed referring to the yield strain of the 

different groups, with and without incorporation of SiMS. Figure 1.12B shows 

yield strength of the different samples. GP obtained the highest values (6,89 

MPa) and with the addition of 5% SiMS the result was 2,56 MPa. Then, with the 

incorporation of 10% SiMS the value increased being 6,59 MPa with significant 

differences, compared with comGP that was 4,85 MPa. GP and 10-SiMS-GP did 

not show statistical differences among them. Elastic modulus of GP was 206,68 

MPa and with the addition of 10% SiMS the value increased to 224,28 MPa, 

although it was not statistically significant. However, with only 5% SiMS 

incorporation within GP, the value decreased to 105,42 MPa, and resulted in 

149,43 MPa for comGP. The decrease of the value obtained with 5% SiMS 

incorporation is an unexpected result. One explanation may be that with 10% 

of SiMS incorporation within the GP resulted in higher interactions between 

ZnO and silica components. In contrast, a lower amount of SiMS within the 

composite resulted to be instable, thus obtaining lower mechanical properties 

values (Figure 1.12C). 
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Figure 1.12. Mechanical properties of GP samples with and without 5 and 10% of SiMS incorporation: GP, 

5-SiMS-GP and 10-SiMS-GP compared with comGP. Data are shown as mean ± standard error (n = 10). 

Groups identified by one of the same superscript letter are not statistically different. (P≥ 0.05). 

 

A study compared mechanical properties of commercial GP with Resilon, which 

is a newly developed polycaprolactone-based root canal filling material that 

uses an adhesive to bond to dentin. They observed that Resilon’s elastic 

modulus was 86 MPa and for GP 78 MPa, and the yield strength was 7,83 MPa 
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for Resilon and 6,35 MPa for GP. In our study, SiMS-GP group had an elastic 

modulus of 224 MPa, being significantly higher than for comGP group, which 

resulted in 149 MPa. This fact may be explained because different brands of 

commercial GP are known to vary in terms of concentrations given the same  

component, which may vary the molecular weight distribution and the degree 

of crystallinity 5,51. For instance, the incorporation of high zinc oxide amounts 

may result in a lower percentage of elastic modulus 52. Moreover, the thermal 

process applied on the GP material in order to cast the samples may differ 

between different studies and may also affect the mechanical properties of the 

material 5. However, the yield strength of SiMS-GP (6,59 MPa) was lower 

compared to Resilon (7,83 MPa) 53. The study of Lee et al. compared the 

mechanical properties of commercial GP with their self-manufactured nano-

diamonds loaded-GP (NDs-GP). They observed that 10% NDs-GP had an 

elastic modulus of 833 MPa which was significantly higher than comGP, which 

resulted on 240 MPa. Nano-diamonds are carbon nanoparticles that may form 

chemical bonds with the polymer chains in which they are integrated, affecting 

the inter-chain bonding characteristics and enhancing elastic modulus property 

54. Moreover, the interface strength between the additives and polymer may be 

improved because of the molecular-level uniform dispersion of nanoparticles 

that can lead to a large interfacial area in the polymer nanocomposites. This 

fact may improve the mechanical behavior of the polymer nanocomposite 28,55; 

besides, yield strength of NDs-GP was 12 MPa and for GP was 7 MPa 28. Elastic 

modulus was much higher in that study than in our results, meanwhile yield 

strength values were closer to ours. Providing reinforcement into GP polymeric 

matrix with the incorporation of SiMS as bioceramic component was one of the 

goals of this assay. This approach has also been reported by some authors that 

think that rubber matrix mechanical properties may be improved by the 

addition of a filler 56,57. With this approach, we think it will be obtained an 

enhancement of the mechanical properties and thereby a reinforcement of the 
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tooth in order to higher supporting the physiological forces, thus providing a 

lower failure rate preventing the tooth’s break.  

 

4.2.3 In vitro apatite forming ability 

One of the main characteristics that we wanted to study was the bioactivity of 

the  GP-SiMS doped biomaterial. This property is highly interesting because is 

focused on the chemical interaction between the biomaterial and the 

surrounded tissues in which will be grafted. One of the possible assays to study 

this property is the in vitro apatite-forming ability which consists on the 

immersion of the solely material samples in simulated body fluid (SBF) solution. 

The objective of this study is to assess if the calcium phophates deposition may 

occur on the biomaterial surface, simulating the clinical environment in which 

the biomaterial would be in contact to dentin fluids.    

Thermoplastic polymer materials like GP are a good option as root canal filling 

material since they provide elasticity and are easy to introduce into the root 

canal space. In this case, a problem of critical significance is that this type of 

material does not spontaneously bond in terms of being integrated with the 

body’s tissue. In this assay, GP, SiMS-GP, SiMS and comGP have been studied 

in terms of bioactivity. Our study was successful in proving that only SiMS-GP 

and SiMS samples showed apatite-forming ability on its surface after the 

immersion in SBF solution for 21 days. The graphic in Figure 1.13 confirmed this 

observation with the representation of Energy Dispersive Spectrometry (EDS), 

which are spectrums that come from the scanning electron beam of the 

surface of the micrographs. These samples were the only ones that showed 

calcium phosphates (C and P) peaks in the graphic, confirming there was 

apatite deposition on its surfaces, a part from the presence of silicon and 

oxygen elements (Si and O) being SiMS components. Pure GP, SiMS-GP and 
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comGP graphics show C, Ba and S (for barium sulphate component) and Zn, O 

(for zinc oxide component). This non-biological examination with the SBF-

immersion assay demonstrated an optimal improvement in the rate of apatite 

deposition on the biomaterials surface.  

Silica incorporation in different materials like metals, PLA or PCL has been 

widely studied with the objective to add bone-bonding ability through the 

apatite layer on the material surface. The authors explain that the ionic 

breakdown products of silica-based materials have the attractive property of 

being osteoconductive 58,59,60,61. Our results are in agreement with previous 

studies that reported a formation of hydroxyapatite on the surface of silica 

microcarriers after the immersion in SBF for 4 weeks 62. Bioactivity property is 

very interesting in the dentistry field because there is a need of biomaterials 

that may interact with dental tissues, improving the tissue response and 

thereby the treatment outcome. Recently, several studies have demonstrated 

that the presence of zinc and silicon increase the mineralization rate in SBF. 

These components may create favorable conditions for apatite formation 63,64.  
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Figure 1.13 SEM micrographs for the different samples with or without 10% SiMS incorporation and with 

immersion in simulated body fluid (SBF) for 21 days at 37ºC. SiMS and 10-SiMS-GP samples show the 

apatite forming ability on its surface (red arrows). On the left of each SEM image the representation of 

EDS spectrums that come from the scanning electron beam of the surface of the micrographs. SiMS and 

10-SiMS-GP samples show calcium phosphates that are not showed in the rest of samples, meaning there 

is apatite forming ability on these samples. Scale bars 30 µm. 

 

Although a range of materials, such as resin or ceramic sealers, have been 

developed to be used as root canal filling, they have failed to achieve 

permanent sealing because of the imperfect combination between these 

foreign materials and the native dentin tissue. Moreover, these materials may 

be prone to bacterial penetration along their entire length, due to dimensional 

changes that root canal sealers may suffer over time 65. One of the main 

objectives of our study was to enhance this GP drawback, with the 

incorporation of bioactive microspheres. Moreover, we wanted to simplify and 

reduce the materials employed for root canal filling using only one core 

biomaterial, thus not needing the sealer material. We hypothesize that with 
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SiMS-GP we would replace the latter one. With the same objective of 

enhancing the adhesion of GP material to dentine tissue, making the use of an 

endodontic sealer unnecessary, a study of polyisoprene with nanometric 

bioactive glass 45S5 incorporation has been done. After immersing the 

samples in simulated body fluid, hydroxyapatite deposition was observed on 

material surface. This was not observed on the controls 12. Following the same 

objective, another study assessed the bioactivity of a NaOH coated GP after 

immersing it in SBF solution for 10 days. They said that FTIR and XRD analysis 

confirm the presence of –OH in the coated GP, and with that finding they 

affirm that is an indicator to formation of hydroxyapatite 66. In our study, we 

immersed SiMS-GP in SBF for 21 days and we obtained calcium phosphate ions 

on the surface of the biomaterial, as is showed in Figure 1.13. We hypothesize 

that our biomaterial may distinguish from the nanometric bioactive glass 

because SiMS platforms are fabricated at mild conditions, allowing the 

encapsulation of biological molecules with the possibility to serve as a drug 

delivery system 15. Moreover, we think that the hydroxyapatite layer induced by 

the mineralization in the SiMS-GP surface stimulated by silica microspheres can 

be integrated into native dentin such that the root canal sealing would be 

permanent and more predictable, as it would be a chemical union. An ion-

exchange reaction between the bioactive material and surrounding body fluids 

(dentin fluids) will result in the formation of a calcium phosphate apatite (HA) 

on its surface that will be chemically and crystallographically equivalent to the 

mineral phase in bone. This process may be developed as an effective routine 

treatment in root canal sealing in the clinical practice.  
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4.2.4 Cell proliferation 

 Cell morphology in presence of conditioned medium 

Indirect cell viability assay was conducted in order to assess cell response on 

the different materials studied. SiMS-GP biomaterial is expected to be used in 

endodontic treatments, in which case the biomaterial will be enclosed inside a 

root canal in an indirect contact with perirradicular cells, which are 

encompassed in cementum, periodontal ligament and bone tissue (for more 

detail see Figure 11 in the chapter of General Introduction). Figure 1.14 shows 

optical microscopy images of rMSCs after 1 and 3 days of culture with 

conditioned medium of the different materials, and the control group cultured 

with basal medium. The cells presented good morphology and shape at 

different time intervals studied in all groups, which mean there is a 

preservation of cell anatomy. At day 1, SiMS group seemed to have higher cell 

number compared with the rest of groups. However, at day 3, GP and control 

(CT) groups showed the highest amount of cell number. Importantly, when 

comparing the samples at days 1 and 3 of the experiment, SiMS-GP and CT 

groups apparently exhibited a higher cell number. 
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Figure 1.14. Optical microscopy images of rMSCs. Good cell morphology is observed with the eluates of 

the different biomaterials and the control group with basal medium at days 1 and 3 of the experiment. 

Scale bars 100 µm. 
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 Cell proliferation  

Periapical tissues englobe osteoblasts and MSCs 67,68,69 which are involved in 

the healing and regeneration of periapical bone defects 70. That is the reason 

why new biomaterials have to be studied in terms of cell viability, and that is 

why we have used mesenchymal stem cells for this assay. The viability of rMSCs 

was studied with the Cell Counting Kit-8 (CCK-8). This experiment was 

interesting in order to assess that the materials were not cytotoxic, and to 

compare the cell proliferation capacity of the different materials. Different 

concentrations of biomaterials have been used (1, 1:5, 1:10 and 1:50) to evaluate 

a potential threshold concentration at days 1 and 3. As the results of the 

different eluate concentrations did not showed significant differences between 

them, only 1:50 concentration is presented. Figure 1.15 shows the percentage of 

viability obtained for each sample at different time points. The graphic shows 

that at day 1 of cells culture there were no statistical differences between the 

different materials, although there is a trend to higher viability in SiMS-GP and 

SiMS samples, with a 99% and 101% respectively, compared with 96% in GP 

sample. Regarding at day 3, the graphic shows differences between SiMS-GP 

(105%), SiMS (106%), GP (100%) and the control without any material (100%)  

This fact may indicate that silicon ions  elution has promoted cell proliferation 

71,72,73,74. However, these results were not statistically significant.  
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Figure 1.15. CCK-8 for the proliferation rate of rMSCs after 1 and 3 days of exposure to conditioned 

medium of different materials (1:50 concentration). Red horizontal dot line indicates 80% of viability. Data 

are shown as mean ± standard deviation (n = 3). Groups identified by the same superscript letter are not 

statistically different. (P≥ 0.05). 

 

As expected, excellent results of cell proliferation were obtained, which means 

no cytotoxic effects were found for any of the different materials studied. These 

results are in agreement with other authors. For instance, a study compared 

cell proliferation of tricalcium phosphate (TCP) material doped with ZnO and 

SiO2. They used human osteoblast cells to determine the influence of dopants 

on the cell-materials interaction, obtaining better results in cell proliferation in 

the doped samples compared with pure TCP. We have fabricated SiMS-GP 

samples composed of TPI, ZnO, BaSO4, wax and SiMS. As showed in Figure 

1.15, SiMS-GP group together with SiMS samples, have obtained the highest 

results in cell proliferation rate after 3 days of the experiment (105 and 106% 

respectively) 64. Another study used a root canal filling material based on GP, 

polyethylene and hydroxyapatite particles of 3-5 µm to study the indirect 

cytotoxicity of the material. The eluates showed no statistically significant 
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differences from the control group 75. Glass-ionomer coated GP (ActiV GP) has 

its own sealer made of barium aluminosilicate glass powder and polyacrylic 

acid. This material is claimed to bond to dentin tissue, fluoride release, 

antimicrobial activity and biocompatibility. ActiV GP has a 2-µm coating of 

glass ionomer particles on its surface and also into the body of the GP cone 76. 

Compared with SiMS-GP, ActiV GP has the drawback that it must be used with 

a sealer material, undergoing two bonding phases instead of only one, with a 

higher possibility of failure rate if the bonding is not accomplished. Moreover, 

it consumes more time which hinders the filling procedure. Recently, a 

bioactive glass GP-based root canal filling material has been proposed. It 

consists of glass nanoparticles (45S5) incorporated into GP. The material has 

been studied in terms of cytotoxicity using human osteoblasts in an indirect 

assay. They did not find differences among the experimental material 

compared to conventional GP after 24 hours of cell culture 77. In our study, we 

assessed the cytotoxic effects during 1 and 3 days in order to follow cell activity 

at higher time intervals, because at lower time the material may not be 

releasing its products. Our results showed an enhancement of rMSCs 

proliferation in SiMS-GP group, after 3 days exposure of 1:50 material dilution, 

compared with the rest of groups.  

Moreover, current research in the field of endodontics is focused on studying 

new materials with bioactive molecules-incorporated in order to progressively 

release them. For example, growth factors that could favour MSCs 

multiplication and differentiation 69. That research agree with our in terms that 

we proposed microspheres incorporation to GP material in order to introduce, 

in the near future, bioactive molecules or drugs, to induce a response in 

periapical tissues with the aim to enhance the endodontic treatment outcome. 
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4.2.5 Sealing ability  

Sealing ability assay was performed in order to confirm the in vitro capacity of 

SiMS-GP biomaterial to fill the canals, both on dental training blocks and on 

extracted teeth. 

 On dental training blocks  

Dental training blocks (or simulated root canals) were instrumented and filled 

with comGP and 10-SiMS-GP in triplicate and then stained with a blue dye to 

assess the possible filtration within the simulated root canals. This assay was 

performed to reproduce the possible bacteria or fluid filtration within the 

biomaterial and dentin tissue. Figure 1.16A shows the different samples with the 

cone shape (like is used in the clinic), before cut and condensed using a heated 

instrument in order to fill the simulated root canal. Figure 1.16B shows the blue 

stain within the standardized samples. A greater amount of blue dye filtration 

can be observed in the comGP samples compared with the SiMS-GP samples 

after 2 weeks of the experiment. The figure also shows the optimal adaptation 

of SiMS-GP which was hand-rolled, compared with the comGP which has been 

prefabricated at the same taper and diameter as the files used for 

instrumenting the canals.  
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Figure 1.16. Macroscopic images of standardized dental training blocks used as simulated root canals 

filled with comGP cones (A1, B1) and SiMS-GP cones (A2, B2) and stained, after 14 days of the experiment. 

Arrows show the blue stain filtration.  

 

Our results agrees with previous research in which they compared dye leakage 

on simulated root canals filled with comGP, Resilon, polyisoprene polymer 

coated with 30 wt% bioactive glass nanoparticles and polycaprolactone 

polymer coated with bioactive glass nanoparticles. They concluded that there 

was no leakage in both experimental polymers with bioactive glass, compared 

with comGP and Resilon, which showed coronal leakage 12. Several studies are 

in agreement that one of the main undesirable property of GP is leakage 

because of the lack of adhesiveness between the polymer and the dentin tissue 

78,79,80,81. Commercial GP and self-fabricated GP may plasticize at different 

temperatures and behave differently when compacted. Consequently, it may 

be questionable whether optimal three-dimensional filling could be realized 

with different GP products without knowledge of the physical events involved 
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82. Usually, commercial GP may have plasticizers that our GP does not, making 

a difference in the sealing outcome on simulated root canals.  

 

 On extracted teeth 

The final step in order to better evaluate the sealing ability of SiMS-GP material 

was to introduce it on extracted teeth. Teeth were instrumented and filled with 

single-cone technique (and without any sealer as it was not the purpose of this 

study) with self-fabricated GP and 10-SiMS-GP. Single-root maxillary teeth were 

used to simplify the filling procedure and to allow greater overall amount of 

filling material to place within the canal, accordingly allowing any differences to 

be noted more easily 83. Figure 1.17 shows the extracted teeth used for this 

assay and the teeth digital radiography images showing the root canal fillings 

(RCF). 
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Figure 1.17. Macroscopic and X-ray digital images of extracted teeth filled with (A,B) SiMS-GP cones and 

(C) self-fabricated GP cone.  

  

The radiopacity of SiMS-GP is not uniform because SiMS did not have any 

radiopaque element within them, such as barium sulphate, which is 

incorporated in the composite. However, both GP and SiMS-GP seem to fill in 

an acceptable manner all the root canal longitude. The tooth apical part is not 

well filled because of the complexity of hand-rolling the cones samples and not 

having a standard machine to uniformly manufacture them. Knowing that, the 

root coronal and middle thirds are able to be compared between both GP 

samples; but the apical third would not be able to be compared with. 

A1  A2   

B1  B2 

C1 C2  
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Recently, Lee et al. have manufactured a nanodiamond-loaded GP 

functionalized with an antibiotic. They have also assessed the biomaterial 

sealing ability with X-ray digital radiography. They have used one tooth sample 

for commercial GP and another for ND-GP 28. There were not differences 

noted between the different materials. In their case, they have used 

nanodiamond nanoparticles, which may not affect visually in radiopacity 

properties. In our case, we have used silica microparticles, and even the 

components were homogenously mixed by sonication, the fact that SiMS do 

not have a radiopacifier component itself, may  have affected visually on the 

radiopacity property. This fact could be enhanced by founding a more 

standardized protocol to mix the SiMS with the GP matrix. For instance, by 

using a spin mixer that would be able to mix more homogeneously these type 

of materials. Moreover, SiMS may be placed both inside and on the GP surface, 

in order to ensure the contact between dentin and SiMS.  

GP shrinkage during cooling is an important drawback that might jeopardize 

the seal of the root canal 84,85. Silica, among other solid materials such as 

calcium carbonate, have been used as a filler for reducing shrinkage of a 

variety of polymers in the building industry 86. Recently, silica nanoparticles 

have been studied as filler in order to improve polymer composites properties. 

The advantages of these particles may include reinforcement with excellent 

mechanical strength, heat stability and reduced shrinkage 87. For that reason, 

we hypothesize that SiMS-GP may enhance the longevity of root canal therapy, 

minimizing the polymer shrinkage thus reducing gaps within GP material, due 

to silica microparticles incorporation. Nevertheless, we think that a higher 

concentration of SiMS within the composite may enhance this ability, as the 

bioceramic proportion will be greater. When comparing a potential use of 

SiMS-GP towards bioactive glass (BAG) material as RCF, we state that SiMS-GP 

has more advantages referring specifically in this treatment. For instance, the 
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manufacturing conditions of BAG are at high temperatures (around 600ºC) 

88,89, comparing with mild conditions of SiMS-GP fabrication, allowing the 

incorporation of biomolecules. Furthermore, knowing that an important 

characteristic of a RCF is to be able to perform a retreatment, in the case of 

BAG material this option would not be able to be performed; instead, using GP 

material as a matrix, the retreatment could be done. Finally, the material must 

have a good handle property in order to place it inside the root canal system 

complexity. Thus, we think SiMS-GP may accomplish better with these 

requirements. 

Moreover, with the known capacity of these platforms to incorporate and have 

a sustained release of biomolecules, during some hours or few days, SiMS-GP 

would deal with bacteria resistance problems, which is one of the main causes 

of oxidative process of GP degradation and endodontic failure 41.  
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5. Conclusions and future 

perspectives 

The evidence from this study suggests that trans-polyisoprene can be 

combined with cis-polyisoprene, although the mechanical properties of the 

blend are lower than with pure trans-polyisoprene. The main principle of this 

fact is because the flowable state of cis-PI.  

An important finding was that incorporating 10% SiMS into GP had increase its 

mechanical properties and had demonstrated bioactive capacity, compared 

with comGP. Moreover, incorporation of 10% SiMS carriers into GP material 

had demonstrated no cytotoxic effects on rMSCs, and showed cell proliferation 

was maintained in the CCK-8 assay. Finally, 10-SiMS-GP had showed sealing 

ability both on simulated root canals and on extracted teeth, preventing 

filtration on simulated root canals. 

Gutta-percha is an economic material and it has been given extensive use for 

more than 150 years. However, GP no longer lives up to the current advanced 

endodontic treatments. We have designed a biomaterial to be used as root 

canal filling, studying its mechanical properties, bioactivity, biocompatibility 

and sealing ability. Moreover, we hypothesize the filling technique may be 

simplified because clinicians will only use one biomaterial instead of two, 

reducing the working time. Recently, there has been a huge advancement in 

the area of root canal filling instruments technology in comparative with the 

root canal filling materials.  Instrumentation is an important part of root canal 

treatments; however, the filling part is such a crucial step too. We must offer to 

our patients the best treatments combined with the best biomaterials, taking 

into account that we treat patients with different economic capacities. We think 
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that future assays must be done to complement our results, such as bioactivity 

assay and mechanical properties on extracted teeth, drug-incorporation in 

silica microspheres and in vitro release assays. We are positive about the future 

use of GP with SiMS-loaded-bioactive molecules, such as different drugs or 

growth factors, in order to obtain a sustained release from the biomaterial. In 

the case of GP-loaded-growth factors, the release would be in order to 

promote cell homing in open apex in cases with avulsioned teeth, or immature 

teeth with necrotic pulp. With this in mind, we think that in the near future, 

endodontic field will be able to individualize the treatments enhancing the 

outcomes, with the same final objective which is collaborate into patient’s 

health. Moreover, knowing that approximately 15 million of root canal 

treatments are effectuated per year only in the USA, we consider that the 

introduction of SiMS-GP biomaterial in the Endodontic field would be a 

competitive and viable possibility. Taking together, this study represents a 

clinically translatable approach of a bioactive endodontic material for 

preventive treatments. 
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1. Introduction 

This chapter is focused on low level laser therapy (LLLT) which may be used as 

an adjuvant treatment for bone regeneration defects. One of the main 

situations in which this objective has to be achieved is when conservative 

dental treatments cannot be applied and at that time the tooth must be 

extracted. This procedure entails maxillary bone resorption that has to be 

repaired in order to replace the tooth with a dental implant in a prosthetically 

suitable position 1,2. As explained at section 4.2.2 in the general Introduction 

(Bone substitutes), bone grafting is one of the most commonly used surgical 

methods to replace missing bone. This procedure may be accomplished by 

using material from patient’s own body, synthetic or natural material substitute 

3. Although bone grafting is a good option for this purpose, the healing 

process of bone defect is time-consuming 4,5. To address this challenge, LLLT 

has been suggested for clinical use as an adjuvant treatment to accelerate 

bone regeneration. This therapy has increased in popularity and is being used 

by clinicians not only for the enhancement of wound healing, but also to 

modulate and stimulate the potential for bone remodeling and repair 6,7. In this 

context, several authors affirm that this process may act by the modulation of 

various biological an metabolic processes both in vitro and in vivo 8,9,10. They 

observed that there is a photochemical conversion of the energy absorbed by 

photoacceptor molecules. These molecules can transfer the energy to another 

molecule, causing chemical reactions in the surrounding tissue 9. For instance, 

by increasing mitochondrial respiration and ATP synthesis, increasing DNA 

activity and the RNA and proteins synthesis 11; consequently, there is an 

enhancement of osteoblastic activity, organization of collagen fibers and 

higher vascularization 10,12,13,14. It has been reported that LLLT modulates this 

process by activating mitogen-activated protein kinase/extracellular signal-
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regulated protein kinase (MAPK/ERK) phosphorylation in cells, inducing cell 

proliferation 15,16,17. However, the effects of laser therapy on bone remain 

controversial, as previous reports show different or conflicting results 18. Such 

differences may be attributable to discrepancies in the radiation protocols and 

the experimental models used 1. Recently, a review has evaluated the outcome 

of LLLT for the treatment of maxillary bone defects showing positive results. 

They have reported that LLLT promotes an improvement of bone healing in 

the maxillofacial area 1. Nevertheless, mostly of them were qualitative analysis 

and no quantitative ones. It is important to consider that specific combinations 

of LLLT parameters can variate the results obtained 1,19,20. Besides, that 

differences between the parameters used in the studies difficult the issue of 

making meaningful comparisons 21. It is possible that the laser effect on bone 

regeneration depends not only on the total dose, but also on the irradiation 

time and mode 18. Importantly, it has been evaluated that low energy densities 

applied stimulates cell proliferation. However, higher energy densities have a 

suppressive action 22,23. That is why there is a need of clear and consistent 

methodology referring to the laser parameters to be used both in vitro and in 

clinical studies 24,25,26. We thus addressed this question, investigating the 

importance of laser irradiation during the stimulation of cells relation to energy 

density and time intervals. We think it will be highly useful to have an in vitro 

standardized protocol to extrapolate to the clinic. Regarding this, we wanted to 

study which was the minimum power range and time application of the laser 

which resulted to have optimal proliferation and osteogenic capacities, in order 

to analyze the results obtained to better understand the clinical outcomes.  
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2. Objectives 

The main objective of this chapter is to analyze the LLLT in vitro effects both in 

cell proliferation and osteogenesis. For this purpose, we have stablished 

different output powers and different irradiation times to compare the results 

obtained.  

o O1: To study different irradiation parameters to obtain the optimal 

mesenchymal stem cells proliferation rate  

o O2: To determine the in vitro osteogenic response of mesenchymal stem 

cells after the irradiation by low-level laser therapy 

 

3. Materials and methods 

3.1 Cell culture 

For the isolation of DPMSCs, healthy human third molars were extracted for 

orthodontic and prophylactic reason from patients with ages between 14 and 

18 years old. All the experiments were performed in accordance with an ethics 

approved protocol from the Research Committee from the Universitat 

Internacional de Catalunya, under the project code IMR-2017-04 

(supplementary data). The teeth were then washed with a gauze soaked in 70% 

ethanol, followed by a second wash with distilled water. The teeth apices were 

opened cutting the teeth and the dental pulp was extracted using a sterile 

nerve-puller file 15 and forceps. The dental pulp was then placed in falcon 

tubes that contained 1X phosphate-buffered saline (PBS) (Sigma-Aldrich) with 

5% of 0.25% trypsin-EDTA and 1% Penicillin-Streptomycin (Thermo Fisher 

Scientific). Samples were transferred to the laboratory and they were digested 
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with 3 mg/mL collagenase type 1 (Sigma-Aldrich) at 37ºC for 60 minutes. 

Disaggregated dental pulps were washed twice with PBS and the tissue extracts 

were then cultured in DPSC expansion medium in culture flasks, at 37ºC in a 

5% CO2 incubator. The medium was composed of 60% DMEM low glucose 

(Sigma) and 40% MCDB (Sigma) supplemented with Insulin-Transferrin-

Selenium (ITS) (Sigma), linoleic acid bovine serum albumin (LA-BSA) (Sigma), 

10-9 M dexamethasone (Sigma), 10-4 M ascorbic acid 2-phosphate (Sigma), 1% 

penicillin/streptomycin (Sigma), 2% fetal bovine serum (Sigma), 10 ng/mL 

hPDGF-BB (R&D Systems), 10 ng/mL EGF (R&D Systems), Chemically Defined 

Lipid Concentrate (Gibco) and 0.8 mg/mL BSA (Sigma). The medium was 

changed every 2-3 days. When the cells reached 70% confluence, they were 

detached using TrypLE™ Express Enzyme (Thermo Fisher Scientific).  

 

3.2 Laser irradiation 

Laser irradiation was applied with a diode laser (SciCan AseptimTM Denfotex 

Light Systems Ltd, Inverkeithing, Scotland) (Figure 2.1). The light source was 

emitted in a continuous beam at a wavelength of 635 nm. Three different 

output powers of 50, 70 and 100 mW were applied in a daily dose during a 

total of 10 days. For the calculation of the energy density, we used the 

irradiated beam area of the well-plates and the time dose applied. Then, the 

following equations were applied 27,28: 
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1 mW = 0,001 W 

Energy density (J/cm2) = (energy (J) / beam area (cm2)) x time irradiaton (s) 

Beam area (cm2) = π radio2 

W=watt, J=joule, s=seconds 

We have converted the output powers (50, 70 and 100 mW) into the energy 

density by multiplying by the time irradiation (seconds). The values used are 

showed in Table 2.1. 

The output powers were chosen regarding the type of laser that we had, which 

had an output power from 50 to 100 mW, adjustable at intervals of 10 mW; 

besides, the selection of this parameters was made after evaluating that in 

different in vitro studies the range of output power used was from 30 to 110 

mW 29. Then, 10 or 50 seconds of irradiation times were used in each group for 

the same laser output power in order to study different parameters and to 

evaluate which was the best one in this study. These irradiation times were 

chosen because they may be a no time-consuming in the clinic. Moreover, 

some clinical trials have used an irradiation time from 30 to 60 seconds 

obtaining good effect on tissue regeneration 30.  The distance between the 

light source and the cells was set at a constant distance of 15 cm using a 

support for the laser instrument and the irradiation was perpendicularly 

applied above the culture plate containing the DPMSCs monolayer. Some of 

the wells within the plate were left empty in order to physically separate the 

groups to avoid a collateral irradiation. A group without laser irradiation served 

as the control. All the experiments were done in triplicates.  
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      Figure 2.1. Low-level laser used for the experiments. 

 

 

Table 2.1. Parameters used for cells irradiation in order to determine the effect of different power settings. 

mW=milliwats, s=seconds, J=joules. 
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3.3 Cell morphology after laser irradiation 

DPMSCs were re-plated in 24-well plates at a cell density of 103 cells/well 

during 24 hours before the performance of laser irradiation treatment. After 3 

days of daily laser irradiation, cells morphology was assessed by optical 

microscopy images (Olympus CKX41, Nikon) in order to observe the overall cell 

morphology and to qualitatively evaluate their correct proliferation rate. 

 

3.4 Cell proliferation assay 

Meanwhile, cell viability was evaluated after 3 and 10 days of low-level laser 

irradiation using the commercial available CyQUANT Cell Proliferation Assay kit 

(Invitrogen) based on cells-DNA content. This assay uses a sensitive 

fluorescence-based method for quantifying cells and assessing cell 

proliferation and cytotoxicity, as shown in Figure 2.2. For that purpose, cells 

medium was removed and then cells were washed once with PBS gently, at 

each time point of the assay. Then, 200 µL 0,1% Triton X-100 buffer per well 

was added to lyse the cells. Plates were frozen at -70ºC for one week (until the 

experiment was finalized). After the freeze-thawing cycle, the DNA content was 

measured by CyQUANT cell proliferation assay kit following the manufacturer’s 

instructions. Briefly, CyQUANT reagent dye was added in a volume of 100 µL 

and incubated for 5 minutes protected from light at room temperature. 

Aliquots of each sample were placed on 96-well-plate with a sample volume of 

100 µL. A standard curve was performed with λDNA provided with the kit and 

treated equally to the sample plates. Fluorescence signals (excitation 485 nm, 

emission 530 nm) were then determined spectrophotometrically with a multi-

detection fluorescence microplate reader (Bio-Tek Synergy HT). 
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Figure 2.2. Workflow for CyQUANT Cell Proliferation Assays multiday tests. Quantitation of cells using the 

CyQUANT kit. Fluorescence measurements were made using a microplate reader with excitation at 485 

nm and emission detection at 530 nm. Modified from manufacturer’s protocol. 

 

3.5 Cell osteogenic assay 

First, cells were seeded in 24-well plates at a density of 103 cells/well enriched 

with osteogenic medium which was changed every 2 days. The osteogenic 

medium was composed of α-MEM containing 10% heat inactivated FBS, 10 mM 

β-glycerol phosphate, 50 µM of L-ascorbic acid/Vit-C, 0.01 µM dexamethasone 

and 1% penicillin/streptomycin. All products were obtained from Sigma-

Aldrich. Then, cell osteogenic capacity was evaluated after the irradiation was 

applied at the same parameters showed in section 3.2 Laser irradiation (Table 

2.1). After 10 days of daily irradiation the assay was performed using the 

commercial available Alkaline Phosphatase (ALP) kit (BioSystems). ALP 

catalyses the hydrolysis of phosphate esters in alkaline buffer and produces an 

organic radical and inorganic phosphate. This is a cellular enzyme assay, which 

is based on the conversion of para-nitrophenylphosphate (p-NPP) to para-

nitrophenol and on the determination of the resulting yellow coloured product 

by spectrophotometry. In short, Alkaline buffer solution and substrate solution 

(4 mg/mL) were mixed to obtain the working solution, by multiplying by the 

number of samples studied. The lysates obtained (as explained in the previous 
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section) were mixed with 20 µL of the working solution and incubated for 15 

minutes at 37ºC. The reaction was stopped with 1 M NaOH and the production 

of para-nitrophenol was determined by measuring its absorbance at 405 nm 

according to the manufacturer’s instructions.  

 

3.6 Statistical analysis 

Statistical analysis was carried out with significance of 5%. One way analysis of 

variance (ANOVA) with Fisher post-hoc test was conducted. Data are 

expressed as mean ± standard deviation. The results were statistically analyzed 

using Minitab (Minitab® Software Inc. 17.1.0) and GraphPad Prism version 6 

(Graphpad Software Inc.) was used to graph the data. 

 

4. Results and Discussion 

4.1 Cell morphology after laser irradiation 

Low-level laser therapy has been studied since early 1960s. The objective of 

using LLLT is to biomodulate cells by supplying light energy source. Its effects 

are non-thermal, but are considered to be mediated by a photochemical 

reaction that modifies cell membrane permeability, promoting increased 

mRNA synthesis and cell growth 31. This reaction may be due to the light 

adsorption inside the mitochondria, or by cellular photoreceptors. Cellular 

photoreceptors are thought to be respiratory chain molecules, such as 

cytochrome C oxidase, which can adsorb the low level laser light and pass the 

energy to the mitochondria, increasing ATP production. At the same time, this 

fact produce cell intern changes in genetic intermediators, increasing protein 

synthesis and cellular proliferation. This phenomenon is the responsible of the 
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enhancement of tissue repair 8,32,33. Cells with stress condition, damaged or 

inflamed have a major adsorption due to a higher fluid content in the inflamed 

area 27,34. Recently, LLLT has been used to stimulate the proliferation of several 

cell types, including stem cells, which is essential for studying the different 

effects that may cause 22. 

In this study, we have first analyzed post-irradiation morphology of DPMSCs by 

optical microscopy images after 3 consecutive days of laser irradiation at 

different output powers comparing with non-irradiated cells (CT). The 

wavelength of the laser was 635 nm (Figure 2.3).  
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Figure 2.3. Optical microscopy images of DPMSCs after 3 days of low-level laser irradiation at different 

output powers (50, 70 and 100 mW) and at different irradiation times (10 and 50 seconds). Scale bar 100 

µm.  
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The images show that DPMSCs have proliferated and were elongated in a 

normal way compared with the control group (CT). Apparently, no 

morphologic changes are visible between different laser treatments neither 

compared with the control. This fact may confirm that laser treatment applied 

at different doses do not affect cell viability and cell morphology. Other studies 

that have analyzed stem cells morphology after the irradiation with LLLT did 

not described differences between the irradiated and non-irradiated cells after 

3 days of the experiment 35,36. 

 

4.2 Cell proliferation  

In the present study, we aimed to make an approach of the clinical positive 

results by studying the effects of LLLT on DPMSCs isolated from human third 

molars. For this purpose, we have used a low-level laser with a wavelength of 

635 nm which have been applied at different output powers of 50, 70 and 100 

mW, and translated into different energy densities: 0.5, 0.7, 2.5, 3.5, 1 and 5 

J/cm2. The aim of this assay was to better understand the results of existing 

clinical treatments such as the acceleration of wound healing and maxillary 

bone repair, using this technique as an adjuvant therapy. Moreover, cell 

viability was quantitatively evaluated after 3 and 10 days of laser irradiation 

using the commercial available CyQUANT Cell Proliferation Assay kit. Figure 2.4 

shows the results of the assay with cell samples irradiated and non-irradiated.  
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Figure 2.4.  CyQUANT cell Proliferation Assay Kit was performed to analyze the proliferation of DPMSCs 

after 3 and 10 days of low-level laser irradiation at different output powers  (50, 70 and 100 mW) at 

different time intervals (10 s = 10 seconds; 50 s = 50 seconds). Data are shown as mean ± standard 

deviation (n = 3). Groups identified by one of the same superscript letter are not statistically different. (P≥ 

0.05). 

 

The graphic shows good cell proliferation capacity after LLLT application at   

different potencies and at different time dose, both after 3 and 10 days of the 

experiment. Moreover, after 3 days of treatment, the highest output powers at 

the largest irradiation time showed a significant increase in proliferation rate 

compared with lower potency and the control. These results are in accordance 

with Oliveira et al. who studied osteoblast viability and proliferation after 

irradiating the cells during 3 days with LLLT with an energy density of 10 J/cm2 

(Figure 2.5) 37. In our study, after 10 days of the experiment, the highest energy 

DAY 10 DAY 3 
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density used (5 J/cm2) presented significant higher values of cell proliferation 

compared with the rest of groups. Interestingly, only the group with the 

longest time and higher output power showed a significant increase regarding 

cell proliferation compared with the control. Another study demonstrated that 

after the irradiation at a wavelength of 636 nm and dose of 5 J/cm2 promoted 

cell proliferation and viability on human adipose-derived stem cells, as well as 

the expression of proteins, like epithermal growth factor 38. 

 

 

Figure 2.5.  CyQUANT cell Proliferation Assay Kit expressed with energy density parameters. Data are 

shown as mean ± standard deviation (n = 3). Groups identified by one of the same superscript letter are 

not statistically different. (P≥ 0.05). 

 

Researchers in this field have extensively tried to determine the optimal laser 

protocol to promote the optimal biostimulatory effects which are attributed to 

low-level laser irradiation. Unfortunately, nowadays there is not a clear 

guideline in this treatment. However, several clinical studies in this field have 
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obtained good results, demonstrating beneficial LLLT effects on different 

diseases and injuries 10,15. The main parameters stipulated are that LLLT 

delivered at low energy density resulted in better results than the same 

wavelength delivered at higher energy density. Mostly, fluences of red or 

infrared (600-1070 nm) as low energy densities as 3 or 5 J/cm2 are beneficial in 

vivo, but at higher energy densities like 50 or 100 J/cm2 may lose the beneficial 

effect 39. Besides, most studies suggest that laser applied at a wavelength of 

600-700 nm and at energy densities from 0,5 to 5 J/cm2 stimulates cell 

proliferation 22,29. In a similar way, Li et al. obtained good hMSCs proliferation 

when stimulating by daily irradiation after 5 days at an energy density of 2 and 

4 J/cm2 40. Instead, irradiation at an energy density of 16 J/cm2 had suppressive 

effects for cells 22,23,41. The same negative result was reported using an energy 

density from 20 to 50 J/cm2 42. These cellular effects may support clinical 

applications.  

Recently, some authors suggest that the union of stem cells with LLLT is not 

beneficial, decreasing its proliferation ability. Other studies propose that LLLT 

does not have any effect on cell proliferation capacity or may cause 

cytotoxicity 41,42. The difference may be because of the energy densities that 

they employed, which were from 4 to 10 fold higher than in our study. Nitric 

oxide (NO) is thought to be involved in LLLT, and may be photo-released from 

its binding sites in the respiratory chain. Several papers discuss the so-called 

two-faced molecule nitric oxide (NO). This molecule can be either beneficial in 

a low dose, or harmful in a higher dose, depending on the energy fluence 

applied and on the cell type where it is generated 39. In this chapter, we have 

used human dental pulp mesenchymal stem cells and the energy density used 

for irradiation was between a range of 0,5 to 5 J/cm2, founding differences 

between irradiated and non-irradiated cells in terms of cell proliferation ability 

(Figure 2.5.). 
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Although in the study of Pereira et al. have used the same type of cells, they 

did not find statistically significant differences between cell proliferation rates 

of irradiated and non-irradiated cells, either from hDPMSCs from normal or 

inflamed dental pulps. The difference was that they have used an energy 

density of 0.05, 0.30, 7 and 42 J/cm2, which may explain the discrepancy of our 

results 43. The laser wavelength also may influence in the negative results, 

resulting an inhibitory response for those cells irradiated in the infra-red range 

(830 nm) 36. Wavelength is an important factor because it relates to penetration 

of laser light across biological tissue 12. Longer wavelengths are more resistant 

to scattering than shorter ones 44. This study agrees with the latest in terms on 

that the biological response of laser therapy is dependent on the dose and the 

wavelength. In fact, it is widely known that each type of cell respond in a 

different way to laser irradiation depending on the parameters used, such as 

wavelength, power output, energy density and irradiation time 45. In our study, 

we found that the extent of enhancement of the DPMSCs proliferation is in 

close correlation with the radiant exposure (5 J/cm2). Thus, these results may 

endorse the clinical use for LLLT. Nevertheless, we state the importance of 

having an accurate protocol to follow. 

 

4.3 Cell osteogenic ability 

Some researchers have analyzed that exposure to low-level laser irradiation 

can improve the bone density when applied postoperatively in maxillofacial 

bony defects 1,26,37. Regarding this fact, we wanted to analyze if there was an 

osteogenic effect in vitro in order to better understand, at a cellular level, the 

clinical findings. For this reason, we have quantified the alkaline phosphatase 

(ALP) activity on hDPMSCs, which is known to be an early marker of osteoblast 

differentiation 13,25. Figures 2.6 and 2.7 show the results of Alkaline phosphatase 

(ALP) activity. The samples irradiated with the highest output power (100 mW) 
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showed significant differences regarding ALP values compared with the ones 

irradiated with the lowest output power (50 mW). Nevertheless, there was not 

statistical significant difference between the highest output power group and 

the control group. These results are in agreement with Bloise et al. who studied 

ALP activity in Saos-2 cells after 14 days of laser treatment at an energy density 

of 3 J/cm2. They did not find significant differences between laser 

irradiated/non-irradiated samples 7. This data suggest that the effect of LLLT 

on osteogenic stimulation of DPMSCs is dose-dependent. However, further 

experiments with higher potencies are needed to be performed in order to 

study if osteogenic differentiation may be enhanced.  
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Figure 2.6. Cell osteogenic capacity was evaluated after 10 days of low-level laser irradiation at different 

energy potencies (50, 70 and 100 mW) and at different irradiation times (10 and 50 seconds) using the 

Alkaline Phosphatase (ALP). Data are shown as mean ± standard deviation (n = 3). Groups identified by 

one of the same superscript letter are not statistically different. (P≥ 0.05). 

 

 

Figure 2.7. Cell osteogenic capacity was analysed using the Alkaline Phosphatase (ALP) after 10 days of 

irradiation expressed with energy density parameters. Data are shown as mean ± standard deviation (n = 

3). Groups identified by one of the same superscript letter are not statistically different. (P≥ 0.05). 
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Normalization between ALP activity to cellular proliferation of DPMSCs using 

CyQUANT assay was carried out (Figure 2.8). The objective was to make a 

relation among the proliferation and the osteogenic differentiation rates. 

Interestingly, the graphic shows that the group 100 mW;50 seconds presented 

significant higher values compared with the group 70 mW;10 seconds, This 

result may be explained because of the fact that with a higher output power, 

the ALP/cell proliferation relation is enhanced.  It can be noticed a trend of rate 

increase when the cells were irradiated with the highest potency (100 mW) and 

during the longest time (50 s), despite not being significantly different.  

  

    

Figure 2.8. Alkaline phosphatase (ALP) activity normalized to cellular proliferation of DPMSCs in relation 

with the control group after 10 days of low-level laser irradiation at different output powers  (50, 70 and 

100 mW) and at different irradiation times (10 and 50 seconds). 

 

Some studies support that LLLT induces an increase of ALP synthesis. One 

study which used bone marrow-derived mesenchymal stem cells to 

differentiate into osteoblasts by LLLT (wavelength of 810 nm; energy density of 
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2 or 4 J/cm2) have showed an increment of ALP activity after 10 days of the 

experiment and increased in a dose dependent manner 46. Explanations may 

include the different wavelengths used or sensitivity due to the redox state of 

mitochondria in the target cells 39. Moreover, they differ in the laser irradiation 

time (4 minutes instead of seconds), and the time interval used which was 

every 4 hours instead of every 24 hours. Besides, laser beam measurement 

problems may also be considered. It is known that laser beams have higher 

irradiance in the middle and they are weaker towards the edge. That is why 

cells in the center of a culture well may be exposed to higher irradiances than 

those on the periphery 39.  

In our experiment, we observed that LLLT (wavelength of 635 nm; maximum 

output power 100 mW) at daily exposure during 10 days at an energy density 

of 5 J/cm2 had the highest values of ALP quantification compared with lower 

values of energy density applied (Figure 2.7). Laser irradiation was applied in 

another study after 24 and 48 hours of osteoblasts cells seed. The irradiation 

times were 1, 3 and 10 seconds at an output power of 180 mW; the 

corresponding energy densities were 0.14, 0.43 and 1.43 J/cm2, respectively. 

The results showed a significant increment of ALP activity after 1 and 3 seconds 

of irradiation, compared with the control. However, the maximum energy 

density applied (1,43 J/cm2) did not show a significant increase of ALP activity. 

Comparing with our results, which the maximum output power was 100 mW, 

these differences may be explained because when applying different output 

powers values (mW) but the same energy densities (J/cm2), the results 

recorded may be different 39,47. Another explanation may include that when 

DPMSCs are in the proliferation rate, they are not differentiating 48. This fact 

may corroborate our results because after laser irradiation cells proliferation 

rate was increased, meanwhile ALP activity was not. 
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Kim et al. studied the effect of LLLT on osteogenic differentiation of mouse 

MSCs (D1 cells) that were also cultured in the presence of osteogenic medium. 

ALP activity was found to be significantly increased 5 days after LLLT 

(wavelength of 647 nm; energy density of 279 mW) 25. These results 

demonstrate that different laser parameters are involved in the final outcome. 

Our results may hypothesize that ALP transcription was immediately activated 

after laser irradiation, allowing protein translation, and eventually the effect was 

lost. Although cell viability was not affected after the laser irradiation, the 

energy densities used were not enough to observe osteogenic changes. 

Nevertheless, several clinical studies in this field have obtained good results. 

One study with 70 patients used a laser with a wavelength of 810 nm and an 

energy density of 3,87 J/cm2. The laser was applied after the maxillary surgery 

and daily for postoperative during 7 days. The results were compared with the 

control in terms of pain, clinical and radiological findings. In short, the laser 

group showed significantly better results in bone density, defect volume area, 

edema and wound healing 49. Another clinical study used a combination of 

LLLT at a wavelength of 631 nm and an energy density of 12 J/cm2 in 

combination with a grafted biomaterial. Two tooth extractions were performed 

in the same patient in order to compare both surgical sites, and synthetic 

hydroxyapatite biomaterial was placed in both extraction sockets. Then, only 

one site was treated daily with LLLT during 21 days. Histologic results showed 

that the socket grafted with HA and treated with LLLT produced significantly 

more bone than the control socket 50.  

Laser therapy is a non-invasive, effective, stimulator of cell proliferation and 

osteogenesis 51. These findings may be clinically relevant, pointing that 

repeated treatments are needed to achieve a positive laser effect in cells.    
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5. Conclusions and future 

perspectives 

 

Our work has led us to conclude that irradiation with a diode low-level laser at 

a wavelength of 635 nm and with an energy density of 5 J/cm2 have promoted 

DPMSCs proliferation after 10 days of daily treatment. Different energy 

densities were studied in order to assess which parameters were effective 

regarding cell proliferation and ALP activity. Laser irradiation did not affect cell 

morphology and cell viability. Moreover, it might have a dose-response effect 

regarding cell proliferation and ALP activity. Interestingly, there was 

significantly increase of cell proliferation directly proportional to the increase of 

power energy and the time of irradiation. However, the doses used in this 

study are not high enough to observe osteogenic differences among the 

control. 

An important point that should be considered is the need of standardization of 

all the parameters used with LLLT in order to allow a more accurate 

comparison of results. Nevertheless, our study may affirm that exposure to 

laser light has beneficial effects at cellular level, supporting its current clinical 

application. Further investigations are needed in the near future to explain the 

mechanism underlying the effect of laser on the osteogenic differentiation of 

DPMSCs. These advances will lead to better acceptance of LLLT in mainstream 

dentistry and to use it in combination with other strategies, like bone grafts, in 

the cases of bone maxillary defects. Importantly, LLLT protocols need to be 

standardized before strongest conclusions can be affirmed about this subject. 
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1. Introduction 

This last chapter will focus on the design, manufacture and characterization of 

a new biomaterial to use as synthetic bone graft in maxillary defects, with the 

characteristic of sustained-drug release, emphasizing a solution to solve the 

aggregated problem of bacterial infections, which are really common in the 

oral area. As we have explained at section 4.2.2.2 in the general Introduction 

(New generation of bone grafts) natural polymer-based bone substitutes are 

recently receiving tremendous popularity. We have chosen Chitosan (CS)-

based biomaterial due to its renewable source and its high availability, being 

derived of chitin, which is the second most abundant polysaccharide in the 

world 1,2,3,4. Marine crustacean shells are mainly used as primary sources for the 

obtaining of chitin, which is composed of randomly distributed β-(14)-linked 

D-glucosamine and N-acetyl-D-glucosamine 5,6. Figure 3.1 shows the chemical 

structure of CS, which is the N-deacetylated product of chitin 7. Furthermore, it 

has a polymeric cationic character, biodegradability, biocompatibility and non-

toxicity 8; as CS is positively charged, it makes this material able to bind to the 

bacterial cell wall which is negatively charged. Then, it will attach to the DNA 

thus preventing the replication of bacteria 9,10. The antibacterial property 

renders CS a unique material, inhibiting the growth of a wide variety of fungi, 

yeasts and bacteria, which can be beneficial for use in the dentistry field 11,12,13,14.  

Interestingly, CS can be molded into different forms in order to adapt to the 

different maxillary bone defects. Thus, CS fibers would be good candidates to 

resolve different bone regeneration situations. However, a pure CS biomaterial 

is mechanically weak and lacks the bioactivity to promote hard tissue 

formation, which limits its application as a bone graft biomaterial 15,16. Synthetic 

bone grafts can be classified depending on its material group: metal, ceramic, 

polymer or composite-based. Composite-based group is an excellent option 
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because of the different advantages and synergies of materials that can 

compose the biomaterial. For that, we have designed a bone graft composed 

of CS with the incorporation of a ceramic material. We have chosen 

hydroxyapatite (HA) because it is biocompatible, non expensive and abundant 

17. Moreover, this ceramic has a chemical composition similar to the mineral 

phase of natural bone, being calcium phosphate, thus exhibiting bone-

bonding ability 18,19,20,21 (Figure 3.1). For that reason, the CS-HA composites 

have been claimed as bioactive materials for bone regeneration 20. 

Nevertheless, bone grafting procedures might develop bacterial infections 

which may compromise the tissue regeneration outcome. To avoid these 

infections, local drug-release is an excellent approach to prevent general 

adverse effects by protecting surrounded tissues from fast drug exposure while 

also improving drug efficacy by achieving sustained release directly at the 

infection site. This procedure may also benefit patients by avoiding 

unnecessary systemic undesired effects, because the drug will not pass the 

gastrointestinal barrier; moreover, it will be more efficiency and easy for the 

patient, avoiding possible forgetfulness of the drug intake from the patient. 

Antibiotic loading on bone regenerative biomaterials is a promising way to 

prevent augmentation procedures from infection during the resorption stage 

of bone substitutes 22. That is why Doxycycline (DX) has been combined with 

the CS-HA composite biomaterial. It is a broad spectrum antibiotic of the 

tetracycline family which has been used to treat bacterial infections in the oral 

cavity 23 (Figure 3.1). 
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Figure 3.1. From left to right: chemical structure of chitosan 3 hydroxyapatite 24 and doxycycline.  

 

Interestingly, some researchers have reported the enhancement of bone 

mineralization and stimulation of apoptosis of osteoclasts in vitro, preventing 

bone resorption 25,26. Hence, the goal of our third project is to develop a 

biomimetic and bioactive CS-HA DX-loaded biomaterial which resembles the 

extracellular matrix so as to create conductive living environment to stimulate 

cells to repair maxillary bone naturally. At the same time, it will prevent 

reinfections in the implanted area because of the sustained-antibiotic release 

ability.  
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2. Objectives 

The main objective of this chapter is to design and manufacture a bone 

grafting composite based on CS-biomaterial combined with sustained-drug 

release ability. To address this challenge, we designed a strategy based on the 

following objectives: 

 

o O1: To optimize the hydrogel/ceramic ratio to obtain an injectable bone 

graft composite with good handling and setting properties 

o O2: To control the chemical parameters of the bone graft composite 

o O3: To study the sustained drug release of doxycycline within the bone 

graft composite at different time points 

 

3. Materials and methods 

3.1 Chitosan fibers synthesis and characterization  

CS fibers were designed as follows. First, CS was prepared by dissolving 1 mL of 

glacial acetic acid (CH3COOH) (Panreac) into 99 mL of distilled deionized water 

(DI water, from Milli-Q water system) and stirring at 800 rpm. Then, an amount 

of 1-3g of chitosan were added to the solution and stirred at 450 rpm during 

one hour at room temperature, in order to obtain from 1 to 3% chitosan 

solutions. After that, a volume of 3 mL of CS solution was introduced on a 5 

mL plastic syringe. The syringe was then placed into an injection pump (kd 

Scientific pump KDS-200-CE) which was used to manufacture the fibers at a 

constant rate from 60 to 150 mL/h using a needle diameter of 0,5 or 0,9 mm. 

NaOH solutions from 0,05 to 0,5 molar ratios were prepared to use as the 

fibers crosslinking agent, at a pH of 12 (Figure 3.2). We have selected the fibers 
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form because they can be tailored through different parameters such as 

polymer concentration, molar ratio of the gelation solution and the alteration 

of the fiber size. Chitosan is an amino glucose containing small proportion of 

amide groups through an amide linkage with acetic acid 27. Crosslinking is a 

physiochemical technique in which a charged polymer, in this case CS, is 

forming intermolecular chemical bonds between chains of the polymer, 

gaining stability and resistance 4. CS crosslinking to form the fiber shape was 

obtained with a solution of sodium hydroxide (NaOH). The capacity of CS 

fibers to be tunable is very important, taking into account that clinically, every 

maxillary bone defect may have different shape and size. The samples were 

fabricated per triplicate. In the present work, the effect of the different 

variables on the fibers fabrication and its properties were analyzed. The studied 

variables included: 

a) Chitosan concentration: 1, 2 and 3% 

b) Injection pump flow rate: 60, 75, 100 and 150 mL/h 

c) Needle diameter: 0,5 and 0,9mm  

d) Molar ratio of the NaOH crosslinking solution: 0.05, 0.1 and 0.5 M 

 

 

 

Figure 3.2. Schematic illustration of the CS fibers manufactured with the injection pump and the NaOH 

crosslinking solution agent.  
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3.1.1 Fibers structure analysis  

Once the CS fibers were prepared, their stability and manipulation were 

evaluated under qualitative parameters in order to compare between the 

different variables studied. The maintenance of 3D structure of the fibers was 

evaluated and scored as low/bad, resulting in a non manipulable fiber which 

may easily loose its structure when handling with tweezers; correct, meaning 

the fiber was manipulable but not stable in aqueous media; or optimal, 

obtaining an excellent manipulable and stable fiber in aqueous media and 

maintenance of its structure when handling with tweezers. An optical 

microscope (Olympus CKX41, Nikon) was used to characterize the structure 

and to measure the size diameter of the fabricated biomaterials. 

 

3.1.2 pH evolution 

After 5 minutes of crosslinking time in NaOH solution, each biomaterial sample 

was immersed in 20 mL DI water bath during 10 minutes for 4 times in order to 

neutralize the basic pH of the solution (n=3). After each bath, the supernatant 

pH was analyzed and also after different periods until the pH reached 7,4 using 

a pH-meter (SensIONTM+ PH31). 

 

3.2 Chitosan composite synthesis and characterization 

After characterizing CS fibers, the values of the main variables studied were 

selected. The ones with the best stability and manipulation parameters were 

chosen in order to continue with the CSHA composite fabrication: 
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a) Chitosan concentration: 1% 

b) Injection pump flow rate: 75 mL/h 

c) Needle diameter: 0,9mm  

d) Molar ratio of the NaOH crosslinking solution: 0,5 M 

 

Chitosan was prepared as explained in section 3.1. At this point, 1% CS 

composite was used and different amounts of HA were incorporated. First, 

hydroxyapatite (HA) powder (Sigma-Aldrich) was mixed with the CS solution at 

ratios of 10, 50 or 75 wt (weight) % of HA respect to the composite to obtain 

CSHA biomaterials. Since the viscosity of CS varied with the HA concentration, 

the L/P ratio used for the mix of the HA powder was adjusted to the minimum 

value of water at which HA75% was well dispersed. According to this criterion, 

HA 10, 50 and 75% was dispersed in 400 µL DI water and placed on the vortex 

to homogenize. A volume of 3 mL of CSHA composite was introduced on a 5 

mL plastic syringe to fabricate the fibers with the injection pump as explained 

before. A constant rate of 75 mL/h was stablished and the needle diameter 

used was 0,9 mm. NaOH solution of 0,5 M was used as the fibers crosslinking 

agent. All samples were fabricated per triplicate.     

 

3.2.1 Chitosan composite structure analysis  

Once the CSHA fibers were manufactured, the characterization of their 

structure and the measurement of the size diameter were evaluated. As 

explained before, an optical microscope was used for this assay. 

 

3.2.2 pH evolution 

The pH evolution experiment was assessed with the same steps followed for 

the CS fibers. 
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3.2.3  Chemical analysis: Fourier Transformed Infrared 

Spectroscopy (FTIR)  

FTIR was used to characterize the chemical composition of the experimental 

materials and to verify the changes in the chemical structure. The material 

studied consisted of CS with different HA concentrations in each sample. The 

assay consisted on taking one small piece of each sample and to place it in the 

spectrometer (Agilent Cary 630 FTIR) and recording the measurement. The 

infrared spectrum is detected between a range of 650 to 4000 cm-1 with a 

resolution of 4 cm-1. The spectrums were done 6 times and an average 

spectrum was obtained. A blank with no sample was measured in order to 

have the base line. The spectrums were obtained and analyzed using the 

MicroLab Lite software.  

 

3.2.4 Doxycycline-loaded composite fabrication 

DX was selected to be incorporated into the CSHA composite because it is a 

broad spectrum antibiotic and is known to have an osteogenic regeneration 

capacity. The amount of DX powder used was 833 µg/mL. This concentration 

was selected taking into account a study that was similar to ours, in which they 

used 1mg DX/mL of the material 23. Moreover, DX minimum inhibitory 

concentration (MIC) is known to be 16 µg/mL 28. We assumed a high lost of DX 

because of the water baths. That is why we choose a higher DX concentration 

as a first study. Thus, the antibiotic was added to the solution (either 1% CS or 

1% CSHA composites) following the steps explained in section 3.2 and using 

the same HA concentrations (0-75 wt %). In order to obtain CSHADX 

composites, a constant doxycycline (DX) powder (Sigma Aldrich) weight of 

0,0025 g was added to the CSHA composite. As DX is sensitive to light, the DX-

loaded biomaterials were kept in the dark until used 29. A volume of 3 mL of 

CSHADX composite was introduced on a 5 mL plastic syringe to fabricate the 



Chapter 3                                                                                                                173 

 

fibers with the injection pump as explained before. A constant rate of 75 mL/h 

was stablished and the needle diameter used was 0,9 mm. NaOH solution of 

0,5 M was used as the fibers crosslinking agent. All samples were fabricated 

per triplicate. Table 3.1 shows the samples studied. The CSHADX composites 

structure analysis, pH evolution and FTIR were assessed as explained before for 

the CS fibers.    

 

 

Table 3.1. Samples studied and codes used for this section. The main variable studied was the HA 

percentage (0, 10, 50 and 75%) with or without DX incorporation. 

 

 

3.3 In vitro doxycycline release study  

After crosslinking the samples for 5 minutes into 0,5 M NaOH solution, the 

amount of DX was analyzed from the supernatant to detect the loading 

quantity. The amount of DX released was measured using a 

spectrophotometer by measuring the absorbance at 351 nm (Bio-Tek Synergy 

HT). Moreover, the effect of HA amount in the mixture solution with CS was 

also investigated. To study the release of DX from the biomaterials after the 

crosslinking time, each sample was immersed in 1 mL DI water for different 

HA concentration (%) Without DX With DX 

0 CS CSDX 

10 CSHA10 CSHA10DX 

50 CSHA50 CSHA50DX 

75 CSHA75 CSHA75DX 
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periods and maintained at the incubator at 37ºC. The release quantity was 

interpreted after normalized to the loaded quantity. Then, 1 mL of medium was 

refreshed at each time point of the assay.  

 

3.4 Statistical analysis 

Statistical analysis was carried out with significance of 5%. Mann-Whitney test 

was conducted. Data are expressed as mean ± standard deviation. The results 

were statistically analyzed using Minitab (Minitab® Software Inc. 17.1.0) and 

GraphPad Prism version 6 (Graphpad Software Inc.) was used to graph the 

data.  

 

4. Results and discussion 

4.1 Chitosan fibers synthesis and characterization 
4.1.1 Fibers structure analysis 

Natural polymers are nowadays widely used as biomaterials for periodontal 

and bone regeneration treatments because of their excellent biocompatibility. 

Among biopolymers, chitosan has gained more attention due to its extent 

biomedical applications like tissue engineering and drug carrier. This 

biomaterial has FDA approval for wound dressing 30. Moreover, CS is widely 

useful for these situations because it is biodegradable, non-toxic and it has a 

mucoadhesive nature 6. Furthermore, it has a sustainable and low-cost process 

for the manufacturing of bone tissue reducing the consumption of toxic 

materials 31. In this study, we have first evaluated different variables within the 

fabrication process such as the CS concentration, the flow rate, the needle 

diameter and the molarity of the NaOH solution used to manufacture the 

fibers. The aim of this section was to evaluate and select the best parameters 
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used in order to proceed to the composite fabrication. Table 3.2 shows the 

stability and manipulation capacity of different NaOH solution molarities that 

were evaluated to select the best crosslinking solution concentration. This fact 

was important to ensure the maintenance of the 3D fiber structure. The 

solution concentration that resulted in an optimal stability and manipulation of 

the fibers was 0,5 M. The CS transition from the solution to the fiber form is 

determined by the immersion in basic media, such as NaOH. 

 

 

 

 

 

Table 3.2. Visible stability and manipulation of CS fibers at different NaOH solution molarities (0,05-0,5). 

The parameters were scored as low/bad, correct or optimal marked with an X. 

 

The fact that the higher molarity of the NaOH solution resulted to be the best 

in terms of stability and manipulation of CS fibers, could be explained because 

of the higher concentration of OH- ions, which are conducted by diffusion 

gradient interacting with CS cationic groups to penetrate into the composite in 

less time leading to a faster CS neutralization; this fact may lead to a rapid 

formation of a stable fiber network 30. Our results are in agreement with 

Bergonzi et al. who evaluated different crosslinking media at different 

molarities, obtaining good fiber constructs from 0,5-1 M. Besides, they did not 

obtain a maintenance of the 3D structure at lower crosslinking media 

NaOH solution 

(M) 

Low/bad Correct Optimal 

0,05 X   

0,1 X   

0.5   X 
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molarities, such as 0,1 M 30. Furthermore, the use of a basic solution like NaOH 

for the crosslinking process of CS under mild conditions requires short time of 

gelation, compared with other studies that used NaCl or phosphate buffer 

saline 32.  

Once NaOH 0,5 M was selected as the best crosslinking solution, CS fibers with 

different needle diameters, polymer concentrations and flow rates were 

fabricated. Table 3.3 shows the stability and manipulation of different CS fibers 

with different needle diameters. Interestingly, the highest needle diameter 

resulted in fibers better formation compared with the lower needle diameter. 

 

Needle diameter 

(mm) 

Score 

0,5 0 

0,9 ++ 

 

Table 3.3. Visible stability and manipulation of CS fibers manufactured with different needle diameters: 

0,5 mm and 0,9 mm. The parameters were scored as low/bad = 0, correct = + or optimal = ++. 

 

Table 3.4 shows the effect of different CS concentrations used (1, 2 and 3%) to 

fabricate the fibers regarding different rates assessed (60, 75, 100 and 150 

mL/h). All CS concentrations demonstrated good fiber forming ability, which 

means they did not disintegrate and were able to maintain its 3D structure 

when were manipulated with tweezers. However, flow rates at 60 mL/h had 

lower stability than the higher rates studied.  
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Table 3.4. Visible stability and manipulation of fibers at different CS percentages (1, 2 and 3%) and at 

different rates (60, 75, 100 and 150 mL/h). The parameters were scored as low/bad = 0, correct = + or 

optimal = ++. 

 

The wet spinning process steps are: preparation of the polymer solution, 

extrusion of polymer solution into the crosslinking bath and coagulation in this 

bath. Polymer concentration in the spinning solution depends mainly on 

polymer solubility and spinning pressure limitations. The formation of the fibers 

in the crosslinking bath is a complex process that involves parameters of bath 

composition, temperature, flow rate, among others 33. Thus, in this process, the 

polymer dropping from the needle tip onto the collector may occur, and if the 

flow rate is not optimal, it will then spoil the fibers already collected. The 

pressure required to deliver the solution at a constant rate will depend on 

different factors, including the diameter of the needle and the solution viscosity 

34, which will depend on the CS concentration. If the flow rate is too low, there 

will be insufficient polymer at the NaOH solution surface. The diffusion of the 

NaOH solution into the CS macrofilaments may be in relation with the CS 

concentration and the flow rate, having higher bonds between CS chains as 
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higher CS concentration, resulting in better fiber stability. Indeed, the CS chains 

reorganization occurs as the crosslinking agent diffuses into the CS solution 35.  

The needle diameter issue may be better at a higher diameter because the 

polymer was able to flow better through the needle at the moment of the fiber 

fabrication. This ability of the polymer to flow may be related to how fast and 

how far individual CS chains can move in relation to each other, and can 

influence the fiber diameter, thus influencing its stability and manipulation 34. 

Although very fine fibers can be produced using 1% CS at a flow rate of 60 

mL/h in NaOH bath, the fibers disintegration may be because of lack of 

crosslinking at that lower rate 36. Figure 3.3 shows optical microscope images 

at the different variables studied before, fabricated in a constant 0,5 M NaOH 

solution. CS fibers at 1% concentration manufactured with the lowest needle 

diameter had a smoother profile compared with higher CS concentrations and 

the highest needle diameter used. Comparing fibers obtained with the same 

needle diameter, the ones with 1% CS resulted to be the thickest compared 

with higher CS concentrations. When comparing different flow rates used, 

there were not apparently differences between them. However, when 

combining the highest CS concentration with the lowest rate, it was not 

possible to manufacture the fibers because of the high CS solution viscosity. 

Moreover, because of the higher viscosity of 3% CS, it showed a non-uniform 

shape presenting beads, compared with the rest of the fibers. 
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Figure 3.3. Optical microscope images of CS fibers at different percentages (1, 2 and 3%) and at different 

rates (60, 75, 100 and 150 mL/h). CS fibers at 1% were manufactured with 0,5 and 0,9 mm needle 

diameter, and the rest of fibers with 0,9 mm needle diameter. The NaOH solution was 0,5 M. Scale bar 

500 µm. 

 

These results were confirmed with the size fiber quantification measured by 

optical microscopy. First, regarding the combination of different needle 

diameters at different flow rates, Figure 3.4 shows that when using the highest 

needle diameter the fibers significantly increased in size, compared with the 

results of lower needle diameter. Referring to the different flowing rates 

studied with the needle diameter 0,5 mm, fibers manufactured at 100 and 150 

mL/h had increased sizes compared with the ones fabricated at 60 and 75 

mL/h. This finding may suggest that the flow rate has an effect on the diameter 

of the fibers. A study explained this fact stablishing that when we have a larger 

volume of solution in motion over a set distance, the obtained fibers will be 

60 mL/h  75 mL/h  100 mL/h  150 mL/h  

1% n 0,5 

1% n 0,9 

2% n 0,9 

3% n 0,9 
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thicker 34. However, there were not statistically significant differences when a 

diameter of 0,9 mm was used at different rates. 

 

 

Figure 3.4.  CS fibers size with the two needle diameters (0,5 and 0,9 mm) and at different rates (60-150 

mL/h). Data are shown as mean ± standard deviation (n = 6). Groups identified by the same superscript 

letter are not statistically different. (P≥ 0.05). 

 

After that, we have studied the combination of different CS concentrations at 

different flow rates, maintaining a constant needle diameter of 0,9 mm. The 

graphic in Figure 3.5 corroborates the images showed before obtained by 

optical microscopy. The 1% CS concentration resulted on the highest values of 

fiber size compared with the rest of the concentrations analyzed, being 

statistically significant. Regarding the different flow rates, there were no 

differences between them at 1% CS concentration. Our results showed that 1% 

CS had the highest fibers size. Thus, we hypothesize that fabricating the fibers 

at lower CS concentration has allowed more expansion of the polymer within 

the crosslinking solution, obtaining thicker fibers. A study showed that there 
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was a non-linear relation between the polymer concentration and fiber 

diameter 37. However, the authors studied nanofibers instead of microfibers. 

 

 
Figure 3.5. CS fibers size at 1, 2 and 3% concentration fabricated with a needle diameter 0,9 mm and at 

different rates (60-150 mL/h). Data are shown as mean ± standard deviation (n = 6). Groups identified by 

the same superscript letter are not statistically different. (P≥ 0.05).  

 

 

The stability and manipulation capacity are extremely important because this 

biomaterial will be clinically used to fill bone defects. Besides, the clinician must 

have an optimal biomaterial manipulation in order to short the time of the 

treatment. That is why we think fiber shape is a good option both to better 

adapt to the host tissue and to repair the irregular bone defect more 

efficiently. Furthermore, the fibers at 1% CS were the highest in terms of size, 

which may be an excellent property in terms of needing less biomaterial to fill 

a wider defect. Moreover, these fibers had good cutability, making them 

optimal for clinical requirements to be gathered by cutting the composite 

biomaterials into individualized shapes and sizes. 

   



182                                                                                                                Chapter 3 

 

   

4.1.2 pH evolution 

At this point, the assessement of the pH evolution was performed. pH is one 

environmental stimuli at which CS polymer may change in response to this 

parameter. This pH sensitive behaviour is because of the large quantities of 

amino groups presented on its chains. After manufacturing CS fibers, they 

were immersed in baths of DI water 4 times and the pH was measured at 

different time points. First, we studied the pH of 1% CS fabricated with a needle 

diameter of 0,5 or 0,9 mm at a flow rate of 75 mL/h. The lower needle 

diamater reached a lower mean pH (8,4) compared with the higher needle 

diameter (8,7), although there were not significant differences (Figure 3.6).  

 

 

Figure 3.6.  pH analysis of 1% CS at a rate of 75mL/h and with different needle diameters (0,5 or 0,9 mm). 

 

Then, we evaluated the pH of 1-3% CS at a flow rate of 75 mL/h. The 1% CS 

sample showed slightly higher pH values (8,7) compared with 2 and 3% CS 

samples (8,6 and 8,5), althought significant differences were not found (Figure 

3.7). All samples reached a pH near 7,4 after 48h of the study. 
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Figure 3.7. pH analysis of different CS concentrations (1-3%) at a constant rate of 75 mL/h (n=3).  

 

Finally, 1% CS at different flow rates was evaluated in order to study the 

differences between them (Figure 3.8). The highest pH value was 8,9 for the 

lowest rate (60 mL/h), and the lowest value was 8,2 for the highest rate (75 

mL/h). However, they were not statistically significant. 

 

Figure 3.8. pH analysis of 1% CS at different rates (60-150 mL/h) (n=3). 
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CS has a cationic nature and it is a pH-sensitive polymer. When it reaches weak 

acids (pH < 6) the protonated free amino groups of glucosamine allows 

solubility of the molecule. The formation of CS fibers is accomplished after 

immersing CS solution into a basic NaOH solution with a pH=12. This is a 

common approach to perform sol-to-gel transition for water soluble, pH-

sensitive polymers. CS usually undergo phase transition because of the 

functional groups on the polymer that either accept or donate protons as a 

result of pH changes in the environment 38. As CS fibers initially had a pH=12 

because of the NaOH crosslinking solution, we have immersed the polymer in 

several DI water baths in order to decrease its pH and change it to a 

physiological pH.  For this reason, we wanted to evaluate the pH stability of CS 

at different fiber fabrication parameters in order to select the best results. 

Taking into account there were no significant differences between the samples 

studied, 1% CS at a flow rate of 75 mL/h and with a needle diameter of 0,9 mm 

was choosen for the next experiments. 

 

4.2 Chitosan composite synthesis and characterization 

4.2.1 Composite fibers structure analysis 

Human bones are mainly formed of organic and inorganic components, 

particularly HA and collagen. Composite biomaterials that mimic the bone 

matrix may have important clinical applications in bone grafting 18. CS is 

claimed as an excellent biomaterial to be used as a bone graft. In the literature 

we can find a wide range of methods for CS processing to be used in tissue 

engineering 39 (Figure 3.9). Furthermore, the combination of polymers with 

inorganic phases leads to materials with improved mechanical characteristics 

due to the higher stiffness and strength of the inorganic material, because CS 

itself do not possess optimal mechanical properties to satisfy bone tissue repair 

requirements 21,40,41,42.  
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Figure 3.9. Illustration of selected examples of CS processing for use in tissue engineering: Cells may be 

encapsulated in gels or seeded in porous matrices including sponge-like or fibrous structures. 

Combinations of CS with other biocompatible materials such as calcium phosphate or gelatin are applied 

to modify biomechanical and cell-matrix-interaction properties. Different adaptations of CS may help to 

optimize cell and tissue differentiation and tailor the transplant to different clinical cell delivery situations 

43,44,10,45,46. Modified from 39. 

 

Moreover, we think that the addition of HA, which exhibits bone bonding 

ability, will enhance the biomaterial osteogenic properties as this combination 

has been extensively studied 18,23,47,48,49,50.  Besides, we have incorporated into 

the composite DX powder, which is an antibiotic and is also known to promote 

bone growth 51. For these reasons, we have fabricated a composite biomaterial 

with different amounts of HA and a constant DX concentration in order to 

characterize the fibers size and morphology. The morphology of the CS and 

CSHA fibers obtained by means of coagulating in NaOH solution is shown in 

Figure 3.10. As HA concentration increased, the composite macrostructure 

seemed denser and more well-packed. The explanation may be that the 

greater the quantity of HA, the amount of water is reduced. This fact leads to a 

CHITOSAN 
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less hydrogel and more ceramic material. Moreover, higher HA concentration 

rendered the fibers a whitish color. Optical microscope images of the 

composite fibers revealed the individual structure of the different samples 

analyzed. The sizes of the CS and CSHA75 fibers apparently seem the thickest.  

 

 

Figure 3.10. Digital photographs and optical microscope images of 1% CS fibers manufactured with a 

needle diameter of 0,9 mm and at a constant rate of 75 mL/h mixed with different concentrations of HA 

(0-75%). Scale bars 0,5 cm and 500 µm. 

 

Figure 3.11 shows CS and CSHA fibers with DX incorporation. Similar patron 

was followed in these samples, in which it can be observed a denser and more 

well-packed macrostructure at higher amounts of HA, but less whitish color 

because of the yellowish color of DX powder. Optical microscope images 

showed well defined fiber shape being CSHA75DX the thickest composites.  
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Figure 3.11. Digital photographs and optical microscope images of 1% CS fibers manufactured with a 

needle diameter of 0,9 mm and at a constant rate of 75 mL/h mixed with different concentrations of HA 

(0-75%) with DX incorporation. Scale bars 0,5 cm and 500 µm. 

 

The graphic in Figure 3.12 corroborates the optical microscopy images showed 

before. Regarding the group without DX, CS sample showed significantly 

increased values of fiber size compared with the rest of the groups with HA. 

CSHA75 obtained the highest fiber size comparing between CSHA samples, 

being statistically significant. Referring to the samples with DX incorporation, 

CSHA75 had higher fiber size comparing to the rest of the samples less with 

CSHA50, which resulted in similar sizes. DX did not seem to affect the fiber size 

of the composites containing HA. However, the CS fibers without HA 

decreased its size when incorporating DX.  



188                                                                                                                Chapter 3 

 

   

 

Figure 3.12. CSHA fibers size with and without DX incorporation. Data are shown as mean ± standard 

deviation (n = 6). Groups identified by the same superscript letter are not statistically different. (P≥ 0.05). 

 

It should be borne in mind that CS fibers were fabricated immersing the 

polymer in NaOH solution; however, CS composites were mixed before with 

400 µL of DI water in order to disperse DX particles. This fact may explain the 

fibers size differences between CS and CSHA composites with or without DX 

incorporation.    

 

4.2.2 pH evolution 

The effect of pH did not have statistically differences between the groups 

studied. Nevertheless, it could be noticed a direct proportional correlation with 

the increasing HA concentration into CS composites which resulted in 

decreasing pH values (Figure 3.13A). CSHA composites with DX addition 

revealed the same pattern (Figure 3.13B). CSHA composites analyzed, both 

with or without DX, reached nearby a pH of 7,4 before 48h of the experiment; 
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however, CS samples decreased its pH near 7,4 after a minimum of 48h of the 

study.  

 

 

 

Figure 3.13. (A)  pH analysis of 1% CS at a constant rate of 75 mL/h with different HA concentrations (0-

75%) without DX addition and (B) with DX addition (n=3). 

 

B 

A

B 
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There are several factors that may affect to the pH value. One of the most 

important is the relation of absorption between anions and cations. Generally, 

a higher absorption of cations causes a lower pH, and a higher absorption of 

anions causes a higher pH. The ion pairs formed by negatively charged 

phosphate groups of HA with protonated amine functionality of CS in the 

crosslinking process 52 may allowed a higher absorption of cations in the 

media, resulting in a decrease of the pH when CS was combined with HA. It is 

known of the possibility to form bonds between the -NH2 of CS and Ca2+ of 

HA 5,53. However, HA did not make a substantial change in the pH. This may be 

because the addition of ceramic particles in the polymer makes it more 

resistant and less susceptible to pH variation 23. When incorporating DX within 

the CSHA composite, the pH decreased substantially compared with CSDX 

composite. This fact may be explained because DX chemical structure is 

composed by NH2 (which remains neutral) and OH (which has negative 

charge). DX may interact with CS and HA, resulting in a lower pH value. 

Moreover, acetic acid was first mixed with CS in order to obtain a solution. The 

HADX addition to CS solution may have retained some acetic acid, making the 

pH decrease compared with CSDX composite. CS is a polyelectrolyte, which is 

a class of polymer with ionizable groups along its matrix. Interestingly, it can be 

protonated or deprotonated depending on the pH of the surrounding medium 

30,54. When CS and CSHA were mixed with DX, it caused a change in the 

environmental pH, faster decreasing its value within the first 20 hours 

compared with the control without DX. This fact can be explained because DX 

has an acidic pH of 2-3 55. CS has several advantages such as the possibility to 

link with different elements and to modify its pH in order to obtain a nearby 

physiological one, with the aim to place it as a bone graft biomaterial. 
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4.2.3 Chemical analysis: Fourier Transformed Infrared 

Spectroscopy (FTIR)  

With the aim of characterizing the chemical structure of the different 

composites previously synthesized, we analyzed them by FTIR. Specifically, FTIR 

allowed us to study the chemical interactions between the different 

components of the biomaterial. We hypothesized that weak interactions 

between CS, HA and DX impart stability to the composite preventing the 

disaggregation of the components. CS composites with different HA 

concentrations (10, 50, 75%) were analyzed and the same trend was observed 

in all the measurements. Thus, for clarity, only the spectra of HA75% 

concentration is represented. The infrared spectra of 1% CS is shown in Figure 

3.14. The assignment of the different bands observed in Figure 3.14 is 

summarized in Table 3.5.  Chitosan is an amino glucose containing small 

proportion of amide groups through an amide linkage with acetic acid 27. 

Therefore, signals at 1584 cm-1 and 1531 cm-1 are ascribed to amide I and 

amide II bands. The peak at 2843 cm-1 and 2825 cm-1 corresponds to C-H 

symmetric and asymmetric stretching bands characteristics of polysaccharide, 

which chitosan nature is (Figure 3.14; Table 3.3). A band between 3100 and 

3300 cm-1 is seen due to the stretching vibration of N-H and O-H bonds  56. 

HA, on the other hand, showed very intense bands at 961 cm-1 and 1017 cm-1 

corresponding to the PO4 group in hydroxyapatite 48,57.  
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Figure 3.14. FTIR spectrum showing chemical bond structure of 1% CS samples with or without HA75 and 

HA alone.   

 

The spectra of the pure compounds are consistent with those reported in the 

literature 58,59,60. Regarding FTIR of CSHADX series, we can observe that the 

most intense absorbance bands of spectra correspond to HA (Figure 3.15; 

Table 3.5). These results are in agreement with Danilchenko et al. who also 

investigated CSHA composites at different CS:HA ratios and obtained similar 

vibration bands 48. Attention should be focused on the shifts resulted in CSHA 

and CSHADX compared with the polymer alone. C-H symmetric stretching 

bands changed from CS (2843 cm-1) to CSHADX (2810 cm-1); C-H asymmetric 

stretching was 2825 cm-1 for CS and 2836 cm-1 when adding HA. Interestingly, 

amide I and II band had also showed a shift when adding HA and DX to form 

the composite.  
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Figure 3.15. FTIR spectrum showing chemical bond structure of 1% CSDX samples with or without HA75 

and DX alone.  

 

Similar results were also found in the literature for CS nanoHA blends. They 

suggest that the hydroxyl and phosphate ions on the surface of HA may 

interact with the amino and hydroxyl ions of CS by the formation of hydrogen 

bonds 49,53,61,62,. These shifts were subtle, thus we hypothesize that the 

interactions between the different components were weak (hydrogen bond, 

van der Waals bond and/or electrostatic interaction) 60. Besides, fiber formation 

in alkaline bath may occur when protonated amino residues are neutralized 

and thus there is a decrease of charge density of CS. Then, posterior regular 

arrangement of CS network through weak intra- and inter- molecular 

interactions and hydrogen bonds are favored, inducing the formation of 

physical junctions 35,63. The FTIR spectra of pure doxycycline is characterized by 

the presence of a wide band in the region 3100-3300 cm-1 due to both O-H 

and N-H stretching bands.  Peak of C-O in the glucopyranose ring is present at 

1174 cm-1. All the doxycycline-doped biomaterials prepared did not show the 

typical absorption bands corresponding to the drug. This fact may be due to 
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the low amount of DX loaded into the composite (Figure 3.15; Table 3.3). This 

data is in accordance to Yadav et al. who also studied CSDX FTIR spectra. They 

used CS nanoparticles blended with 40 mg of DX and did not find any 

chemical interaction between CS and DX 64.  

 

 

Table 3.5. Main FTIR bands observed for the three different components of the biomaterial: chitosan (CS), 

hydroxyapatite (HA), doxycycline (DX) and the hybrid biomaterials. 

 

Similar results were obtained by Soriano et al. who designed HA microspheres 

containing DX. The FTIR results only showed phosphate and hydroxyl peaks 

from HA, and did not show DX vibration bands. Instead, they analyzed DX 

adsorption within HA microspheres by UV-Vis spectrophotometry 65. Another 

study used Ibuprofen instead of DX to load in CS hydrogel, which was 

fabricated similar to our fabrication of CS polymer. They reported that CS 
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physical mixture with ibuprofen exhibited the features of both materials with 

no visible changes in the FTIR. This fact was regarding the lowest CS 

concentration of the composite. Instead, a shift was observed in Ibuprofen 

when CS concentration increased 66. We have studied 1% CS that may be a low 

concentration to observe any interaction when blended with DX. As the lack of 

information in the literature regarding FTIR and CSHADX biomaterial, our 

results have also been compared with a study that fabricated silver (Ag) ion-

loaded calcium phosphate/CS composite. They found that the characteristic 

bands of HA-Ag were almost the same of those of HA, indicating that Ag had 

little effect on HA chemical structure 1. 

 

4.3 In vitro doxycycline release study 

DX is an inexpensive broad spectrum drug used to treat bacterial infections 

such as aerobic and anaerobic Gram-positive and Gram-negative bacteria, 

among other microorganisms. Its antimicrobial activity is due to the 

suppression of the bacterial protein biosynthesis. DX also inhibits the activity of 

collagenase, thus inhibiting bone resorption via osteoclasts 67,68,69. DX release 

efficiency was studied in two different groups: in the first one, the fibers were 

manufactured and then the measure of the DX release was assessed; in the 

second group, the fibers were manufactured and then 4 deionized water baths 

of 10 minutes each were performed; meanwhile the DX release was measured 

in order to study if there were differences between both groups in terms of 

drug release. The DX release values of the first group studied can be observed 

in Figure 3.16.   
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Figure 3.16. Cumulative amount of doxycycline (DX) released and percentage of DX released as a function 

of time for samples 1% chitosan (CS) with different amounts of hydroxyapatite (HA) from 0 to 75%. 

 

First, the graphic shows that control samples (CS and CSHA without DX) had 

no release. Then, it can be observed that DX was released from the CSDX 

fibers in a burst-effect manner within the first 6 hours followed by a slow 

sustained release. Interestingly, the addition of HA to the CS composite had 

significant differences from CSDX, obtaining higher release amounts. In the 

case of CSHA samples, the burst release was observed within the first 24 hours. 

DX release of CSHA50DX was significantly higher compared with CSDX, having 
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approximately 5-fold higher values. After the first 2 hours of the initial release, 

the amount of drug released has decreased. Then, a sustained release was 

followed for the remaining time of the experiment. Regarding the samples with 

higher amounts of HA, they had a 2% of increment of the release compared 

with the rest of the CSHADX samples. CSHA50DX had significant differences 

compared with the rest of the samples at all time points studied. CSHA50DX 

sample had released a total of 32% after 24 hours of the study. In the second 

group (with DI water baths), the drug release pattern also consisted of two 

distinguishing stages observed in Figure 3.17.  

 

 

 

 

 

 

 

 

 

 

Figure 3.17. Cumulative amount of doxycycline (DX) released and percentage of DX released as a function 

of time for samples 1% chitosan (CS) with different amounts of hydroxyapatite (HA) from 0 to 75% with 

previous deionized water baths. 
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The first is characterized by a burst release of DX within the first 5 minutes of 

crosslinking and 3 DI water baths of 10 minutes each (a total of 35 minutes) 

followed by a slow sustained release. These results had significant differences; 

for CSHADX samples, within the first 45 minutes. The hybrid biomaterials were 

apparently more effective in releasing DX in a controlled way than their CS 

equivalent. Within the next 24 hours after the initial release, the amount of 

drug released decreased and then was followed by a sustained release for the 

remaining time, except for CSHA75DX, which after 24 hours increased its 

release from 0,86% to 1,62%, before having a sustained release for the 

remaining time. By the end of 24 hour monitoring period, CSHA50DX had 

released more total drug than the rest of the samples analyzed with HA, being 

statistically significant. That could be explained because of the more acidic pH 

resulted with the addition of higher amounts of HA that may interfere with the 

DX release. The interaction between the positive CS charged and the negative 

HA and DX particles may suggest a remarkable affinity between CS, HA and 

DX, having an intermolecular attraction 7. Our results are in agreement with 

Semyari et al., who had studied the DX release from a 

collagen/nanohydroxyapatite scaffold obtaining 29% of release during the 

same time interval. However, they also have obtained 66% DX release over 14 

days of the assay. Their results may be different because they have 

manufactured collagen scaffolds containing nanohydroxyapatite with DX. 

Moreover, the DX amount they have used was 6,7 mg/mL compared with our 

DX concentration used that was 0,83 mg/mL. Besides, they have used the 

freeze-drying method in order to fabricate the scaffold, which generates a 

highly porous architecture that may explain the differences between the 

studies 68. Iqbal et al. have manufactured a spongy scaffold containing CS, HA, 

DX and hydroxypropylmethyl cellulose as a crosslinking agent. They have used 

the freeze-drying method to prepare the scaffolds. Their material resulted that 

a 60-70% of the drug had a burst release within the first 6-8 hours. After that, a 
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sustain release profile was maintained for the next 64 hours. The samples with 

the crosslinking agent had interconnected pores facilitating high concentration 

of drug entrapment 23. Our results showed that by the end of 72 hour of the 

monitoring period, CSHA50DX had released more total drug than the rest of 

the samples analyzed.  The differences between the first and the second group 

studied may be explained because of the DI water baths of the second group. 

In that group, there may have been a release within the 4 water baths, 

resulting in a lower release at the time of the measurement. Similar results 

were obtained by Ramirez et al., who designed nanofibers made of 

polycaprolactone/gelatin/HA nanoparticles-loaded DX to study antibacterial 

activity. They have also measured the DX release obtaining a first phase of 

burst release of about 60% at the first hour 70. The difference between the 

amounts of DX released by the 4 samples in both groups studied can be 

attributed to the differences in HA concentration. The explanation may be 

because of the chemical retention of DX by HA particles, making a more 

durable and sustained drug release when HA is present in the composite. 

Moreover, they have used nanofibers which have a lower surface for DX 

diffusion compared with the fibers we have designed. CSHA porosity may 

provide proper loading and sustain release of antibacterial drugs. CS and HA 

tend to interact with each other through hydrogen bonds between –NH2 and 

Ca2+ from HA 50. In our study, pure CS with DX exhibited burst release while 

the composites with apatite component showed both fast and sustained 

release profiles. The adsorption of tetracyclines on HA is mainly produced by 

Van der Waals forces and the major mechanism of the release from the 

composite may be via diffusion of the entrapped DX through the porous 

network, even the formation of a chelate could also be envolved 29,67. That 

explanation is in agreement with Ding et al., who had studied the effect of HA-

coated implants treated with DX, clearly demonstrating new bone formation 

around the HA-coated surface in mice. The DX concentration used was 5 
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mg/mL 67. DX minimum inhibitory concentration (MIC) is known to be ≤16 

µg/mL, although it depends on the bacteria strain 28. In our experiment, we 

have obtained a DX release with a MIC in accordance to this data, in all groups 

studied.  

Regarding the CSHADX fibers size (Figure 3.12), a relation could be stablished 

between the thickness of the fibers and the sustained release obtained. In this 

sense, the thickest fibers had a higher sustained release. This fact could be 

explained because when the diameter of the fibers is higher the bonds within 

its components will be increased, resulting in a higher retention of DX and thus 

a higher sustained release. Moreover, Anomolu et al. stand that the formation 

of a well-defined crosslinked network helps to a slower drug release from the 

hydrogel. By changing the concentration of the polymers and the crosslinking 

density, drug release from the hydrogel can be tailored 71. 

We have investigated CSHA biomaterial as a potential carrier of DX. We are 

positive that introducing CSHADX fibers to maxillary bone defects will be able 

to produce sustained drug levels locally by the adhesion of the biomaterial to 

the target tissue as well as the absorption of the fibers into the tissue, 

increasing the bone volume tissue and the complete pathogen elimination. CS 

is claimed as an attractive biomaterial to be used as a bone scaffold because it 

promotes the attachment and proliferation of osteoblasts cells, as well as 

formation of mineralized bone matrix in vitro 21. Thus, we hypothesize that the 

major advantages of HA as an additive to our biomaterial is the enhancement 

of the mechanical properties. Besides, it may stablish chemical bonds with the 

host tissue which, at the same time, may lead to faster and greater bone tissue 

regeneration and integration. With this preliminary study, we present a simple 

but efficient method to prepare CSHADX-loaded biomaterial to be used as 

bone graft in different maxillary defects. 
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5. Conclusions and Future 

perspectives 

 

The evidence from this study points towards the idea that 1% chitosan 

concentration was stable, easy to manipulate and exhibited adequate cutability 

and pH parameters. An interesting finding was that incorporating HA and DX 

powder into CS fibers had decreased their pH values. Moreover, we have 

observed that the integration of HA and DX within the CS composite resulted 

in a chemical stability. The results of the present study suggest that 

chitosan/hydroxyapatite/doxycycline complex exhibited combined fast and 

sustained release profile dictated by hydroxyapatite concentration. In this 

chapter, we have designed a drug-polymer-bioceramic conjugate to be used 

as multifunctional regulated drug delivery for maxillary bone regeneration 

treatments. In fact, the combination of biocompatibility of the three biomaterial 

components, added to the CS intrinsic antibacterial activity and its ability to 

bind to anionic molecules such as growth factors, and the antibacterial plus 

osteogenic capacity of DX, renders our proposed biomaterial a promising 

candidate graft material for bone tissue engineering in dental clinical practice. 

In future, the progress will focus in the fabrication of biomaterials for minimally 

invasive surgery enhancing injectable forms, optimal degradation rate and 

mechanical strength parameters. Patients with bone regeneration needs will 

have better outcomes with this type of biomaterials, being safer and more 

predictable treatments. 3D printing will be an important technique in this field, 

giving precise and accurate control for individualized bone defects to 

regenerate. 
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1. Conclusions 

A Bioactive Endodontic material for conservative treatments 

1. Trans-polyisoprene had better mechanical and handling properties than 

trans/cis-polyisoprene blend. 

2. Adding 10% silica microspheres into gutta-percha material enhanced 

the mechanical properties of the raw material. 

3. The infrared analysis showed there are electrostatic interactions 

between the gutta-percha and the silica microspheres. 

4. The analysis by scanning electron microscopy and energy dispersive X-

ray spectroscopy revealed that silica microspheres-GP composite had 

bioactivity capacity, showing calcium phosphate deposition on its 

surface.  

5. Cell proliferation assay demonstrated that silica microspheres-GP was 

no cytotoxic for rat MSCs. 

6. Silica microspheres-GP revealed an adequate sealing ability, both in 

simulated root canals and on extracted teeth, preventing filtration on 

simulated root canals. 

Low-level laser therapy for bone regeneration 

1. Irradiation with a diode low-level laser with a wavelength of 635 nm and 

at an energy density of 5 J/cm2 has promoted higher proliferation rates 

on DPMSCs after 10 days of daily treatment, compared with the control 

group.  

2. LLLT did not have a significant effect on ALP activity compared with the 

control, although irradiation at an energy density of 5 J/cm2 obtained 

higher ALP quantity compared with the other irradiation groups at 

different energy densities.  
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Novel Chitosan-based Biomaterial for Bone Regeneration  

1. An optimization of the biomaterial has been carried out. We have 

chosen 1% CS concentration which was stable and easy to manipulate.  

2. Once the fibers were stabilized, a physiological pH was maintained. This 

parameter is crucial in order to may integrate the biomaterial into the 

patient’s body. 

3. The analysis by FTIR revealed that electrostatic interactions were formed 

between the components of the biomaterial. This fact showed that there 

was an integration of HA within the CS composite. We have optimized 

the sustained release of doxycycline. The incorporation of 50% HA into 

the CS fibers resulted in a more sustained DX release compared with the 

rest of the samples studied.   
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2. Future perspectives 

The results obtained in the present thesis are promising regarding the field of 

dentistry. We have focused in endodontics in a first stage. Its main objective is 

to preserve the tooth of the patient by performing the root canal treatment. 

The final step is the root canal filling and the gold standard material used is GP. 

In order to improve this treatment, it would be of great interest to may 

incorporate some type of signaling molecules to the proposed SiMS-GP 

biomaterial, such as antibiotics or anti-inflammatory molecules. This could 

prevent future re-infections in the endodontic treated tooth or enhance its 

healing process once implanted. Moreover, this fact could avoid the patient 

from taking systemic-drugs because they would receive a drug local controlled 

action. However, the first step would be corroborating the bioactive activity of 

the biomaterial once implanted on extracted teeth, in order to verify the 

chemical adhesion of SiMS-GP with the dentine tissue. 

We have to bear in mind there are several cases in which the patient presents a 

more advanced dental pathology, which has led to the tooth loss and/or bone 

loss surrounding the tooth. Thus, the second area of this thesis research is 

bone tissue engineering. We have studied low level laser therapy as an 

adjuvant treatment for bone regeneration. Nowadays, this technique is used in 

the clinic to enhance the tissue regeneration. Nevertheless, cell mechanistic 

studies at different laser potency and time interval parameters will be needed 

in order to better understand the underlying mechanisms of the effects of laser 

in the clinical practice. Once this concept is understood, low-level laser therapy 

will have the potential not only in the bone tissue engineering field but also in 

other clinical specialties. 
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Regarding the work of the chitosan-based biomaterial to be used as a bone 

graft, future studies may be accomplished. For instance, the fibers loaded with 

doxycycline could be studied in vitro both in cell culture and bacterial culture in 

order to analyze if osteogenesis and antibacterial capacity would take place. 

One of the approaches would be to further encapsulate the drug inside the 

composite, by designing a biomaterial with core-shell characteristics so that 

the drug will be released in a more sustain manner. For this purpose, the 

biomaterial manufacturing can be modified, such as combining the drug with 

the core CS material and adding outside layers into the fiber. Another 

interesting approach will be to design and manufacture a 3D printing model of 

CS-HA scaffold that would be suitable to optimize the fibers structure. This fact 

would be an important contribution in the cases with complex anatomy that 

require an individualized design and fabrication. Furthermore, growth factors 

or ions could be incorporated in order to enhance the scaffold bone 

regeneration capacity. 
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