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Abstract 

 

Most of the conventional organic-inorganic composite materials developed for bone tissue 

engineering do not possess intimate interactions between their constituents. As a consequence, they 

generally degrade in a non-homogeneous manner and easily lose their integrity under mechanical load.  

On the other hand, their bioactive phase (i.e. inorganic) is often masked by the polymeric one, resulting in 

a non optimal bioactivity. To overcome these problems, hybrid materials can be produced. Hybrids are 

composites that exhibit an improved synergy between their compounds at the nanoscale. Using the sol-gel 

method and the electrospinning technique, it has been possible to deposit two kinds of hybrid fibers: one 

constituted by a silicon-calcium-phosphate bioactive glass and polycaprolactone, and the other by a 

titanium-calcium-phosphate-sodium bioactive glass and polylactic acid. Both biomaterials showed a 

promising potential for bone regeneration due to their inherent composition and ability to trigger specific 

cellular responses such as osteo and angiogenesis. However, the interactions between the phases in such 

hybrids are considered as “weak” because hybrids are simply prepared by blending the different 

compounds together. Therefore, a new protocol has been implemented to create hybrid fibers with strong 

chemical interactions between the glass and the polymer. This strategy is based on a coating approach and 

enables the fabrication of scaffolds with controllable properties (surface roughness, composition, 

stiffness). This protocol represents a significant step forward towards the development of functional 

artificial 3D biomaterials aimed for tissue engineering and opens valuable perspectives of work for the 

future, especially in terms of materials‟ design. 

 

Keywords: bone tissue engineering, biomaterials, hybrid fibrous scaffolds, electrospinning, sol-gel 

method, bioactive glasses, synthetic polymers, osteogenesis, vascularization.  
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Introduction 

 

Organs, muscles and fat of the human body are supported by the skeleton, which provides the 

structure of the organism. The skeleton is constituted by a hard tissue named “bone”. In an adult, 206 

bones are counted and they represent around 15% of the average adult‟s total body mass. Bones fulfill 

essential functions such as protection of internal organs, production of red and white blood cells, support 

of body structure, mobility, and storage of minerals, growth factors and fats. Bone is therefore a very 

important body constituent for the mechanism of the body‟s activity.  

 

Unfortunately, bone can suffer from many injuries or defects that can arise from a variety of 

causes. This includes, for example, fracture non union, trauma, tumor removal or musculo-skeletal 

disorders. If the damage is small, bone possesses the remarkable ability to self-repair. But, when the 

damage is larger than a critical size, bone is no longer capable of self-healing. In this case, strategies have 

to be developed to help bone to recover its functionalities or even to regenerate. Currently, bone 

replacement surgeries are therefore performed. Most of them rely on the grafting of autologous bone (i.e. 

harvested from the patient own body); a graft considered as the “gold standard” for such procedure. 

However, it is associated to donor site morbidity and its supply is limited. As an alternative, allografts can 

be used (i.e. harvested from another patient) but they carry the risk of disease and infection transmission, 

and possible immunological response from the host.  Consequently, a novel interdisciplinary research 

field as emerged to develop biomaterials for tissue regeneration. This field is known as “Tissue 

Engineering” and is devoted to the development of artificial materials able to trigger specific cellular 

responses involved in tissue formation. For bone tissue engineering, these materials should specifically 

trigger osteo and angiogenesis, while simultaneously providing a suitable mechanical support.  They 

should ideally be bioactive, biocompatible, match the mechanical properties of natural bone and be 

progressively replaced by the new formed tissue.  This way, a fully functional and healthy bone could be 

regenerated and no additional surgical procedure would be required to remove the implanted materials.  

 

Many materials have been developed to produce these bioactive and biodegradable substitutes as, 

for example, polymers (synthetic or natural), ceramics and glasses. But, when implanted as single phases 

and processed with the required porosity, these materials did not appear to be 100% satisfactory because 

they did not exhibit bioactivity (polymers) or were very fragile (ceramics, glasses). Though, both the lack 

of bioactivity and suitable mechanical properties are important for the targeted application. Therefore, to 

overcome these limitations, composite materials have been designed with the aim to produce scaffolds 

with the combined properties of their constituents. In particular, sol-gel derived bioactive glasses 

associated to polymers (hybrid materials) have been shown to be promising as they yield to homogeneous 

materials that have an excellent compromise between bioactivity and toughness. This strategy enables 
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moreover the creation of templates with good phase interactions at the nano level and offers the 

possibility to precisely control these interactions. Materials with good stability and tailored degradation 

can be obtained by this way. Despite these advantages, such materials constitute a novel emerging 

concept and some optimizations are required. In fact, many of the hybrid materials developed up to date 

were based on the combination of a polymer and silica. As a result, even though presenting some 

bioactivity, the bioactive potential of these materials was restricted to a certain extent. It is only quite 

recently that researchers started to introduce calcium and phosphate in the glass network prepared by the 

sol-gel method to provide osteoinductivity to the biomaterial. On the other hand, the design of these 

materials has mainly been limited to the fabrication of foams and monoliths. Thus, the field of hybrid 

materials still offers various working perspectives for the development of materials able to improve the 

healing process of injured bone. 

 

Numerous material considerations have to be taken into account to develop hybrid materials, 

especially because of their interactions with the surrounding biological environment. Indeed, the 

composition of the material, its mechanical properties and its architecture influence the cellular responses. 

Cell survival, signaling, proliferation and differentiation are directly affected by the physical and 

chemical cues that deliver the scaffold. These properties have also an impact on the mineralization 

process of the material. It is therefore very important to select properly the constituents of the material 

and the material fabrication technique. One of the most popular processing techniques is electrospinning. 

It allows the deposition of micro and nano fibers of a variety of materials and the production of templates 

that mimic the fibrous structure of the collageneous-based matrix of native bone. Using the sol-gel 

method and the electrospinning, it was believed that grafts with remarkable properties for bone tissue 

engineering could be furthermore developed, and biological performance of hybrid scaffolds even be 

enhanced. Given the socioeconomic consequences that could be induced by treating patients with injured 

bone, finding solutions for the critical defects that bone cannot repair by itself became particularly 

essential.  
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Objectives and thesis outlines 

 

Knowing the importance of bone for the body‟s activity, restoring bone tissue functions or 

helping to its repair has become a major concern for the scientific community and biomedical companies. 

As this research field is relatively new, many improvements in the material development are expected to 

be done in the future. Therefore, this thesis focuses on the fabrication and characterization of novel hybrid 

scaffolds for bone tissue engineering; especially on the combinations of one of two synthetic polymers 

(polycaprolactone PCL and polylactic acid PLA) and one of two bioactive glasses (silicon- and titanium-

based glasses). Three different materials are presented in this thesis. All were prepared by using the sol-

gel method and the electrospinning technique.  

In chapter 1, a literature review is made to provide the reader the essential information necessary 

to understand the concepts related to this thesis and the state of the art behind this work.  

The chapter 2 reports the development of hybrid silicon-calcium-phosphate/PCL electrospun 

fibers, obtained through the preparation of a glass-polymer blend. This study aimed to fabricate 

homogeneous fibers with different compositions, to demonstrate the role of such scaffolds in the 

triggering of osteo and angiogenesis, and to optimize the electrospinning processing parameters to obtain 

a continuous fiber deposition.  

The chapter 3 focuses on the development of hybrid titanium-calcium-phosphate-sodium/PLA 

electrospun fibers, also produced through the preparation of a glass-polymer blend. These fibers were 

fabricated to show that this glass, usually prepared by melting method, could be processed using the sol-

gel method and be used in the same way than the other silicon-calcium-phosphate glass. In addition to its 

physicochemical and mechanical characterization, in parallel, the material biodegradation and biological 

performances were assessed. 

The chapter 4 describes the development of novel fibers based on the silicon-calcium-

phosphate/PLA glass system and prepared by a new material fabrication approach. The aim of this work 

was to implement a totally novel protocol to create materials that possess covalent bonding between their 

constituents and exhibit immediate good biological responses. This was achieved through the coating of 

polymeric fibers with different glass compositions. The fibers were investigated in terms of their physico-

chemical and mechanical properties. Preliminary cellular assays were also conducted.  

Finally, in chapter 5, the significance of the work and the contributions to the „material science‟ 

and „tissue engineering‟ fields are summarized. Its limitations are also discussed and the future 

perspectives of work that this thesis provides are described.  



V 
 

In the context of a rapidly but active ageing world population, the need of suitable synthetic 

materials is clear. The objectives of this thesis were therefore set according to the future demands on bone 

tissue engineering and the problems currently reported in the literature on artificial materials. 
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1.1. Bone Tissue: structure and physiology 

Although constituted by cartilage, marrow, nerves and blood vessels, bone is mainly formed by a hard 

mineralized solid structure referred as ―bone tissue‖ (or osseous tissue). Bone tissue is a strong and tough 

connective tissue that supports the skeleton rigidity and presents a complex and highly hierarchical 

organized structure [1]. Morphologically, it can be subdivided into two distinct bone types according to 

their porosity and unit microstructure: the cortical bone (also known as compact bone) and the trabecular 

bone (also called cancellous or spongy bone) [2]. The cortical bone is distinguished by its high density 

(low porosity and void spaces) and represents the higher mass percentage of the total bone mass of an 

individual (around 80%).  It is typically forming the outer shell of most bones and supports the 

mechanical properties of the skeleton. The trabecular bone is defined by its low density and accounts for 

the other 20% of the total bone mass of an adult. It possesses a significantly high surface area and its high 

porosity allows room for blood vessels and bone marrow. Unlike cortical bone which provides the 

structural support, the trabecular bone, found in the internal part of bone extremities, is mainly involved 

in metabolic activity.  

 Cortical and trabecular bones are both made of nearly the same organic and inorganic 

components (Figure 1-1). The combination of these two phases of different nature makes of bone a 

composite tissue. Each component phase contributes to the unique mechanical properties of bone. These 

properties depend on the structural organization of each phase [2]. In a general point of view, it is 

commonly accepted that the organic part provides elasticity and flexibility to the bone, whereas the 

inorganic one provides rigidity and load-bearing strength [1].  The major organic constituents are 

collagens organized in fibril bundles that form a 3D nano scaled collageneous matrix network [2,3]. 

Proteoglycans, noncollageneous macromolecules (other proteins like osteocalcin, osteopontin, BMP-2…) 

[1] and cells complete the organic composition. The inorganic component is mainly constituted by 

carbonated hydroxyapatite; a calcium phosphate mineral with low amount of carbonate that nucleates and 

grows along the collagen fibrils epitaxially. Collagen and hydroxyapatite, among other minor 

components, form together the bone extracellular matrix (ECM) and provide structural support to the cells 

that are present in the bone structure. The microstructure of the bone matrix differs between the cortical 

and the trabecular bone. This explains the differences in terms of properties (stiffness, porosity, 

functions…) [2]. The cortical bone exhibits a parallel alignment of collagen layers. These concentric 

layers are called lamellae [1–3]. They form osteons and are densely packed. In the center of these 

cylindrical structures, in the Haversian’s Canal, nerves and blood vessels are found. Blood vessels come 

from the Volkmann’s canals that are connected to the Haversian’s Canal and assure the transmission of 

the blood vessels from the periosteum (exterior layer of the cortical bone) into the bone. This enables the 

supply of the nutrients and oxygen to the cells and the removal of detritus. The microstructure of 

trabecular bone, in contrast, is rather formed by an interconnecting framework of individual trabecula 

(single osteons) and marrow filled cavities [1].  
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Figure 1-1. Microscopic structure of trabecular and cortical bones.  

(scheme adapted from [4] and [5]) 

 

Initially, bone extracellular matrix is not mineralized [6]. The mineralization occurs thanks to the 

activity of specific cells. The cellular response is achieved through precise signaling pathways provided 

by the extracellular matrix (ECM) (stiffness, structure, chemical environment…) [7,8].  In fact, cells 

continuously interact with the ECM and that results in the stimulation and upregulation of genes involved 

in the formation of bone. This phenomenon is particularly important for the mineralization process [9] but 

also for the constant remodeling of bone [10]. Bone formation and resorption are indeed characteristics of 

this dynamic tissue. Throughout life, bone is remodeled thanks to the activity of multiple cells in order to 

maintain the structure integrity of bone organ and repair microdamaged areas occurring from everyday 

stress (Figure 1-2).   

Various cell types are classified in living bone. The first ones are osteoblasts. Osteoblasts are 

differentiated mesenchymal or stromal stem cells usually coming from the bone marrow and responsible 

for bone formation [11,12].  They produce an organic unmineralized matrix (osteid) that includes several 

specific proteins such as collagen type I (main proportion), osteopontin, osteocalcin, bone sialoprotein 

and others [1]. Osteoblasts are found on the surface of bones where non mineralized matrix has been 

newly created. As time goes by, these cells are able to mineralize the generated matrix through the 

deposition of minerals and they become entrapped [13]. At this point, osteoblasts are considered as 

mature bone cells and are called osteocytes [13,14]. In comparison to osteoblasts, osteocytes are quite 

inert cells. They are suggested to be mainly involved in the cellular communication between osteoblasts 

and osteoclasts, acting like a sensing and information transfer system [15,16]. To a lower extent, they also 
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play a role in bone formation, regulation of bone mass and mechano-sensing [14]. The place where 

osteocytes are located, between the lamellae, is known as lacuna and each lacuna is occupied by only one 

osteocyte.  Osteocytes present a star shaped morphology with long cytoplasmic extensions that spread 

into a connected network formed by small canals named canaliculi [16]. The canaliculi enable thus the 

connections between adjacent osteocytes and serve also for the nutrient and oxygen supply from the 

newly formed bone to the older lamellae (from the exterior to the center of the osteons or trabeculae).  

Other cells, named bone lining cells (flat and elongated entities that cover bone surfaces), are also found 

but their nature and functions are not yet clearly determined and still argued in the literature [17]. 

However, what seems to be commonly accepted is their inactivity in terms of bone modeling and 

remodeling activity. They rather seem to play a role in the maintenance of the bone fluids and ions fluxes 

between bone fluid and interstitial fluid compartments for mineral homeostasis [17,18]. Finally, the last 

cell type constituting the bone cells family is represented by the osteoclasts. Osteoclasts are cells 

responsible for bone resorption [19,20]. In other terms, they promote the removal of the mineralized 

matrix and break down the organic one. The amount of bone is thus constantly balanced between the 

activity of osteoblasts and osteoclasts. Osteoclasts are multinucleated cells resulting from the fusion of 

cells of the monocyte-macrophage lineage [12,19,20]. They are located at the bone surface, as the 

osteoblasts, but in small cavities called Howship’s lacunae (resorptive pits) [1]. These lacunae are formed 

by the osteoclasts themselves along with the bone resorbtion activity at the place they are situated. The 

dissolution of the mineralized bone is achieved through the local acidification of the resorptive cavity and 

the one of the collagen matrix through subsequent enzymatic metabolisms [21,22]. All degradation 

products are then evacuated towards extracellular space [22]. 

 

Figure 1-2. Bone remodelling cycle.  

(scheme adapted from [23]) 

 

 In summary, bone is a complex biologic system that can be considered as three interconnecting 

parts [24]: the extracellular matrix, the cells attached to the matrix (or embedded in) and the environment 

within which the cells reside.  It is a well organized composite tissue which components themselves, as 

well as their hierarchical structural organization, directly impact the mechanical properties. From the 

macro to the subnanoscale, the various levels of structural organization precisely define the rigidity, 

strength, flexibility and elasticity of bone. On the other hand, as aforementioned, bone presents the 
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particular ability of permanent remodeling. This involves number of cell types, signaling pathways and 

intra and extracellular molecules. Understanding the anatomy and physiology of bone is thus the starting 

point for the development of materials for bone tissue engineering.   

 

1.2. Current bone replacement possibilities and bone tissue engineering 

Despite its constant remodeling and ability to repair small damages in response to injury and 

mechanical stimulus, bone is not always able to achieve a complete regeneration of the injured area by 

itself. Its capacity of self-healing is sometimes limited, as it is the case, for example, for large bone 

defects. Tumor removal, trauma or infections often lead to skeletal defects with consequent size for which 

the auto-regeneration process is compromised. Such cases represent around 1 million patients every year 

in the United States for example [25]. With the increase in life expectancy and skeletal problems related 

to ageing, this number is even expected to rise in the future. Important socioeconomic consequences may 

be induced by these problems. Thus, finding solutions for these critical defects is a major concern for the 

scientific community and biomedical companies. To date, several bone-grafting procedures have been 

successfully implemented to achieve the union between two damaged surfaces. These procedures imply 

the use of natural or synthetic bone substitutes. 

 

1.2.1.  Natural bone substitutes 

The first approach is based on the grafting of a bone fragment taken from a healthy part of the 

patient’s own body. This kind of filler is called autologous bone graft and is considered as the gold 

standard of bone replacement. Autologous grafts can be harvested in the form of trabecular or cortical 

bone but trabecular bone remains the most grafted. It is generally harvested from the iliac crest of the 

patient (anterior or posterior) because of the relative easy access and large bone supply at this position 

[26]. The implantation success of autologous (or autogeneous) grafts is explained by the several essential 

elements that they content for bone regeneration: an osteoinductive matrix able to support ingrowth of 

new bone, osteoinductive factors and osteogenic cells [27]. These grafts are moreover able to integrate 

rapidly with the host environment [28,29], to support the efficient ingrowth of new blood vessels and 

infiltration of new osteoblasts, and to achieve ultimately strength equivalent to that of a cortical grafts 

after few months [30]. Their advantages are their non-immunogeneity, excellent success rate, 

histocompatibility and low risk of transmitting diseases. However, the amount of autografts is limited and 

the surgical procedures performed to extract the future graft is often associated to donor site morbidity 

[31]. It leads also frequently to various complications such as infection, fracture, nerve and vascular 

injuries, scar and chronic pain at the donor site [32]. 

 To bypass the problem of low availability of autologous grafts, allografts rapidly became the 

second best alternative for surgeons. This approach consists in the harvesting of bone fragment from 

somebody else’s body. They can be used as fresh, frozen or freezed-dried grafts but tissue processing and 
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sterilization are required before implantation to avoid strong immune response or viral disease 

transmission [33]. Moreover, these steps generally result in the elimination of the osteogenic cells (i.e loss 

of the osteogenic cellular properties) and affect the graft structural strength [34,35]. Other problems 

related to the delayed infiltration of capillaries into the implanted graft also limit the rate of 

osteointegration and the formation of new bone. Despite that, allografts have been proven to be ultimately 

effective bone replacements [26].  

Xenografts, grafts taken from other species, can also be used to fill bone defects but their 

efficiency is still discussed because of their poor histocompatibility, low bone formation promotion and 

immunogenicity [36–38]. Moreover, their use is commonly associated to controversial procedures and 

ethical issues for example concerning the animal rights and religious or philosophical objections [39]. 

 

1.2.2.  Synthetic bone substitutes 

To overcome the limitations due to natural bone grafts listed above, synthetic substitutes were 

developed. These biomaterials are classified in three different families [40,41]: the first generation, the 

second generation and the third generation. Although each category clearly possesses distinct functions, 

all of them are still of interest for scientists as the choice of the biomaterials type directly depends on the 

targeted application.  

 

1.2.2.1. First biomaterial generation 

The first generation of biomaterials refers as bioinert materials that is to say biomaterials that do 

not induce important immune response and limit the foreign body reaction. Their main function is to 

replace the damaged part of bone by providing an immediate structural support. Metals, ceramics and 

polymers are used in that purpose. However, they present several disadvantages. Many metal alloys for 

example possess higher elastic modulus than natural bone. This means that, in load-bearing applications, 

the load will be rather taken by the implant and not by the natural bone after implantation. As a 

consequence, the natural bone might resorb because of the lack of mechanical stimulation [42,43]. 

Moreover, the osteointegration of metals is usually poor at the implantation site due to the usual invasion 

of fibrous tissue [43]. These two phenomena can lead to failure.  To achieve a better anchorage of the 

implant with the surrounding tissue, the surface of metallic implants is often modified [44,45]. By this 

way, interactions between the biological environment and the implanted metal can be improved. For 

ceramics, the problem is their brittleness and consequent rapid failures. Studies on the processing 

conditions and design have been conducted to obtain tougher inorganic materials [46]. In polymers, wear 

occurs as time goes by and organic fragments can be released into the blood. This can result in osteolysis 

and bone resorption [42]. A constant attention is thus given to the abrasion, wear and friction properties 

when a synthetic organic material is aimed to be used.  
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1.2.2.2. Second biomaterial generation 

The second generation of biomaterials includes bioactive and/or biodegradable materials. These 

materials are aimed to enhance the interactions between the host tissue and the implant and to degrade 

progressively along with the regeneration or healing of the new bone. Typical examples are bioactive 

glasses (silicon or metal based), calcium phosphate cements or composites that create a bond with the 

surrounding environment by the formation of a calcium-phosphate layer at the surface of the implant 

[47,48]. They can be implanted as a single phase or be used to coat inert metallic material, for example, in 

order to form a mechanically strong interface that cannot be achieved by the metal itself.  Another 

example of this second generation of biomaterials is the use of polymers for the production of 

bioresorbable fixations and sutures [49].  

 

1.2.2.3. Third biomaterial generation - Tissue engineering approach 

The last generation of biomaterials is characterized by bioactive and biodegradable materials able 

to trigger specific cellular responses. The development of such materials is part of a quite novel research 

field called ―tissue engineering‖. Tissue engineering is known as the ―interdisciplinary field that applies 

the principles of engineering and life sciences toward the development of biological substitutes that 

restore, maintain, or improve tissue function or a whole organ‖ [50]. A variety of systems are currently 

investigated regarding their potential repair or regeneration [51–53]. The scientific advances made in 

materials science, biology and engineering have mainly contributed to a significant evolution in this 

research area. The need of specific requirements for different organs also pushed scientists to design 

substitutes with well-defined and accurate properties. Biomaterials of the third generation should, in fact, 

specifically activate the genes that stimulate the reconstruction of the targeted living tissue. Thanks to this 

genetic control, the activity of cells is guided towards particular behaviors necessary for tissue 

regeneration. For bone tissue engineering, this implies cell differentiation, osteoblast proliferation and 

synthesis of mineralizable extracellular matrix [40]. These responses are induced by the surface properties 

of the bioresorbable material (mechanical, topographical, chemical) [54] and by its dissolution products 

i.e ions or growth factors [55,56]. The regeneration process is thus based on the interplay between cells, 

material and signaling pathways.  Two routes of repair are commonly considered in tissue engineering. 

First, the material can be designed to promote bone formation as an ex situ template on which cells are 

seeded and cultured (followed by a subsequent implantation) (Figure 1-3). Second, the material can be 

directly implanted to act as a bone formation promoting-substrate in situ [40]. Such scaffolds can be 

produced using diverse materials, as for the two other biomaterial generations (natural or synthetic 

polymers, bioactive glasses, ceramics…), but their production is particularly challenging due to the 

numerous expectations and requirements that they should satisfy.  
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Figure 1-3. Tissue engineering principles involved in the ex situ approach of scaffolds implantation using a porous bioactive and 

biodegradable biomaterial on which cells are seeded. A: harvesting of cells from the patient, B: expansion of cells in in vitro 

conditions, C: cell seeding on a 3D-scaffold, D: maturation of the template in physiological conditions (cells proliferation and 

differentiation) and E: transplantation of the engineered template to repair or regenerate the damaged tissue. (nb: growth factors 

and cells can additionally be encapsulated in the matrix of the material [56,57]).  

(scheme designed using images from [23]) 

 

1.3. Scaffolds for bone tissue engineering: design considerations and material choice 

From a general point of view, scaffolds should fulfill many criteria to be considered as good 

candidates for bone tissue engineering. They should [58]: 

- be biocompatible and degrade without releasing toxic byproducts 

- act as a 3D template  to support cellular adhesion, proliferation and differentiation 

- exhibit high porosity (interconnecting network) to favor cell migration towards the center of the 

structure and infiltration of fluids and blood vessels 

- stimulate simultaneously osteogenesis and angiogenesis  

- resorb at the same time than the new bone is formed  

- possess suitable mechanical properties and keep a structural integrity at the beginning of the 

regeneration process  

- be shaped to match the exact bone defect cavity 

- be sterilizable 

Multiple variables should thus be taken into account to design a suitable 3D scaffold as all these 

parameters will influence the cellular responses and the ability of the template to promote the growth of a 

healthy and fully functional bone. The selection of a relevant structure as well as the choice of a proper 

material is a key aspect in that sense. As explained previously, natural bone tissue is a composite material 
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mainly containing collagen (an organic phase) and hydroxyapatite (an inorganic phase). Based on these 

observations, it is naturally that researchers started to produce scaffolds made of polymers, ceramics, 

glasses and their composites.  

 

1.3.1.  Natural and synthetic polymers 

Numerous studies in the literature report the use of natural polymers such as collagen, alginate, 

chitosan and hyaluronic acid [59–62] but also synthetic ones, namely polyglycolic acid, polylactic acid, 

polyanhydrides and polyorthoesthers [62–65]. Scaffolds prepared with naturally derived polymers are 

usually well biologically recognized and support positively cell adhesion and activity. However, they can 

contain pathogenic impurities and their mechanical and biodegradation properties are difficult to control 

[66]. Moreover, for some of them, the supply is limited. Synthetic polymers present several advantages 

over natural polymers. They can be produced at a large scale with controlled physical and mechanical 

properties, rate of degradation and also different shapes [66]. Their chemical versatility and processability 

vary according to their structure, making them a very interesting option for scaffold development for 

numerous applications. Currently, the attention is especially concentrated on synthetic polymers, which 

are involved in medical devices already approved by official agencies, such as the United State Food and 

Drug Administration (FDA) or the European Medicines Agency (EMA). Examples of those commercial 

devices in orthopaedics, among others, are sutures, screws and fixations [67]. These polymers are 

principally poly(𝛂-hydroxy esters), such as polyglycolic acid (PGA) and polylactic acid (PLA), and 

aliphatic polyesters, such as polycaprolactone (PCL), as well as their copolymers [64]. They are 

biocompatible, can be degraded by hydrolysis, and are easily metabolized and excreted. The degradation 

of these materials occurs through a bulk erosion process (non enzymatic) by uptake of water [68]. When 

water penetrates into the specimen, it induces the hydrolytic cleavage of ester bonds resulting in the 

formation of carboxyl-end groups. These groups accelerate the rate of hydrolysis of the remaining ester 

bonds leading to the generation of oligomers in the specimen [69]. If these oligomers are located at the 

surface of the matrix, they can be removed before their total degradation. But if they are in the bulk, deep 

in the matrix, they cannot (or with difficulties) diffuse out. Consequently, a high acidic environment is 

forming inside the specimen, promoting the autocatalysis of further hydrolysis reactions. Thus, a 

degradation difference exists between the interior of the structure and its surface [68]. The degradation of 

poly(𝛂-hydroxy esters) and aliphatic poly esters is described as heterogeneous and is attributed to 

reaction-diffusion processes [70]. During the biodegradation and, depending on the location considered in 

the sample, the molecular weight (bimodal distribution interior-surface) differs. The diffusion ability of 

the oligomers influences the degradation rate and resorption kinetics of the scaffold. The degradation of 

these polymers is accompanied by the release of byproducts, what explains the weight loss changes of the 

structure during its degradation. Globally, the degradation of these polymers is influenced by the polymer 
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chemical composition, its architecture, crystallinity, molar mass, processing history, chain orientation and 

porosity [67]. 

In spite of their good global biocompatibility and controllable biodegradation, synthetic polymers 

can induce an inflammatory response [42,71]. In addition, they are not efficiently osteoconductive nor 

osteoinductive. In other words, they do not efficiently support the ingrowth of capillaries and cells from 

the host into a 3D structure to form bone nor enable the repair in a location that would normally not heal 

if left untreated [54,72].  Finally, they are not bioactive and do not stimulate the desired cellular responses 

(i.e osteo and angiogenesis). These properties are though essential to develop a successful scaffold for 

bone engineering. 

 

1.3.2.  Ceramics, calcium phosphates and the particular potential of bioactive glasses 

Ceramics, calcium phosphates and bioactive glasses are inorganic biocompatible compounds that 

are osteoconductive and are additionally able to develop a strong interface between the implant and the 

host tissue [48,73]. They directly bond to bone by creating a biologically active hydroxyl carbonate 

apatite layer (HCA). The precipitation and growth of this phase onto their surface is a particularly 

interesting property for a scaffold as HCA possesses similarities to the mineral phase of natural bone.  

Moreover, as mentioned previously, the implant-host tissue interactions are crucial for the anchorage of 

the implant and its success. These materials are therefore especially efficient in terms of bioactivity. They 

are also known for their excellent ability to support cell attachment, differentiation and proliferation of 

relevant cells [74,75].  However, due to differences in composition and processing, their dissolution and 

mechanical properties are rather different [76,77].  For example, calcium phosphates prepared as 

amorphous phases exhibit higher dissolution rates than ones prepared as crystalline compounds, and 

bioactive glass-ceramics materials generally show better mechanical properties than completely 

amorphous glasses [67]. Although, material dissolution affects the bioactivity and biological responses 

and,  despite their lack of toughness and extreme fragility, bioactive glasses present a significant 

advantage over materials of different nature: they target specific cellular responses by activating genes 

responsible for osteogenesis [78,79]. This upregulation at the molecular level is the basis of tissue 

engineering and is thus a remarkable attractive feature that makes bioactive glasses one of the most 

studied materials in the last years. An investigation conducted by Oonishi et al. also revealed that 

bioactive glasses induced bone formation more rapidly than calcium phosphate based materials [80].  

These valuable characteristics are mainly attributed to their dissolution properties and release of proper 

ions. Another key aspect regarding the use of bioactive glasses is the possibility to tune their resorption 

rate by controlling their chemical properties. This is especially true for glasses prepared by the sol-gel 

method [81]. For bioactive glasses prepared by the conventional quenching-melting method, this control 

is more difficult. This aspect will be described more precisely in a following section (see 1.4).  
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The first and most popular bioactive glass was developed in 1969 by Prof. Larry Hench. This 

glass was named ―bioglass®‖ and was synthesized in the SiO2:Na2O:CaO:P2O5  system. It refers as the 

specific composition 46.1 mol.% SiO2, 24.4 mol.% Na2O, 26.9 mol.% CaO and 2.6 mol.% P2O5, a 

composition that has been used to produce many novel materials and products commercially available 

nowadays [82].  The elaboration of this glass launched novel research lines such as the development of 

ceramics, glass-ceramics and other bioactive glasses derived from this silicon-based system [83]. Since 

the 90’s, materials with diverse compositions (constituents and molecular ratios) have been indeed 

successfully produced [84].  Li et al. for example developed bioactive glass powders that do not contain 

Na2O [85]. Uo et al. produced fine sheets of glass without SiO2 [86]. Even glasses with novel constituents 

combination have been achieved through the incorporation or replacement of one the bioglass® initial 

compounds by ZnO, Fe2O3, MgO and others [87,88]. Among all these formulations, one glass has 

particularly been pointed out as another promising glass composition: the 44.5 mol.% CaO, 44.5 mol.% 

P2O5, 6 mol.% Na2O and 5 mol.% TiO2 system. This glass is known as ―G5‖ and was developed in 2003 

by Navarro et al.. Whereas silicate derived glasses can be produced by the sol-gel or the quenching-

melting method, G5 is currently only prepared by the conventional melting-quenching method.  As for 

silicon-based glasses, G5 has been demonstrated to possess suitable properties for bone tissue engineering 

applications while exhibiting a slower degradation rate [89,90]. This makes it more favorable for 

applications that require slow resorbable materials and also from the viewpoints of cell attachment, 

growth and differentiation [91].  More recently, this glass has been additionally demonstrated to act as an 

efficient vascularization promoter in vitro and in vivo conditions [92,93]. According to published studies 

[94,95], this property is also inferred to silicon-based glasses. However, the ability of silicate glasses to 

promote angiogenesis does not seem to be always optimal and the addition of growth factors such as 

vascular endothelial growth factor (VEGF) is often necessary to achieve a more satisfactory 

vascularization [96,97].  

Although having intrinsic valuable properties for bone regeneration (i.e. mechanical toughness 

and strength or bioactivity), pure organic or inorganic phases do not satisfy all the desired requirements 

that a scaffold for bone tissue engineering should fulfill. In fact, templates produced using these materials 

individually are mechanically stable but have no inherent bioactivity (polymers) or are perfectly bioactive 

but not tough (inorganic compounds). Composite scaffolds have therefore been developed to overcome 

these limitations. 

 

1.3.3.  Composite materials 

1.3.3.1. General description  

The aim of composite materials is to obtain templates with suitable mechanical properties and 

bioactivity simultaneously. For bone regeneration, they are usually made by the association of an organic 

phase and an inorganic one. This material combination is an interesting approach for scaffold fabrication 
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as the nature of the selected constituents resembles the structure of natural bone. The organic part can 

mimic the collagen of the extracellular matrix while the inorganic one can mimic the hydroxyapatite (HA 

minerals).  The global properties of the scaffold are aimed to be supported by both constituents. In other 

words, each family of compounds provides its own inherent properties [98,99]. Typical example of 

composites are scaffolds prepared by the incorporation of HA granules or fibers into a polymeric matrix 

[100–103]. Such studies revealed however that the contents of the inorganic and organic phases directly 

influence the bioactivity and mechanical properties of the scaffolds. In many cases, a template that is 

efficiently bioactive often has weak mechanical properties [104].  Thus, a compromise should be often 

found when developing composites to obtain a suitable balance between the two properties, considering 

also that inorganic compound shape, size, dispersion, orientation and mechanical features additionally 

play a role [98]. Furthermore, the scaffolds should have an appropriate structure with interconnected 

pores to enable cells attachment, migration into the scaffolds, and fluids and blood vessels infiltration 

[105–107]. Interestingly, composites can be shaped with diverse architectures and with different porosity 

[67,107]. This is possible thanks to the various processing technologies currently available such as 

solvent-casting and particulate leaching technique, gas foaming, additive manufacturing, and 

electrospinning. Another parameter that is also crucial regarding the final scaffold properties is the 

interactions between the organic phase and the inorganic one [108]. Composites commonly prepared with 

microsized inorganic particles for example often do not have a direct interface between their compounds 

(or very weak) (Figure 1-4). This may be caused by the manufacturing process selected to prepare the 

material (as for example, drawing method that may be responsible for the formation of void between the 

compounds – see Figure 1-4, 1) and/or non-optimal affinity between the compounds (Figure 1-4, 2). 

Usually, nanosized inorganic compounds are preferred to prepare composites (nanocomposites) because 

an enhancement in the interfacial interactions between the phases can be achieved [109]. The number of 

interfaces is increased due to the high surface area provided by nanoscaled compounds, what can lead to a 

better control on the mechanical and degradation properties. But this strategy is not completely optimal 

and the probability of crack initiation-propagation may be high due to these numerous interfaces. This 

may result finally in an ultimate depreciation of the mechanical properties [98,110]. To avoid that, and 

also a possible phase segregation [111], the polymer/inorganic nanofiller compatibility is often improved 

by modifying the surface of the nanofiller with organic molecules [112,113]. Despite that, the synergy 

between the two phases is still often not appropriate for the targeted application because of the 

heterogeneous degradation of the phases, the rapid loss of the composite mechanical properties or the 

inappropriate release rate of ions/monomers from the material [86,104]. Hence, composite materials with 

interactions at the molecular or nanometric level (also called hybrid materials) have been developed in 

order to produce more homogeneous templates with improved properties for bone regeneration (superior 

mechanical properties, homogeneous degradation and synergistic material). The fabrication of such 

materials usually involved a common versatile technique: the sol-gel method [114]. This method allows 
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the manipulation of the nanostructure of the materials at the molecular level and the control on the nature 

of the interfaces. Thus, it is a very powerful tool to develop hybrids (see 1.4).  

 

Figure 1-4. Typical examples of composites that possess limited intimate interactions between their inorganic constituent 

(microparticles) and polymeric matrix. Arrows point the presence of void between the phases (material shown on picture 1: 

extruded and drawn material – material shown on picture 2: extruded and compressed material). 

(picture 1 is adapted from [104] and picture 2 from [115]).  

 

1.3.3.2. Hybrid materials 

Hybrids are classified in two categories depending on the nature of the intimate organic-inorganic 

interface [111,116]. The first family is the class I materials which possess weak interactions between their 

constituents (Van der Waals, electrostatic or hydrogen bonding interactions). The second one is the class 

II materials which exhibit strong interactions between their components (covalent or ionic bonding). 

Compared to traditional composites, hybrid scaffolds prepared with weak or strong phase interactions 

usually present better properties. But, a clear difference in the resulting properties of the scaffold is 

however noted between these two classes of hybrids.  

 

Hybrids class I 

Hybrid organic-inorganic materials of class I have been extensively investigated up to now for 

numerous applications. The interpenetration of the organic and inorganic network constitutes the basis of 

these materials and explain why class I hybrid scaffolds exhibit improved mechanical and degradation 

properties, when compared to traditional composites. In these materials, the two phases are 

nanoscopically separated but macroscopically uniform [117]. Considering bone tissue engineering, a 

representative example is the material developed by Martin et al. in 2004 [118]. Polyvinyl alcohol (PVA) 

was chosen for the organic part and bioactive glass for the inorganic one. They incorporated PVA during 

the synthesis of the bioactive glass, which was prepared by the sol-gel method. After gelation of this 

hybrid sol and an aging-drying process, class I hybrid monoliths were obtained. The study revealed that 

by controlling the experimental conditions, crack-free monoliths could be produced. The degradation as 

well as the bioactivity of the materials could be also tailored by changing, for example, the content of 

PVA, or adding extra-compounds in the initial glass composition (P2O5 in CaO-SiO2 system). In their 

study, no mechanical tests were performed but another report by Landry et al. showed that organic-

inorganic materials prepared by the in situ polymerization of silanes (tetraethylorthosilicate TEOS) in 
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polymers resulted in materials with enhanced mechanical properties [119]. This was attributed to the 

nature of the interactions between the two phases: the hydrogen bonds formed between the residual 

hydroxyls of the hydrolyzed TEOS molecules and the ones in the polymer, acted as crosslinkers [120]. 

However, this kind of bonding is weak and is not stable in aqueous medium as the water molecules may 

easily separate the chains [121]. For this reason, the degree of crosslinking and phases interpenetration is 

very important. If the nature of the precursors is not precisely selected and if the conditions of the 

hydrolysis reaction are not well controlled, the crosslinking and phase interpenetration may not be 

sufficient to tailor efficiently the degradation of the material. In the case of a too fast degradation, the 

degradation might not be suitable to support bioactivity for example [118]. Another drawback for the 

production of these materials is the phase separation that might occur due to incompatibilities between the 

phases. Once again, reaction conditions such as temperature and pH are of paramount importance to 

accomplish a homogeneous material and this should be perfectly controlled [119]. Although having some 

drawbacks, class I materials are promising materials considering the good global properties that they can 

exhibit if their design is properly tailored.  

 

Hybrids class II 

An increasing effort has been done in the last years to produce class II materials to overcome the 

problems resulting from the weak interactions between the material phases. The aim is to produce 

scaffolds with good stability and good performance under physiological conditions. Nevertheless, such 

materials are difficult to produce and only three materials involving biocompatible and biodegradable 

polymers are reported in the literature for bone regeneration. The three of them imply the use of coupling 

agents for functionalizing the polymer in order to subsequently covalently link the polymer to the 

inorganic part (pure silica network or silica network with incorporated calcium) [122–124]. Considering 

that there are only few examples of class II hybrid materials in the literature and that they show a high 

promising potential for the field, each one is briefly presented here. 

The first material (disc shape) was developed by Tian et al. in the 90’s [122]. This material was a 

PCL/silica hybrid prepared by the sol-gel method in which PCL was intimately incorporated into the 

silica network (TEOS reagent). The reaction consisted in the end-capping of hydroxyl PCL with 

isocyanatopropyltriethoxysilane (IPTES). The terminal hydroxyl groups of the polymer reacted with the 

isocyanate group of IPTES to form a urethane linkage, creating an IPTES end-capped PCL. After the 

substitution of the ethoxy ligands of IPTES by hydroxyl groups (hydrolysis), IPTES end-capped PCL 

condensated and linked to hydrolyzed TEOS molecules. As a result, a silica network containing 

polymeric fragments was created, in which IPTES acted as an intermediate covalent linker between the 

two phases. The reaction extent was mainly controlled by the molecular weight of the PCL as the length 

of the PCL chains directly influenced the number of available sites for reaction [125]. Consequently, the 

shorter the chains, the higher the number of available reactive terminal groups and the higher end-capping 

potential. In addition to the covalent bonding, these hybrids were demonstrated to be also linked by 
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hydrogen bondings: PCL ester groups interacted with residual hydrolyzed ethoxy groups of the silica 

network [125].  These two types of interactions contributed to the good stability of the polymeric phase in 

hybrids in comparison to pure PCL [125]. On the other hand, according to preliminary tests [126], it has 

been shown that these hybrids were also a suitable support for cell culture.  

 Several years after the development of these hybrids, Rhee et al. incorporated calcium (salt) in the 

system, with the aim to improve the hybrids bioactivity [127–129]. This was a very interesting idea since 

calcium ions (Ca
2+

) play an important role in the bioactivity efficiency of materials and in the 

osteogenesis process. Later, Rhee published in fact a more detailed study in which he assessed the bone 

like apatite forming ability of this end-capped PCL/silica/calcium material depending on the PCL content 

in the hybrids [130]. Hybrids containing the lowest PCL content exhibited the best bioactive properties. 

This was explained by the presence of a higher number of silanol groups in the silica phase for the low 

PCL content hybrids and a stronger release of Ca
2+ 

into the simulated body fluid (SBF) solution 

[128,130,131]. Indeed, it is well reported that silanols act as nucleation sites for apatite crystals, and Ca
2+

 

ions released in the surrounding medium contribute to the supersaturation of the fluids and the deposition 

of a calcium phosphate precipitate [132,133]. The study showed that the PCL content also affected the 

mechanical properties of the materials, but all the materials possessed tensile strengths and Young’s 

moduli in the range of trabecular bone.  Moreover, in vivo tests revealed that the material directly induced 

bone formation on the surface of the scaffold without creating any fibrous tissue [131]. 

 The second material (porous material) was developed by Poologasundarampillai et al. in 2010 

[123]. In their study, they functionalized a biopolymer, poly(𝛄 glutamic acid) (𝛄PGlu), with 

glycidoxypropyl trimethoxysilane (GPTMS). They used TEOS to create the inorganic network and added 

calcium into the network (a calcium salt). Unlike synthetic PCL, which degrades by random chain 

scissions from the bulk (potentially rapidly affecting the mechanical properties of the material), natural 

𝛄PGlu enzymatically degrades from the surface. This means that the bulk of the material can maintain its 

mechanical properties as long as the water does not infiltrate the matrix and catalyzes the degradation 

from the inside. It was thus expected that the use of 𝛄PGlu would slow down the loss of the scaffold 

mechanical properties.  But the degradation process is a complicated phenomenon, whose rate and 

mechanism is influenced by numerous factors (porosity, hydrophilicity, pH of surrounding fluid…). As 

no direct study has been performed to assess the loss of the mechanical properties and the role of 𝛄PGlu, 

it is however not possible to certify that 𝛄PGlu is an effective compound to better control the material 

degradation of class II hybrids. However, one of their complementary studies revealed the role of the 

degree of crosslinking in the dissolution of the polymer [134]. Hybrid materials with a high degree of 

crosslinking exhibited a slower polymer release than ones prepared with lower covalent coupling. As 

reported in their first synthesis study, the coupling of the two materials can be tailored by the amount of 

coupling agent used for reaction. A higher proportion of coupling agent resulted in an increase in the 

organic/inorganic interactions. On the other hand, they demonstrated that the amount of solvent used in 

such reactions impacts the reaction rate, and the nanostructure and nanoporosity of the materials. As for 
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the end-capped PCL/silica/calcium material, these hybrids exhibited good bioactivity. Calcium has been 

pointed out as an essential element for the formation of the hydroxyl carbonated apatite. The 

incorporation of calcium in the network was therefore required to promote bioactivity. Knowing that high 

degree of crosslinking in the hybrids leads to more compact structures and consequently to relatively slow 

dissolution rate of calcium, the working reaction conditions should be carefully selected in order to reach 

a proper bioactivity. About mechanical properties, compressive mechanical testings demonstrated that the 

toughness of the hybrids was improved in comparison to glass alone. Finally, cellular assay (live/dead 

test) showed that Saos-2 cells attached and spread on the material surface without suffering of any 

cytotoxic effects. 

The third material (foamed structure) was developed by Mahony et al. in 2010 [124]. It is also 

prepared with a biopolymer (gelatin) and the same coupling agent than the previous material (GPTMS).  

TEOS was also used to form the silica network but the materials did not contained calcium. The main aim 

of this study was to demonstrate that tough materials could be created by preparing class II materials. As 

for the other two materials, the study showed that the percentage of gelatin and degree of crosslinking 

affected the mechanical properties of the scaffolds.  Degree of porosity was influenced by the 

concentration of surfactant used during the material foaming. This directly also impacted the mechanical 

strength of the scaffolds but globally, all materials produced were considered as stiff substrates (based on 

the approximate stiffness of various tissues). In addition, they had remarkable elastic properties and 

tailorable dissolution properties. Finally, according to cell morphological observations (mesenchymal 

stem cells), the materials were shown to be biocompatible and non-cytotoxic independent of the reagent 

contents or chemical control performed on the reactions (degree of crosslinking and surfactant amount).  

Although the hybrids described above seem to be the unique class II materials found in the 

literature, it should be noticed that, shortly, other polymers may be also covalently functionalized to be 

incorporated within an inorganic network. Indeed, Maeda et al., for example, already achieved the first 

step of polymer functionalization with PLA and aminopropyltriethoxysilane (APTES) as coupling agent 

[135].  However, they did not exploit this finding to create a real organic/inorganic material in which the 

functionalized polymer is intimately incorporated in a silica network. The material was simply formed 

through the reaction of functionalized PLA chains with other functionalized PLA chains. No reagent such 

as TEOS was used to introduce a high content of inorganic network in the hybrid. Therefore, the 

inorganic content was restricted to the quantity of APTES molecules efficiently linked to the PLA chains 

and it cannot be more controlled than by changing the molecular weight of the polymer. From a general 

point of view, this material could be considered as a class II hybrid because it possesses a strong covalent 

bond between its organic and inorganic phases. However, it does not exactly enter this category because 

no inorganic network was really introduced in the material (except the part of the organosilane). For this 

material, the classification is rather subjective and is controversial [121,136]. Some scientists might 

already consider this material as class II materials while some other might not. Anyhow, such 

functionalized polymers might be the starting point for the production of additional class II hybrids in the 
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future, as it has been actually the case for the GPTMS functionalized gelatin prepared by Ren et al. 

[136,137] in 2001 and the subsequent work described above, performed by Mahony et al. in 2010. 

Summarizing, the class II hybrid materials described in this section appear to be valuable systems for 

bone tissue engineering due to their biodegradable constituents, remarkable bioactivity and good 

mechanical properties. The possibility to tune material structure (foams and discs with different porosity) 

and properties (toughness, bioactivity) by controlling the material preparation (chemical reactions and 

reagents contents) is a very interesting point as different applications require different materials 

properties. Material design could be adapted to a specific application. However, only preliminary assays 

have been performed with cells to demonstrate the biocompatibility of the structures. No extensive studies 

seem to have been performed to evaluate in more details the adhesion, proliferation, differentiation and 

potential of these scaffolds to trigger specific cellular responses. If in vitro and in vivo studies effectively 

demonstrated that these materials efficiently promote osteogenesis, they could definitely be confirmed as 

promising grafts for bone regeneration. But, such materials represent a relatively new concept in 

biomaterials and their development is just starting. No doubt that other materials made of diverse 

polymers, coupling agents and inorganic phases may be fabricated in the future and that extensive studies 

relating the cellular responses induced by these materials will be reported in the literature in the coming 

years. 

 

1.4. The sol-gel process 

Known since the late 1800’s, the sol-gel process has gained a considerable popularity in the last 

40 years regarding the fabrication of materials and its relevant use in diverse research fields (optics, 

electronics, magnetism…). As mentioned previously, this method is particularly interesting for preparing 

hybrid polymer-glass materials for biomedical applications as it enables to manipulate the structure of the 

glass at a molecular level and to additionally control the nature of the interfaces in the hybrid [114]. 

Based on the studies described in the ―hybrid materials‖ section, it is clear that these possibilities are 

crucial for the ultimate scaffolds properties that are aimed to be achieved (mechanical properties, 

bioactivity). The sol-gel technology offers the possibility to find the precise material preparation 

conditions that allow the production of materials for specific applications; that is to say with tailored 

particular properties [99]. It enables moreover the fabrication of biocompatible, bioactive, resorbable and 

porous materials with an intrinsic high interconnectivity [138,139]. Unlike glasses prepared by the usual 

melting-quenching method, the sol-gel approach is also a low temperature process that does not require 

high temperature treatments and the materials obtained are more pure and homogeneous [140]. They also 

have a high surface area and nanoporosity [141,142]. All these advantages have contributed to make this 

technology an ideal option for the development of biomaterials. 

Specifically, the sol-gel technology relies on the hydrolysis of organic molecules followed by 

their polycondensation to form a polymeric structure [143]. It usually involves the use of metal alkoxides 
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precursors [144], which determine the composition of the glass. The sol is the colloidal suspension 

obtained just after the hydrolysis of the alkoxides. The gel is formed when the created particles 

constituting the colloidal suspension assemble into a network through the condensation step. In most of 

the cases, hydrolysis and condensation (competitive processes) occur simultaneously once the hydrolysis 

reaction has been initiated. Metal alkoxides are compounds in which the metal is surrounded by 

electronegative OR ligands (generic molecular structure M-(OR)n where R is an organic ligand). As a 

consequence, the metal possesses a positive charge and it can be attacked by a nucleophile, as for 

example, water. In this kind of reaction, the water donates its electron pair to the metal to form a chemical 

bond and the R groups of the alkoxides are replaced (leaving groups). Depending on the nature of the 

metal, the hydrolysis process is more or less rapidly initiated. Among other parameters, basic or acid 

catalysts can therefore be used to control the hydrolysis time scale [145]. Schematically, the nucleophilic 

attack that undergoes alkoxides in the sol-gel method occurs as follows [143]:   

                        catalyst 

M-(OR)4 + H2O → HO-M-(OR)3 + R-OH          Partial Hydrolysis (R: CH3, CH2CH3…) 

M-(OR)4 + 4H2O → M-(OH)4 + 4R-OH                Complete Hydrolysis 

Once hydrolyzed, alkoxides molecules link together: 

            (OR)3 -M-OH + HO-M-(OR)3 → (OR)3 -M-O- M-(OR)3 + H2O  Condensation 

      or   (OR)3 -M-OR + HO-M-(OR)3 → (OR)3 -M-O- M-(OR)3 + R-OH  Condensation 

The quantity of water and catalyst introduced to start the process control the degree of hydrolysis. The 

condensation process liberates byproducts, water and/or alcohol, which are incorporated in the internal 

pores of the prepared glass [99,146]. If the condensation process continues to take place, large polymeric 

chains can eventually form, leading to the creation of macromolecules.  This reaction, known as the 

ageing, can go on until a final stage is reached and contributes to the increase of the stiffness of the glass 

[147,148]. In addition to ageing, the glass also undergoes a drying process which is characterized by the 

evaporation of the liquids (alcohol, eventual remaining water and solvents used) contained in the glass 

and the formation of small interconnected pores ranging from 1 to 30 nm [141]. Drying is often 

associated to the appearance of cracks in the glass, affecting its structural integrity and mechanical 

properties. To avoid that, an attention should be particularly given to the drying and gelation time for 

examples as they directly impact on the cracking of the gels [99]. Gels obtained can be furthermore 

stabilized i.e. additionally dried at higher temperatures. Figure 1-5 illustrates the different processes 

involved in the formation of glasses using the sol-gel method.  
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Figure 1-5. Scheme of the sequence of processes involved in the sol-gel synthesis.  

(scheme adapted from [149])  

 

The reaction mechanisms involved in the sol-gel process are influenced by many parameters 

[99,145]. The main ones are the pH, the structure of the alkoxide precursors, the catalysts used and the 

gelation time. But, changing these parameters also affects the microstructure of the final glass and 

consequently its properties (structural, mechanical) [114]. Therefore, although the chemistry implied in 

the reaction mechanisms appears to be simple, the determination of the optimized working conditions is a 

very delicate task. However, finding these parameters is the pathway to follow to be able to produce a 

glass with suitable properties and to subsequently tune the organic-inorganic interfaces in hybrids.  

The preparation of hybrids using the sol-gel method may be achieved in various ways [99,150] 

but there are two main ones [144]. The first one consists in the dissolution of organic molecules such as 

polymers in a sol-gel hydrolyzed suspension. If the inorganic compound does not have reactive organic 

groups, the interactions between the organic and inorganic phases are weak. This kind of material is 

called ―blend‖ and it is a class I material. The main advantage of this preparation method is the simplicity 

of the approach. But, it has also a consequent drawback: a possible phase separation between the 

compounds, resulting in an inhomogeneous material. This can be avoided if the organic-inorganic 

interactions are improved e.g. by modifying the glass properties in changing its preparation conditions for 

example or if the interactions between both constituents are of the same nature than ones present in the 

inorganic or organic phase. Even though considering carefully this issue and the eventual successful 

fabrication of homogeneous materials, such hybrids usually present a short-term stability because of their 

weak interactions. The other possibility is to use an inorganic precursor that possesses reactive organic 

groups which can be used to create chemical bonds with the organic part of the hybrid, as described in 

details in the previous section. This way, class II materials can thus be produced and a better control on 

the material stability can be achieved. These materials are usually obtained by reacting the inorganic and 

organic precursor at the same time. Both material synthesis presented here are commonly performed in 

liquid state. It is therefore essential to find a suitable solvent for both the organic and inorganic 

compounds. It should be moreover selected according to its compatibility with the sol-gel reactions. 

Without these considerations, the fabrication of materials using these approaches is not possible.  But 

once all parameters related to the glass and the whole system glass/organic phase have been properly set, 

the hybrid can be processed in many shapes (foams, fibrous membrane, monoliths) [118,151,152] (Figure 

1-6). This is an additional advantage inherent to the sol-gel process. 
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Figure 1-6. Examples of hybrid scaffolds prepared using the sol-gel method (from left to right): foams, monoliths, fibers. 

(Picture 1 is adapted from [58] and from [81], picture 2 from [118], picture 3 from the author’s own propriety)  

 

In summary, the sol-gel method is a very powerful technology that provides tremendous 

possibilities of combination of different properties in one material. It can be applied to numerous glass 

systems, mainly silicate based networks but for titanium based glasses (i.e G5), the sol-gel approach does 

not seem to have been implemented yet to produce hybrid materials. One of the interesting points of using 

the sol-gel method to produce hybrids is the possibility to tailor the interfaces between the organic and 

inorganic phases. However, despite being based on apparent simple chemistry, many critical issues 

regarding the synthesis of the glass have first to be faced. Consequently, finding the proper working 

conditions to match a material with specific features is not easy. Besides these difficulties, the sol-gel 

method enables the fabrication of hybrids that can be shaped under different forms due to its versatile 

processing ability. This is a valuable benefit of using this process as it is demonstrated that scaffolds 

characteristics influence cellular responses.   

 

1.5. Scaffold properties and their effect on cellular behavior 

Adhesion, proliferation and differentiation of cells cultured on a scaffold constitute the basis of 

tissue engineering approaches. It is well known that cell-cell interactions direct cellular activity towards 

these behaviors and contribute to the fate determination of uncommitted stem cells [153,154]. But they 

are not the only one to influence the biological response. The material properties also directly affect the 

cell functions. In fact, the material properties can be efficiently used to control cellular processes through 

chemical and physical guidance.  The key design factors to develop a biomaterial aimed to trigger specific 

cellular responses are its chemical and mechanical surface properties, and its architecture (Figure 1-7). 

Together, all these material properties coordinate the interplay between intrinsic and extrinsic 

determinants of stem cell fate to produce a desired phenotype [155]. The relation between cells and the 

3D microenvironment is described in this section. 
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Figure 1-7. Scheme representing the dynamic dependence between the various features of 3D scaffolds on cells and involved in 

the regulation of the material biological performance.  

(scheme adapted from [156]) 

 

1.5.1.  Material chemical surface properties 

Scaffold chemical surface properties depend on the compounds selected to prepare the material 

(composition), its processing method and an eventual functionalization step that can be performed on its 

surface subsequently to its fabrication. Each biomaterial possesses therefore specific surface properties, as 

for examples wettability, electric charge, protein adsorption ability and bioactivity, which regulate the 

biological performance of the scaffold. One of the factors that can be considered to explain these 

differences in properties and in cellular response induced by the material is the nature of the functional 

groups present on its surface. Hence, Lee et al. demonstrated that the functionalization of polyethylene 

substrates with different organic functional groups (COOH, CH2OH, CONH2, CH2NH2) resulted in a 

better cellular adhesion [157]. This was explained by a better wettability of the functional groups-grafted 

surfaces in comparison to non-grafted ones. They also showed that the chemistry of the functional groups 

itself was important as they modify the electric charge of the polymeric surface. Negatively charged 

substrates showed a poor cell adhesion, whereas the positive ones exhibited the best one. On neutral 

surfaces (-CH2OH and CONH2 groups), cells adhered better on hydroxyl-grafted substrates, possibly 

because of specific hydrogen bonding created between the surface hydroxyl groups of the polymer and 

the polar groups of the cell surfaces [158,159]. Though, the adhesion was still lower than on positively 

charged materials. Cell multiplication followed the same tendency than the cell adhesion assay: the more 

hydrophilic the material, the better the proliferation. Finally, they demonstrated that substrates inducing 

the best proliferation were not systematically associated to the best cellular spreading. Cells, indeed, 

significantly spread on the neutral surfaces, despite proliferating a little bit less than the positively 

charged surfaces. Authors suggested therefore that the compatibility between the cells and the surface 

chemistry plays a direct role in cellular spreading. Other research groups described as well the general 

observations made by Lee et al. and even give evidence that the nature of functional groups can also 

trigger osteoblastic differentiation [160,161].  

Other studies reported in the literature showed moreover that cell behavior can be influenced by 

these functional groups in an indirect manner: the surface properties that functional groups provide to the 
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material affect protein adsorption and consequently the cellular response [162–164]. Arima et. al. for 

example examined the kinetics of protein adsorption on materials having different functional groups and 

correlated it to cell adhesion [165]. Results showed that depending on the chemistry of the functional 

groups exposed at the materials’ surface, non cell-adhesive proteins such as bovine serum albumin (BSA) 

previously adsorbed on self-assembled monolayers of alkanethiols (SAMs), were more or less rapidly 

replaced by cell-adhesive proteins (fibronectin, vitronectin, …). This induced difference in cell adhesion: 

SAMs terminated with COOH groups supported a better cell adhesion than ones having NH2 groups. This 

was explained by the slower proteins displacement process for NH2-terminated materials. Thus, the 

efficiency of the proteins displacement (rate and amount of replaced proteins) ultimately modulated the 

cells adhesion, as it is well known that cell-adhesive proteins, natural or engineered, adsorbed or 

covalently linked to materials, facilitate cell adhesion [162,166]. Currently, the grafting of biomolecules 

(peptides or proteins) is in fact an approach extensively used in tissue engineering to guide cellular 

adhesion and activity [167,168]. In this case, ligand identity, conformation and density are key parameters 

to develop the materials [155,169] because they regulate for examples the efficiency of integrin-mediated 

cell adhesion [170], modulate the matrix deposition by osteogenic cells [171] and control the cell-type 

specificity of these responses [172].   

The last factor related to the surface that can be considered to develop smart artificial materials is 

the ions dissolution that occurs along with the material resorption [173].  Bioactive glasses are nowadays 

one of the most attractive materials able to stimulate osteogenesis and angiogenesis due to its ion release 

ability [93–95,174,175].  The dissolution products of bioactive glasses (calcium, silicon, titanium, 

phosphate or other element used as doping constituent) modify the chemical physiological environment of 

biological entities and consequently mediate the cell metabolism. Extracellular Ca
2+

 for example is known 

for interacting with bone cells by affecting their calcium-sensing receptors (CaSR) and directly activating 

intracellular mechanisms [176]. Concretely, one study performed by Honda et al. demonstrated that 

extracellular calcium increases the expression of IGF-II, an insulin-like growth factor that mediates the 

subsequent increase in human osteoblast proliferation [177]. Other studies revealed as well that cell 

migration, proliferation and differentiation may be controlled by the activation of various CaSR-mediated 

intracellular signaling pathways [178,179]. Ca
2+

 is therefore very important regarding bone remodeling 

and can be used in scaffolds for bone tissue engineering to serve as an extracellular messenger that guides 

the cell behavior of osteoblastic cell lineage. In fact, it is already commonly accepted that calcium ions 

(and also silicon ions) released from silicon-based bioactive glasses play a critical role in that sense. 

Xynos et al. were the first in 2001 to demonstrate that ion products of bioactive glass dissolution have a 

direct effect on the gene-expression profile of human osteoblasts; more precisely on genes relevant to 

osteoblast metabolism and bone homeostasis [78]. More recently, an osteogenic glass based on titanium 

network has also been demonstrated to act as a gene-expression regulator able to stimulate the activation 

of genes involved in angiogenesis [180]. The up-regulation of gene-expression that can be achieved by 

the use of bioactive glasses in tissue engineering is thus a very promising approach to control cellular 
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activity towards desired responses. However, it should be specified that the concentrations of these ions is 

critical and that a precise control on the material dissolution rate should be reached in order not to induce 

cytotoxicity [181]. The ion concentration and release kinetics of bioactive glasses can be controlled by the 

material composition itself [89] or by  fabricating polymer/bioactive glasses constructs [67]. Though, in 

some cases, it is still extremely delicate to monitor precisely the features of the ion release of the 

inorganic phase in a predetermined manner as it is often embedded in the organic matrix. This affects the 

dissolution of the bioactive glass and consequently its ability to trigger the desired cellular response (cell 

adhesion, spreading, proliferation, differentiation and migration) [180,182]. This problem also affects the 

mineralization potential of the materials [104,183]. For all these reasons, the tailoring of the chemical 

material surface properties is essential. 

 

1.5.2.  Material mechanical properties 

In addition to the influence that chemical material surface properties have on cellular activity, 

there is significant evidence that physical properties of the substrates also contribute to stem cell fate 

determination. One of them is the material mechanical properties e.g. stiffness, or elasticity. The local 

mechanical interactions between the cells and its microenvironment regulate cell shape, organization and 

differentiation [184,185]. This observation is valid for natural environment as well as for artificial 3D 

structures. Cells are able to discriminate different ranges of stiffness of their microenvironement and to 

respond to this stimulus by pulling on the extracellular matrix. The contractile forces that exert cells on 

the matrix result in tensile stresses in the cytoskeleton. This phenomenon occurs through the transmission 

of force between the cell and the cellular cytoskeleton by means of focal adhesions (cell-extracellular 

matrix contacts) [156]. The pathway of force transmission from inside the cell to the elastic matrix is 

provided by actin structures that are in turn linked to focal adhesions [186,187], and by well-known 

signaling proteins such as Rho GTPase associated with the focal adhesion complexes to act as mechano-

transducers [188,189]. These intracellular forces regulate the signaling pathways involved in the 

fundamental processes that determine cell functions. A very popular study conducted by Engler et al. with 

gels has indeed demonstrated that the elastic modulus of the matrix plays a role in directing stem cell 

lineage specifications [190]. Contractile forces in the cytoskeleton are suggested to be driven by actin-

myosin action and to regulate human stem cell differentiation. Soft substrates mimicking the stiffness of 

the brain tissue induced cell differentiation towards a neurogenic lineage, whereas cells cultured on 

substrates with intermediate and higher stiffness mimicking the one of muscle and bone tissues, 

respectively evolved towards myogenic and osteogenic cells. They additionally showed that cells adjust 

their internal stiffness to match the one of the substrate. Stiffer matrices in fact produced stiffer and 

increasingly tensed cells.  Solon et al. made similar observations with fibroblasts using soft elastic 

substrates [191].  



Literature review 

 

24 

 

Although it is recognized that the stiffness of materials has an effect on cell behavior, it should be 

emphasized that the stiffness alone does not seem to always be an efficient cell differentiation parameter. 

For example, Rowlands et al. showed that, unlike in Engler and coworkers’ work, the substrate stiffness 

alone was not sufficient to achieve osteogenic differentiation of mesenchymal stem cells (MSCs) in the 

stiffness range that they investigated [192]. The coating of the gel with molecules (collagen, fibronection 

or laminin) was necessary to induce this phenotype. The type of molecules present on the materials 

surface, in fact, modulated the differentiation process for a given substrate stiffness. Their study 

demonstrated thus that there is a feedback mechanism between the material stiffness and the adhesive 

ligand, considering osteogenic differentiation. For myogenic differentiation, this observation is also valid 

but the interplay of these two extracellular environmental factors appeared to be less obvious.  This 

difference was attributed to a predisposition of MSCs to differentiate into myogenic lineage in 

comparison to osteogenic lineage when cultured on the studied substrates.  

The two studies mentioned here highlighted thus the difficulties to clearly define how each 

material parameter, in an individual manner, can be responsible for the triggering of specific cell 

phenotype. Such assays often lead to controversial discussion because the conditions in which the 

material is investigated usually differ from one group to another (cell type used, cell badge, parameters 

set for the assay, material conditioning…). Nevertheless, it is commonly accepted that, combined with 

other factors or not, the material mechanical properties play an important role in the determination of cell 

behaviors. This is particularly clear when looking at the numerous studies reported in the literature on 

cells and mechanosensing, mechanotransduction and mechanoresponse [184,189,193].  

  

1.5.3.  Material architecture 

The choice of a suitable fabrication technique to produce three dimensional structures is a 

significant hurdle for the improvement of tissue-engineering treatment. The architecture of the material 

fabricated should, in fact, not only have suitable mechanical properties, but also enable an optimal mass 

and fluid transport through the whole template [107]. In other words, the substrate prepared should 

exhibit a suitable porosity to ensure an efficient colonization of the material by cells, enable the supply of 

nutrients and oxygen, the evacuation of detritus and support the invasion of blood vessels. All these 

phenomena will contribute to the performance of the material and ultimately, to the formation of a fully 

functional and healthy bone. An appropriate porosity is thus required for bone regeneration [194]. 

As seen in Figure 1-6, materials can be shaped under different forms depending on the 

processing techniques used to fabricate scaffolds (foaming, sintering, salt leaching, additive 

manufacturing…).  Each technique leads to the production of materials with specific pore size and 

interconnectivity, which can be controlled by varying the experimental parameters [195]. Porosity can be 

considered at three levels: the macro, the meso and micro one.  The macroporosity refers to pores having 

a size larger than 50 nm, the mesoporosity to ones having a size between 2 and 50 nm and the 
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microporosity to ones having a size smaller than 2 nm [196]. The macroporosity is considered as the most 

significant factor that influences cell behavior, bone growth and vascularization. For example, Valerio et 

al. demonstrated that bioactive glass macroporous structures with pores ranging from 100 µm to 500 µm 

(prepared by the sol-gel method and foaming technique) support cell migration towards the inside of the 

scaffold [75]. Sepulveda et al. and Xynos et al. additionally showed that foams with large pores 

(diameters between 10 and 500 µm) enhanced cellular differentiation and proliferation, as well as bone 

formation and vascularization [141,197]. According to Hulbert et al., the minimum for macropores size 

requirement is around 100 µm [198]. In their study in dogs, they showed that samples with pores 

comprised between 75 µm to 100 µm induced only little bone ingrowth, whereas samples with pore size 

ranging from 100 µm to 150 µm promoted a better bone ingrowth and apparition of calcified tissue. 

Samples with pores smaller than 75 µm were infiltrated by fibrous connective tissue only. The samples 

with the larger pores of the study (150-200 µm) exhibited the best results in terms of calcification, 

vascularization and presence of unmineralized bone within the pores. They justified the relevance of their 

results by correlating their observations with the diameter of the normal harverian systems (100-200 µm).  

This showed the critical importance of macroporosity on cellular response considering osteo and 

angiogenesis. However, depending on the testing conditions (load bearing or non load bearing 

conditions), the critical pore size mentioned by Hulbert and coworkers appear not to be universal 

[199,200]. Also, results differ between in vitro and in vivo assays, what makes difficult to define precise 

criteria on macropores size.  In in vitro conditions, a low porosity can stimulate osteogenesis by 

suppressing cell proliferation and forcing cell aggregation while, in in vivo conditions, a higher porosity 

and pore size promoted a better bone ingrowth due to a good vascularization and oxygenation, favoring 

thus osteogenesis [107]. Moreover, the optimal, or range of optimal, pore size required for bone 

regeneration has been suggested to be dependent on each distinct cell types and also demonstrated to 

possess an upper limit to be efficiently functional [201]. Finally, the interconnectivity of pores is essential 

for bone regeneration as it enables the infiltration of bone, the development of an efficient blood vessels 

network and the promotion of cell-cell interactions [75,194,202].  

On the other hand, the meso and microporosity also affects the cellular response. The presence of 

these very small pores increases the surface area of the scaffold. It promotes the adsorption of biological 

metabolites such as proteins and enhances cell adhesion [203,204]. The roughness created by these small 

pores favors the anchorage of cells and improves the proliferation and differentiation of bone cell lineage 

[204,205]. In parallel, it contributes to a better ion exchange and bone-like apatite formation by 

dissolution and re-precipitation process (in the case of biodegradable materials) [206].  Simon et al. 

showed that geometrical parameters (pore size and spatial arrangement of pores) affect the pattern of bone 

ingrowth [207]. The ability to vary and control the level of the different types of porosity (i.e. the meso, 

the micro and the macroporosity) is thus a key factor in the development of scaffolds for bone tissue 

engineering. As explained previously, the sol-gel technology appears to be a remarkable method to tailor 

the cellular response by varying porosity because it enables to control the macroporosity of materials by 
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using different fabrication methods and tune their texture at the meso and micro level [141,147].  It 

should be however noticed that the porosity of the material always has to be compromised between 

biological behavior and mechanical properties, as a too high void volume may provide good 

vascularization and osteointegration but significantly decrease the scaffold resistance to mechanical 

failure [208].   

Another major research topic regarding the optimization of bone tissue repair is the ability to 

control cell-ECM interactions and to optimize cellular responses by producing materials with features 

tailored at the micro and nanoscale. If roughness can be achieved through the fabrication of meso-

microporous scaffolds, it can also be tailored by engineering the surface of materials using various 

techniques. The texturing and patterning of a material surface can be performed using blasting [209], 

electropolishing [210], chemical treatments [211], lithography [212] and others. It is well known that 

micro and nanofeatures (roughness for example) created on the material surface positively affect cellular 

response (adhesion, detachment, proliferation, differentiation, spreading), in comparison to materials 

prepared with a smooth topography [210,213]. Materials having nanofeatures are even thought to be more 

suitable than ones with microfeatures because they may be more biomimetic and consequently better 

guide cell behavior [214]. The basement membranes of various tissues are composed of complex mixtures 

of nanoscale pits, pores, striations, particles, fibers and protrusions [213]. Based on a study conducted by 

Palin et al., the replication of the nanoscale bone roughness on material surface indeed induced greater 

bone-forming cell adhesion and proliferation [215]. Other researchers have shown as well that, for some 

materials, the smaller the nanofeatures, the better the cell adhesion and differentiation [216–219]. 

However, it is difficult to establish a limit range of nanotopographic scale, in which bone regeneration is 

positively affected due to the diversity in topographic characteristics associated to the different studies 

mentioned above (size, uniformity and shape). What is clear is that nanotopography controls cell behavior 

through the regulation of focal adhesion formation and cytoskeleton contractility, and activation of 

processes taking place at the sub-cell level (genes upregulation, cell signaling, cell metabolism) 

[212,214,219].    

But the physical surface patterning or texturing approach is not only used to modify the 

nanotopography of a material in terms of depth, pattern size or shape. It also enables to control the 

anisotropy of the material surface, a property to which cells are highly sensitive too. Cells cultured on 

grooved substrates for example elongate and align in the direction of the groove [220,221] (Figure 1-8, 

2). The degree of alignment seemed to be directly related to the depth of the grooves [221], what 

demonstrated once again the importance of the roughness and the interplay of various physical factors for 

cellular activity. The spatial arrangement of fibers produced by electrospinning also induced similar 

responses [222,223]. When cultured on aligned fibrous mats, cells oriented themselves in the direction of 

the anisotropy (Figure 1-8, 3). In contrast, on non-woven mats, cells spread following the multi-

directions of the random fiber organization. In addition to that physical guidance, electrospun fibers 
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present numerous particular advantages for bone tissue engineering. These benefits, as well as the 

explanation of the electrospinning process, are described in the following section. 

 

 

Figure 1-8. Examples of morphology of cells cultured on 1) tissue culture plate, e.g not patterned or textured surface, 2) grooved 

substrate and 3) aligned electrospun fibers. Arrows symbolize the direction of the anisotropy.  

(Picture 1 is adapted from [222], picture 2 from [220], picture 3 from [224]).  

 

In summary, material properties directly influence bone formation in tissue engineering. Both 

physical and chemical cues play a role in the targeting of specific cellular responses required for the 

regeneration of a fully healthy functional bone (osteo and angiogenesis). Choice of material constituents, 

nature of the functional groups present at the material surface, stiffness, roughness, nanofeatures and 

topography, among others, are as many parameters that interfere in that mechanism. It is however 

difficult to investigate the role of each factor in an independent manner as all of them are related. It is 

although clear that bone formation is the results of a dynamic dependence between numerous properties 

and that, with the cell-cell interactions and external mechanical stimulus, the cell-biomaterial interactions 

account as an essential part in the regeneration process. Given the diversity of the materials currently 

produced, it is necessary to specify that each material possesses a unique combination of properties and 

that each template will require specific improvements in order to achieve the proper biological 

performance. This should especially be achieved by finding a good compromise between all the criteria 

that an ideal scaffold should fulfill (mechanical properties, biological response, sterilizability…). Up to 

now, no ideal material has been developed - even though some are promising - and the design of 

biomaterials remains a challenging field of research with many and various perspectives of development.  

 

1.6. Electrospinning technique 

Among the various fabrication methods available to produce 3D scaffolds, electrospinning 

technique is nowadays one of the most used techniques. It is based on electrostatic principles and enables 

the deposition of micro and nano-scaled fibers. Its advantages are numerous and the fibers produced by 

this technique are commonly recognized as a suitable template for bone tissue engineering.  The main 

benefit of producing electrospun fibrous substrates is the possibility to mimic the nanofibrous structure of 

the collagen matrix of natural bone [3,225,226]. It is moreover a cost-effective technique that does not 
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require sophisticated equipments and that can be used with an impressive variety of compounds 

[225,227].  

Basically, the electrospinning process is simple. The set up consists in a syringe pump, a voltage 

source and a metallic collector (Figure 1-9). The principle behind the fibers formation relies on the 

competition between the electrostatic forces formed in a polymeric solution (melt or dissolution solutions) 

when it is subjected to a high voltage and its surface tension.  When a voltage is applied to a liquid drop, 

the fluid charges, and as a result, repulsive electrostatic forces appear. The liquid however maintains its 

confinement (drop shape) up to a certain voltage thanks to its surface tension. If the intensity of the 

voltage is sufficiently increased up to a critical point, repulsive forces overcome the surface tension and a 

liquid jet rises from the drop (appearance of a Taylor cone [228]). The more the jet travels from the drop, 

the more elongated and thinner becomes the jet.  This is explained by the instability of the jet which starts 

to whip and then bend and stretch [229,230]. These processes are represented in Figure 1-10. During this 

whipping process, solvent evaporates and solidification of the jet occurs. Fibers are then collected on a 

grounded metallic support. The flying time of the jet should thus be long enough to enable the complete 

drying of the jet. Fibers are deposited either as random or aligned mats, by using immobile or rotary 

collector respectively [231,232]. Fibers can be obtained from numerous synthetic polymers such as PLA, 

PCL, PGA, but also natural ones, as for examples silk, chitosan, gelatin and collagen [226]. To control 

the fibers production and the final fibers features, several variables can be manipulated. Processing 

parameters such as solution intrinsic properties (viscosity, solvent dielectric constant), ambient factors 

(humidity, room temperature) and set up conditions (liquid dispensing rate, voltage applied, tip-to-

collector distance) influence the electrospinning procedure [233,234]. For example, fibers prepared using 

a solution with low viscosity will lead to the formation of thinner fibers than ones prepared with a higher 

viscosity solution [235]. One of the reasons of this is that viscosity and polymer chain entanglement are 

important criterion for the fiber deposition [236]. Similarly, fibers prepared with a low voltage will result 

in the fabrication of fibers with bigger diameter than ones deposited at a higher applied field [237]. High 

electric fields seem to favor the charge repulsion and promote the fiber slimming. So, although the basic 

principles of electrospinning appear to be simple, the setting of proper experimental parameters that 

enables the deposition of fibers with well defined features is usually laborious. This is particularly true, 

knowing that undesired phenomenon such as beads formation often occurs. Also, the continuity of the 

fiber deposition is easily disrupted and the process efficiency is consequently affected. Achieving the 

fabrication of homogeneous and continuous fibers is thus very challenging in electrospinning.   
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Figure 1-9. Scheme representing the electrospinning set-up. 

 

Figure 1-10. Path of an electrospinning jet that undergoes bending instabilities, solvent evaporation and slimming. 

(image adapted from [238]) 

 

Regarding biological concerns, composite electrospun fibers are the most interesting materials. In 

fact, bioactive compounds are generally added in the polymeric solution to provide bioactivity to the 

organic substrate. To do so, bioactive nanoparticles are frequently used. They are incorporated in the 

polymeric solution before starting the electrospinning. Typically, these nanoparticles are hydroxyapatite 

or silica xerogel [239,240]. Due to their high surface-to-volume ratio, these composites usually show 

good cellular adhesion and activity [226,227,241]. As explained previously, the nanotexture (i.e. 

nanoroughness induced by the nanosized fibers) that provides such electrospun fibers is particularly 

attractive for cells. They are also particularly interesting as they have been demonstrated to promote 

mineralization. But it is not always the case for all of the nanocomposites. Some of them possess limited 
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bioactivity or cellular responses due to a common critical problem: the bioactive phase is embedded in the 

polymer. Consequently, this phase is not detected by cells nor contributes to the supersaturation of 

bioactive ions at the interface of the biomaterial and the biological environment, a mechanism necessary 

to induce calcium-phosphate precipitation and involved in cell signaling [242]. An interesting study 

reported by Tong et al. demonstrated that the exposition of the particles can be controlled by changing the 

nanoparticles size and by controlling precisely the experimental parameters of the electrospinning process 

[183]. However, even though researchers seem to be aware that the encapsulation of the bioactive phase 

is a critical issue, very few studies that focus on that problem are found in the literature. To overcome this 

challenge as well as the limitations related to conventional composites (inhomogeneous degradation rate 

of the compounds, very low or inexistent cohesion between them, limited strength), hybrid organic-

inroganic fibers prepared by the sol-gel method have gained interest in the last five years. Song and 

coworkers were for example some of the firsts to introduce this concept in bone tissue engineering and 

electrospinning [243]. In 2008, they reported the development of gelatin-siloxane nanofibers produced 

with intimate interactions between their compounds (hydrogen bonding). The siloxane introduced in the 

gelatin acted as a bridging agent for the polymer chains and resulted in a crosslinking effect. The fibers 

exhibited a good stability and were able to form bone mineral. They were also able to efficiently support 

cell adhesion, spreading and proliferation, and to elicit significant osteoblastic activity. This hybrid 

appeared to be a promising material for bone regeneration. This study highlighted thus the potential of the 

sol-gel technology to prepare hybrid scaffolds using electrospinning and the necessity to produce a 

synergic hybrid blend. This way, scaffolds with remarkable properties can be produced. Though, in 

comparison to the nanocomposites approach, hybrid fibers did not attract the attention of many research 

groups. Therefore, hybrid fibrous scaffolds prepared by the sol-gel method and the electrospinning 

technique have been chosen as research topic to carry out this thesis. Consequently, the work reported in 

this manuscript focuses on the development of bioactive and biodegradable fibrous hybrid grafts (class I 

and class II) prepared via these two methods, and the characterization of these biomaterials in terms of 

physico-chemical, mechanical and biological properties.  
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This chapter is divided into two parts. The first one is mainly devoted to the biological response 

induced by hybrid fibers made of polycaprolactone and silicon-calcium-phosphate bioactive organically-

modified glasses (ORMOGLASSES). These fibers were partially previously developed by the host 

laboratory in which this thesis was conducted. For this reason, the production of the fibers was initially 

performed following experimental conditions already set before the start of this thesis. But, given the 

interesting properties of these fibers and the difficulties to electrospin the hybrid blend with these 

parameters, a study was done afterwards to optimize the deposition of the fibers. This is reported in the 

second part of the chapter. 

The study on the biological performance of the material was carried out in collaboration with the 

“Biomaterials and Tissue Engineering Lab” of the Dankook University, South Korea. The experimental 

optimization of the electrospinning process was fully conducted at the institute for Bioengineering of 

Catalonia.  

 

2.1. Chapter summary 

Bioactive glasses in the system silicon-calcium-phosphate (from now on abbreviated as Si-Ca-P2 

system
1
) are very well known for bone tissue engineering due to their biological properties. The 

remarkable potential of these materials to trigger osteo and angiogenesis is suggested to be mainly due to 

its ion dissolution. Calcium cation (Ca
2+

) in particular is believed to act as an angiogenic promoter 

through the stimulation of the calcium sensing receptor; a receptor found at the cellular membrane of 

various cells. Hybrid fibers containing an organically modified glass (ORMOGLASS) based on this 

system were also expected to lead to suitable cellular responses. Si-Ca-P2 

ORMOGLASS/polycaprolactone fibers were thus electrospun with different glass compositions in order 

to assess the influence of glass composition on the cellular behavior. Results showed that depending on 

the Ca
2+

 release profile (rate and concentration) of the material, changes in biological properties occurred. 

The material with the higher and more rapid Ca
2+

 release had a better osteo and angiogenic potential than 

others fibers prepared with lower calcium content. Additional assays such as Z-Potential measurements 

and fibers morphology investigation performed using Atomic Force Microscopy have also pointed it out 

this material as the more potentially successful template due to its more positive surface charge and 

nanoroughness. This study demonstrated thus that Si-Ca-P2 ORMOGLASS/PCL fibers are a good option 

for the fabrication of smart materials and that the composition of the ORMOGLASS plays a critical role 

in the promotion of efficient vascularized bone regeneration.  

In terms of material production however, the efficiency of the electrospinning process appeared 

not to be optimal when performing the fiber deposition with the conditions previously set by the 

laboratory. In fact, many experimental factors can affect the formation and collection of the fibers 

                                                           
1
The abbreviation was defined in accordance with an oxide based nomenclature (oxides used to prepare the 

ORMOGLASS system): Si in reference to silicon oxide SiO2, P2 in reference to phosphorous oxide P2O5, and Ca in 

reference to calcium oxide CaO [Hench et al., Journal of Biomedical Materials Research 1971; 5, 117-141]. 
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(solution viscosity, solvent dielectric constant, voltage, temperature…), that is why the selection of the 

processing parameters is of critical importance. Moreover, fibers were only produced in the microscale, 

while to mimic the collageneous fibrous structure of native bone, the nanoscale should be reached. 

Therefore, the influence of the solvent used, the polymer concentration, the glass content and the glass 

hydrolysis level on fiber deposition was assessed. The fiber morphology and thickness were determined 

as well. Results showed that controlling the blend parameters, fibers with regular diameter could be 

produced without particular difficulties when 2,2,2-trifluoroethanol was used as solvent. The 

homogeneous fibers had a diameter ranging from 360 nm to 620 nm diameter depending on the 

conditions considered to prepare the blend. Blend preparation had a direct effect on the fibers features. 

This experimental optimization of the electrospinning process provides thus useful information for the 

efficient deposition of hybrid nanofibers with regular shape and promising biological performance. 

 

2.2. Introduction 

The role of smart materials for bone tissue engineering is to stimulate or trigger specific cellular 

responses involved in bone regeneration. It is commonly accepted that the Si-Ca-P2 glass system 

promotes osteogenesis but, as explained in the introduction chapter, the angiogenesis potential of the 

materials prepared with this system is argued in the literature. Though, vascularization is essential if the 

formation of a fully and functional bone is aimed to be achieved. Angiogenesis consists in the formation 

of blood vessels from preexisting ones. This process is necessary for the correct cell migration, cell 

signaling, oxygen and nutrient supply, and residue elimination [1]. Materials that do not exhibit this 

property have therefore high chances to fail during the implantation. Recently, it has been demonstrated 

that composite materials containing a glass and a synthetic polymer (precise system already known for its 

osteogenic properties) could trigger angiogenic response by providing the suitable biochemical and 

mechanical cues to the cells [2]. The interplay of these factors activates two synergistic pathways in the 

angiogenesis process. The first one implies the stimulation of calcium sensing receptors (CaSRs) [3] and 

the second one the regulation of the mechanosensing [4,5]. These signals promote together endothelial 

progenitor cells (EPCs) homing, differentiation and tubulogenesis by activating the production of vascular 

endothelial growth factor (VEGF) and controlling the VEGFR-2 receptor expression. Ca
2+

 is moreover 

thought to be an efficient osteoinductive promoter, also by acting through the CaSR, and promoting the 

proliferation and differentiation of endothelial and osteoblastic cell lineage [6,7]. Several previous in vivo 

studies additionally indicated that bone marrow progenitor cells are recruited to high calcium 

concentration environments, suggesting that a CaSR-mediated chemotaxis took place [8,9]. This 

implicitly suggested that calcium releasing biomaterials could be used to control the healing bone matrix 

microenvironment, offering thus new pathways for potential and promising new therapies based on osteo 

and angiogenic-promoting scaffolds for engineering stem/progenitor cell tissue. 
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Up to now, and especially in the last years, many materials and material processing strategies 

have been considered for the development of bioactive 3D scaffolds that mediate bone regeneration 

through the chemical and physical microevironment [10]. Electrospinning is one of the techniques that 

have recently gained widespread interest for the design of these scaffolds due to its efficiency in 

producing micro and nanoscaled fibers. The creation of this biomimicking artificial matrix is well known 

in the field, as it constitutes a suitable substrate for cell adhesion, proliferation and differentiation [11]. 

More than being used as a biocompatible bioactive template, electrospun fibers should also degrade in 

physiological conditions and be metabolized by the body. For example, byproducts gradually released to 

the bloodstream along with the material degradation contribute to the success of the scaffolds only if this 

process is well controlled. This implies that the byproducts should be non toxic, be excreted easily by 

metabolic pathways and, especially in the case of bioactive byproducts, be delivered to the cells in a non-

harmful concentration and rate. Among a high number of material combinations available to prepare 

scaffolds, composites having a ceramic or glass particles embedded in a biodegradable polymer have 

shown excellent results [12,13]. However, in these materials, each constituent degrades at a different rate 

and consequently provokes the release of the domains in a non-homogeneous manner. That can happen 

because the two compounds do not have intimate interactions between each other. Thus, the improvement 

of these interactions is necessary to better control the release of the key agents in particular [14]. This can 

be achieved through the formation of a covalent or ionic bonding, or the use of surfactants to enhance the 

adherence between the phases [15–17]. Another solution is to develop a material in which both 

compounds are of similar nature. In other words, if the phases possess a good surface affinity and good 

interactions due to the presence of organic fragments in the inorganic network, the final composite is 

expected to have a more homogeneous and controlled degradation. Therefore, this approach was thought 

to be a good option for the control of the release of bioactive ions such as Ca
2+

, and for the assessment of 

the potential of synthetic biomaterials to serve as instructive grafts.  

 

2.3. Fiber preparation and characterization 

In this part of the chapter, the possibility of producing blends made of organometallic-modified 

amorphous glasses (ORMOGLASSES) and a biodegradable polymer is evaluated to subsequently 

investigate the biological response of these novel hybrid materials. The sol-gel method was selected to 

develop the organometallic networks by means of the hydrolysis of alkoxide precursor solutions. 

Polycaprolactone was chosen as the biodegradable polymer. Implementing this strategy, we aim to join 

the both domains at a nanometric level [18] and to obtain a tuned ion release suitable for the promotion of 

cell homing and enhancement of osteo and angiogenesis using the Si-Ca-P2 system.  
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2.3.1.  Materials and methods 

2.3.1.1. Blend preparation and electrospinning 

The preparation of the ORMOGLASS involved a mix of metal alkoxide precursor solutions. 

These precursors were prepared in the laboratory under inert atmosphere as follows: metallic calcium was 

refluxed in anhydrous 2-methoxyethanol (Sigma-Aldrich 99%) to obtain the calcium precursor, and 

phosphorous pentoxide (P2O5, Sigma-Aldrich 97%) was refluxed in absolute ethanol (Sigma-Aldrich 

>99%) to obtain the phosphorous one. The preparation of these precursors was already reported in the 

literature [19,20]. To make sure they were well prepared, each single precursor was assessed using the 

nuclear magnetic resonance (NMR) technique (see appendices A-1 and B-1). Silicon precursor was 

commercially acquired as tetraethylorthosilicate (TEOS, Aldrich, 98%). The three precursor solutions 

were mixed homogeneously with three different molar ratios under strong stirring. A previous work 

performed by our South Koreans collaborators showed that fibers prepared with a Ca/P ratio equal to 5 

exhibited promising bioactivity and osteogenic potential [21]. For these reasons, the ORMOGLASS 

compositions were carefully set to maintain this Ca/P ratio value while the silicon content was changed. 

The three compositions targeted and the names of the fibers associated to these compositions are reported 

in Table 2-1. Once the mix has been done, a water catalyst (Si:H2O = 1:3 molar ratio) was added to 

partially hydrolyze the solution and to produce a viscous ORMOGLASS sol. Only a partial hydrolysis 

was performed in order to make sure that the ORMOGLASS sol did not reach an advanced gel state; 

otherwise, it would not have been possible to blend it with the polymeric solution if it became too 

viscous. In parallel, a polymeric solution of polycaprolactone 16 % w/w (PCL, Sigma-Aldrich, MW = 70 

000-90 000 KDa) in tetrahydrofuran (THF, Sigma-Aldrich, 99%) was prepared. Then, the ORMOGLASS 

sol and the polymeric solution were blended according to a ORMOGLASS:polymer ratio of 20:80 (v:v) 

in order to obtain the electrospinnable blends. The blends, as well as the pure polymeric solution, were 

finally loaded in a syringe and electrospun using a conventional electrospinning setup with a grounded 

flat collector. Fibers were thus deposited as randomly distributed fibrous mats. The processing parameters 

were the followings: 12 kV applied voltage, 1 ml/h blend dispensing rate and 15 cm distance tip-collector 

[22]. Images of the setups used to prepare the fibers (alkoxide preparation, precursor mix and blend 

preparation, electrospinning device) can be seen in appendix A-2. 

Table 2-1. Compositions of the ORMOGLASS precursor mix prepared to produce the hybrid fibers (nominal composition - 

molar ratio percentage). 

 PCL-S40 PCL-S52 PCL-S70 

Si 40 52 70 

Ca 50 40 25 

P2 10 8 5 
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2.3.1.2. Fiber morphological characterization and composition determination 

Field Emission Scanning Electron Microscopy (FESEM, see appendix B-2) was used to assess 

the morphology of the fibers (Nova™-Nano SEM-230; FEI Co.). Energy Dispersive Spectroscopy (EDS) 

analysis was done to determine the exact fibers composition (Quanta 200 XTE 325/D8395; FEI Co.). For 

these two techniques, samples were previously coated with a thin carbon layer before analysis. Using 

FESEM pictures, the thickness of the fibers was also measured by means of ImageJ open source software 

[23]. 25 fibers were randomly selected for each material. Their fiber sizes were averaged and the standard 

deviations were calculated.  

 

2.3.1.3. Fiber wettability 

The wettability of the samples was evaluated by water contact angle using the sessile drop 

method for the pure hydrophobic PCL fibers and the captive bubble method for the hydrophilic hybrid 

fibers [24]. The captive bubble method is used to evaluate the wettability of highly hydrophilic samples 

that cannot be assessed by the conventional sessile method (see appendix B-3). In this case, material is 

reversely immersed in ultra-pure deionized water and a 3 μl air bubble is generated at the bottom of the 

water-receptacle. The contact angle between the fibers and the liquid is the result of the difference 

between 180⁰ and the measured bubble angle. Measurements were carried out with a contact angle device 

coupled with a digital camera (Contact Angle System OCA15plus, Dataphysics) and were analyzed with 

the SCA20 Dataphysics software. 

 

2.3.1.4. Atomic force microscopy measurements 

Fibers stiffness (DMT modulus [25]) and roughness (Rq) were investigated using Atomic Force 

Microscopy (AFM, MultiMode 8 Atomic Force Microscope, Bruker - see appendix B-4) in PeakForce 

tapping mode in air. A thin layer of fibers were previously deposited on an adhesive substrate. Image 

treatment and data analysis were performed with Gwyddion, an open source software for scanning probe 

microscopy data analysis [26].  

 

2.3.1.5. Electrostatic potential evaluation 

The electric potential of the fibers surface was determined by the measurement of the Z-Potential 

(ZP, see appendix B-5). In fact, it is associated to the electric field generated at the solid-liquid interface 

when a liquid is forced to flow between two pieces of a material. These measurements were carried out 

using a SurPASS apparatus and acquired via the VisioLab software (Anton Paar Ltd.). All the 

measurements were performed using an adjustable gap cell, at a dynamic pH of electrolyte (KCl 1 mmol, 

pH ranging from 7.5 to 2.2) and samples with size of 10 x 20mm. 
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2.3.1.6. pH and calcium release measurements  

Continuous Ca
2+

 concentration was monitored during the first hours of fibers immersion in water. 

Measurements were done using a Crison Ca
2+

 selective electrode and an Ag/AgCl reference electrode. 

They were carried out in 1 ml of a 0.02 M KCl and 2.5 mM CaCl2 saline solution, with constant ionic 

strength. The initial pH of the solution was precisely adjusted to 7.4 before the immersion of each sample. 

The pH measurements were carried out using a Crison GLP22+ pH-meter and a Crison pH 

microelectrode. In addition to that assay, discrete pH and Ca
2+

 release measurements were collected at 

different time points, up to 14 days. The same setup was used but 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) was added to the saline solution in order to better simulate the 

buffering effect that naturally occurs in the body over a long period of time. Before starting, pH was also 

adjusted to 7.4. At each time point, the liquid was removed for the measurements and renewed.  

 

2.3.1.7. In vitro assays 

MC3T3-E1 cells were seeded on the materials (specimen cut from the electrospun fibrous layer) 

to assess the morphology, proliferation and differentiation of cells on the developed fibers.  

 

2.3.1.7.1. Cell morphology assessment 

Cells were seeded at a density of 5 000 cells/specimen (size of specimen: 10 mm diameter) and 

their morphology was assessed using SEM (Hitachi 3000) after 7 days. For that purpose, samples with 

cells were fixed during 10 min at room temperature in a phosphate buffered saline (PBS) solution with 

2.5% of glutaraldehyde. The fixed samples were then dehydrated for 5 min using aqueous ethanol 

solutions with increasing concentrations of ethanol (75%, 95% and 100%). Afterwards, a critical-point 

drying was applied to the dehydrated samples. Finally, the samples were coated with a thin layer of gold 

and examined by SEM at an accelerating voltage of 10.0 kV. Cells present at the fibers’ surface were 

colored artificially in orange on the SEM images and the filopodia in blue in order to evaluate and 

quantify the area occupied by the cells and the filopodia. The analysis was performed by means of the 

ImageJ software [23] and the results were reported as occupied percentage of the total picture area. 

 

2.3.1.7.2. Cell proliferation assay 

Cell proliferation (MC3T3-E1 cells) was evaluated using a cell counting kit, a colorimetric assay, 

involving tetrazolium salt WST-8 (CCK-8, Dojindo Molecular Technologies Inc.). Measurements were 

performed following the manufacturer’s instructions. The cells were seeded on each scaffold in the same 

conditions than the previous test (density of 5 000 cells/specimen, 10 mm diameter specimen). At precise 

time points (1, 3, 5 and 7 days), 10 μl of the CCK-8 solution was added to each sample and incubated at 

37˚C for 3 h. The absorbance was read at 450 nm using a microplate reader (Molecular Devices). 
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2.3.1.7.3. Cell differentiation assay – alkaline phosphatase activity  

The osteoblastic differentiation of the MC3T3-E1 cells was determined by measuring the alkaline 

phosphatase (ALP) activity expressed by the cells on the scaffolds. The cells were seeded at a density of 

12 500 cells/specimen (size of specimen: 25 mm diameter) and cultured up to 21 days in an osteogenic 

medium, a minimum essential Eagle medium (α-MEM) supplemented with 10% FBS, 50 μg/mL sodium 

ascorbate, 10 mM β-glycerol phosphate and 10 nM dexamethasone. At 7, 14, and 21 days, 20 μg of total 

protein was added to 50 μL of a p-nitrophenyl phosphate solution (Bio-Rad). This solution was incubated 

for 60 min with the cellular samples and the enzymatic activity of ALP was quantified by measuring the 

absorbance of the p-nitrophenol (compound formed by the hydrolysis of the p-nitrophenyl phosphate) at 

405 nm using the Elisa Microplate Reader. 

 

2.3.1.7.4. In vitro cell differentiation assay – Western blot  

Western blot assay was performed at 21 days to assess the degree of osteogenesis on each sample. 

Osteopontin (OPN) and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were considered for that 

assay. Cell lysis and protein solubilization was achieved by immersing the cellular samples in a RIPA 

(Radio-ImmunoPrecipitation Assay) buffer. Lysates were centrifuged at 12 000 rpm for 10 min at 4°C 

and protein concentrations were determined by the Bradford method. Subsequently, proteins were 

separated by using 10% sodium dodecylsulfate polyacrylamide gel electrophoresis and transferred 

electrophoretically to polyvinylidene difluoride membrane. Nonspecific binding was blocked by 

immersing the membrane in 5% non-fat dry milk for 1 h at room temperature. The membrane was then 

incubated with primary antibodies against OPN (1:1000; Abcam) and GAPDH (1:1000; Santa Cruz 

Biotechnology Inc.) at 4˚C overnight. The membrane was washed and further incubated with horseradish 

peroxidase-conjugated anti-rabbit IgG (1:5000; Santa Cruz Biotechnology Inc.). The blots were 

developed using the enhanced chemiluminescence method (Amersham Pharmacia Biotech Inc.). 

 

2.3.1.7.5. In vitro cell differentiation assay - quantitative real-time polymerase 

chain reaction 

At 7, 14, and 21 days, the expression of the bone-associated genes, i.e ALP, osteopontin (OPN), 

collagen type I (Col I), and osteocalcin (OCN) was determined by quantitative real-time polymerase chain 

reaction (PCR). The first complementary DNA (cDNA) strand was synthesized from the total ribonucleic 

acid (RNA, 1 μg) using a SuperScript first strand synthesis system for real-time PCR (Invitrogen). This 

was done following the manufacturer’s instructions. The reaction mixture was made up to 50 μl. Real-

time PCR was performed using SYBR GreenER qPCR SuperMix reagents (Invitrogen). The relative 

transcript quantities were calculated using the ΔΔCt method with GAPDH as the endogenous reference 
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gene amplified from the samples. The primer sequences of the genes are summarized in the appendix A-

3. 

 

2.3.1.8. Biocompatibility in vivo tests 

Male Sprague Dawley rats (250–300 g) were used for in vivo study. Animals were housed under 

standard conditions of temperature (23 ± 1°C), a 12 h light/dark cycle and fed with a standard pellet diet 

and water ad libitum. The protocols were approved by the Dankook University Institutional Animal Care 

and Use Committee, South Korea. 

Round shape membranes, cut from the electrospun fibrous layers, with a diameter of 16 mm were 

implanted on the backs of the rats. The animals were anesthetized by intramuscular injection with a 

mixture of Ketamine HCl (80 mg/kg body weight) and Xylazine (10 mg/kg body weight). The back area 

of rats was shaved and prepared with alcohol and betadine solution. A 2 cm long incision was made on 

the mid-portion of the back. Four small pockets were formed subcutaneously with baby metzenbaum 

scissors on the backside in a lateral direction from the spine of each rat and the membranes were inserted. 

Each animal received one type of scaffold composition (PCL, PCL-S40 or PCL-S52 membranes). PCL-

S70 fibers were not assessed in this section. The incision was subsequently closed with 4-0 non-

absorbable monofilament suture material (Prolene). After 4 weeks, the animals were euthanized and 

implanted membranes were extirpated for histological analysis. Four samples per membrane were used 

for the in vivo biocompatibility study. The tissues surrounding the implanted membranes were placed in 

4% buffered formaldehyde for 24 h at room temperature. Then, they were serially dehydrated in a graded 

ethanol, paraffin embedded, sectioned and stained with hematoxylin and eosin (HE) or Masson’s 

Trichrome (MT) stain. Samples were examined with light microscopy. Histological scoring was done 

from the both stained slides. The scoring includes the extent of inflammatory response, thickness of 

fibrous capsule, presence of blood vessel, and proliferation of fibroblasts (from absence to severe, score 

from 0 to 3, 0: not observed or very low number of infiltrated inflammatory cells, 1: low number of 

infiltrated inflammatory cells/mild changes, 2: intermediate number of infiltrated inflammatory 

cells/moderate changes, 3: numbers of infiltrated inflammatory cells/severe changes). Tissue sections 

were immunostained for von Willebrand factor (vWF), a protein present in blood vessel basement 

membranes, and imaged by light microscope. In order to determine the quantity of the newly formed 

blood vessels, indicated by vWF staining, the number of vessels was manually counted (microscope 

magnification: x200), and normalized to membrane area with the use of Scion Image Software (Scion 

Corporation, Frederick, MD). 

 

Complementary information about cellular and in vivo assays can be found in appendix B-6. 
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2.3.1.9. Statistical analysis  

Results are shown as the mean ± standard deviation and analyzed via one-way analysis of 

variance (ANOVA). A value of p < 0.05 was considered statistically significant (*) and p < 0.002 highly 

statistically significant (**). 

 

2.3.2.  Results 

2.3.2.1. Fiber surface properties and composition 

FESEM images of the three different silicon content samples can be observed in Figure 2-1. No 

segregation of inorganic phases was observed even at higher magnifications, suggesting a good 

homogeneity between the ORMOGLASS and the PCL matrix. However, some beads and irregularities 

were present. 

 

Figure 2-1. FESEM images of the hybrid fibers showing the morphology of the fibers. 

 

 The fiber compositions as well as their thicknesses and wettability are reported in Table 2-2. 

Fiber compositions were close to the ones targeted (nominal one). Fiber thicknesses did not change 

significantly between all the fibers. Their diameters were around 2 µm. Contact angle measurements 

revealed that the hydrophilicity of the fibrous membranes increased when the silicon content was 

increased. Water contact angles of all hybrid samples dramatically dropped compared to the one of pure 

PCL fibers (130.3 ± 0.8°, sessile drop measurement).  
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Table 2-2. Nominal and measured percentage of the hybrid fiber compositions, the fiber averaged thicknesses, water contact 

angle, roughness and stiffness. 

 PCL-S40 PCL-S52 PCL-S70 

Fiber 

composition 

Nominal Measured Nominal Measured Nominal Measured 

Si 

Ca 

P2 

40.0 

50.0 

10.0 

43.3 ± 2.5 

45.5 ± 2.5 

11.7 ± 0.1 

52.0 

40.0 

8.0 

50.3 ± 1.5 

40.4 ± 1.9 

9.3 ± 0.4 

70.0 

25.0 

5.0 

66.3 ± 1.7 

28.3 ± 0.9 

5.5 ± 0.7 

Diameter (µm) 2.1 ± 0.4 1.9 ± 0.3 2.2 ± 0.3 

Contact angle 

(°) 

33.6 ± 0.4 27.1 ± 2.3 20.9 ± 1.9 

Rq (nm) 5.5 ± 0.5 7.0 ± 1.0 7.7 ± 0.6 

DMT Modulus 

(MPa) 

64.4 ± 2.7 33.7 ± 1.1 18.8 ± 0.2 

 

2.3.2.2. Fiber topography 

Fiber topography and stiffness (DMT modulus) assessments performed by AFM are presented in 

Figure 2-2 and Table 2-2 respectively. AFM 3D images and Rq values revealed that the fibers had a 

rough nanostructured surface and that roughness was increased towards the fibers having compositions 

with the higher silicon contents. This nanotopography was attributed to the presence of spherulites that 

oriented perpendicularly to the direction of the fiber. Spherulites correspond to regions where the polymer 

are semi-crystalline and composed of highly ordered lamellae, themselves connected by amorphous 

domains [27]. The folds due to the lamellae provided the nanoroughness. On the other hand, DMT 

modulus showed that the stiffness of the fibers were much lower for the hybrids than for pure PCL fibers 

(comparison with value from the literature [28]). There was also a clear difference between the hybrids: 

the lower the silicon content, the stiffer the material. Finally, this assay confirmed that the PCL and the 

ORMOGLASS were homogeneously blended as no heterogeneous areas were detected by AFM.  
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Figure 2-2. 3D plots of topographic images and DMT modulus maps of the hybrid fibers obtained by AFM. Arrows show the 

direction of the fiber length. 

2.3.2.3. Fiber surface charge 

ZP curves obtained for the hybrid fibers and pure PCL ones are plotted in Figure 2-3 as a 

function of pH. PCL had the most negative value (-52.7 mV) at physiological pH 7.4. PCL-S70 and PCL-

S52 have slightly less negative electrostatic potentials (-51.4 and -48.7 mV respectively). Surprisingly, 

PCL-S40 exhibited a value significantly more positive (-34.4 mV). Moreover, the isoelectric point (pH 

for which the potential is equal to zero) of PCL-S40 fibers (pH = 2.6) was lower than the other 

membranes (3.0, 2.7 and 2.9 for PCL, PCL-S70 and PCL-S52 fibers respectively).  

 

Figure 2-3. Plot of the Z-potential of the hybrid and pure PCL fibers, as a function of pH.  
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2.3.2.4. pH and calcium release measurements 

pH and calcium release measurements were performed in aqueous solutions initially adjusted at 

pH 7.4 in order to simulate the pH of the blood. Because the aim of the continuous measurements was to 

determine precisely what happens at the material interface, this assay was performed without using any 

buffer. In this way, the effect of the material on the surrounding fluid can be better revealed as no buffer 

is present to moderate this effect. Moreover, calcium was added to the aqueous solutions to obtain 

solutions without buffer but with ions contained in conventional simulated body fluid (SBF) [29]. For the 

three kinds of hybrid fibers, a decrease in the Ca
2+

 concentration is observed after few minutes of 

immersion, suggesting that some of the Ca
2+

 released and/or already present in the solution were absorbed 

by the material (Figure 2-4, 1). This decrease is followed by an increase of the Ca
2+ 

concentration in all 

the cases. But for the PCL-S40 fibers, this increase appeared earlier and it reached a higher concentration 

than the two others. These results are in accordance with what could be expected based on the 

composition of the fibers: the fibers with the lower silicon content, i.e. with the higher calcium content, 

released more calcium. About pH, all the values significantly increased at the initial stage of the 

immersion and ultimately reached values comprised between 9.3 and 9.7.  

Discrete pH and calcium release measurements were acquired also in aqueous solutions with Ca
2+ 

and the pH initially set at 7.4. But, in this test, HEPES was added as buffer to simulate the buffering 

effect that occurs in the body when the material is implanted for a longer time than the previous assay in 

continuous. Results are reported in Figure 2-4, 2. PCL-S40 fibers were the fibers that maintain the higher 

concentration of Ca
2+

 over time. PCL-S52 and PCL-S70 fibers showed the strongest burst release 

between the start and the second day of the assay (around half of its initial release concentration ability). 

Afterwards, Ca
2+

 concentrations decreased in a less drastic manner for these fibers. The discrete 

measurements were in agreement with the continuous ones: the lower the silicon content, the higher the 

Ca
2+

 release. Discrete pH results also showed coherence with the discrete Ca
2+

 release measurements. 

After the increase of pH occurring just after the material immersion, pH values tended to decrease and to 

stabilize at pH~7.4 with time. Over a long period, less calcium was released with time so the pH was less 

affected than at the early stages.  
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Figure 2-4. pH and Ca2+ release assessed by continuous (1: short term monitoring) and discrete (2: long term monitoring) 

measurements. 

 

2.3.2.5. Cell adhesion, proliferation and differentiation 

Representative SEM pictures of fixed MC3T3-E1 cells cultured on the different membranes are 

presented in Figure 2-5. All scaffolds were well populated by cells after 7 days. To better determine in 

which extent the cells adhered and spread on the scaffolds, the surface occupied by cells was quantified. 

All hybrid fibers showed a higher relative occupied surface (cell area) than PCL ones. This is especially 

true for the PCL-S40 fibers that exhibited the higher occupied surface in comparison to the rest. About 

the filopodia, they were found almost in the same quantity for the three hybrid samples, but clearly in a 

higher amount on these fibers than on PCL ones (Figure 2-5, graphic).  

 

 

Figure 2-5. FESEM images showing the adhesion of cells cultured on the hybrid scaffolds after 7 days and histogram showing 

the quantification of area occupied by cells. Cells were artificially colored in order to improve the contrast between the fibers and 

the cells, and for the quantification of surface area percentage occupied by cells (*: statistical difference p < 0.05). 

 

Results of proliferation and ALP activity tests are plotted in Figure 2-6. The proliferation was 

improved for all hybrid fibers in comparison to PCL ones (used as a control). More precisely, cells on 

PCL-S40 fibers proliferated better than ones cultured on the other fibers. At the end of the assay (7d), 

PCL-S40 fibers were the templates on which cells showed a significantly better proliferation in 
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comparison to the others. Results about ALP activity showed that from day 7 to day 14, the ALP activity 

increased for all the mats and from day 14 to 21, it decreased. PCL-S40 fibers are the fibers that induced 

the more pronounced increase in ALP activity between the day 7 and the day 14, and an ultimate higher 

level of activity. At day 14 and 21, the differences between PCL-S40 material and the others were even 

highly significant. Western blot assay confirmed these observations. The ratio OPN/GAPDH is also 

statistically significant for the PCL-S40 fibers (Figure 2-7). Both the protein and the enzyme were found 

to be present in a significant amount when cells were cultured on these fibers.  

 

 

Figure 2-6. Quantification of proliferation and ALP activity of cells cultured on PCL and hybrid fibers (•: normalized to total 

protein - *: statistical difference p < 0.05 - **: statistical difference p < 0.002). 

 

Figure 2-7. OPN/GAPDH ratio related to cells cultured on PCL and hybrid fibers. The pictures additionally show the western 

blot results enhanced with a chemiluminescence method (**: statistical difference p < 0.002). 

 

 The expression of the different bone-associated genes is shown in Figure 2-8. PCL-S40 is the 

sample that has the higher expression in all the markers, including the ALP one. This confirmed the 

results described here above. As aforementioned, the maximum of expressions of ALP occurred at 14 

days of cell culture, in the early stages of differentiation. COL I expression also reached a maximum at 

this time point. For OPN and OCN genes, the maximum of expressions occurred at the third week, in the 

early stage of mineralization. 
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Figure 2-8. Expression of the bone-associated genes (Col I, ALP, OPN and OCN) measured by quantitative real-time PCR 

method (*: statistical difference p < 0.05 - **: statistical difference p < 0.002). 

 

2.3.2.6. In vivo assays 

Macroscopic evaluation 

The tissue responses to the three membrane types (PCL, PCL-S40 and PCL-S52) implanted 

subcutaneously in dorsal region of rats were evaluated. Each animal received four scaffolds. The recovery 

from the anesthesia was uneventful. After implantation, all animals showed normal healing process 

without inflammation and remained in good health during the period of the study. The incision sites 

healed normally and no inflammatory signs and material related complications were observed. In 

summary, the membranes used in this study resulted in satisfactory healing.  

After four weeks of implantation, all membranes were explanted at 4 weeks after implantation 

along with the tissues surrounding the implant. At harvesting, the samples and surrounding tissues 

showed no macroscopic redness or inflammation.  

 

Microscopic evaluation 

 Pure PCL membranes were considered as a control for the assessment of inflammatory tissue 

responses at the microscopic level. Pictures of the histological cut sections are shown in Figure 2-9 and 

biological responses analysis (presence of fibrous capsule, blood vessels, fibroblasts, formation of new 
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fibrous tissue and evaluation of inflammatory response [30]) are summarized in Table 2-3. No significant 

immune response was observed for the pure PCL fibers but the presence of fibrous capsule was clearly 

noticed. Fibroblasts arranged around the membrane and approximately 15-20% of the fibrous membrane 

was changed to fibrous tissue with fibroblasts infiltration. Few vessels were also observed within the 

infiltrated fibrous tissue and the surrounding area. PCL-S40 fibers exhibited a similar biological behavior 

than PCL fibers in term of biocompatibility. No significant immune response was seen after 4 weeks of 

subcutaneous implantation. A fibrous capsule was however observed but approximately 50% of 

membrane was changed to fibrous tissue with fibroblast and vessel infiltration. Concerning PCL-S52 

fibers and their inflammatory response, the observations were nearly the same than for the other fibers 

(limited number of infiltrated inflammatory cells). A fibrous capsule was observed, as for PCL-S40 

fibers, but fibrous tissue infiltrated significantly better than in the PCL and PCL-S40 samples. 

Approximately 85% of the fibrous membrane was changed to fibrous tissue with fibroblasts and blood 

vessels.  

 

 

Figure 2-9. Images of rat subcutaneous tissue responses to the implanted membranes after four weeks of implantation: HE and 

MT stainings (microscope magnification x200 – red arrows denote the fibrous capsule and yellow dots denote the cells 

infiltrating the membranes). 
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Table 2-3. Histopathologic assessment after subcutaneous implantation of PCL and hybrid membranes after four weeks of 

implantation in rats. Each matrix has been rated according to the cell number/intensity of the lesions. 1: low number of infiltrated 

inflammatory cells/mild changes, 2: intermediate number of infiltrated inflammatory cells/moderate changes, 3: numbers of 

infiltrated inflammatory cells/severe changes. 

 PCL PCL-S40 PCL-S52 

 FC IR BV F FC IR BV F FC IR BV F 

No1 2 0 1 1 1 1 1 2 1 1 2 2 

No2 2 1 1 1 1 1 2 2 1 1 3 3 

No3 1 0 1 1 1 1 2 1 1 1 2 3 

No4 2 0 1 1 1 1 1 2 1 1 2 2 

FC: fibrous capsule, IR: inflammatory response, BV: blood vessel, F: fibroblasts 

 

 To quantify the enhancement in blood vessel formation obtained with the hybrid artificial 

membranes, immunohistochemical staining of the blood vessel endothelial specific marker vWF was 

performed (Figure 2-10). Using the Scion Image software, it has been possible to normalize the number 

of counted blood vessels to the membrane area. As already seen on the histological pictures, significant 

differences were observed between the pure PCL specimen and the hybrid ones. PCL-S40 (0.338 ± 0.147) 

and PCL-S52 (0.282 ± 0.1) groups demonstrated more prominent angiogenesis ratio than PCL group 

(0.048 ± 0.017). PCL-S40 and PCL-S52 groups had similar angiogenic potential and did not show 

significant difference. In both samples, the newly formed blood vessels were distributed homogeneously 

in the membranes. This assay also confirmed that PCL-S40 (p = 0.004) and PCL-S52 (p = 0.003) groups 

induced the formation of a significantly higher blood vessels than PCL groups. 
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Figure 2-10. a) Images of the extracted fibrous membranes after 4 weeks of implantation: vWF staining (microscope 

magnification: x400 - Red arrows point the newly formed vessels within the membrane area). b) Quantification of the blood 

vessels number (normalization to the membrane area – *: statistical difference p < 0.05). 

 

2.3.3.  Discussion  

ORMOGLASS/PCL blends were prepared with three different compositions and were 

successfully used to produce hybrid fibers by electrospinning (Figure 2-1, Table 2-2). Fibers with 

diameters of approximately 2 μm were collected and the measured compositions satisfied the targeted 

ones. Fibers exhibited some irregularities and beads in their morphology, suggesting that an effort should 

be made to improve the electrospining process. As the experimental parameters are known to affect the 

fibers deposition [31], it is believed that changing the processing conditions (the solvent or the level of 

hydrolysis of the glass for examples), the morphology and the fiber deposition continuity could be 

improved.  

Despite these morphological and processing imperfections, the produced fibers induced good 

cellular responses due to the inherent material properties. In fact, the hybrid fibers obtained showed a 

good wettability in comparison to the pure PCL ones (Table 2-2). The addition of the ORMOGLASS in 

the polymeric matrix greatly improved the hydrophilicity in the three cases. Charles-Harris et al. 

demonstrated that osteoblast-like cells prefer to adhere to a hydrophilic calcium phosphate glass than to a 

hydrophobic synthetic polymer (polylactic acid, PLA) [32], which had similar hydrophobic properties 

than PCL [33]. Also Serra et al. observed that, on PLA scaffolds containing dispersed particles of this 

glass, rat mesenchymal stem cells better spread on the composite than on pure PLA scaffolds [34]. The 
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hydrophilicity of the fibrous hybrids therefore surely contributed to the good adhesion of cells on the 

membranes. In particular, PCL-S40 fibers exhibited the higher total surface area occupied by cells 

(Figure 2-5), suggesting that they constituted the most suitable templates for cell attachment. This could 

be seen on the FESEM pictures as well. This behavior might be explained by the surface charge of these 

fibers. Even though being negative at physiological pH, the value of the surface charge of the PCL-S40 

fibers was indeed significantly more positive than the ones of the other fibers (Figure 2-3). As a recent 

study showed, cells have a better affinity with positively charged matrices in terms of cell adhesion and 

shape [35]. The fact that PCL-S40 fibers were the most positive substrate of the study can partly explain 

why a better cell adhesion is achieved for these fibers.  

 On the other hand, the surface roughness can also affect this behavior. According to AFM 

analysis, the fibers exhibited a nanotopography (Table 2-2, Figure 2-2) due to the presence of polymer 

spherulites [36]. Nanostructured surfaces are known to improve the cellular adhesion of bone-forming 

cells [37,38] and fibroblasts [39].  Such surfaces seem in fact to influence the cell-extracellular matrix 

contacts (i.e focal adhesion) by modulating integrin-mediated cell adhesion, spreading and cytoskeleton 

organization [40]. The nanoroughness of the three hybrid fibers appeared to be suitable for a good cellular 

adhesion, in in vitro as in in vivo conditions. However, a slight difference can be noticed between the 

roughnesses of the three fiber types: the roughness was decreased with the decrease of the silicon content 

in the fibers. This can be explained by a lower separation between the lamellae of the polymer spherulites 

[41]. This means that the spherulites of the low silicon-content fibers exhibited more densely packed 

molecules than the two other compositions. Thus, it can be concluded that the ORMOGLASS 

composition had an influence on the spherulization and consequently on the fiber roughness. One possible 

explanation is that ORMOGLASSES with different compositions induced different modifications in the 

molecular weight of the PCL chains, a parameter that directly controls the nucleation density of the 

spherulites [42]. According to Chen et al.[42], the fact that PCL-S40 fibers exhibited a higher nucleation 

density could signify that the molecular weight of the PCL was less reduced in this blend than in the 

others. Therefore, this demonstrates that the polymer-ORMOGLASS interactions can be tailored by 

changing the ORMOGLASS composition. 

 In addition to nanotopography, hydrophilicity and surface charge, material stiffness is also 

considered as an essential regulator for cell behavior. The determination of the DMT modulus by AFM 

showed that the stiffness of the fibers increased with the decrease of the silicon content of the fibers 

(Figure 2-2, Table 2-2). This can be attributed to the densification of the spherulites, as revealed by the 

roughness measurements, and the stronger intermolecular interactions within the lamellae. As a 

consequence, it can be inferred that ORMOGLASS composition not only affected the roughness but also 

the stiffness of the material. These mechanical differences might have played a role in the angiogenic 

promotion of the developed materials. However, the mechanism by which mechanical signals integrate 

with other microenvironmental cues (e.g. chemical ones) to regulate neovascularization remains unknown 

[43]. It is thus clear that, to effectively establish the role of the stiffness of these hybrid fibers on the 
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material angiogenic potential, another study, in which the variable of the calcium release in particular is 

eliminated, should be performed. But, changing one variable of the studied system might lead to 

significant modifications of most of the general material features listed above (as suggested by the 

changes of roughness and stiffness when different ORMOGLASS compositions are used for example), 

and consequently have an impact on the ultimate cellular response. Therefore, the assessment of these 

mechanical changes on angiogenesis is particularly complex in the case of such hybrids. It can be 

however specified that, based on the literature, substrates having a stiffness in the range of kPa seem to be 

suitable to promote angiogenesis [43]. The hybrid fibers developed here showed stiffness far from this 

range (GPa). Given the excellent biological performance of the scaffolds produced, this higher stiffness 

values did not seem to be negative regarding the angiogenic properties of the hybrids. In fact, it is 

believed that the calcium released by these fibers is the most relevant factor that explains the material 

angiogenic potential. For the mineralization of the material however, the stiffness of these hybrids seems 

to be appropriate [44].  

 The immersion of the fibers in the aqueous solution used to measure the pH and the calcium 

release (in the form of Ca(OH)2) led to an immediate drastic increase in pH (Figure 2-4). After some 

minutes, the pH stabilized at around 9.5. The initial increase in pH did not seem to be immediately 

associated to a high release in Ca
2+

. In fact, changes in Ca
2+

 concentration are not instantaneously 

detected by the calcium electrode. This means that other agents are responsible for the high basic pH 

measured. It is hypothesized that, just after the material immersion, silicon species (basic pH) may be 

released in the solution [45]. Once calcium starts to be released from the material, the pH surprisingly still 

remains stable. This might be due to the balance between the release of the basic Ca
2+

 and acidic 

phosphate compounds. The release of P
5+

 in the form of H3-xPO4 probably compensated the increase of 

pH due to the release of calcium. This suggested that during this stage, Ca
2+

 and PO
4-

 were 

simultaneously released in a way that their different amounts compensate the modifications in pH that 

each ion induced. On the other hand, calcium release assay demonstrated that the fibers with the lower 

silicon content (i.e higher calcium content) were the fibers that released the more Ca
2+

. It also showed that 

their Ca
2+

 release started before the other fibers. Between the three fiber compositions, the calcium 

release of these fibers appeared to the most suitable to promote osteo and angiogenic properties. It is clear 

that the Ca
2+

 released from these fibers promoted the proliferation (Figure 2-6), differentiation and 

expression of bone-associated genes in vitro (ALP, OPN, Col I, OCN) (Figure 2-7, Figure 2-8), and the 

formation of blood vessels in vivo (Figure 2-9, Figure 2-10). Angiogenesis may be achieved by 

activating the production of VEGF through the CaSR for example. CaSR is indeed recognized by the 

scientific community as a key actor related to multiple behaviors in bone lineage and endothelial cells: 

stimulation of proliferation [46], migration [3,8,46], differentiation [3,47], adhesion [8] and 

mineralization [47] by regulating the expression of mitogenic genes [48], inducing chemotaxis [3] and 

increasing the production of growth factors [49], for example. Recently, Aguirre et al. have also 

demonstrated that calcium released from biomaterials (solvent-casting fabrication method), among other 
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factors, can be used to trigger these cellular functions [2]. CaSR is in fact a trans-membrane protein 

receptor able to detect extracellular calcium already contained in media and the calcium released by the 

biomaterial at the material-fluid interface. 

 Based on the excellent in vitro and in vivo results obtained with the fibers described in this 

chapter, this study made us conclude that the novel microscaled nanostructured fibers provided the right 

signals to the cells for the expression of angiogenic growth factors and osteogenic markers in therapeutic 

levels. Indeed, the Ca
2+

 release profile of the novel fibers, combined with their hydrophilicity, 

nanoroughness, surface charge and stiffness, seem to activate the essential cellular functions necessary to 

a successful material implantation and bone regeneration through synergetic pathways. This work 

showed, thus, that other types of smart materials than the one reported by Navarro et al. (i.e bioactive 

glass microparticles-polymer materials) [2,50], for example, can be developed by using a completely 

different approach and processing method (sol-gel and electrospinning). On the other hand, in comparison 

to other materials described in the literature, these novel hybrid fibers present several advantages. First, 

sol-gel derived biomaterials based on silicon-calcium-phosphate systems are usually prepared with 

calcium nitrate and triethylphosphate [51,52]. As demonstrated by Pereira et al., the use of soluble salts in 

the sol-gel process leads to the formation of non-homogeneous and non-consolidated glasses [53]. The 

problem of using calcium nitrate is that it is progressively incorporated into the silicon network only at 

increasing temperatures above 400°C. If this step is not properly controlled, calcium does not correctly 

diffuse into the network and consequently, inhomogeneous regions (in composition) are formed [54]. To 

obtain more homogeneous glasses, calcium nitrate can be replaced by calcium methoxyethoxyde [53]. In 

this way, only alkoxide precursors are used. However, this alkoxide route seemed to have been 

implemented only for producing monolith glasses and hybrids [20,53]. In this thesis, we have 

successfully used the alkoxide route to prepare ORMOGLASSES and to produce electrospun polymer-

ORMOGLASSES (blend) scaffolds. Unlike the conventional sol-gel glasses, the preparation of the 

ORMOGLASSES, in the case of our materials, does not require ageing and stabilization processes. This 

represents a significant gain of time and it does not involve temperature treatments that usually last 

several hours at high temperatures (from 60°C to 700°C) [52,54]. To prepare our blends, 

ORMOGLASSES can simply be obtained at ambient temperature and be immediately mixed with the 

polymer. Another advantage of the reported material fabrication method is that hybrids with a low content 

of silicon can be prepared. Commonly, sol-gel silicon-based glasses possess indeed a high percentage of 

silicon oxide (typically more than 50%) [21,52,55]. Lower silicon contents were achieved only for melt-

derived glasses [56]. With our approach, we have achieved the fabrication of materials having silicon 

oxide content equal to 40% (and even 22% - data not shown here). Thus, this enabled us to produce 

materials with higher phosphate and calcium oxides contents. Martin et al. reported that the increase of 

P2O5 content made difficult the syntheses of Si-Ca-P2/polyvinyl alcohol hybrids (formation of cracks) 

[57]. For our hybrids, no particular problems were observed when preparing the blends having the higher 

amount of P2O5, in comparison to the blends having the lower amount of P2O5. Concerning calcium, it is 
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interesting to increase its content if the developed material is aimed to be used for the triggering of 

specific cellular responses [2]. Indeed, according to the results reported in this chapter, the fibers that had 

the higher sustained calcium release (i.e. fibers with the higher calcium content) were the ones that 

showed the better biological performance. In other words, this means that the fabrication of these fibers 

may be a powerful tool that could be further used to assess the potential of calcium-releasing 

biomaterials. Finally, in the future, the blend could be used to prepare other scaffold architectures by 

using various fabrication methods, as for example rapid prototyping. This way, the material architecture 

could be adapted to match the structure of other specific applications that can possibly be targeted. This 

would be especially valuable for the applications that require the infiltration and formation of a blood 

vessel network. 

 

Before concluding, a general comment should be added regarding the use of MC3T3-E1 cells and the in 

vitro characterization of the material. MC3T3-E1 cells are osteoprogenitor cells with a high propensity for 

osteoblast differentiation (cell lines) [58,59]. They are well known in the field as they can be used to 

assess the potential of scaffolds to trigger osteoblast phenotype by monitoring the level of alkaline 

phosphatase expression [60,61]. However, they are not “neutral” cells: they are already oriented cells 

(predisposition to evolve towards osteoblast lineage) and they may consequently not be the most suitable 

cell lines to effectively assess the differentiation potential of scaffolds. They may rather be used to study 

the differentiation of bone cells and mechanism of biological calcification [58,62] but not to evaluate the 

differentiation in a “neutral” way. Instead, mesenchymal stem cells are recommended for such assays 

(primary cells). They are multipotent cells and signals delivered by the materials are critical to trigger 

specific cell lineage [63]. Therefore, they may be more suitable in the sense that if the material does not 

effectively provide specific signals, they may not differentiate into osteoblast lineage at all. Thus, the use 

of mesenchymal stem cells appeared to be a more valuable model to assess the real potential of the 

materials. Hence, for the other in vitro studies presented in the next chapters, mesenchymal stem cells will 

be used. However, this comment about the use of MC3T3-E1 cells does not imply that the in vitro results 

discussed in this chapter are not reliable. In fact, many researchers commonly use these cells to 

biologically characterize the materials that they developed [51,59]. But, as it has been thought that 

mesenchymal stem cells would be more relevant, it has been decided to continue the in vitro assays in the 

future with these cells only and not with the MC3T3-E1 anymore.  

 

2.3.4.  Conclusion 

A new family of hybrid bioactive fibers has been developed. Unlike the conventional hybrid 

materials containing a polymer and a pure inorganic glass, these novel fibers were made of a polymer and 

an organically modified glass (ORMOGLASS). The production of such materials is possible if alkoxide 

precursors are used to prepare the glass (organometallic network). The hybrid fibers produced showed 
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excellent osteo and angiogenic properties due to their inherent features such as good hydrophilicity, 

proper composition (Si-Ca-P2 system, release of bioactive ions), nanoroughness and stiffness. The 

calcium released from the hybrid fibers is suggested to be one of the most crucial factors that affect the 

ultimate biological responses. This release is thought to be controlled by the intrinsic amount of calcium 

found in the ORMOGLASS but also by the content of silicon. Indeed, different calcium release curves 

were obtained for the different compositions. Not only the concentration was affected, but also the rates 

and the profiles, suggesting that silicon might act as a calcium release regulator by being part of the 

organometallic glass network. However, it is perfectly accepted that the other material properties also 

contributed to the final biological response. From the three hybrid mats studied, PCL-S40 fibers were the 

substrates that induced the best biological performance. The calcium release rate and concentration 

associated to these fibers appeared to be the most appropriate for the efficient stimulation of the CaSR 

and the subsequent formation and vascularization of tissue. In other words, these novel fibers appeared to 

be a good platform for the triggering of cellular responses required for bone regeneration. Thus, this study 

confirmed that it is possible to control the biological performance of scaffolds by precisely tuning the 

material mechanical, chemical and physical properties. It also highlighted the potential of 

organic/organically modified glass hybrids. In summary, this work opens a new door for the development 

of novel and smart biomaterials based on ORMOGLASSES.  

 

2.4. Fiber preparation: optimization of the experimental process 

This part of the work is dedicated to the improvement of the fiber deposition using electrospining. 

The improvements are evaluated by considering the efficiency of the fiber production (continuity of the 

process) and the enhancement in the fiber morphology (avoiding the formation of beads or irregular 

shape). Also, the ability to control the fiber diameters was investigated. In other words, this study aimed 

to optimize the fiber fabrication to enable a less problematic fiber fabrication, and to determine the blend 

conditions that lead to the formation of homogeneous nanofibers. Given the reported promising properties 

for vascularized bone tissue regeneration, this study appeared necessary for the production of the 

membranes in higher quantity. This is necessary to perform, for example, further biological studies and to 

enhance potentially the biological performance of this system by producing a better biomimicking 

material (nanostructure). For that purpose, fibers were prepared under different experimental parameters. 

 

2.4.1.  Materials and methods 

2.4.1.1. Blend preparation and electrospinning 

The blend preparation is achieved in the same way as the method described in the previous part of 

this chapter: the sol-gel method is applied to the glass precursor solution (same metal alkoxides system) 

and the sol obtained is blended with polycaprolactone. However, the solvent was changed, as well as the 

polymer concentration, the ORMOGLASS:polymer volume ratio and the degree of hydrolysis of the 
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precursor mix. These experimental conditions are summarized in Table 2-4. Even though the processing 

conditions (distance tip-to-collector, voltage applied…) could be also investigated to control the fiber 

deposition, this work was only focusing on the influence of the blend features. As a new solvent was used 

to produce the fibers, the processing parameters were initially adjusted and changed in comparison to the 

previous settings. They were fixed for all the fibers to: 7.5 kV applied voltage, 0.5 ml/h blend dispensing 

rate and 12 cm distance tip-collector. Because of these processing parameter changes, hybrid fibers with 

the three previous compositions were nevertheless produced using the old solvent (THF), but under the 

new setup conditions to serve as a control. On the other hand, it can be surprising that this optimization 

study was performed with the S52 glass composition whereas, according to the biological responses 

reported above, the S40 one seemed to be the most promising. This is explained by a time shift between 

the conception of the new experiments (experimental optimization of the fibers deposition) and the 

obtaining of the biological results reported in the first part of the chapter
2
.   

 Polycaprolactone pellets (PCL) and tetrahydrofuran (THF) were purchased from Aldrich. The 

new solvent used, trifluoroethanol (TFE), was purchased from Panreac. All reagents used to prepare the 

glass sol were prepared as previously described and commercially acquired from the same suppliers (Ca 

metallic: Sigma-Aldrich 98%, 2-methoxyethanol anhydrous: Sigma-Aldrich 99.8%, P2O5: Sigma-Aldrich 

99.99%, absolute ethanol: Panreac 99.8%, TEOS: Sigma-Aldrich 99.8%).  

 

Table 2-4. Summary of the different blend parameters considered to produce the fibers (in italic: the changed parameters). 

 Glass 

composition 

Solvent Polymer 

concentration 

 

Ormoglass:polymer 

volume ratio 

Si:H2O 

hydrolysis 

molar 

ratio 

Fibers (control) S70, S52, S40 THF 16% 20:80 1:3 

Influence of 

polymer 

concentration 

S52 TFE 8%, 10%, 12%, 

14%, 15%, 

16% 

20:80 1:3 

Influence of 

ormoglass:polymer 

content 

S52 TFE 10% 5:95, 10:90, 20:80, 

30:70, 

40:60, 50:50 

1:3 

Influence of 

hydrolysis level 

S52 TFE 10% 20:80 1:1, 1:2 

1:3, 1:4, 

1:5, 1:6, 

1:10 

 

                                                           
2
The optimization study was started before the end of all the biological assays. Despite the fact that the good osteo 

and angiogenic features of PCL-ORMOGLASS fibers appeared already clearly, the remarkable properties of the 

PCL-S40 fibers were not totally demonstrated at this time. For this reason, S52 composition was arbitrarily selected 

to perform the study (as the intermediate composition).   
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2.4.1.2. Fiber morphological characterization 

Scanning electron microscopy (SEM, Quanta Q200, FEI Co.) was used to assess the morphology 

of the fibers. A piece of the fibrous layer deposited on a flat collector covered with aluminum was cut, 

and fixed on the conventional metallic support used for SEM observations. Fibers were then sputtered 

with a thin layer of carbon to improve the conductivity of the samples and ensure that pictures with good 

quality could be obtained.  

 

2.4.1.3. Fiber diameter measurements 

SEM pictures were opened in ImageJ software and fibers diameters were determined using this 

application [23]. At least 10 diameter measurements were performed to obtain an averaged value of 

thickness for each type of the produced fibers.  

 

2.4.2.  Results 

2.4.2.1. Fibers prepared with THF and three glass compositions 

Figure 2-11 shows the morphology of the fibers obtained with THF as solvent and three different 

glass compositions. Pictures revealed that fibers were successfully produced under the new processing 

conditions. Fibers had however imperfections, as when they were produced with the previous setting 

parameters. They were not regular and beads were seen in the three cases. The fibers had different 

diameter (Table 2-5) but these differences were not significant between them. Their thickness ranged 

from 1.4 to 1.5 µm. The irregularity in fibers shape was particularly well represented by the high standard 

deviations of the average of the measurements.  

 

 

Figure 2-11. Morphology of the hybrid fibers prepared with THF as solvent and with three different glass compositions. 
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Table 2-5. Diameter of the hybrid fibers prepared with THF as solvent in function of their composition. 

Label Nominal composition Fiber diameter (µm) 

PCL-S40 40Si-50Ca-10P2 1.4 ± 0.4 

PCL-S52 52Si-40Ca-8P2 1.4 ± 0.6 

PCL-S70 70Si-25Ca-5P2 1.5 ± 0.3 

 

2.4.2.2. Fibers prepared with different polymer concentrations 

Hybrid fibers were produced with different polymer percentages (8%, 10%, 12%, 14% and 15% 

solutions – w/w PCL/TFE ratio) using TFE as solvent (Figure 2-12). Fiber diameter average clearly 

increased with the increase in polymer concentration. Up to 12% PCL solution, submicron scaled fibers 

were obtained and their thicknesses were quite homogeneous. For the higher polymer contents, the fiber 

shape was more difficult to obtain and the fiber fabrication was particularly difficult. In fact, the high 

standard deviation of the fiber thickness associated to the 14 and 15% PCL solutions showed that the 

fibers were highly irregular (only the areas where fibers were well distinguished were taken into account 

for the measurement of the fibers’ diameter). In the case of the 16% solution, fibers could not have been 

produced at all.  

 In order to have a comparison, pure PCL fibers were produced with different polymer percentages 

(8%, 10%, 12% and 14%). Fiber thickness measurements revealed that, as for the hybrid fibers, the fiber 

diameters increased with the polymer concentration (Figure 2-13). Measurements related to the hybrid 

and the pure polymeric fibers were coherent between each other. This validated the fiber diameter 

tendency that occurred when the polymer content was increased. On the other hand, it can be noticed that 

hybrid fibers prepared with a certain polymer concentration exhibited thinner fiber diameter than ones 

prepared with the same concentration but without the glass.  
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Figure 2-12. Influence of polymer concentration on hybrid S52 fibers. Morphology and thickness of hybrid PCL-S52 fibers 

obtained with TFE as solvent and different polymer concentrations (the orange dotted line shows the results’ tendency). 

 

Figure 2-13. Influence of polymer concentration on pure PCL fibers. Morphology and thickness of pure PCL fibers obtained 

with TFE as solvent and different polymer concentrations (the orange dotted line shows the results’ tendency). 
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2.4.2.3. Fibers prepared with different precursor contents 

According to SEM pictures, regular fibers were obtained for all precursor contents, except for the 

50:50 v/v blends (Figure 2-14). Up to the 40:60 ratios, fibers with thicknesses around 400 nm were 

produced and no imperfections were observed. This was confirmed by the low standard deviation of fiber 

diameter measurements. In this range of ORMOGLASS:polymer ratio, the electrospinning set-up and 

blend conditions seemed suitable for an appropriate scaffold fabrication. No problem with the fiber 

deposition continuity was noticed. For the 50:50 blends however, fibers with larger diameter and more 

heterogeneous geometry were obtained. Their deposition was not critical but anyway a little bit more 

difficult than the others.  

 

 

Figure 2-14. Influence of ormoglass content on hybrid S52 fibers. Morphology and thickness of hybrid PCL-S52 fibers obtained 

with TFE as solvent and different ormoglass contents (the orange dotted line shows the results’ tendency). 

 

2.4.2.4. Fibers prepared with different hydrolysis levels of the glass precursor mix 

Changes in the hydrolysis level of the ORMOGLASS precursor mix resulted in the formation of 

fibers with different diameters (Figure 2-15). Up to hydrolysis ratios of 1:5, fibers with diameters below 

600 nm were produced. Fibers showed regular shape, as reflected by the low standard deviation 

associated to their thickness measurements. Conversely, fibers produced with hydrolysis ratios of 1:6 and 
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1:10 exhibited a less homogeneous morphology and higher thicknesses. Moreover, their deposition was 

difficult in comparison to the others. Imperfections were clearly visible on the SEM pictures.  

 Another observation that can be made regarding the influence of the hydrolysis level is that from 

1:3 to 1:10 ratio, fiber diameters increased. With ratios of 1:1 and 1:2, the diameters decreased. Fibers 

prepared with a hydrolysis ratio equal to 1:3 seemed to have the lower diameter.  

 

 

Figure 2-15. Influence of glass hydrolysis degree on hybrid S52 fibers. Morphology and thickness of PCL-S52 hybrid fibers 

obtained with TFE as solvent and different ormoglass hydrolysis ratios (the orange dotted line shows the results’ tendency). 

 

2.4.3.  Discussion 

Hybrid PCL-(Si,Ca,P2) ORMOGLASS fibers were produced under new electrospinning setup and 

blend conditions. A preliminary study demonstrated that hybrid fibers could be electropun using THF as 

solvent, even with the new electrospinning parameters selected for this study. However, these fibers 

exhibited numerous imperfections such as irregularities in shape and presence of beads (Figure 2-11). 

The differences in fiber thicknesses were particularly well represented by the high standard deviation of 

the fiber diameter averages. The production of fibers with different thicknesses can be explained by the 

splitting of the primary jet into smaller jets that in turns, led to the drying of thinner fibers and a 

multimodal size distribution [64]. Torres-Giner et al. for example reported this behavior with a mix of 

natural/synthetic polymer (PLA/collagen) [65]. Patlolla et al. also published a study in which bimodal 
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fibers were obtained from a PCL/HA/TCP composite solution [66]. Regarding the electrospinning, the 

observed irregularities and beads meant that the conditions in which the fibers were electrospun were not 

optimal for the fabrication of a homogeneous scaffold in terms of geometry. In fact, the presence of beads 

may be explained by the instability of the jet initiation due to inappropriate polymer solution properties 

(surface tension, viscosity, dielectric constant…) and low force to pull the polymer jet [67]. Together, 

these problems affect the efficiency of the fiber deposition, eventually leading to the interruption of the 

electrospinning process. Therefore, it was necessary to improve the electrospinning process in order to 

obtain good continuity in the fiber deposition and more homogeneous fibers - if possible in the nanoscale.  

 Based on the results obtained with the fibers produced with THF as solvent, it seemed that the use 

of different ORMOGLASS compositions did not significantly affect the fibers morphology, nor the fibers 

diameter average (Table 2-5). This suggested that a change in the glass composition was not a critical 

parameter for the fibers fabrication. This implied that the optimization study could have been performed 

with S40 or S70 compositions instead of the S52 one. In other words, the arbitrary selection of one 

composition is not thought to affect the results: all the conclusions resulting from this study for one 

specific composition would be also obtained if other compositions were used. For this reason, it is 

assumed that the optimized experimental factors that were set in the present study would be also valid for 

the other compositions. 

 Fibers were afterwards prepared with the S52 composition and one blend parameter at a time was 

modified. The first parameter that was changed was the solvent. THF was replaced by TFE. In fact, as 

already mentioned, even if Si-Ca-P2 fibers were obtained with THF as solvent, the fiber fabrication was 

difficult. The liquid drop at the tip of the syringe rapidly solidified, leading to the clogging of the needle. 

This prevented the fibers to be formed in a continuous manner and a regular cleaning of the tip was 

necessary to unblock the dispensing of the drop. It was hypothesized that this problem could be overcome 

by changing the solvent. TFE appeared to be more efficient for the electrospinning process due to its 

higher dielectric constant and polarizability (TFE: dielectric constant Ԑ = 7,58 at 25°C [68], THF: Ԑ = 

26,14 at 25°C [69]). TFE possesses also a lower vapor pressure and slightly higher boiling temperature 

(vapor pressure Pv = 9,3 kPa at 25°C [70], boiling temperature Tb = 74°C at 1 atm [68]) than THF (Pv = 

26.0 kPa at 25°C [69], Tb = 66°C at 1 atm [69]); in other words, it is less volatile. In the electrospinning 

process, the charges in the jet carry the liquid polymer to the collector thanks to the applied high voltage. 

The evaporation of the solvent has a direct impact on the mechanism of forces transfer through the jet 

because it affects its viscoelasticity [71,72]. A solvent with lower vapor pressure and higher boiling 

temperature exhibits thus a better mass flow velocity as it evaporates slower. Therefore, TFE has been 

selected to improve the processability of the blends due to its intrinsic electrical and thermodynamic 

properties. Globally, it has been indeed noticed that the fiber deposition was easier with this solvent than 

with THF. 

 Investigation of the influence of the polymer concentration on the fiber size demonstrated that the 

fiber diameters increased with the polymer content (Figure 2-12). This was in agreement with other 



Electrospun hybrid fibers prepared with silicon-calcium-phosphate bioactive ORMOGLASSES and polycaprolactone 

 

77 

 

published studies [31,67,73]. This tendency is explained by the increase of the solution viscosity [31]. In 

our case, if hybrid nanofibers are intended to be produced, a 8% or 10% polymer solution should be used. 

With these concentrations, the fibers obtained were very homogeneous and did not have defects. They 

were, in fact, more regular than hybrid fibers prepared with other polymer contents and than pure PCL 

fibers prepared with similar concentrations. On the other hand, it was noticed that the incorporation of the 

glass suspension led to fibers with smaller diameter than pure PCL ones (Figure 2-13). This diameter 

reduction can be inferred to a decrease in viscosity of the PCL solution when the ORMOGLASS sol is 

added. Indeed, if low viscosity solution is used to perform the electrospinning, fibers with thinner 

diameters are obtained in comparison to ones prepared with a higher viscosity solution. The blends 

seemed therefore to be less viscous than a pure PCL solution. 

Most of the fibers prepared with different precursor contents were produced with homogeneous 

morphologies (Figure 2-14), suggesting that the blend conditions and processing parameters were 

satisfactory for the fabrication of homogeneous scaffolds. Nevertheless, regular fibers have been only 

obtained up to a ratio of 40:60. With glass content equal to 50%, the fibers became heterogeneous and 

beads tended to appear. In fact, in this case, the content of the glass was too high to achieve a proper 

glass/PCL blend. The glass was segregated from the polymer. As a consequence, the glass dropped from 

the tip when the electrospinning was processed because it was not properly incorporated to the PCL 

solution (or only partially). This means that instead of a synergic PCL-glass blend, only (or mainly) the 

polymeric phase was electrospun. Therefore, it is assumed that the size of the fibers obtained for this ratio 

is principally determined by the viscosity of the polymeric solution itself. As viscous solutions (i.e 

polymeric ones) lead to thicker diameter than ones with lower viscosity (in our case, the blends), this 

would explain why there is a significant difference between the diameter of the low glass sol content 

fibers (up to 40%) and the ones containing 50% (or more) of ORMOGLASS. 

About the hydrolysis level of the glass precursor solution, results showed that homogeneous 

bead-free nanofibers could be obtained up to a hydrolysis ratio of 1:5 and that from 1:3 ratio to 1:10 ratio, 

fibers diameters increased (Figure 2-15). For the sol-gel method, the water introduced to perform the 

hydrolysis has a direct influence on the sol prepared. The water quantity is, in fact, the most important 

parameter that determines the degree of condensation of the sol. For this reason, instead of colloidal 

suspensions, gels could be have been also obtained if a higher quantity of water was added to the 

ORMOGLASS precursor mix [74]. Therefore, the higher the degree of hydrolysis, the more viscous the 

glass suspension (or gel). As described previously, the addition of the glass into the PCL solution lowered 

the viscosity of the polymer solution. Thus, the more viscous the ORMOGLASS suspension, the lower 

the decrease in the viscosity. This is what happened here: by adding more water in the glass mix, the 

condensation process was more advanced. In other words, a more viscous ORMOGLASS was obtained 

and consequently, a more viscous blend. Thus, thicker fibers were produced when increasing the 

hydrolysis ratio. 
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This experimental optimization study has been successfully conducted. Hybrid PCL-

ORMOGLASS fibers have been produced using TFE as solvent under new processing parameters. Blend 

conditions have been identified for the production of homogeneous, regular and defect-free nanofibers. 

The determination of specific parameters to collect fibers with well-defined size was important for the 

fabrication of biomimicking substrates. Achieving a continuous fiber deposition was also essential for the 

carrying out of further biological studies, as such assays commonly require a large amount of samples. 

Thanks to this work, PCL-ORMOGLASS fibers can from now on be produced without any particular 

problems. 

  

2.4.4.  Conclusion 

PCL-Si,Ca,P2 ORMOGLASS bioactive glass blends were prepared under different conditions in 

order to assess the effect of solution preparation (glass hydrolysis, polymer concentration, glass content) 

on the morphology and diameters of electrospun fibers. Results showed that the use of TFE was a more 

suitable solvent than THF in terms of fibers deposition efficiency and fibers regularity. Several blends 

prepared were appropriate for the production of fibers with homogeneous thicknesses. However, to obtain 

nanosized fibers, polymer solutions with low concentration, blends with ORMOGLASS contents inferior 

to 40% (volume percentage) and hydrolysis performed with Si:H2O ratios up to 1:5 should be preferred. 

In summary, it has been globally demonstrated that the solution parameters directly influence the aspect 

of the fibers. This study provides therefore valuable experimental information for the fabrication of 

nanotextured substrates made of a synthetic polymer and an organically modified glass. This information 

will be used in the future to produce more efficiently the scaffolds needed to perform additional 

biological assays to the ones reported in the first part of this chapter. 

 

2.5. Chapter conclusion 

The PCL-ORMOGLASS bioactive fibers presented in this chapter constitute a novel type of 

hybrid material. The organic and inorganic materials interact with each other at the nanometric level due 

to the use of the sol-gel method and the incorporation of organic fragments in the ORMOGLASS 

network. Thanks to these suitable interactions, these hybrids exhibited a calcium release profile that 

seemed to be suitable to promote osteo and angiogenesis. Other hybrid properties such as nanoroughness, 

stiffness and hydrophilicity also contributed to the excellent fibers biological performance. The 

development of these fibers confirmed that material mechanical, chemical and physical properties can be 

used to trigger specific cellular responses. It highlighted thus the importance of the cell-artificial ECM 

interactions. Initially prepared as microfibers, nanofibers were also produced. This was achieved by 

changing the electrospinning conditions, more precisely the solvent used and the features of the blend. 

These modifications were applied in a controlled way in order to obtain scaffolds that better mimic the 

nanostructure of the collageneous fibrils of native bone. Thanks to this improvement, fibers will be 
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produced more easily and an additional nanotexture is given to the scaffold, a property which cells are 

sensitive. In summary, this work opened a new door for the development of temporary instructive 

polymer-ORMOGLASS biomaterials.  
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This chapter is divided in two parts. The first one reports the development of hybrid fibers made 

of polylactic acid and a titanium-calcium-phosphate-sodium bioactive ORMOGLASS. The physico-

chemical properties of these fibers were investigated by means of various material characterization 

techniques. In vitro and in vivo assays were also carried out to investigate the biological performance of 

the scaffold. The other part discusses about the in vitro degradation of these fibers in simulated 

physiological conditions. 

Most of the assays presented in the first part of the chapter were performed at the institute for 

Bioengineering of Catalonia. Only the in vivo assay was conducted in another center - the national 

institute for Health and Biomedical Research (INSERM, France) - in the frame work of the Nangiofrac 

European project and a 2 months research stay. The degradation study was performed at the Warsaw 

University of Technology (WUT, Poland); also in relation to the Nangiofrac project (3 months research 

stay).  

 

3.1. Chapter summary 

Although titanium-calcium-phosphate-sodium glasses (from now on abbreviated as Ti-Ca-P2-Na2 

system
1
) are new bioactive glasses compared to silicon-based ones, they have been already demonstrated 

to possess great potential for bone tissue engineering. Lately, composites made of a synthetic polymer and 

a particular composition of a titanium glass (molar percentage: 5 Ti - 44.5 Ca - 44.5 P2 - 6 Na2, named 

G5) have been demonstrated to trigger osteo and angiogenesis. As many of the hybrid materials 

developed today usually promote osteogenesis but lack of ability to induce vascularization, this material 

combination appeared to be a good option for development of instructive scaffolds. Up to now, polymer-

G5 materials have been produced only as bulk material or well-ordered structure (rapid prototyping 

architecture) and by implementing the melting-quenching method to prepare the glass. In this study, PLA-

ORMOGLASS fibers (with G5-like composition) have been produced by means of the electrospinning 

technique in order to fabricate substrates for cells that promote simultaneously bone formation and 

vascularization, and additionally mimic the fibrous structure of the extracellular matrix of natural bone. 

Moreover, the sol-gel method (already known as an effective alternative to the conventional melting-

quenching approach) was used to process the glass. Non-woven and aligned fibers were collected with 

two different glass contents. Physico-chemical characterization performed using scanning electron 

microscopy, contact angle measurements and tensile tests demonstrated that the scaffolds obtained 

exhibited homogeneous morphology, good hydrophilicity and good mechanical properties. Preliminary in 

vitro assays with MSCs (cells able to differentiate into osteoblastic lineage) and EPCs (cells involved in 

blood vessels formation) also showed that cells attached and proliferated on the materials. However, for 

                                                           
1
The abbreviation was defined in accordance with an oxide based nomenclature (oxides used to prepare the 

ORMOGLASS system): Ti in reference to titanium oxide TiO2, Ca in reference to calcium oxide CaO, P2 in 

reference to phosphorous oxide P2O5, and Na2 in reference to sodium oxide Na2O [Navarro et al., Journal of the 

American Ceramic Society 2003; 86, 1342-52]. 
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the EPCs, these processes seemed to be a little bit more difficult than for the MSCs. The bioactivity and 

biocompatibility of these fibers were however demonstrated for both cell types in vitro and also in vivo. 

These novel fibers appeared thus to be a suitable option for the design of functional materials for tissue 

engineering applications. They constitute a significant improvement regarding the development of 

bioinspired structures. 

The biodegradation behavior of the fibers is very important regarding the success of the scaffold 

implantation as this success relies on the ability of the material to interact properly with the biological 

environment. This behavior mainly depends on the design of the graft and more precisely on its capacity 

to biodegrade in a well defined manner (nature of ions released, dissolution profile of this release, rate of 

material resorption, preservation of mechanical properties). The assessment of the biological behavior of 

temporary templates is therefore very important in tissue engineering, especially for composites which 

usually exhibit complicated degradation behaviors. Therefore, the produced fibers have been incubated up 

to four weeks in physiological simulated conditions and their morphological, topographical and chemical 

changes have been investigated. The results showed that a significant loss of inorganic phase occurred at 

the beginning of the immersion and that the glass maintained afterwards a stable composition along the 

degradation period. Globally, the scaffolds underwent a fast and heterogeneous degradation. This study 

revealed thus that an effort should be made regarding the development of the material in order to avoid 

the initial drastic ORMOGLASS dissolution and that, according to the in vitro assay, the material 

durability may not be suitable for long term applications.  

 

3.2. Introduction  

The development of materials for tissue engineering has for a long time focused on implants 

aimed to simply replace non functional or damaged organs. But scaffolds design has considerably evolved 

in the last years and biomaterials from the third generation have been developed [1,2]. These materials are 

able to stimulate specific cellular responses, being bioactive and bioabsorbable [3–5]. Regarding bone 

regeneration, many material fabrication approaches have been implemented for the production of 

functional substrates able to interact and properly integrate with the host tissue and/or trigger cell 

differentiation towards osteoblastic lineage. But, the obtained scaffolds generally do not promote 

angiogenesis, a vascularization process essential for the formation of a fully functional living new tissue 

[6]. Several studies performed by our group have previously demonstrated that composites made of 

polylactic acid (PLA) and Ti-Ca-P2-Na2 bioactive glass have the potential to efficiently promote bone 

formation and to integrate with bone tissue [7,8]. More recently, another study pointed the formation of 

tube-like structure when endothelial progenitor cells (responsible of vessels formation) where cultured on 

this material [9]. The good biological performance of these scaffolds was mainly attributed to their 

stiffness and the ions released from the glass, as well the material intrinsic surface properties [9,10]. The 

combination of PLA with this bioactive glass appeared therefore to be a promising material association. 
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Up to date, this material has been only shaped by using the salt leaching-solvent casting method and the 

rapid prototyping technique [11,12]. As not only the chemistry but also the structure of a scaffold 

influences cellular response, the choice of appropriate scaffold architecture is critical. Biomimicking 

scaffolds are nowadays extensively investigated for this reason. Results reported in the chapter 2 

particularly showed the potential of electrospun mats to support cell adhesion, proliferation and 

differentiation. It also revealed the importance of developing materials with specific features 

(composition for example) and validated the use of Si-Ca-P2 ORMOGLASSES to prepare hybrid. 

However, to approve more generally and definitely the use of ORMOGLASSES for tissue engineering, 

the fabrication of hybrids involving other systems (i.e. other constituents) is required.  

On the other hand, as part of the so-called “third generation” of materials, smart scaffolds should 

additionally degrade at a suitable rate that enables the triggering of specific cellular responses along the 

material progressive resorption [13]. This is particularly true if the material is intended to be implanted as 

an acellular template aimed to bond to the host tissue, mineralize and recruit cells by itself [14]. The final 

goal of designing such materials is that only the newly formed functional tissue remains at the end of the 

regeneration process and no additional surgical procedures are necessary to remove the implanted 

construct. The biodegradability of a substrate is therefore a very important concept that can even be 

critical regarding the effectiveness of the graft to promote the body‟s inherent capacity to heal and self-

repair and act as cell-homing promoter. If toxic byproducts are released during material degradation for 

example, the local healthy tissue is not preserved and tissue regeneration will not occur properly. Scar 

tissue can consequently be formed attesting of non appropriate interactions between the template and the 

host tissue [15,16].  

Many parameters such as architecture, porosity, hydrophilicity, crystallinity and chemical 

composition can affect the biodegradation mechanisms of a material [17–19]. This depends thus on its 

design and more precisely on its constituents and fabrication method (structure features: shape, size, 

interconnected porosity…). Depending on the clinical use and tissue targeted (soft or hard), different 

material properties are needed. For bone engineering, hybrid materials made of synthetic or biodegradable 

polymer and bioactive glasses are interesting composites as they are able to form a stable implant-host 

tissue interface. They even trigger the desired cellular responses by dissolving and releasing ions in the 

surrounding fluid (i.e osteogenesis and angiogenesis) [8,9]. Thus, by combining PLA and G5 glass 

together, fully bioresorbable scaffolds with remarkable mechanical and bioactive properties can be 

produced [20,21]. However, degradation is a complex mechanism influenced by several biological 

connected factors as for examples pH and fluid infiltration, oxygen supply and enzyme activity [22,23]. 

An exact control on the degradation process is therefore difficult to achieve, especially if this control is 

aimed to satisfy precise expectations like specific degradation rate or time scaled product release. Despite 

these drawbacks, it is essential to assess the degradation behavior of a scaffold as it will closely control 

the future of the template after implantation (changes in mechanical properties, induced cellular response) 

and consequently determine its success.  
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3.3. Fiber preparation and characterization 

The study reported in this part of the chapter was carried out to prepare hybrids containing PLA 

and a titanium based ORMOGLASS (G5 composition) as fibrous mats in order to produce osteo and 

angiogenic biomimicking scaffolds. The ability to apply the sol-gel method to the G5 glass composition 

was also assessed in order to establish a new glass preparation protocol. The fiber production is based on 

the preparation of a PLA-G5 blend. The fabrication of these fibers was also aimed to approve the use of 

ORMOGLASSES for titanium based systems regarding biomedical applications. Therefore, the produced 

fibers were characterized and their biological responses were investigated.  It was believed that producing 

PLA-titanium based ORMOGLASS composites as hybrid fibers would constitute a better environment 

for cellular activity (bioinspired structure) [24] and that the interactions between the phases could be 

improved in comparison to the over materials already prepared with these two families of compound.  

 

3.3.1.  Materials and methods 

3.3.1.1. Blend preparation and electrospinning 

The preparation of the glass involved a mix of metal alkoxide precursor solutions. This mix 

contained the same calcium and phosphorous precursors as the ones described in the previous chapter. 

The titanium precursor was prepared by dissolving titanium isopropoxide (Alfa Aesar 97%) in ethanol 

(Sigma-Aldrich >99%) and the sodium precursor by refluxing sodium metallic (Panreac) in 

methoxyethanol (Sigma-Aldrich 99%). To make sure they were well prepared, the single precursor were 

assessed using the nuclear magnetic resonance (NMR) technique (see appendix A-1 and B-1). The 

precursor solutions were mixed homogeneously under strong stirring according to the composition of G5 

glass (molar ratio): 44.5 P2 - 44.5 Ca - 5 Ti - 6 Na2. Once the mix was ready, a basic catalyst 

(Ti:H2O:NH3:isopropanol catalyst with molar ratio of 1:60:4.5:100) was added to partially hydrolyze the 

solution and produce a viscous ORMOGLASS gel. The hydrolysis lasted three days and was performed at 

4°C. In parallel, polymeric solutions of polylactic acid 3% and 4% w/w (PLA, 70/30 L-lactide/DL-lactide 

copolymer, Purasorb PLDL 7038) in trifluoroethanol (TFE, Panreac) were prepared. Then, the 

ORMOGLASS gel and the polymeric solution were blended according to a glass:polymer ratio of 10:90 

and 20:80 (v:v) in order to obtain the electrospinnable blends. The fibers were labeled as PLA, T5 10-90 

and T5 20-80. Before being blended with the PLA solution, the ORMOGLASS gel was left some minutes 

at room temperature to reach the same temperature as the polymeric solution. The blends, as well as the 

pure polymeric solution, were finally electrospun using a conventional electrospinning setup with a 

grounded flat or a rotary collector covered with aluminum. Fibers were thus deposited as randomly 

distributed or aligned fibrous mats. The processing parameters were the followings: 8 kV applied voltage, 

0.5 ml/h blend dispensing rate, 18 cm distance tip-collector and 1000 rpm rotating speed (aligned fibers 

only). In order to minimize differences in the fibers composition due to the preparation of the 

ORMOGLASS (mix), one blend was used to produce two fibers types: the same blend for the fibers T5 
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10-90 aligned and random, and the same blend for the fibers T5 20-80 aligned and random. Images of the 

setups used to prepare the fibers (alkoxide preparation, precursor mix and blend preparation, 

electrospinning device) can be seen in appendix A-2. 

 

3.3.1.2. Blend viscosity 

In order to assess the effect of the addition of the ORMOGLASS gel on the polymeric solution, 

viscosity measurements of the blends were performed (vibroviscometer SV10, Malvern Instruments – see 

appendix B-7). Continuous measurements were done to make sure that the viscosity of the blends was 

stable over time. These continuous measurements were done for the T5 20:80 blends because these blends 

had the higher ORMOGLASS content and were therefore the more exposed to undergo viscosity changes 

(in comparison to the 10-90 ones). Moreover, punctual measurements were performed after mixing the 

two compounds to verify that the viscosity of the blends was suitable for the electrospinning process. 

 

3.3.1.3. Fiber morphology and composition 

Small pieces of the electrospun mats were obtained by cutting the fibrous layers at different 

places. The areas were selected randomly. After removing the aluminum foil, the pieces were fixed on a 

metallic support and coated with carbon. Support was then introduced in a Field Emission Scanning 

Electron Microscope (FESEM, Nova™-Nano SEM-230; FEI Co.) to assess the fibers arrangement and 

morphology. 

To determine the exact composition of the fibers, the samples used for FESEM observations were 

loaded in a SEM device coupled with EDS (Quanta 200 XTE 325/D8395; FEI Co.). Even if pictures of 

the fibers could have been taken from this SEM-EDS coupled machine (see appendix B-2), the FESEM 

device was preferred as it enables to acquire images with better quality and higher magnifications. The 

measured compositions were averaged from elemental quantifications of three different points on the 

samples.  

 

3.3.1.4. Fiber wettability 

Contact angle measurements were performed using the sessile drop method to evaluate the 

wettability of the scaffolds (OCA 20 system, Dataphysics, GmbH – see appendix B-3). It consists in the 

deposition of an ultra pure water drop (3µl) on the material and the determination of the angle between 

this drop and the materials surface. The contact angle was determined by using the ImageJ software [25]. 

This approach enables the determination of the degree of hydrophilicity of the materials: the lower the 

contact angle values, the more hydrophilic the material. For the aligned fibers, pictures of the water drop 

on the fibers were taken perpendicular to the orientation of the fibers. For the random ones, no specific 
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positioning of the sample has been done as the contact angle values were not influenced by any defined 

fiber orientation (appendix A-4, A.4.1). 

 

3.3.1.5. Fiber surface charge 

Zeta potential (ZP) technique was used to assess the surface charge of the fibers (see appendix B-

5). ZP measurements were performed in a 1 mM KCl electrolyte solution using the “adjustable gap cell” 

set-up (electrokinetic analyzer SurPASS, Anton Paar Ltd. Austria). The pH of the electrolyte was titrated 

from the basic region (pH ~ 8) to the acid one (pH ~ 2.5) by adding HCl 0.1M using the device pump. 

The electrolyte was forced to pass between two thin layers of fibers using a pressure program of 

maximum 300 mbar. The isoelectric points (IEP) and ZP values at pH = 7.4 were taken into account to 

compare the charge surface changes after the treatments. 

 

3.3.1.6. Polymer thermal properties 

Differential Scanning calorimetry (DSC, Q2000 TA) was used to determine the effect of the 

addition of the ORMOGLASS in the polymeric solution on the thermal properties of the produced fibers 

(see appendix B-8). As for FESEM, small pieces of the mats were cut at random areas of the electrospun 

layer (~ 1.2 mg sample). Samples were then place in aluminum pans and subjected to two heating ramps 

and one intermediate cooling: samples were first heated from -20°C to 180°C, cooled, and heated again. 

The heating rate for both ramps was fixed at 10°C/min and nitrogen was used as a purge gas. 

Crystallization and melting properties of the polymer were assessed by analyzing the curve of the first 

heating ramp. The glass transition (Tg) was determined considering the second heating cycle and using 

the inflexion point method (TA Universal Analysis software, v4.7A).  

 

3.3.1.7. Thermogravimetry 

Thermoanalyzer (TGA Q5000 TA) was used to determine the mass of the inorganic phase that is 

contained in the fibers and assess the stability of the polymeric phase (evaluation of decomposition 

temperatures) (see appendix B-9). Samples of ~ 10mg were placed on platinum pans and heated from 

room temperature (25°C) up to 700°C at a heating rate of 10°C/min in air. TGA coupled with FTIR 

(Nicolet 8700 Thermo Scientific) was also operated to identify the gaseous byproducts that decomposed 

and/or vaporized during the fibers degradation. In this case, measurements were performed in the same 

other conditions than simple TGA but in nitrogen. However, only the T5 20:80 fibers were selected for 

that assay. As they had the higher ORMOGLASS content, it was assumed that better infrared signals 

related to eventual degradation products from the ORMOGLASS could be reached (in comparison to 

fibers containing a smaller ORMOGLASS quantity). TGA curves were analyzed with the TA Universal 
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Analysis software (v4.7A) and FTIR spectra acquired using the OMNIC 8.2 software (Thermo 

Scientific). 

 

3.3.1.8. Mechanical properties 

Fibers strips (1cm width) were clamped by the grips of the tensile device (Tytron 250 Microforce 

Testing System) and elongated using a force load of 50 N (see appendix B-10). The MultiPurpose 

TestWare® software was used to acquire the strain-stress data curves. The Young‟s Modulus was 

calculated as the slope of the linear region of the curve. The thickness of the fibers layer was measured 

with ImageJ [25] software using FESEM pictures of the strips in transversal view (appendix A-4, A.4.2). 

The initial sample length (distance grip to grip) was set to 2 cm. For the aligned fibers, strain was applied 

along the fibers orientation. Results were considered statistically significant for p < 0.05 and highly 

significant for p < 0.002 (Student‟s t-test). 

 

3.3.1.9. Protein adsorption 

Protein adsorption test was performed to evaluate the ability of the fibers (PLA and hybrids) to 

support protein anchorage. 1 cm x 1 cm pieces were cut from the fibrous layers and immersed during 1 

hour at room temperature in deionized water. Afterwards, fibers were transferred to a 24 well-plate and 1 

mL of PBS solution containing 0.5 mg of bovine albumin serum (BSA, Sigma-Aldrich) was added to 

each well. Fibers were incubated for 30 min at 37°C. After this time, the membranes were rinsed gently 

three times with deionized water and allowed to dry at room temperature. The adsorption of the protein 

was qualitatively assessed by FTIR (Nicolet 8700 Thermo Scientific – see appendix B-11). 

 

3.3.1.10. pH measurements 

When performing preliminary tests for in vitro assays, it has been noticed that the medium used 

turned yellow instead of staying pink, its usual color. This indicated that the pH changed once the fibers 

were immersed in culture medium. To evaluate these changes, pH was measured (Crison GLP22+ pH-

meter and Crison pH microelectrode). The possibility to control these changes was evaluated by 

immersing the fibers in four different solutions: deionized water, SBF, culture medium (advanced 

Dulbecco‟s modified Eagle medium, adv. DMEM, Gibco
®
) and culture medium supplemented with 20 

mM of 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). Before starting the test, the 

medium containing HEPES was stabilized with sodium hydroxide at pH 7.4. This assay was conducted 

with the T5 20-80 fibers. Because these fibers had the higher ORMOGLASS content (in comparison to 

the other fibers of the study), they were expected to induce the most critical changes in pH. It was 

therefore hypothesized that, if the pH changes were controlled for these fibers, it would be also the case 

for the fibers with lower ORMOGLASS amount, as the pH changes would be more buffered. 



Electrospun hybrid fibers prepared with a titanium-calcium-phosphate-sodium bioactive ORMOGLASS and polylactic acid 

93 

 

3.3.1.11. In vitro assays 

3.3.1.11.1. Material conditioning and cell seeding 

Mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) obtained from rat bone 

marrow were used for this study. These two types of cells were chosen according to published results that 

demonstrated the potential of the titanium-based system to promote mesenchymal stem cell 

differentiation into osteoblastic cell lineage and endothelial progenitor cell differentiation towards 

phenotype involved in vascularization [26–28]. Medium for MSCs was prepared with advanced DMEM 

supplemented with 10% FBS, 1% of L-Glutamine, 1% Sodium pyruvate and 1% penicillin/streptomycin. 

Medium for EPCs was prepared with M199 supplemented with 20% FBS, 1% Glutamine, 1% 

penicillin/streptomycin and the growth factors (VEGF, IGF, EGF, bFGF, heparine and ascorbic acid) for 

the EPCs. HEPES (20 mM) was additionally added in both medium to make sure that the pH was 

maintained stable during the assay. Cells were grown on culture flasks in the incubator (37°C, 5% CO2) 

and trypsinized just before seeding on the materials. Squares were cut from the electrospun fibrous layers 

to fit in a 24 well-plate, sterilized for 15 min under UV radiation, pre-incubated for 2 h in complete 

medium at 37°C and rinsed with PBS before seeding. Cells were seeded at a density of 10 000 cells/disc 

in 24 well-plates (500 µL medium/well). 

 

3.3.1.11.2. Fluorescence staining 

After 1 day and 10 days, cells were fixed using a paraformaldehyde-sacarose-H2O-PBS solution 

to observe them thanks to fluorescent staining. 4,6-diamidino-2-phenylindole (DAPI) was used to stain 

the nuclei and green phalloidin for the actin cytoskeleton. Fluorescent images were collected using a 

confocal microscope with a x63 objective lens (oil immersion). 

  

3.3.1.11.3. Cell fixation for FESEM imaging 

Cells were also fixed using a glutaraldehyde-PBS solution and then lyophilized before carbon 

coating to be observed under FESEM. Pictures with cells fixed on the scaffolds were obtained with the 

same device and under the same conditions than the images of the fibers without cells.  

 

3.3.1.11.4. Cell proliferation 

Cell culture was carried out up to 14 days, changing the medium every two days, to quantify cell 

proliferation. At defined time points (1d, 3d, 7d, 10d, 14d), the medium was replaced with fresh medium 

containing 10% of Alamar Blue
®
 (Thermo Scientific, TREK diagnostic systems). Plates were then 

incubated at 37°C during 4 h. Five replicates for each material were used for statistical analysis. 

Quantification of cellular proliferation using Alamar blue® implies the reduction of non fluorescent 

molecules to fluorescent molecules through cell metabolism. The intensity of the fluorescent is 
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proportional to the number of cells. After the 4 h hours of incubation, 100 µL of the reacted solution was 

transferred to a 96 well/plate and the fluorescence was measured. The measurements were performed at 

590 nm with a microplate reader (Infinite M200 Pro, Tecan). The remaining mix medium/Alamar Blue
®
 

was removed and cells were washed with PBS. 500 µL of fresh medium was finally added to the wells 

and cells were furthermore cultured until the next measurement.  

 

3.3.1.12. In vivo assay 

In vivo assays were carried out to determine the biocompatibility of these novel fibers and to 

evaluate their potential for vascularization. The procedures and animal handling followed the principles 

of Laboratory Animal Care described by the National Society for Medical Research, and approved by the 

Animal Care and Experiment Committee of the University of Bordeaux Segalen. Experiments were 

carried out in accredited animal facilities according to European recommendations for laboratory animal 

care (directive 86/609 CEE of 24/11/86). Swiss Strain mice (females, 3 months) were used for this study. 

Mice were housed in individually ventilated cages on a 12-hour light-dark cycle at 21-23 ºC and 40-60% 

humidity, and allowed free access to irradiated standard rodent diet and sterilized water.  

Round shape membranes, cut from the electrospun layers with a diameter of 1 cm, were 

implanted in the dorsus of the mices (subcutaneous implantation). Before implantation, membranes were 

sterilized by UV and incubated for 24 h in PBS. The animals were anesthetized using isoflurane and one 

small incision was made, with scissors, on each side of the dorsus. Each animal received two specimens 

of aligned fiber type (PLA, T5 20-80 or T5 10-90 membranes), in the left and right dorsal sites. Three 

animals were used for each fiber type for histological assays. This corresponds to 6 samples per material. 

The incision was closed using chirurgical staples. After one and four weeks, the animals were euthanized 

and implanted membranes were extirpated for histological analysis. The membranes and the tissues 

surrounding the implanted membranes were placed in 4% buffered formaldehyde solution for 24 h, at 

4°C. Then, they were immersed during 3 days at 4°C in a sucrose solution (30%) and afterwards, 

immersed during 2 h in a sucrose solution (30%) containing 7% of gelatin, at 37ºC. The samples 

embedded in gelatin were snap frozen using liquid nitrogen and 8 µm sections were cut using a 

cryosection device (Leika, Germany). Hematoxylin and Eosin staining (HE) was performed in order to 

assess developed inflammation (formation of fibrous capsule), cell penetration into the materials and 

angiogenesis. CD31 immunostaining was additionally performed to confirm the presence of endothelial 

cells and to quantify more precisely the degree of angiogenesis. The number of micro vessels was 

determined for both stainings using 8 slices per sample (i.e. 42 sections per material type) and normalized 

using the area of the corresponding materials.  

 

Complementary information about cellular assays and in vivo tests can be found in appendix B-6. 

 



Electrospun hybrid fibers prepared with a titanium-calcium-phosphate-sodium bioactive ORMOGLASS and polylactic acid 

95 

 

3.3.1.13. Statistical analysis 

Using the Graphpad Prism 5.0 software, the D‟Agostino and Pearson omnibus normality test was 

used in order to verify if data obeyed to a Gaussian distribution. Statistically significant differences 

between the groups were analyzed by the non-parametric Kruskal-Wallis test, followed by a Dunn post-

test. Results were considered statistically significant for p value lower than 0.05. 

 

3.3.2.  Results 

3.3.2.1. Blend viscosity 

The viscosity values of PLA-ORMOGLASS blends measured continuously are presented in 

Figure 3-1. Measurements revealed that, after some minutes of stabilization, the viscosity of the blend is 

maintained over time. Initially, the ORMOGLASS was mixed with a 3% PLA solution but it has been 

noticed later that the viscosity of that blend (around 140 cP) was not optimal for the fabrication of the 

fibers (too low). The ORMOGLASS has been therefore mixed afterwards with a 4% solution and 

punctual viscosity measurements are reported for that polymer percentage. Results showed that after 

addition of the ORMOGLASS, the viscosity of the polymeric solution decreased (Table 3-1). The blend 

containing the higher ORMOGLASS quantity was the less viscous. Though, both slurries had an 

appropriate viscosity that enabled the fabrication of fibers by the electrospinning technique.  

 

Figure 3-1. Viscosity of T5 20:80 blends (3% polymeric solution) measured in continuous. 

 
Table 3-1. Viscosity of the PLA solution and hybrid blends (4% polymeric solution) after few minutes of homogenization. 

 Viscosity  

(cP) 

Temperature 

(°C) 

PLA 665 24.6 

T5 10-90 369 25.4 

T5 20-80 284 25.1 
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3.3.2.2. Fiber morphology and composition 

Figure 3-2 shows the morphology of the fibers and Table 3-2 their composition. Random and 

aligned fibers were successfully produced without major imperfections (beads or aggregates for 

examples). Compositions of the fibers were close to the targeted G5 one for both fibers with both 

ORMOGLASS contents. 

 

Figure 3-2. Morphology of the hybrid fibers (FESEM pictures). 

 
Table 3-2. Composition of the hybrid fibers (molar percentages). 

% T5 10-90 T5 20-80 

Ti 5.49 ± 0.81 5.66 ± 0.86 

Ca 45.53 ± 1.61 44.08 ± 1.8 

P2 44.51 ± 0.44 45.16 ± 1.8 

Na2 4.47 ± 1.19 5.10 ± 0.85 

 

3.3.2.3. Contact angle measurements 

As observed on Figure 3-3, the incorporation of the glass gel improved the wettability of the 

scaffolds. In comparison to the contact angle values of PLA fibers (higher than 100°), hybrid fibers 

exhibited lower values for both ratios and both fiber distributions. 
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Figure 3-3. Contact angle pictures and measurements performed on PLA and hybrid fibers. 

 

3.3.2.4. Fiber surface charge 

The surface electrostatic potential of the fibers was evaluated by measuring the ZP. Figure 3-4 

shows the curves obtained. Table 3-3 summarizes the isoelectric point values (IEP, pH value at ZP = 0) 

and ZP values after for pH = 7 (indicative value chosen for comparison). Globally, the produced fibers 

were less electronegative than the PLA ones. At pH = 7, the IEP values of the hybrids were very close to 

each other. At this pH however, the fibers with the higher ORMOGLASS content (T5 20-80 fibers) 

appeared to be the less electronegative.  

 

Figure 3-4. pH dependence of the zeta potential of the PLA and hybrid fibers. 

  
Table 3-3. Electrostatic potential (ZP) at pH = 7.4 and isoelectric point (IEP) values of the fibers surface. 

 ZP (mV) IEP 

PLA -61 2.97 

T5 10-90 -52 3.21 

T5 20-80 -51 3.67 
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3.3.2.5. Polymer thermal properties 

Figure 3-5 displays the DSC thermograms obtained for PLA and hybrid fibers (first and second 

heating ramps). Neither crystallization peak nor evident melting peak (only very small bump, not 

considered as significant to conclude anything on melting properties) were observed on the first heating 

ramp curve. It should be also specified that the sharp peak observed at    122°C on the curve of the T5 20-

80 fibers corresponds to a measurement artifact and should not be taken into consideration for data 

interpretation (appendix A-4, A.4.3). For the glass transition temperature, results showed that the Tg 

values were slightly shifted towards lower values when ORMOGLASS was incorporated in the polymeric 

fibers. The higher was the amount of ORMOGLASS in the fibers, the lower was the Tg. Though, these 

differences were very slight.  

 

Figure 3-5. Thermograms of PLA and hybrid fibers obtained by DSC (first and second heating ramps, *: measurement artifact). 

 

3.3.2.6. Thermogravimetry 

Figure 3-6 shows the TGA thermograms, i.e. the weight and derivative weight (DTA) graphics, 

associated to the degradation of the fibers. The sample weight revealed that the final inorganic compound 

remaining after thermal treatment constituted 15.5% of the sample (in mass) for the T5 10-90 fibers and 

24.3% for the T5 20-80 ones. However, these values did not represent the exact ORMOGLASS weight of 

the fibers as two other weight losses attributed to the presence of the ORMOGLASS during the 

degradation were identified. Considering that, the percentage of ORMOGLASS weight contained in the 

fibers T5 10-90 was increased to 25,5% and for the T5 20-80 ones to 40,8%. These two weight losses that 

occurred between 150 and 280°C were related to alkylphosphates; as revealed by the analysis of the 

vaporized gaseous products (appendix A-4, A.4.4) and based on studies reported in the literature [29,30]. 

Differences in the degradation temperatures of PLA were also observed for the hybrid fibers (Table 3-4). 

While PLA fibers had degradation temperature (max peak) of 360°C, hybrid fibers exhibited lower 
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values: 355°C for the T5 10-90 and 341°C for the T5 20-80. The higher was the ORMOGLASS content, 

the earlier the degradation of PLA occurred.    

 

Figure 3-6. TGA curves of the hybrid fibers and their associated derivative curves (DTA). The percentages in red represent the 

amount of inorganic ORMOGLASS remaining at the end of the assay. The percentages in green correspond to the weight loss 

associated to the degradation of alkylphosphate molecules (peak 1 and 2) in the hybrid fibers.  

 
Table 3-4. Table summarizing the thermal characteristics of the PLA and hybrid fibers obtained by TGA (*: calculated 

considering the weight associated to peaks 1 and 2). 

 T Peak 1 

(°C) 

T Peak 2 

(°C) 

T Peak 3 

(°C) 

Remaining 

Weight (%) 

Fibers 

Glass 

content 

(%)* 

PLA  - - 360 0 0 

10-90  217 245 355 15.5 25.5 

20-80  223 245 341 24.3 40.8 

 

3.3.2.7. Tensile tests 

As shown in Figure 3-7, the hybrid fibers exhibited the higher mechanical properties. Both, 

Young‟s Modulus and Yield Strength were improved in comparison to PLA fibers. The higher was the 

content of the ORMOGLASS, the higher was the Young‟s modulus. However, Yield strength appeared 

not to be affected by the content of ORMOGLASS itself. The same values were calculated for both 

compositions. Moreover, aligned fibers exhibited better mechanical properties than the random ones. 

Aligned fibers had for example a Young‟s modulus more than two-fold the one of random ones. Aspect 

of the samples after the tensile assay can be found in the appendix A-4, A.4.5. 
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Figure 3-7. Histograms displaying the Young‟s Modulus and Yield Strength of PLA and hybrid fibers (tensile test measurements 

- *: statistical difference p < 0.05, **: statistical difference p < 0.002). 

 

3.3.2.8. Protein adsorption 

Qualitative measurements performed with FTIR revealed that BSA adsorbed better on the hybrid 

fibers than on the PLA ones (Figure 3-8). Indeed, after immersion in the protein solution, both hybrids 

exhibited signals of the amide I and II (chemical groups of the BSA molecule) [31,32], attesting of the 

presence of BSA on the fibers. To the contrary, these signals were not observed for the polymeric fibers. 

 

Figure 3-8. FTIR spectra obtained for PLA and hybrid fibers before and after the protein adsorption test. 
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3.3.2.9. pH measurements 

Initially pink, the culture medium turned yellow when T5 20-80 fibers were immersed in it. pH 

measurements indeed clearly demonstrated that immediately after the fiber immersion, the pH of the 

medium critically dropped (Figure 3-9). For comparison, the measurements were also performed in SBF. 

The pH drop was even higher in this case. However, because SBF and medium are known to act as buffer 

of the pH, the measurement was additionally performed in water to evaluate the real pH changes in a 

solution that does not influence the pH. pH dropped from 7.4 to 2.7 in water. A significant pH decrease 

would be critical for cells and would lead to cytotoxicity [33]. Therefore, it was necessary to add a buffer 

in the medium in order to control the pH. Based on the pH curved obtained in medium containing 20 mM 

of HEPES, it can be seen that the pH remained quasi stable. In fact, according to the pictures, the color of 

the medium did not change significantly, suggesting that this HEPES concentration was suitable for 

cellular assays. 

 

Figure 3-9. Evolution of pH after T5 20-80 fiber immersion in different solutions. Pictures show the color changes observed 

when fibers were immersed in medium. 

 

3.3.2.10. In vitro assays 

Pictures obtained thanks to the fluorescent staining and the cell fixation for FESEM imaging are 

presented in Figure 3-10 (MSCs) and Figure 3-11 (EPCs). Additional FESEM pictures can be seen in 

appendix A-4, A.4.6. After one day, MSCs greatly spread on the hybrids with both compositions. 

Moreover, on aligned fibers, cells tended to elongate in one direction whereas on random ones, they 

spread and attached in every direction. Based on FESEM images, it is clear that cells spread following the 

fiber length and the isotropy of the material. After 10 days, cells covered all the membranes. In 

comparison to the MSCs, EPCs spread less on the hybrids after one day. Some cells elongated but some 

were round. Even though some were elongated, their spreading was significantly less important than the 
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MSCs. This was confirmed by FESEM images on which round cells can be also seen. After 10 days, 

EPCs proliferated but the proliferation seemed to be less efficient than for the MSCs.  

 

Figure 3-10. Pictures obtained thanks to fluorescent staining (microscope images) and cell fixation (FESEM images) of MSCs 

after 1d and 10d of culture on hybrid fibers. On the FESEM pictures, cells are artificially colored in blue to better visualize the 

cells on the material. 
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Figure 3-11. Pictures obtained thanks to fluorescent staining (microscope images) and cell fixation (FESEM images) of EPCs 

after 1d and 10d of culture on hybrid fibers. On the FESEM pictures, cells are artificially colored in blue to better visualize the 

cells on the material and red stars point the round cells. 

 

In order to quantify cell proliferation, the number of cells present on the hybrids was determined 

at different time points of cell culture. These results are shown in Figure 3-12 for both cell types. MSCs 

proliferated on all membranes. No evident conclusions can be extracted from this assay. In fact, the 

results were not statistically different between each other, not between samples with different 

compositions neither between samples with different fibrous arrangement. The only observation that can 

be done is that the proliferation on fibrous mats efficiently started after three days. For EPCs, 

proliferation occurred on all samples but very slowly compared to the one of the MSCs. While the cells 

reached confluence at the end of the assay for the control, EPCs on the fibrous mats seemed to have had 

difficulties to proliferate. This confirmed the results obtained with fluorescent staining. Finally, it can be 

seen that EPCs seemed to better proliferate on random fibers than on aligned ones. They even seemed to 

proliferate a little bit better on the random hybrids than on the random PLA ones. Though, the lack of 

statistical differences between the samples did not able to certify this comment. Further assays are 

required.  
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Figure 3-12. Proliferation quantification of MSCs and EPCs cultured on tissue culture plate (control), PLA and hybrid fibers – 

random and aligned. To facilitate the comparison with the hybrids, the higher number of EPCs on PLA membranes was delimited 

by an orange dot line (results were not statistically significant). 

 

3.3.2.11. In vivo assay 

Figure 3-13 displays the pictures of the slides after HE staining and the associated blood vessel 

quantification. As seen on Figure 3-13 a, a mild inflammatory response was observed for all tested 

materials. About cellular infiltration, no significant differences were seen between the PLA and the T5 

10-90 fibers. In comparison with the other tested materials, the T5 20-80 material showed an increased 

cell infiltration at 7 and 28 days. Quantification of blood vessels revealed that after one week, all 

formulations exhibited the same amount of blood vessels per area of material (Figure 3-13 b, no 

statistical differences). After four weeks, the PLA and T5 10-90 fibers materials showed equivalent blood 

vessel density. However, a significant higher blood vessel density was observed for the T5 20-80 

material, in comparison with PLA alone.  
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CD31 immunostaining confirmed that the hybrid fibers, in particular the T5 20-80 ones, promoted 

better angiogenesis than the PLA ones. As seen on Figure 3-14 a, for the T5 20-80 fibers, blood vessels 

already formed after one week. For the T5 10-90 however, no significant differences were seen at this 

time point in comparison to PLA material. But, after 28 days, the density of blood vessels was 

significantly improved for both formulations of the hybrid fibers. Compared with PLA fibers, the hybrid 

fibers induced a clear improvement in vascularization Figure 3-14 b. 

 

Figure 3-13. a) Histological analysis by HE staining and b) blood vessel density quantification of PLA, T5 10-90 or T5 20-80 

membranes, after 7 and 28 days of subcutaneous implantation (n = 6; *: p < 0.05). Red arrows denote the presence of fibrous 

capsule (mild inflammatory response). Yellow dots point the cells penetrating the scaffolds. Black arrows show the presence of 

blood vessels. Blood vessels were identified by the staining of red blood cells (insert in the picture related to T5 20-80 fibers at 

28d).  
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Figure 3-14. a) Histological analysis by CD31 immunostaining and b) blood vessel density quantification of PLA, T5 10-90 or 

T5 20-80 membranes, after 7 and 28 days of subcutaneous implantation (n = 6; *: p < 0.05). Black arrows point the presence of 

endothelial cells and blood vessels. 

 

3.3.3.  Discussion 

Titanium-based ORMOGLASS/PLA blends were prepared with the G5 composition and with two 

different ORMOGLASS contents. The blends were used to produce hybrid fibers by electrospinning 

(Figure 3-2, Table 3-2). Fibers without imperfections were efficiently produced as random and aligned 

mats, suggesting that the processing parameters were well set and that the main problems encountered 

during the protocol elaboration were successfully overcome (appendix A-4, A.4.7). Moreover, the 

protocol established to prepare these homogeneous fibers is perfectly reproducible. This work 

demonstrates that titanium-based ORMOGLASS can be prepared by the sol-gel method and that this sol-

gel derived ORMOGLASS can be used to produce hybrid fibers. 

To produce fibers by electrospinning, many parameters have to be optimized before obtaining a 

continuous fiber fabrication. Numerous processing conditions influence indeed the fiber deposition and 
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the final fiber aspect (the voltage applied or the distance tip-collector for examples [34]). The viscosity of 

the solution is another crucial factor. Without a proper viscosity (too low or too high), the formation of 

fibers does not properly occur [35]. It was thus essential to prepare a blend with a suitable viscosity to 

ensure the fiber deposition. At the beginning of this work, it was not possible to electrospin the prepared 

blends because the PLA underwent alcoholysis when the ORMOGLASS was added. This occurred even 

with polymeric solutions having high polymer concentrations. As a result, the blends‟ viscosity 

dramatically decreased and they could not be used for the fabrication of fibers. The preparation of the 

blends was thus improved taking this problem into account. Finally, suitable blends parameters were set 

(by determining the amount of water to introduce for a suitable hydrolysis of the ORMOGLASS and 

finding the proper temperature and time of hydrolysis) and electrospinning could have been performed. 

With the considered blend preparation, even when the addition of the ORMOGLASS gel into the 

polymeric solution induced a decrease in the viscosity, the viscosity of the solution was in an appropriate 

viscosity range and remained stable over time (Figure 3-1, Table 3-1). Hence, the fibers were collected 

in the same conditions from the beginning to the end of the process. Otherwise, fibers with different 

features could have been produced during the electrospinning process if the viscosity changed with time 

(size and morphology). This was the first time that a glass with the G5 composition was processed using 

the sol-gel method and that PLA-T5 ORMOGLASS blends were used to collect fibers. Before, G5 glass 

was used only to prepare non-fibrous and non-hybrid composites [8,12]. 

Wettability of all hybrid fibers produced was improved in comparison to the one of PLA fibers 

(Figure 3-3). This result is in accordance with the other composites prepared with this glass for which the 

addition of the glass, highly hydrophilic, enhanced the wettability of the polymeric scaffolds [10,12]. In 

our case, it can be also noticed that aligned fibers had a lower contact angle than the random ones. 

However, to explain this difference, the way of performing the measurements should be taken into 

consideration for interpretation. Indeed, unlike for random fibers for which measurements can be 

performed in any direction, the positioning of aligned fibrous samples (parallel or perpendicular to the 

camera when taking the pictures) influences the water contact angle evaluation due to the anisotropy of 

the materials (appendix A-4, A.4.1). A picture taken perpendicularly to the fibers alignment revealed, in 

fact, a better hydrophilicity than a picture taken in the direction of the fiber length cross section. As 

aligned and random fibers were prepared from the same blend, the difference in contact angle values can 

be explained only by the anisotropic effect of the topography. 

Differential scanning calorimetry results showed that the thermal properties of the polymer were 

globally not affected by the incorporation of the ORMOGLASS. In fact, the thermograms of the hybrid 

fibers associated to the first heating ramp were similar to the one of PLA fibers. Moreover, based on the 

second heating ramps, no significant differences in the Tg were observed for the PLA and the hybrid 

fibers (Figure 3-5). Concretely, this revealed that the polymer chains motion was quasi not restricted by 

the presence of the ORMOGLASS and that no strong chemical interactions seemed to have been created 

between the two phases. This observation is in agreement with what could be expected from a simple 
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PLA-ORMOGLASS mix prepared by the sol-gel method. Interactions at the nanometric level can be 

created thanks to the intrinsic advantages of the fabrication method [36], but no strong chemical 

interactions, able to induce significant modifications in the Tg, were formed.  

  Apart from that, thermograms obtained from thermogravimetric analysis revealed that when 

subjected to high temperatures, the physico-chemical properties of the materials differed in terms of 

degradation. It was seen for example that the degradation temperature of the PLA occurred at lower 

temperature in the hybrid fibers than for the pure PLA ones (Figure 3-6, Table 3-4). The ORMOGLASS 

promoted an earlier PLA degradation which was even more anticipated when the ORMOGLASS content 

was increased. Under thermal-oxidative conditions (in air), the thermal stability of PLA was thus 

influenced by the content of the ORMOGLASS. This is in accordance with a study performed by Wen et 

al. who showed that an increase in titanium content in polymeric network decreased the degradation 

temperature of the polymer [37]. Other researchers also proved that addition of hydrophilic or organic 

specied (organosilicon compounds) in PLA resulted in a decrease in the decomposition temperature of the 

polymer [38,39]. Moreover, as observed on the derivative graphic and in comparison to the pure PLA 

fibers, two novel degradation peaks at lower temperatures appeared for the hybrid fibers. This indicated 

that compounds related to the glass additionally degraded before the PLA. According to the FTIR vapor 

phase analysis (performed under nitrogen flow for this kind of set-up), the infrared spectra associated to 

these two peaks were assigned to alkylphosphates (appendix A-4, A.4.4). The fact that such compounds 

were identified for the hybrid fibers suggested that not all the phosphate contained in the glass gel had 

reacted to form the glass network. Carta et al. also attributed these two peaks to unreacted alkylphosphate 

molecules [30]. Knowing that the phosphorous precursor is composed of mono and di-ethyl phosphate 

species (appendix A-1), the non reaction of these two species would explain that two peaks (i.e. two 

different compounds) are observed. Liang et al. suggested that such free molecules degraded because they 

are small and thus able to volatilize easily [29]. To enhance the incorporation of the phosphate to the 

ORMOGLASS, a modification of the hydrolysis parameters of the glass (i.e. catalyst used, hydrolysis 

rate...) will be needed to control this aspect. Finally, it may also be possible that part of the alkylphoshate 

molecules detected were not all resulting from the signal of unreacted molecules. Perhaps, some of them 

resulted from the chain scission of the phosphate groups located at the end of the glass chain network 

(backbone) [40]. These end groups need, in fact, less energy of activation to volatilize in comparison to 

phosphate groups well incorporated in the inside of the ORMOGLASS network. 

Apart from this consideration, it can be fully understood that the alkylphosphates were part of the 

ORMOGLASS gel introduced into the polymeric solution and that its weight percentage should be taken 

into account when determining the weight percent of ORMOGLASS contained in the hybrid fibers. 

Accordingly, T5 10-90 fibers had a total ORMOGLASS content of 25.5% and the T5 20:80 ones of 

40.8% (Table 3-4). It is also not excluded that other organic fragments contained in the ORMOGLASS 

network also degraded during the assay but that they were not accounted in that percentage if they did not 

appear clearly on the TGA curves (limit of detection for example). On the other hand, the weight percent 
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of the T5 20-80 fibers was not exactly the double of the T5 10-90 ones, as it would have been expected 

according to the v:v ratio defined. One explanation for this is the way of preparing the samples. Preparing 

the blends by v:v ratio introduced some imprecision regarding the quantification of the ORMOGLASS 

gel added to the polymeric solution. The gel was, in fact, difficult to take with a syringe because of its 

high viscosity. Some air bubbles might have been aspired in the syringe during the withdrawn of the gel. 

As the opaque color of the gel did not allow the detection of the bubbles, this might have resulted in a 

reduction of the measured ORMOGLASS quantity - in comparison to what was targeted. Another 

approach consisting of preparing the blends by m:m ratio has been also considered but this was not 

possible because the ORMOGLASS started to dry quickly and it was impossible to measure a stable 

weight value. Extract the gel using the syringe appeared to be the most suitable method to have a good 

compromise between gel quantity determination and experimental constraints. In any case, these results 

demonstrated that hybrid fibers have been successfully produced with two different ORMOGLASS 

contents. It can be also noticed that the ORMOGLASS contributed greatly to the mass of the final 

scaffold. 

Regarding the mechanical properties of the whole constructs, tensile tests demonstrated that the 

Young‟s Modulus and the Yield strength of the hybrid fibers exhibited higher values than the PLA ones 

(Figure 3-7). This attested that tougher materials were produced. The mechanical behaviors of hybrids 

closely depend on the nature of the inorganic phase introduced into the polymeric matrix. As reported by 

Wen et al. for example [37], hybrids produced by the incorporation of inorganic phases containing metal 

alkoxides greatly improved the mechanical features of the pure polymeric material. They also showed that 

these mechanical properties can be tailored by modifying the content of the inorganic glass. Here, similar 

results were observed. Based on these statements and the fact that no increase in crystallinity was detected 

by DSC, it is assumed that the use of alkoxide precursors and sol-gel method is the main reason for the 

good mechanical properties measured for the hybrids. As a more general observation, it can be seen that 

aligned fibers exhibited the higher mechanical properties. This behavior is commonly observed when 

tensile tests are performed in parallel with the principal axis of the fiber alignment [41,42].  

Protein adsorption on the surface of biomaterials is very important as this phenomenon constitutes 

the really first interactions that the material establishes with the biological fluid, and contributes to an 

efficient cell adhesion [15,43]. Bovine serum albumin (BSA) was shown to adhere better on the surface 

of the hybrid fibers than on the PLA ones (Figure 3-8). Several explanations can be given for that. The 

first one is the composition of the ORMOGLASS that contained a high amount of calcium and albumin is 

known as the major- calcium binding protein present in tissues and fluids [44]. Hybrid fibers may thus 

have a significant amount of binding sites available for the protein. In fact, for pure PLA substrates, a 

previous surface activation or functionalization is usually required to promote albumin adsorption [43]. 

Another reason may be the negative charge of the hybrid fiber surface. According to Klinger et al., the 

electrostatic interactions between albumin and titanium surfaces are the main mechanism involved in the 

adsorption of the protein. BSA is a negatively charged protein in the range of pH in which the assay is 
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conducted (appendix A-4, A.4.8). As PLA fibers showed a generally more electronegative potential than 

the hybrid fibers, BSA had less affinity with the PLA fibers than with the hybrids (Figure 3-4). This may 

be also emphasized by the pH of the solution in which the assay is performed. As revealed by the pH 

measurements, when hybrid fibers are immersed in diverse solutions (medium, SBF, water), the pH of the 

solutions decreased (Figure 3-9). The complementary pH measurements reported in the appendix A-4 

confirmed that the pH of the solution in which the albumin adsorption assay is performed was lower for 

the hybrids than for the PLA. This means that the electrostatic potential of the fibers was even more 

electropositive than the one of the PLA fibers in the conditions of the test. As a consequence, ZP and pH 

intimately affected together the adsorption efficiency. Zhu et al. and Krajewski et al. already described 

this ZP-pH dependence in the literature [45,46]. Finally, the lasts two factors that may have favored the 

adhesion of the BSA are the wettability and the reactive groups present at the fiber surface [43,47]. The 

wettability of the PLA fibers being lower than the one of the hybrids (Figure 3-3), this may have 

prevented the BSA to bind to the surface. It is also hypothesized that suitable reactive groups such as 

hydroxyl might be present at the fiber surface, providing additional binding-sites for the protein.  

Biological response is of paramount importance in the success of scaffold implantation. Scaffolds 

are indeed aimed to act as a template for cell adhesion, proliferation, differentiation and migration. They 

should thus provide a suitable environment to the cells in order to direct their activity thanks to the 

materials features (for example, architecture, chemical composition, wettability) [48]. When cultured on 

the hybrid fibers for 1 day, MSCs attached and greatly spread on the substrate for both fibers 

compositions (Figure 3-10). EPCs also adhere on the fibers but their spreading appeared to be less 

efficient. After 10 days, MSCs significantly proliferated on all fiber types while EPCs seemed to have 

difficulties to proliferate on the T5 10-90 fibers especially (Figure 3-11). Quantification of the cell 

proliferation confirmed this tendency (Figure 3-12). Based on these results, hybrid fibers seemed to be a 

suitable substrate to culture MSCs. For EPCs however, the cellular response was more limited. As a 

general observation, the lower EPCs proliferation is observed not only on the hybrids but also on the pure 

polymeric mats. It is thus hypothesized that the fibrous structure of this scaffold might not be the most 

suitable topography for these cells [49,50]. It can be however specified that EPCs tent to proliferate better 

on the hybrid fibers than on the polymeric ones and that they proliferated slightly better on the T5 20-80 

fibers than on the T5 10-90 ones. This suggested that the amount of ORMOGLASS contained in the 

fibers seemed to play a role in the proliferation of EPCs. 

  It can be additionally noticed that cells followed fibers distribution. On random fibers, cells 

spread in any direction whereas on aligned fibers, they aligned along the unique direction of the fibers. 

This is a common behavior well reported in the literature that shows how cells modulate their 

cytoskeleton shape depending on the substrate structure and how the cell-material interactions are 

influenced by the design of the material [51]. On the other hand, electrospun scaffolds are often described 

as suitable templates for cell infiltration due to their high porosity and high surface area [52]. In this in 

vitro study, cells did not seem to penetrate the scaffold according to the FESEM images. This may be 
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explained by the chosen cell types, as well as the porosity (small pores) of the produced scaffolds [53]. 

Even with less tortuosity (aligned fibers), cells did not penetrate efficiently into the membranes. Such 

behaviors have been also reported in in vitro assays with EPCs by Mobarakeh et al. who suggested that 

the small pore size of nanofibrous scaffolds was the reason of this non-infiltration [54]. Several methods 

can be used to promote cell penetration on electrospun mats, such as selective leaching or combination of 

eletrospraying with coelectrospinning [55,56]. For the produced hybrid fibers, an improvement regarding 

the cell infiltration would be required if cells are aimed to be cultured in vitro on the scaffolds and that 

infiltration is required for the application targeted [54]. However, when implanted in rats, cells 

surprisingly infiltrated the T5 20-80 fibers. Boland et al. also highlighted the lack of infiltration in in vitro 

conditions but the good cell migration after in vivo implantation [57]. It is hypothesized that the external 

forces applied by the animal activity/motion promoted the migration of the cells towards the center of the 

material and helped the cells to push individual fibers from their path during migration. In fact, assays 

reported in the previous chapter also demonstrated that cells infiltrated well into fibrous templates in in 

vivo conditions. Though, it is clear that the infiltration in fibrous mats was lower than in other materials 

having bigger pore size and interconnectivity [58]. The more interesting aspect from this in vivo test is the 

good vascularization potential of the hybrid fibers (Figure 3-13, Figure 3-14). Compared with PLA 

fibers, the efficiency of T5 10-90 and 20-80 fibers after four weeks was significantly good. Even though 

the T5 10-90 fibers did not seem to improve angiogenesis after one week, a great enhancement in blood 

vessel density was achieved between the first week and the end of the assay. This suggested that these 

fibers may be also a promising scaffold but that they may require more time than the T5 20-80 ones to 

induce angiogenesis. This may be attributed to the difference in ORMOGLASS content. What is sure is 

that the hybrid fibers possess a clear potential to induce vascularization. These encouraging results may 

be explained by the good hydrophilicity of these ORMOGLASS-containing scaffolds and the presence of 

the bioactive ORMOGLASS itself which has been demonstrated to have a chemical composition that 

enables cells chemotaxis and enhancement in cellular responses, partly due to its calcium release [9,59]. 

These hybrid fibers seem thus to be promising according to their bioactivity and biocompatibility. 

Nevertheless, further investigations such as differentiation tests are required to confirm the potential of 

these biomimicking materials for bone tissue regeneration.  

Despite the additional biological assays that are required, the production of these titanium-based 

fibers represents a great progress for the development of artificial bioactive matrices. Indeed, up to date, 

most of the designed biomaterials focused on silica-based glasses. This is especially explained by the 

higher difficult preparation of phosphate-based glasses containing titanium in comparison to silicon-based 

ones [60]. Hence, only few reports concerning this system are found in the literature. Moreover, most of 

them involve the conventional melt-quenching method [61–64]. To the best of our knowledge, only 

Pickup et al. used the sol-gel method to prepare titanium-based glasses [65]. But, the drawback of their 

approach is that the preparation of their glass requires several weeks. In fact, ageing and drying were 

performed during 10 weeks at temperatures between 60°C and 350°C. For the sol-gel derived glass 
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described in this chapter, only three days are necessary to obtain the glass and low temperatures are 

involved in the process (4°C and ambient temperature). This enabled us also to conserve the organic 

fragments present in the glass and to work with ORMOGLASSES. On the other hand, titanium-based 

glasses have been rarely used to prepare composite materials and were rather investigated as isolated 

scaffolds [66,67]. Composite materials were mainly introduced by Navarro and coworkers [7,8,12] but 

another group started recently to work also on these materials [62]. However, as already mentioned, their 

glasses were prepared by the melt-quenching method. This is thus the first time that sol-gel derived 

glasses based on titanium were used to design composites (more precisely hybrids). Moreover, in the 

usual composites, the glasses were used as fillers for polymeric matrices (dispersion of microparticles) 

[7,12,62]. In our new material, the glass is used in the form of a sol, what enabled us to prepare a 

nanometric suspension of glass and to obtain a hybrid blend suitable for electrospinning. This is another 

advantage of the described material: the processing of the hybrid blend. Based on our literature review, no 

hybrid fibers (not even composite fibers) based on titanium glasses seemed to have been prepared up to 

date. Therefore, considering all these advances, the prepared fibers constitute a real novelty regarding the 

other titanium-based glasses and composite materials. Finally, the preparation of these fibers 

demonstrated that not only silicon-based glasses (see chapter 2) but also titanium-based ones could be 

prepared as ORMOGLASS and be used to produce hybrids. In particular, it confirmed that polymer-

ORMOGLASS blends are suitable for electrospinning, enabling thus the production of a novel family of 

materials for the field of tissue engineering.  

 

3.3.4.  Conclusion 

PLA-titanium based ORMOGLASS composites have been produced as fibrous mats. For the first 

time, the bioactive glass has been successfully obtained by applying the sol-gel method and has been 

efficiently used to prepare an electrospinnable polymer/glass blend. Electrospinning parameters (blend 

viscosity, voltage intensity, dispensing rate, distance tip-collector) were correctly set for this novel hybrid 

system and a continuous fiber deposition was achieved. Fibers, collected as random and aligned structures 

with two different glass contents, exhibited regular shapes, improved mechanical properties and good 

hydrophilicity. Globally, the addition of the ORMOGLASS into the polymeric matrix resulted in the 

enhancement of the physico-chemical properties of the pure polymeric scaffolds. On the other hand, the 

fibers induced promising biological responses. In particular, in vivo implantation demonstrated the 

potential of the hybrids to induce vascularization. Although further assays are required to assess more 

precisely the potential of these novel fibers (osteogenesis and angiogenesis promotion efficiency), this 

study represents a valuable step forward for the fabrication of biomimicking materials as potential 

functional cell-instructive scaffolds for vascularized bone regeneration.  
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3.4. In vitro degradation of the fibers 

The second part of the chapter is dedicated to the assessment of the fiber degradation in simulated 

physiological conditions. The changes occurring during the material incubation were assessed in terms of 

morphology, topography, composition and dissolution profile. The aim of this study was to understand 

the in vitro degradation mechanisms of the novel fibers and to evaluate the duration for which the fibrous 

templates could serve as supports for cellular activity once implanted. 

 

3.4.1.  Materials and Methods 

3.4.1.1. Incubation conditions 

This in vitro assay was performed with T5 10-90 and T5 20-80 random fibers. 5 mm x 30 mm 

fiber strips were cut from the electrospun fibrous layer, rinsed during one hour in water and immersed in 

SBF at 37°C up to 28 days. Each fiber strip was introduced in an individual flask containing 30 mL c-

SBF (conventional SBF [68]). The SBF preparation and determination of SBF quantity necessary for the 

study were selected according to the conditions reported by Kokubo et al. [69]. SBF was changed every 2 

days. Fibers were removed from the SBF at different time points (1h, 1d, 3d, 7d, 21d, 28d), rinsed three 

times with ultra pure water and dried under vacuum for at least 3 days before characterization. 

 

3.4.1.2. Fiber morphological characterization 

Pieces were cut from the dried incubated fibrous layer and fixed on the metallic support used for 

SEM to assess the fiber morphology (Hitachi S-5500). Samples were coated with a thin layer of carbon in 

order to enhance the quality of the pictures. Pictures were taken at a 5 kV voltage and a height distance of 

5 mm. FESEM (same device than previously) was also used to obtain a better resolution and achieve 

pictures with more details. 

 

3.4.1.3. Fiber topography 

To assess the topographical changes occurring at the fiber surface, atomic force microscopy 

(AFM) was used. Measurements were operated using an AFM MultiMode8, Bruker machine and the 

PeakForce QNM method in air under ambient conditions. Image processing and data analysis were 

performed with the Nanoscope Analysis software v1.2. 

 

3.4.1.4. Chemical changes  

Chemical composition of the fibers was assessed by Energy Dispersive XRay Spectroscopy 

(EDS, Quanta 200 XTE, FEI Co.) This technique enables the determination of the fiber composition by 

determining the relative molar ratio of the different element with regards to the other compounds 
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(percentage). Samples already used for FESEM observations were also used to perform the element 

quantification. Measurements were performed at the different time points at 3 arbitrarily selected 

locations on the samples.  

Fourier Transform Infrared Spectroscopy in Attenuated Total Reflectance mode (FTIR-ATR, 

Nicolet 8700, Thermo Scientific) was also used to evaluate the chemical changes. No preliminary 

treatments were applied to the samples before performing these measurements.  

 

3.4.1.5. Calcium dissolution and pH measurements 

Given the importance that calcium ions seem to play regarding cellular activity, dissolution tests 

were carried out to monitor the release profile of the calcium contained in the hybrid fibers during their 

degradation. Pieces of 1 cm
2
 were cut from the electrospun fibrous layer. Four replicates were prepared 

for each fiber type (T5 10-90 and T5 20-80, random). Each sample was placed in a well of a 24 well-

culture plate. Deionized water was added to each well (1mL) and parafilm was used to seal properly the 

plate in order to avoid water evaporation. Following this, the plate was placed in an incubator at 37°C. 

After each time point (5 min, 1h, 1d, 2d, 3d, 6d, 7d, 8d, 9d, 10d, 13, 14d), the water was removed and 1 

mL was again added to the wells. Calcium concentrations were measured using a Crison Ca
2+

 selective 

electrode and an Ag/AgCl reference electrode. pH was additionally measured using a Crison GLP22+ 

pH-meter and a Crison pH microelectrode. Initially, this assay was performed in SBF. However, it has 

been noticed that the buffering effect of SBF partially masked the real observation of the dissolution 

behavior of the material. Therefore, instead of SBF, deionized water was preferred to perform this assay 

in order to determine the real amount of calcium released by the material. The results with SBF are 

reported as complementary information in appendix A-4, A.4.9. The calcium concentration is reported as 

a cumulative value. 

 

3.4.1.6. Polymer thermal properties 

Differential Scanning Calorimetry (DSC) analysis was performed to check if changes in the 

organic phase occurred during the degradation assay. A DSC Q2000 TA device and 1.20 mg samples 

confined in hermetic aluminum pans were used. Samples (fibers not incubated and incubated at 1h, 3d, 

7d, 21d) were heated at a rate of 10°C/min starting from -20°C up to 180°C. The same heating ramp was 

again applied to the samples after its cooling. Nitrogen was used as a purge gas.  

Melting and crystallization properties were evaluated by analyzing the curve of the first heating 

ramp of the DSC assays. In this part of the study, the small bump associated to the melting peak of the 

hybrid fibers (not considered as significant in the previous part of the chapter) is particularly taken into 

account because it has been noticed that it changed during the degradation test. About the crystallization 

peak, even though not observed on the DSC curves previously shown, it is also taken into account here in 

order to verify if the degradation test influenced the crystallization behavior of the polymer over time.  
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The crystallinity of composite materials is given by the following equation [70,71]: 

 ( )  
       

     (    )
 

Where   is the percentage of crystallinity, 𝚫Hm is the heat of fusion, 𝚫Hc is the heat of the cold 

crystallization, 𝚫Hm
°
 the heat of fusion of a 100% PLA crystalline material (93.1 J.g

-1 
[72]) and Wg the 

weight percent of glass contained in the hybrids. For this assay, the exact Wg is not known because the 

materials degraded over time. It is thus not possible to calculate precisely the crystallinity of each sample. 

However, even if an accurate value of crystallinity cannot be obtained, the heat of fusion and cold 

crystallization (if observed) can be determined and be used to discuss changes in the theoretical 

crystallinity of the fibers; even without knowing precisely the Wg values (see section 3.4.2.5 and 3.4.3). 

This is possible thanks to mathematical considerations made in the equation above. 

The glass transition temperature (Tg) was determined considering the second heating cycle and using the 

inflexion point method. The TA Universal Analysis software v4.7A was used to analyze all DSC curves.  

 

3.4.1.7. Determination of glass loss 

Incubated fibers were subjected to thermal degradation in order to compare the quantity of 

inorganic phase contained in the fibers before and after incubation. Small quantities of samples were 

placed in aluminum pans and heated from room temperature up to 700°C at a heating rate of 10°C/min in 

air. Thermograms were analyzed with the TA Universal Analysis software v4.7A. The weight percent 

remaining at the end of the thermal treatment corresponds to the amount of inorganic compound present 

in the studied material. However, if the inorganic material is not completely inorganic but contained some 

organic fragments (as the ORMOGLASS), the remaining weight does not exactly correspond to the 

amount of glass contained in the fibers. If detected by TGA, the weight loss due to the organic fragments 

of the ORMOGLASS should be also considered to quantify the glass content. Finally, the content of the 

glass is approximated by adding the remaining weight loss of the inorganic phase and the weight loss 

associated to the organic fragments of the ORMOGLASS.  

 

3.4.1.8. Glass distribution in the fibers 

TEM observations were also performed to assess the dispersion of the glass in the polymeric 

matrix before and after incubation (see appendix B-12). A few fibers were extracted from the layers and 

deposited on a carbon coated copper grid for analysis. A JEOL JEM 1200 EX instrument was used and 

the accelerate voltage was set at 120 kV.  
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3.4.2.  Results 

3.4.2.1. Fiber morphology 

Figure 3-15 shows the morphology of the fibers as produced by electrospinning and the evolution 

of their aspect over the duration of the assay (1d, 7d and 21d of immersion in SBF). For PLA, no 

significant differences were observed except a small increase in roughness that appeared with time 

(wrinkles). For the hybrid fibers, more drastic differences occurred rapidly. Fibers collapsed and 

subsequently opened following the fibers length in two different ways. The first one looked like an 

instantaneous crack that revealed a cavity (Figure 3-15, a). The other seemed to be rather due to a slow 

process that induced the opening of the fibers (Figure 3-15, b). These two phenomena are described in 

more details in section 3.4.3. After 21 days, hybrid fibers additionally showed a non smooth surface 

which seemed more obvious than for the PLA ones. This is especially well observed for the fibers that 

possessed the higher ORMOGLASS ratio (Figure 3-15, c).  

Typical fiber morphological changes are presented with better resolution in Figure 3-16 (representative 

images of the diverse “defects” that could have been seen). The appearance of wrinkles on PLA is clearly 

observed, as well as the surface modifications that occurred for the hybrid fibers. Images attested that 

fibers collapsed and underwent considerable surface changes. Finally, these pictures showed that PLA 

fibers maintained their cylindrical morphology during the immersion period while hybrid fibers lost their 

round fiber shape and were exposed to a faster degradation. 

 

Figure 3-15. Morphology of PLA and hybrid fibers before and during the degradation assay (FESEM images). 
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Figure 3-16. Aspect of typical defects observed on the PLA and hybrid fibers after 28d of incubation in SBF. 

 

3.4.2.2. Fiber topography 

During the degradation period, hybrid fiber topography considerably changed (Figure 3-17). 

Additional pictures can be found in the appendix A-4, A.4.10. After one hour immersion in SBF, hybrid 

fibers exhibited a uniform topography with a difference in height of around 30 nm. At 1 day however, the 

collapsing of the fibers was already clearly seen and more consequent changes in height profile were 

observed (120 nm height deflection). This suggested that the surface of the fibers was rather smooth at the 

beginning of the assay in comparison with the later time points. At 7 days, the cracks observed on 

FESEM pictures were also detected by the AFM. Finally, at 21 days, the surface of the fibers had 

significantly changed, as noticed with the profile undulations between 0 and 500 nm width. The change in 

height between 500 nm and 700 nm width was rather attributed to the part of the fibers that collapsed (see 

Figure 3-17). 

The last behavior identified by AFM is the slow opening of the fibers. On the height profile, it 

can be seen how the slow cracking of the fibers tends to lower the height value between the two fiber 

walls.  

Generally, AFM images are in accordance with the degradation behaviors identified with the 

FESEM pictures and evaluation of the topographical changes through the height profile determination 

confirmed these modifications.  

 



Electrospun hybrid fibers prepared with a titanium-calcium-phosphate-sodium bioactive ORMOGLASS and polylactic acid 

118 

 

 

Figure 3-17. Correlation between the fiber morphology assessed by FESEM and AFM, and topographical changes (imaging and 

height profiles) observed for the hybrid fibers after 1h, 1d, 7d and 21d in SBF. 

 

3.4.2.3. Chemical changes 

Fibers were successfully produced with the targeted composition (G5). Fibers contained thus 

initially a high amount of phosphate and calcium, and a low amount of sodium and titanium (Figure 

3-18). EDS measurements on the fibers showed that after one hour in SBF, huge changes in 

ORMOGLASS composition had already occurred. The quantity of calcium dropped dramatically. The 

phosphate amount also decreased but in a more moderated manner. However, phosphate continued to 

decrease up to the first day, while the calcium percentage increased slightly. As a consequence of these 

changes, the titanium content increased. For the sodium, it is believed that it was already released at the 

early stage of incubation. For this reason, no significant changes were observed for the sodium (almost 

not detected by the device). After 3 days, the molar composition of the fibers remained stable up to the 

end of the assay but the initial G5 composition was not maintained. The same modifications were 

observed for the T5 10-90 and T5 20-80 fibers.  
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Figure 3-18. Evolution of the fiber composition during the incubation period (EDS measurements). 

 

Figure 3-19 displays the infrared spectra collected on the fibers before and after degradation. The 

infrared spectra of the fibers obtained as produced by electrospinning exhibited the typical peaks of PLA 

and additional signals due to the presence of phosphate complexes: P=O stretching at 1223 cm
-1

 [73–76], 

PO4
3-

 [7,76] and P-O stretch [77] at 1047 cm
-1

, PO4
3-

 958 cm
-1

 [76,78], P-O-P asymmetric stretching at 

910 cm
-1

 [74,79], P-O-P symmetric stretching 820 and 802 cm
-1

 [79], harmonics of bending O-P-O and 

O=P-O at 580-450 cm
-1

 [74,76,80]. Fibers with both ORMOGLASS contents showed similar infrared 

spectra. Though, the intensity of phosphate peaks of the fibers prepared with a 20-80 ratio appeared to be 

stronger than the ones of the T5 10-90 fibers, which is logical as they possessed a higher amount of glass. 

After one hour, most of the peaks assigned to phosphate disappeared. Only a small shoulder can be 

noticed in the 580-450 wavenumber region. No significant changes were observed afterwards and the 

spectra became similar to the one of the pure PLA fibers.  

 

 

Figure 3-19. FTIR spectra of the PLA and hybrid fibers as produced by electrospinning (raw) and during the degradation test 

(PLA spectra is added for comparison). 
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3.4.2.4. Calcium dissolution and pH measurements 

The dissolution profiles of calcium and the associated pH measurements are displayed in Figure 

3-20. The main changes occurred during the first two days. A burst release of calcium was particularly 

observed immediately after the material immersion. Then, during these two days, calcium was released in 

a less drastic manner. After this time, the material did not seem to release calcium, or in a very low 

concentration. Regarding the pH of the extracts, it can be noticed that it increased over time. It can be 

moreover noticed that the T5 20-80 fibers released a higher amount of calcium than the T5 10-90 fibers.  

 

Figure 3-20. Calcium dissolution profiles of the hybrid fibers and pH measurements. Blue circles denote the main changes 

occurring in the solution. 

 

3.4.2.5. Polymer thermal properties 

DSC assay was performed to determine whether changes in the polymer occurred along with the 

material degradation. DSC curves obtained for the hybrid fibers before and after incubation period are 

displayed in Figure 3-21. Table 3-5 summarizes the evolution of the heat of fusion (𝚫Hm – melting peak 

integration) and Tg during the assay. Analysis of curves showed that peaks (i.e. bumps) associated with 

melting processes slightly increased in intensity with incubation time. Values of the 𝚫Hm confirmed these 

observations. No peak of crystallization was observed for any of the curves. For our hybrids, 𝚫Hc is thus 

not involved in the calculation of crystallinity (see section 3.4.1.6). Only 𝚫Hm and Wg variables should be 

considered when evaluating fiber crystallinity. Determination of the Tg did not reveal any particular 

trends. The incubation did not seem to affect the glass transition temperature of the materials.  
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Figure 3-21. Thermograms of the hybrid fibers incubated in SBF at different time points (DSC measurements, *: measurement 

artifact).  

 
Table 3-5. Evolution of Tg of the hybrid fibers during the degradation assay. 

 T5 10-90 T5 20-80 

 𝚫Hm (J/g) Tg 𝚫Hm (J/g) Tg 

Raw 1.84 58.13 0.65 (*) 58.11 

1h 1.13 58.24 0.12 57.53 

3d 2.11 58.22 0.36 58.78 

7d 2.44 58.71 1.64 58.40 

21d 3.71 58.38 2.83 58.53 

 

3.4.2.6. Glass loss 

The curves obtained by thermogravimetry analysis for the fibers, as electrospun and incubated (1 

hour and 28 days in SBF), are presented in Figure 3-22. The remaining weights and calculated glass 
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contents obtained after the thermal treatment are summarized in the Table 3-6. Results showed that the 

T5 10-90 and T5 20-80 fibers, as produced, had an inorganic weight percentage equal to 26.09 and 35.28 

respectively. After one hour in SBF, fibers lost an important quantity of inorganic phase, especially the 

T5 20-80 fibers for which the percentage was reduced of 50%. These fibers lost the higher quantity of 

inorganic phase after one hour in comparison to the T5 10-90 fibers which showed a less drastic loss 

(21%). However, after one hour and up to the end of the assay, the T5 10-90 fibers appeared to be the 

ones that lost the biggest amount of inorganic part. Equal to 20.56% after one hour, the weight percentage 

indeed dropped to 3.06% for the T5 10-90 fibers whereas the T5 20-80 ones showed a more reasonable 

decrease (from 16.4% to 8%). After the degradation period (28 days), the T5 20-80 fibers ended with the 

higher inorganic weight percentage (around 8% against 3% for the T5 10-90 fibers).  

To obtain more information on the ORMOGLASS loss, particular attention should be given to the 

alkylphosphate. The peaks associated to these unreacted alkylphosphate molecules are, in fact, almost lost 

after one hour and completely disappeared after 28 days. The big weight loss observed at the early stage 

of immersion is probably due to their fast dissolution. 

 

 

Figure 3-22. TGA curves of the hybrid fibers and their associated derivative curves (DTA), showing the remaining inorganic 

mass after the thermal treatment and the loss of alkylphosphate molecules.  
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Table 3-6. Summary of the data extracted from the TGA and DTA graphs used for the evaluation of the glass content in the 

fibers. 

 Remaining weight 

(%) 

Weight attributed to 

alkylphosphates (%) 

Glass content 

(%) 

T5 10-90 16.31 9.78 26.09 

T5 10-90 1h 12.65 7.91 20.56 

T5 10-90 28d 3.06 0 3.06 

T5 20-80  22.09 13.19 35.28 

T5 20-80 1h 10.47 5.97 16.44 

T5 20-80 A 28d 7.92 0 7.92 

 

3.4.2.7. Glass distribution in the fibers 

TEM images revealed that the glass gel was incorporated in the PLA as continuous “bands” 

distributed along the fiber axis (Figure 3-23). But after 21 days of incubation, the PLA phase was less 

visible and “granules” and small holes appeared on the pictures. When manipulating the samples, it has 

been additionally noticed that incubated fibrous layers were more brittle than the ones as obtained by 

electrospinning. This can be observed on the TEM pictures on the areas where fibers broke. The fracture 

seemed to happen suddenly without previous elastic deformation (instantaneous breaking). When fibers 

were immersed in SBF for longer times than the duration of this presented study, they actually became 

extremely fragile up to a critical point where it was not possible to manipulate the scaffold anymore (see 

appendix A-4, A.4.11).  
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Figure 3-23. Distribution of the ormoglass in the hybrid fibers as collected by electrospinning (raw) and as obtained after 21d of 

incubation in SBF (TEM images). Arrows point the fractured fibers that show the brittleness of the structure.  

 

3.4.3.  Discussion 

The degradation behavior of the novel fibrous PLA-titanium based ORMOGLASS scaffolds has 

been studied in terms of morphological, topographical and chemical modifications. The material was 

incubated for different periods of time in physiological conditions and diverse techniques such as 

FESEM, EDS, TEM, FTIR and TGA were used to monitor its evolution during immersion in SBF at 

37°C. Results demonstrated that significant changes happened for the fibers over time.  

SEM examinations showed that changes in the surface aspect occurred for both the pure 

polymeric and hybrid fibers (Figure 3-15, Figure 3-16). These changes were however more critical for 

the hybrid fibers than for the PLA ones. Only wrinkles were seen on PLA fibers while structural cracks 

were additionally noticed on the hybrids. Hybrid fibers also shortly collapsed after their immersion in 

SBF. The wrinkles of the PLA fibers might be the result of the material degradation process. In nature, 

the degradation of PLA can be induced, for example, by thermal activation, biological activity (enzymes), 

oxidation, photolysis or hydrolysis [81,82]. In this study, in which physiological conditions are simulated 

without the involvement of biological entities and other external factors (temperature, gases), hydrolysis 

is suggested to be the main phenomena that can degrade PLA. This process, called hydrolytic 

degradation, relies on the polymer chain scission that occurs through the nonspecific cleavage of the ester 

bonds of the main chain [83]. In contact with SBF, hydrolytic degradation induced modifications at the 

fiber surface with time. For the hybrid fibers, the incorporation of the ORMOGLASS significantly 

affected the degradation profile of the material. The first observed characteristic feature was the 

collapsing of the fibers. According to the contact angle values reported in the previous part of the chapter, 

the hybrid fibers exhibited a high hydrophilicity (contact angle on non-woven fibers: 82° for the T5 10-90 

and 69° for the T5 20-80) (Figure 3-3). Thus, SBF can have rapidly infiltrated into the hybrid scaffolds; 
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unlike for the pure PLA fibers which were quite hydrophobic (contact angle: 133°). This fast fluid 

infiltration may have applied stress on the fiber walls which in turns made them collapse. Fibers, 

produced by electrospinning as hollow structures due to the Kirkendall effect [84], may have not 

supported this force and flattened. As a consequence, cracks might have sometimes formed because of 

this sudden fiber structural change. The fast fluid infiltration can be also an explanation for the slow 

opening of the fibers. If fibers did not instantaneously fracture by cracking, the change of fiber structure 

might have led to other stresses perpendicularly applied to the fibers axis which slowly may tend to open 

the fibers. This process may have been also amplified by the presence of the crack itself. A crack 

introduced „weaknesses‟ on the fibers walls which could have acted as the starting point of this fiber 

opening process. A schematic representation of these possible processes can be seen in appendix A-4, A-

4-12. Another phenomenon that could explain the formation of cracks could be an increase of crystallinity 

in the material during the incubation. In fact, when materials become more crystalline, the rearrangement 

of the polymer chains leads to the formation of space with low chain density and possibly facilitates the 

apparition of cracks. Previously reported DSC results demonstrated that the 𝚫Hm of the hybrid fibers 

increased with the incubation time (Figure 3-21 and Table 3-5). In a pure polymeric sample, this would 

have suggested that more crystalline phase was present in the fibers. But, in the case of hybrid samples, 

the percentage of the polymer crystallinity depends on the amount of inorganic phase present in the 

materials. Considering the usual equation for crystallinity determination (see section 3.4.1.6), the 

percentage of crystallinity in our hybrids is calculated by dividing 𝚫Hm by a factor inferior to one 

(calculated considering the percentage of the inorganic compounds in the studied material). The lower the 

amount of the inorganic phase, the higher this factor, and consequently, the lower the value of the 

quotient. In our case, the ORMOGLASS dissolved during the incubation. This means that the fibers, after 

21 days incubation, contained less ORMOGLASS than the ones after 3 days, for example. Thus, for the 

21d fibers, the 𝚫Hm is divided by a higher factor than the 3d fibers. As a result, the 𝚫Hm is more 

significantly lowered by the ORMOGLASS content for the 21d fibers than for the 3d fibers. In other 

words, these mathematical considerations mean that for our study, an increase in the 𝚫Hm does not 

demonstrate an increase in crystallinity. It is possible that the higher 𝚫Hm value of the 21d fibers was 

“compensated” by the introduction of the low value of the ORMOGLASS content for the determination 

of the crystallinity. Unfortunately, it has not been possible to calculate precisely the crystallinity of the 

fibers during this degradation study because the amount of ORMOGLASS was not known for each time 

point. TGA assays could have been carried out to approximate this data but after the other assays, 

insufficient samples for such destructive tests remained. Complementary XRD measurements were 

however performed to verify if the crystallinity was indeed increased or not (see appendix A-4, A-4-13). 

Ultimately, as no crystalline peaks were seen on the XRD spectra, it was assumed that the incubation did 

not increase the crystallinity of the polymeric constituent of the fibers (or at least, not above the detection 

limit of the device). For this reason, it was believed that crystallinity was not involved in the formation of 

cracks. Therefore, the hypothesis that stress on the fiber walls caused the defects was favored.  
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In addition to that, it might be also that the acidic pH caused by the presence of the 

ORMOGLASS promoted the degradation of the polymeric phase [85]. The hydrolyzed fragments may be 

removed from the surface and released in the SBF, what would explain the observation of holes on the 

FESEM and TEM pictures (Figure 3-16, Figure 3-23). The AFM analysis confirmed that the 

morphological changes resulted in topographical modifications (Figure 3-17). It demonstrated, for 

example, how the opening of the fibers induced a slight decrease in the height profile in the middle of the 

fiber width and how the roughness of the fibers increased after the degradation period. 

Regarding the chemical composition of the fibers, most changes occurred during the first day of 

incubation (Figure 3-18). A high decrease in the calcium content was observed after the first hour while 

the phosphate amount continued decreasing till the first day. The dissolution of a high amount of calcium 

just after the material immersion was also confirmed by the calcium release assay. The increase of 

calcium observed between the first hour the first day on the EDS measurements should be interpreted as a 

result of the phosphate decrease and not as gain of calcium on the fibers; taking into account that 

percentages are relative values. This is what happened for the calcium and also for the titanium content 

which increased significantly because of both decrease of phosphate and calcium. After 3 days and up to 

21 days, the composition of the fibers stabilized. This suggested that the degradation of the glass phase 

occurred in a homogeneous manner in terms of chemical molar ratios. This result is in accordance with a 

study performed by Melba et al. on different titanium based glasses that revealed a stable Ca/P2 ratio after 

the first hours of incubation of micrometric glasses and a quasi stable ionic release along their slow 

dissolution [63]. However, the composition of the fibers after 3 days differs from the original G5 one as 

lot of phosphate and calcium are lost at the initial stage of the immersion. As the composition of titanium 

based glasses affects cellular response and that 5% mol of titanium appeared to be the optimal titanium 

content for an effective gene up-regulation and cellular activity [67], an improvement should be made 

regarding the material preparation in order to maintain the G5 composition after material immersion in 

fluid. In relation to the previous cellular assays reported in the chapter, this means that cells were not 

exactly cultured on the G5 composition. Given the potential of this G5 composition, it is believed that 

even better cellular responses could be achieved with these fibers if the dissolution of the glass was better 

controlled and the exact G5 composition maintained even after immersion. 

FTIR analysis showed that infrared spectra of the hybrid fibers after their deposition by 

electrospinning exhibited the characteristic absorbance peaks of PLA and additional signals related to 

phosphate complexes (Figure 3-19). The PO4
3-

 tetrahedron, the basic building block of phosphate based 

glasses [76,86], is present in the fibers as represented by the absorbance observed at numerous 

wavelengths. P-O-P stretching modes are also clearly visible on the spectrum. The presence of these 

signals is attributed to the P-O-P bonds involved in the glass forming network. The P=O bonds at the 

contrary did not contributed to the ORMOGLASS network creation due to their chemical stability. After 

one hour in SBF, phosphate signals almost disappeared, because an important quantity of phosphate was 

dissolved in this short time. Only a very slight shoulder between 580 and 450 cm
-1

 can attest of a small 
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phosphate remaining amount. But after one day, no signals from phosphate were noticed anymore. This is 

in accordance with EDS results: the dissolution of phosphates started as soon as the material was in 

contact with fluid and continued during the first day. In parallel to the calcium, the fibers seemed 

therefore to undergo a strong burst release of phosphates.  

To quantify the ORMOGLASS loss, TGA measurements were performed. The decrease of the 

inorganic content weight which immediately dropped after one hour immersion in SBF confirmed that for 

both T5 10-90 and T5 20-80 fibers, a significant amount of ORMOGLASS was dissolved after this time 

(Figure 3-22, Table 3-6). As enounced before, the produced fibers contained a high amount of unreacted 

alkylphosphates. It was suggested that part of the monoethyl- and diethyl-phosphate molecules contained 

in the ORMOGLASS precursor mix did not all react to form the ORMOGLASS network or that they 

reacted but formed a very weak bond with the other species. According to the weight loss associated to 

alkylphosphates, it is clear that a significant amount of phosphate was not effectively incorporated and 

was rather found as free molecules in the ORMOGLASS gel (i.e fibers). As a consequence, it can easily 

be released in SBF. This could partially explain the results obtained by EDS, FTIR and TGA after 1 hour 

of immersion. However, even if only the loss of phosphate is observed on TGA thermograms, it should be 

stated that the diminution of the starting glass weight percentage was also due to the initial calcium 

release revealed by EDS measurements and the calcium release assay (Figure 3-18, Figure 3-20). In 

other words, it means that the amount of the ORMOGLASS in the fibers was not exactly the one 

determined by the TGA. The values should be a little bit higher. This is also true because an 

ORMOGLASS was studied. So, it is sure that organic fragments of the ORMOGLASS degraded during 

the assay, even if they were not revealed by TGA (probably under the detection limit or masked by other 

signals). In conclusion, TGA can give an idea on the ORMOGLASS amount contained in the fibers but it 

did not provide accurate values, unlike for other composites that contained a fully inorganic phase [87]. 

After 28 days, no alkylphosphate peaks were observed in the hybrid fibers (no peaks on the 

thermograms). Based on FTIR and EDS observations, this dissolution seemed in fact to have been already 

completely reached after the first day. This is why after 3 days and up to the end of the assay, the 

composition of the fibers showed less critical changes than at the beginning. Once the excess of non 

reacted compounds and a certain amount of glass gel have been released, the molar ratio stabilized and 

the glass maintained the same composition along its degradation. At the end of the assay, small amounts 

of inorganic were found in the fibers in comparison to their initial content. Considering that titanium 

based glasses degrade slowly because of the presence of titanium in the glass network, a logical 

conclusion would be that the changes in weight were mainly due to the fast initial dissolution described 

above. This slow degradation behavior has been shown for a micrometric solid bulk glasses [63]. Here, 

several factors may have promoted a faster degradation of the ORMOGLASS: the “gel” state of the 

ORMOGLASS, the high surface-to-volume ratio of the scaffold and its high hydrophilicity. Fast 

dissolution and subsequent degradation were therefore finally suggested to be both involved in the global 

weight changes determined by TGA.  
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Concerning specifically the critical high weight loss at the beginning of the assay, a similar 

behavior has been identified for other composites made of PLA and G5 glass. Prepared by the solvent 

casting-sol leaching method, these materials demonstrated a significant weight loss after the first week of 

immersion in SBF [7]. This was attributed to some morphological modifications and degradation of glass 

particles. The fact that in our case, the fast dissolution is already finished after one hour confirmed that 

this release might mainly be due to the release of residual compounds not involved in the ORMOGLASS 

structure and part of the ORMOGLASS gel. PLA and ORMOGLASS degradation was indeed not 

expected to happen in such a short time. To minimize or avoid this burst release, a better control on the 

ORMOGLASS network formation could be further performed in order to enhance the efficiency of the 

hydrolysis and thus obtain a better incorporation of calcium and phosphate. Changes in the catalyst or 

hydrolysis duration could be assessed, for example. If more calcium and phosphate reacted with the 

others reagents, a less drastic immediate release would be expected. However, G5 corresponds to a glass 

that contains a high amount of calcium and phosphate. It is therefore not easy to find the experimental 

conditions that induce an optimal hydrolysis of the compounds and therefore an efficient reactivity to 

form the glass network. Precise investigations involving NMR for example should be thus performed in 

the future to define accurate hydrolysis parameters and prepared an optimized ORMOGLASS gel.  

Another possibility to prevent the burst release of ORMOGLASS would be to better control the 

interaction between the ORMOGLASS and the polymer [13]. As seen on TEM images, the 

ORMOGLASS and the polymer did not mix homogeneously when preparing the blends for 

electrospinning (Figure 3-23). ORMOGLASS “bands” were observed in the produced fibers 

independently from the polymeric phase. This may explain the DSC results obtained in the previous 

section of the chapter in which no significant differences in the Tg were reported for the PLA and hybrid 

fibers. Because the polymer did not properly interpenetrate with the ORMOGLASS, the mobility of the 

PLA chains was not affected. Indeed, if better interactions between the phase would be achieved, an 

increase in the Tg would be expected due to the diminution of flexibility and mobility of the polymer 

chains, their intermolecular interactions with the ORMOGLASS and the steric effect applied by the 

ORMOGLASS [88]. It is thus believed that the Tg remained quasi unchanged not only because the fibers 

are a class I material but also because the phases are not properly blended. Even though considered as not 

significant, the very slight decreases of the Tg observed after incorporation of the ORMOGLASS may 

suggest that the presence of the ORMOGLASS however affected the Tg to a very low extent. As observed 

for some composites [7,89], one hypothesis could be that the ORMOGLASS slightly decreased the 

molecular weight of the PLA, favoring thus the glass transition at lower temperature. Nevertheless, as the 

differences are too low, this comment is speculation and it is not possible to converge to a precise 

conclusion. More investigations are required in order to clearly determine the real effect of the 

ORMOGLASS on the thermal properties of the PLA in the hybrids. What is clear is that, unlike in the 

study performed by Navarro et al., the fibers did not undergo changes in the Tg during the degradation 

assay [7]; probably because of this non-homogeneous dispersion of the glass in the polymer matrix.  
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  On the other hand, after 21 days, granule-like structures were observed inside the fibers and the 

ORMOGLASS bands lost their continuity during the fibers degradation. Such granules are typically 

observed when titanium based materials are assessed under TEM [90–92]. The loss of glass continuity is 

attributed to the drastic loss of compounds occurring just after the material immersion and the progressive 

dissolution of the glass remaining in the fibers. Moreover, holes were also observed on FESEM and TEM 

pictures, attesting that the compounds partially degraded. It has been also observed that along the material 

incubation, fibers became more and more brittle, whereas the mats were fully flexible before incubation. 

In hybrid materials, the inorganic phase promotes the bioactivity of the scaffold and the organic one 

supports the mechanical properties. It is thus hypothesized that in the case of the incubated fibers, PLA 

reached a critical point of degradation where it was not able to fulfill his function anymore. On the TEM 

pictures, the fragility of the scaffold is particularly evident. Moreover, the material „defects‟ enumerated 

previously (holes, cracks, opened fibers) surely introduced weaknesses in the structure which might have 

directly led to the depreciation of the scaffold mechanical properties. Combined with the granules-like 

structures which did not seemed to have a proper cohesion between each other (discontinuity), all these 

morphological and structural modifications might have contributed to the low resistance of the material to 

collapse and decrease in toughness.  

The degradation period of this study was rather short in comparison to some other in vitro 

degradation investigations reported in the literature [93,94]. However, the scaffolds presented here 

significantly degraded in 4 weeks and there was no reason for a longer incubation time; especially 

because of the brittleness and the difficulties to handle the material. It was evident that a lot of the glass 

gel is lost during the initial dissolution and its subsequent degradation. It was also clear on the TEM 

pictures that part of the polymeric phase was degraded. In fact, during the degradation of composites, the 

dissolution of each constituent influences the dissolution of the other phases. As explained previously, 

PLA resorbs following a hydrolytic degradation mechanism. The cleavage of the ester bonds leads to the 

formation of carboxylic (and hydroxyl) groups creating an acidic environment. This change in pH can 

catalyze the scission of more PLA chains (autocatalysis) but also favors the dissolution of the 

ORMOGLASS [7,72]. On the other hand, the dissolution of the ORMOGLASS can also accelerate the 

PLA degradation by modifying as well the pH of the surrounding fluid [95]. It has been demonstrated that 

when G5 glass is added to PLA, the molecular weight of the polymer is reduced [7]. The PLA used in our 

study was especially exposed to degradation as it was completely amorphous (no crystalline peaks 

detected by Xray – see appendix A-4, A-4-13). The degradation processes of both phases are therefore 

closely related and the material resorption cannot be fully interpreted following the degradation of the 

individual compounds. Moreover, the interplay of different factors such as hydrophilicity, fluid 

infiltration, scaffold structure (fibers thinness), porosity and interconnectivity additionally complicate the 

understanding of the degradation mechanism of hybrids and materials in general [17,81,96]. Without 

forgetting that in in vivo conditions, other biological parameters will influence the material resorption as 
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well (cell-material interactions, dynamic flow of body fluid, enzymes activity…) and consequently 

altered the scaffold integrity in a different way than the one reported herein.  

Studies involving bioactive (mainly silicon-based) glasses often report the precipitation of 

calcium phosphate at the scaffold surface after incubation in SBF. Here, the SBF incubation did not 

promote the deposition of such compounds even it is a meta-stable solution designed for it. It is assumed 

that the fast dissolution of the glass at the beginning of the immersion removed so much glass that the 

content of phosphate and calcium was not suitable anymore for an effective deposition. Also, according to 

Lucacel et al., the presence of titanium in the glass network (TiO2) inhibits the formation of apatite type 

layer [74]. It is believed that titanium based glasses decrease the bioactivity of calcium phosphate samples 

because of their slow dissolution rate. These glasses however favor cell attachment, proliferation and 

differentiation [86]. It is thus already commonly accepted that such bioactive glasses should be rather 

used with cells than for an efficient mineralization [67,86]. Actually, Monem et al. demonstrated that 

bone growth does not necessary require a chemical bonding between calcium phosphate compounds and 

the host tissue because other properties of the material may also promote the bone growth [97]. In fact, 

the novel fibrous mats described in this chapter are aimed to be used as substrates for the triggering of 

specific cellular activity, either in cellular or acellular tissue engineering approaches and not be used for 

improving implant integration.  

 

3.4.4.  Conclusion 

The in vitro degradation of PLA-G5 fibrous scaffolds has been assessed in simulated 

physiological conditions. This study revealed that the material resorption was first characterized by a 

burst release of calcium and phosphate at the beginning of the incubation, followed by a continuous PLA 

and ORMOGLASS degradation till the end of the assay. The fibers maintained a stable molar ratio over 

the incubation period which suggested that the ORMOGLASS dissolved homogeneously over time in 

terms of chemical composition. However, due to the high dissolution rate of the ORMOGLASS at the 

early stage of the immersion, the fibers did not possess the exact G5 composition during this assay.  

Regarding the possible clinical application of this scaffold, improvement should be made on the 

ORMOGLASS preparation and on the organic-inorganic interactions in order to minimize the initial fast 

dissolution occurring the first day. Otherwise, tissues and cells could be immediately damaged by this 

burst release if no washing of the material is done before cell seeding (critical change in pH, see pH 

measurements above). Moreover, the degradation of the scaffold was rather fast according to the 

morphological changes observed. For bone regeneration however, templates that exhibit a slower 

degradation are usually preferred so that the graft gradually degrade at a speed that matches the formation 

of the natural bone. According to this assay, the fibers did not seem appropriate for long-term 

applications. But it should be kept in mind that the degradation behavior of a material generally differs 

between in vitro and in vivo assays and that its resorption rate might be reduced by the dynamic flow of 
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the body fluid (removal of the acidic species). Therefore, further investigations on the ORMOGLASS 

preparation (improvement of hydrolysis efficiency), phases interactions (homogeneous blending and 

creation of strong chemical bonding) and in vivo studies should be additionally performed to assess the 

real effective potential of PLA-T5 ORMOGLASS fibers for bone tissue engineering applications. 

 

3.5. Chapter conclusion 

PLA-ORMOGLASS bioactive fibers were produced for the first time with a titanium-based glass, 

thus providing a biomimicking substrate for cells. The homogeneous fibers exhibited a high 

hydrophilicity, improved mechanical properties compared to pure polymeric fibers and favored protein 

adsorption. Preliminary in vitro and in vivo assays demonstrated the potential of these fibers to support 

cellular adhesion, proliferation and to trigger angiogenesis. Osteogenesis has not been yet proved by 

using this material but results reported in the literature already demonstrated that titanium based glasses 

had a great osteogenic ability. The potential of such glasses is thus already accepted but the new fibrous 

structure described in this chapter still has to be validated. Regarding their degradation, significant 

changes in morphology, topography and composition were observed when fibers were incubated in SBF. 

The degradation behavior was first characterized by a burst release of unreacted compounds and/or 

fragments located at the backbone chain of the ORMOGLASS network. Subsequently, the material 

resorbed gradually. This study revealed the necessity to better control the hydrolysis of the glass, its 

incorporation into the polymeric matrix and also highlighted the importance of the phase interactions in 

hybrids. In conclusion, the fabrication of these novel fibers demonstrated that the sol-gel method can be 

used to prepare hybrid fibers containing titanium based ORMOGLASS by electrospinning. However, 

many improvements are still required regarding the material design in order to enhance the material 

degradation properties and reach the optimal cellular responses that could be hoped for an ORMOGLASS 

effectively conserving a G5 composition after immersion in fluids.  
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In this chapter, a novel protocol to coat covalently polylactic acid electrospun fibers with silicon-

calcium-phosphate ORMOGLASSES is presented. It also includes the assessment of the material features 

in terms of mechanical properties, mineralization potential and cellular adhesion (preliminary in vitro 

assay).  

The fabrication of these fibers was conducted at the institute for Bioengineering of Catalonia 

(IBEC). All characterization methods used to develop the fabrication protocol were available at this 

research center. Once prepared, the obtained fibers were partially characterized at the IBEC and at the 

Warsaw University of Technology (WUT, Poland) (differential scanning calorimetry, Fourier transform 

infrared spectroscopy, thermogravimetry). The assays performed at the WUT were done in parallel to the 

work conducted during the 3-months research stay in Warsaw for the European Nangiofrac project (see 

chapter 3). Finally, measurements performed with dynamic light scattering device were obtained at the 

Wageningen University (WUT, the Netherlands) during a 3-months research stay, financed by a travel 

grant provided by the Catalan government. (nb: other results obtained during this stay concern the NMR 

studies conducted to characterize the precursors used in this thesis) 

 

4.1. Chapter summary 

The biological performance of ORMOGLASSES based on silicon-calcium-phosphate 

(abbreviated as Si-Ca-P2
1
) and titanium-calcium-phosphate-sodium (abbreviated as Ti-Ca-P2-Na2

2
) 

systems has been demonstrated in chapter 2 and chapter 3 respectively. Despite their remarkable 

biological properties, materials involving blend preparation are class I hybrids. They do not possess 

strong chemical interactions between their constituents. Consequently, when their weak interactions are 

not highly optimized, their degradation is not well controlled. In fact, this was the case for the titanium-

based hybrid blend, for example. A novel protocol has thus been developed to create class II hybrids, i.e. 

materials with strong interactions between their phases, to better control their degradation behavior and 

also produce materials with improved mechanical properties. The protocol is based on a coating approach 

that enables the functionalization of polymeric electrospun fibers with ORMOGLASSES by means of 

covalent bondings. It involves a succession of surface treatments such as hydrolysis, functional groups 

activation, and coupling agent and glass functionalization steps. Results showed that the protocol can be 

applied to different ORMOGLASS compositions and is perfectly reproducible. This study also 

demonstrated that the material surface properties (composition, roughness, wettability, stiffness…) can be 

tailored by changing the ORMOGLASS composition and its processing conditions (hydrolysis level). As 

                                                           
1
The abbreviation was defined in accordance with the oxide based nomenclature (oxides used to prepare the 

ORMOGLASS system): Si in reference to silicon oxide SiO2, P2 in reference to phosphorous oxide P2O5, and Ca in 

reference to calcium oxide CaO [Hench et al., Journal of Biomedical Materials Research 1971; 5, 117-141]. 

 
2
The abbreviation was defined in accordance with the oxide based nomenclature (oxides used to prepare the 

ORMOGLASS system): Ti in reference to titanium oxide TiO2, Ca in reference to calcium oxide CaO, P2 in 

reference to phosphorous oxide P2O5, and Na2 in reference to sodium oxide Na2O [Navarro et al., Journal of the 

American Ceramic Society 2003; 86, 1342-52]. 
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cells modulate their behavior according to these surface properties, it is believed that the protocol 

developed could be used to produce scaffolds capable of triggering various cellular responses. The 

advantage of coating the polymeric fibers with ORMOGLASSES - instead of simply preparing a mix of 

the two phases having covalent interactions - is that the bioactive compound is directly exposed at the 

fiber surface. Cells can immediately detect the bioactive compound and there is no delay in the cellular 

response. In fact, a preliminary in vitro assay performed to evaluate adhesion and spreading of cells 

cultured on the material revealed that cells interacted with the scaffolds after a short time. As it is well 

known that glasses induce up-regulation of genes and favor mineralization, for examples, it appeared 

therefore essential to design a material, which has a bioactive phase that is not covered by the polymer. 

Even though further biological assays are obviously required to confirm the hypothesis that biological 

performance can be improved through the preparation of such coated hybrids, the protocol already 

represents considerable progress regarding material development. It is the first step towards the validation 

of novel materials, addressing three common problems regarding hybrids: the lack of strong interactions 

between the compounds, the limited bioactivity that can result from the embedding of the bioactive phase 

in the polymeric matrix, and the lack of material fabrication strategy to produce class II hybrids. On the 

other hand, this protocol seems particularly promising for the field as it can be transferred to other 

structure and also to other ORMOGLASS systems.  

 

4.2. Introduction 

In the two previous chapters, hybrid polymer-ORMOGLASSES fibers prepared by the sol-gel 

method efficiently promoted osteo and angiogenesis. In addition to the different studies found in the 

literature on hybrid biomaterials, there is no doubt that they have a promising potential for the 

development of bioactive tough scaffolds for bone tissue engineering [1–3]. Indeed, hybrids are of great 

interest for scientists working in the field as they exhibit the combined properties of their different 

constituents: bioactivity provided by the glass and toughness provided by the polymer. However, many of 

them present a major drawback: they degrade fast and non-homogeneously in body fluids. Although they 

possess chemical interactions at the nanoscale [4], these interactions are usually weak (i.e. Van der Waals, 

ionic, hydrogen bonding) and easy to break. As a consequence, this leads to non-homogeneous and rapid 

dissolution of the different phases. This was the case for the fibers presented in the chapter 3, due to phase 

segregation and a not properly blended material. However, to be recognized as a successful temporary 

implant, scaffolds should degrade at a rate that matches the formation of the new tissue. So a strong 

chemical interaction between the glass and the polymer is required to have a better control on the material 

degradation speed.  

On the other hand, even though having recognized biological performance, many of the class I 

hybrids currently developed have their bioactive compound embedded inside the polymer matrix. This is 

a common issue in hybrids because both compounds are usually mixed without a proper control on their 
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respective dispersed positions [5,6]. In this case, the polymer often masks the glass, meaning that the cells 

cannot detect it properly. Generally, artificial biocompatible and biodegradable polymers do not have an 

intrinsic bioactivity. It is thus essential to produce materials that present a better exposure of the bioactive 

compound in order to be detected by the cells, and improve the cell-material interactions. As a result, no 

previous degradation of the polymer would be needed to uncover the glass, thus enhancing the adhesion 

efficiency and spreading of cells [7,8]. One of the reasons would be that all ions released from the glass 

during its degradation could be immediately perceived by the biological entities, promoting their faster 

migration, proliferation and differentiation [9].  

Based on the main problems listed above, the need to design hybrid scaffolds using novel 

materials fabrication strategies appeared clear. A coating approach seemed to be the best option for the 

development of scaffolds having the bioactive compound exposed at their surface because it is the most 

direct way to reach that goal. As mentioned before, the coating protocol should also aim to create a strong 

bonding between the material compounds. Therefore, a novel coating protocol has been developed to 

overcome these two problematic aspects. Polymeric fibers have been covalently functionalized with 

ORMOGLASSES. More than overcoming common issues related to class I hybrids, it was believed that 

the achievement of a successful homogenous coating and the development of a reproducible protocol 

would provide new perspectives of work for the field of regenerative medicine. This protocol represents a 

significant progress in material fabrication. 

  

4.3. Fiber preparation: protocol development 

This part of the chapter describes the protocol developed to coat covalently polymeric electrospun 

fibers with silicon based ORMOGLASSES. These ORMOGLASSES were chosen because their 

hydrolysis was more controlled than the one of the titanium based ORMOGLASS. Given the complexity 

of developing a completely new protocol, it was more convenient to use the silicon based system. By 

developing such protocol, we aimed to produce a novel type of class II hybrid material able to induce 

immediate and specific cellular responses.  

 

4.3.1.  Materials and Methods 

4.3.1.1. Electrospinning and glass preparation 

The fibrous polymeric template used to perform the coating was obtained by electrospinning a 

solution of PLA (poly-l/dl lactic acid 95/5, Purasorb PLDL 9562, inherent viscosity midpoint 6.2 dl/g, 

Mw ≈ 125,000 g/mol) dissolved in TFE (2,2,2-trifluoroethanol, Sigma-Aldrich ≥ 99%). The solution was 

prepared according to a w/w ratio of 3% and around 15 mL of this polymeric solution was electrospun at 

a flow rate of 0.5 mL/hour, a voltage of 7.5 kV and a distance tip-to-collector of 13 cm. Fibers were 

collected on a flat metallic aluminum foil as a non-woven mat.  
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The ORMOGLASS precursor solution was prepared by mixing the same alkoxide reagents as those 

reported in chapter 2. Alkoxides precursors were also obtained in the same way as reported previously 

and characterized by NMR (see appendix A-1 and B-1). Two mix compositions were considered to 

perform the coating: S40 (40Si: 45Ca: 15P2) and S60 (60Si: 30Ca: 10P2). The final glass precursor mixes 

were kept under inert atmosphere until hydrolysis was performed. The setup can be seen in appendix A-2. 

 

4.3.1.2. Surface treatments 

A scheme representing the different reactions involved in the coating protocol is shown in Figure 

4-1. The coating process is based on a 4-step surface treatment [10]: hydrolysis of the fibers surface to 

create carboxylic groups, activation of these groups, coupling agent functionalization (3-

aminopropytriethoxysilane, APTES coupling molecule) and condensation process enabling the bonding 

of the glass to the PLA by means of APTES [10]. Once removed from the aluminum foil, fibrous sheets 

were thus hydrolyzed in a NaOH 0.1 M solution for 150 s. Fibers were then immersed in a 0.1M 

EDC/0.2M NHS (Aldrich, 97% / Aldrich, 98%) solution for 1 hour and placed afterwards in an APTES 

solution (Acros Organics, 99%, 10% v/v in ethanol) for 2 hours. At this point, ORMOGLASS precursor 

mixes were removed from the inert atmosphere and immediately partially hydrolyzed to obtain a 

suspension of glass nanoparticles (Si-Ca-P2 network). Precursors were both hydrolyzed for 150 s but with 

different Silicon: water molar ratio: 1 to 1 for the S60 mix, 1 to 2 for the S40 mix. The chosen ratios were 

determined as the maximum quantity of water that can be introduced in each glass precursor solution 

without inducing a full gelation over 2 hours. This way, the particles were kept well dispersed, 

minimizing the apparition of possible aggregates. This was essential for the final coating stage during 

which single particles were aimed to be linked to the fibers with a homogeneous distribution. After 

hydrolysis, ethanol was moreover added to dilute the suspensions in order to avoid the alcoholysis 

degradation of the fibers that can occur when fibers are placed in contact with a so concentrated solution 

of alkaline compound such as alkoxides [11]. The dilution factor was fixed to 1 mL ethanol for 1 mL of 

S60 ORMOGLASS suspension and 4 mL ethanol for 1 mL of S40 ORMOGLASS suspension. The 

diluted ORMOGLASS suspensions were then added to the pre-APTES functionalized fibers to initiate the 

condensation process, creating a siloxane bond between the APTES molecules and the glass 

nanoparticles. To ensure that the glass particles were strongly attached to the fibers surface, fibers were 

finally placed in an ultrasonic bath for 5 minutes. All residual non-attached particles were expected to be 

eliminated. Fibers were left on a petri dish to dry at room temperature. The obtained templates were 

labeled as “coated S60” and “coated S40” fibers. 
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Figure 4-1. Schematic illustration of the chemical reactions involved in the coating process: hydrolysis, activation of reactive 

groups, functionalization with coupling agent and ormoglass bonding. 

 

4.3.1.3. Surface modifications - characterization 

Zeta potential (ZP) technique was used to confirm that each treatment step was efficiently 

achieved (see appendix B-5). In fact, each treatment was supposed to induce chemical changes at the fiber 

surface. These modifications should affect the surface charge of the template due to the creation 

(hydrolysis) or grafting of novel surface chemical groups. Using this technique, it is thus possible to 

evaluate if the chemical reactions occurred or not. In the case that the surface modifications did not 

clearly induce changes in the surface charge, Fourier Transform Infrared Spectroscopy (FTIR) and 

Energy X-ray Dispersive Spectroscopy (EDS) were used to make sure that these steps were indeed 

achieved (qualitative evaluations) (see appendix B-11 and B-2, respectively).  

ZP measurements were performed in a 1 mM KCl electrolyte solution using the “adjustable gap 

cell” set-up (electrokinetic analyzer SurPASS, Anton Paar Ltd. Austria). The pH of the electrolyte was 

titrated from the basic region (pH ~ 9) to the acid one (pH ~ 2.5) by adding HCl 0.1 M using the device 
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pump. The electrolyte was forced to pass between two thin layers of fibers using a pressure program of 

maximum 300 mbar. The isoelectric points (IEP) and ZP values at pH = 7 were taken into account to 

compare the charge surface changes after the treatments. 

Infrared measurements were carried out in attenuated total reflectance mode (Nicolet 8700 

Thermo Scientific), placing the sample directly in contact with the ATR crystal without a preliminary 

special preparation. FTIR spectra were averaged from 64 scans at a resolution of 4 cm
-1

 and collected in 

the 4000-400 cm
-1

 wavenumber range. 

EDS measurements were performed with an EDS detector coupled with a SEM device (Quanta 

200 XTE 325/D8395; FEI Co.). Several spectra were acquired at different places of the treated samples 

(APTES functionalized and glass coated). The acquisition was done for 30s for each point. 

 

4.3.2.  Results 

4.3.2.1. ZP assays 

Changes in the surface electrostatic potential were evaluated by measuring the ZP. Figure 4-2 

shows the curves obtained. Table 4-1 summarizes the isoelectric point values (IEP, pH value at ZP = 0) 

and ZP values after each treatment step at pH = 7 (indicative value chosen for comparison). Except for 

the last treatment, significant changes in the electrical potential attested that modifications at the surface 

of the fibers occurred. Pure PLA fibers produced by electrospinning showed an IEP equal to 3.06. After 

hydrolysis, this value decreased to 2.73. After activation, the fibrous layer became much less 

electronegative with a value of 6.07. Then, a significant drop in the IEP value was observed once APTES 

was grafted on the surface (IEP = 3.68). After the addition of glass, IEP values remained approximately 

unchanged compared to the ones obtained after APTES functionalization. For this reason, the efficiency 

of this final step remained unclear. FTIR and EDS were thus used to clarify this point.  

 

Figure 4-2. pH dependence of the zeta potential of the fibrous layer after the different surface treatments applied to perform the 

coating.  
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Table 4-1. Electrostatic potential (ZP) at pH = 7 and isoelectric point values of the fibers surface after each treatment. 

 ZP at pH = 7 (mV) IEP 

PLA Fibers -68 3,06 

Hydrolysis -85 2,73 

Activation -18 6,07 

APTES Functionalization -73 3,68 

Coating - composition S60 -74 3,43 

Coating - composition S40 -76 3,24 

 

4.3.2.2. FTIR measurements 

Figure 4-3 reports the FTIR spectra of the fibers acquired by ATR method before (raw material) 

and after APTES functionalization and ORMOGLASS coating. Spectra of both coating compositions 

were similar to each other. However, differences between the PLA fibers, APTES functionalized fibers 

and coated fibers spectra were observed. Most of these changes occurred in the fingerprint region. Only 

one difference can be noticed between 4000 cm
-1

 and 1600 cm
-1

: a small peak located at 3446 cm
-1

 

appeared after APTES functionalization and remained after the glass coating. In the fingerprint region, 

several changes that are observed coincide with peaks related to raw PLA. For example, the intensity of 

peaks located at 1213 and 1183 cm
-1

, initially find on the raw PLA spectra, increased after APTES 

functionalization. The same behavior is observed for the peak situated at 756 cm
-1

. At 919 cm
-1

, however, 

a completely novel peak appeared. After the coating, numerous novel peaks appeared on the spectra of 

the coated fibers in comparison with the spectra of the APTES functionalized fibers: at 1026, 925, 776, 

582 and 545 cm
-1

. The increased peak observed on the APTES functionalized fiber spectra at 756 cm
-1

 is 

still observed, as well as the ones at 1213 and 1183 cm
-1

. However, the one at 919 cm
-1

 seemed to have 

disappeared or significantly decreased, and it was not clearly visible anymore. 

The peak assignments are summarized in Table 4-2 and are discussed in details in the discussion section. 
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Figure 4-3. FTIR spectra of PLA, APTES-functionalized and coated fibers. 

 
Table 4-2. FTIR bands assignment for APTES functionalized and coated fibers. 

Wavenumber (cm
-1

) Assignement References Spectra 

3446 N-H stretching [12] All fibers except PLA 

1213, 1183 Si-O-Si, 

Si-OCH2CH3 

[13] 

[14] [15] 

Coated fibers 

APTES functionalized fibers 

and coated fibers 

1026 Si-O-Si asymetric 

stretching 

[12] [16] 

[13] [17] 

Coated fibers 

919, 925 

 

Si-OH stretching 

 

[13] [18] 

[19] 

APTES functionalized fibers 

Coated fibers 

776 Si-O-Si 

symmetric 

stretching 

[16] [19] Coated fibers 

756 N-H bending [20] All fibers except PLA 

582, 545 P-O vibrations [21] [22] Coated fibers 

 

4.3.2.3. EDS measurements 

As an additional assay to FTIR results, EDS measurements were performed on APTES 

functionalized and coated fibers. Figure 4-4 shows representative spectra of the elements detected on the 

fiber surfaces. The qualitative analysis revealed that only silicon was detected on the fiber surface after 

APTES functionalization (silane coupling agent). After glass coating, silicon, calcium and phosphate 
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were detected. It was also noticed that, from a quantitative point of view, the amount of silicon was 

increased after the glass coating in comparison to the one measured on APTES-functionalized fibers. 

 

Figure 4-4. Qualitative EDS measurements performed on the APTES functionalized fibers and the coated ones.  

 

4.3.3.  Discussion 

ZP (Figure 4-2, Table 4-1), FTIR (Figure 4-3, Table 4-2) and EDS (Figure 4-4) results 

demonstrated that surface properties of the fibers changed after each treatment of the applied protocol. 

Initially, at pH = 7, PLA fiber exhibited an IEP value equal to 3.06. This value decreased after hydrolysis 

due to the formation of reactive negatively charged carboxylic (COO-) at the fiber surface. After 

activation, the IEP value significantly increased. This was attributed to the positive surface charges 

related to the grafting of imide groups. After functionalization with the coupling agent, IEP value 

decreased again because of the bonding of the APTES molecule and the grafting of a silane group on the 

surface. Up to the APTES functionalization, ZP results made us inferred that the desired chemical 

reactions occurred after each surface treatment. Comparison of the IEP values measured for the fibers 

obtained after the last two treatments did not allow conclusions to be made regarding the efficiency of the 

final step of the protocol (glass coating). 

FTIR however, clearly revealed that the fiber surface of the APTES functionalized fibers changed 

after the glass coating treatment. It also confirmed the ZP results: the activation and APTES 

functionalization steps were successfully achieved. Table 4-2 summarizes the assignment of the peaks 

identified in the results section. The peak located at 3446 cm
-1

 was assigned to the secondary amine of 

PLA-linked APTES (NH stretching) which also resulted in the increase of the infrared signal at 756 cm
-1

 

(NH wag) after APTES grafting. The increase of peak intensity observed at 1213 and 1183 cm
-1

 were 

found to correspond to characteristics peaks of Si-OCH2CH3 (ethyl) groups from APTES, inferring that 

APTES have been successfully attached on the fibers. The novel peak located at 919 cm
-1

 also confirmed 

the presence of APTES molecules on the fibers surface. This peak resulted from silanol groups (Si-OH) 
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of some grafted APTES molecules already partially hydrolyzed. It is assumed that these silanols groups 

formed during the APTES functionalization step because of the ambient humidity, or during the time that 

passed between the functionalization and the infrared measurements. Another possibility is that some of 

the APTES molecules were simply already hydrolyzed in the commercially purchased solution. After the 

coating, the new signals at 582 and 545 cm
-1

 were associated to phosphate species. The ones located at 

1026 and 776 cm
-1

 were assigned to siloxane (Si-O-Si vibrations). According to the literature, siloxane 

bonds commonly give signal also around 1210 cm
-1

. This means that an increase of the 1213 cm
-1

 peak 

would be expected after the coating. But it is actually not the case as this peak is also depending and 

associated to the ethyl groups of grafted APTES. This peak might thus be the result of a contributory 

effect between the decrease of this peak due to the hydrolysis of APTES (ethyl groups replaced by 

hydroxyl ones) and the increase of the peak due to the grafting of glass particles (Si-O-Si based network). 

Consequently, the fact that the intensity of this peak did not undergo apparent changes after APTES 

functionalization and glass coating can be explained by two possibilities: the first one implies that the 

signal is associated to a full substitution of the Si-OCH2CH3 groups from APTES by Si-O-Si groups from 

the glass coating network; the second one implies that the intensity is an addition of the intensity from 

some non-hydrolyzed Si-OCH2CH3 groups from APTES and Si-O-Si groups from the glass coating 

network. Notice that Si-O-Si signal can be both associated to Siglass-O-Siglass or to SiAPTES-O-Siglass 

bondings, which can be inferred to a covalent bond between the polymeric fiber surface and the glass 

coating network. Finally, the peak located at 925 cm
-1

 on the coated fibers spectra was typically due to 

silanol groups and was assigned to the ones pertaining to the glass network. On the APTES-

functionalized fibers, these groups raised signals at 919 cm
-1

. This shift in wavenumber was attributed to 

the difference in chemical environment of the silanols. Our interpretation is that the 919 cm-1 peak might 

also appear in the spectra of the coated fibers but it is difficult to see it because of the diminution of its 

intensity due to the formation of SiAPTES-O-Siglass bond (silanols of APTES replaced by SiAPTES-O-Siglass 

bonds) and the presence of the 925 cm
-1

 peak. Indirectly, this suggested that the covalent bonding 

between the ORMOGLASS and the APTES efficiently occurred. Thus, in summary, FTIR results 

suggested that the glass coating step was successfully achieved.  

FTIR results were, in fact, confirmed by EDS measurements. Indeed, the fact that silicon, calcium 

and phosphate were detected after the ORMOGLASS coating step demonstrated that APTES 

functionalized fibers had been successfully coated with the ORMOGLASS nanoparticles. Moreover, the 

high silicon content on the coated fibers, in comparison to the one of the APTES functionalized ones, is 

justified by the contribution to the measurement of the silicon-based network of the ORMOGLASS. As 

an ORMOGLASS particle possesses much more silicon atoms than an APTES molecule, it is 

understandable that silicon amount detected after coating was higher. This is especially true knowing that 

three glass particles can potentially link to the APTES molecules. It should be however noticed that this 

situation is not very probable because three glass particles may not attach to each APTES molecule as 

steric effects may hinder the bonding of three nanoparticles on each coupling agent molecule in the case 
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of full APTES hydrosysis. But this depends also on the nanoparticle size, and the determination of the 

number of particles linked to APTES molecules is not determined. These results simply confirmed that 

the fibers were coated with the ORMOGLASS.  

 

4.3.4.  Conclusion 

Based on the results reported here above, the different treatments applied to the fibers seemed to 

have been successfully performed. The ZP analysis indicated that after hydrolysis, activation and 

coupling agent functionalization, the surface charge of the fiber surface was modified, demonstrating the 

efficiency of these first treatments. FTIR and EDS were used as complementary techniques to ZP analysis 

to demonstrate particularly that the final glass coating step was also achieved. The combination of these 

three methods enabled to conclude that a novel coating approach based on the sol-gel method can be 

implemented. The characterization of the material was however required to evaluate the potential of this 

new hybrid material.  

 

4.4. Fiber characterization 

The characterization of the materials produced by applying the protocol described in the previous 

section is reported in this part of the chapter. This study aimed to investigate the material physico-

chemical properties in order to evaluate its potential for bone tissue engineering. Therefore, the material 

properties were first discussed in terms of material design improvement and furthermore in terms of 

relevance for biomedical applications and importance for cell-materials interactions. A preliminary in 

vitro test is also reported to assess the cellular response induced by the materials at the early stage of cell 

adhesion.  

  

4.4.1.  Materials and Methods 

4.4.1.1. Fiber morphology 

After drying at room temperature and carbon coating, fibers were loaded to a field emission 

scanning electron microscope (FESEM, Nova™-Nano SEM-230; FEI Co., the Netherlands) to observe 

their morphology (see appendix B-2). The pictures were taken at an accelerating voltage of 5 kV and a 

working distance of 5 mm. Pictures with cells fixed on the scaffolds were obtained in the same 

conditions. Using FESEM images and ImageJ Software [23], fibers thickness average was determined by 

measuring a minimum of 15 fibers diameters (before and after coating). 

 

4.4.1.2. Coating composition 

The same samples used for FESEM were loaded to an electron scanning microscope with an EDS 

detector (Quanta 200 XTE 325/D8395; FEI Co., the Netherlands) to determine the exact coating 
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composition (see appendix B-2). Three different places were arbitrarily selected on the scaffold to 

perform the measurements (30 s acquisition time for each point - silicon, calcium and phosphate 

quantification). 

 

4.4.1.3. Fiber wettability 

Fiber wettability was evaluated via contact-angle measurements using an OCA 20 system 

(Dataphysics, GmbH) and the sessile drop technique (see appendix B-3). This method consists in the 

measurement of the equilibrium angle formed between a 3 µL of an ultra high pure water drop and the 

surface of the fibrous sheet. Measurements were performed on three different points for each sample. 

 

4.4.1.4. Mechanical properties  

Fibers stiffness was investigated using Atomic Force Microscope (AFM MultiMode 8, Bruker 

and NanoScope Analysis, v1.2) in PeakForce tapping mode in air (see appendix B-4). Thin layer of fibers 

was deposited on an adhesive substrate and scanned along the fibers length (individual fiber 

measurements). Stiffness was assessed by evaluating the DMT modulus which is calculated by taking 

into account the load force and adhesion between the tip and the sample [24]. AFM analysis also enabled 

the determination of the surface roughness of the fibers (Root Mean Square roughness Rq). 

Fibers strips of 50x10 mm were used to evaluate the Young’s modulus and yield strength of the 

scaffolds by tensile tests (Adamel Lhomargy DY34 - see appendix B-10). Strips were clamped between 

the grips of the machine and then subjected to elongation (setting parameters previously defined). The 

thickness of the strips, needed for the calculation of the desired mechanical values, was determined by 

FESEM (see appendix A-5, A.5.1) and measured thanks to the ImageJ Software [23]. Results were 

considered statistically significant for p < 0.05 and highly significant for p < 0.002 (Student’s t-test). 

  

4.4.1.5. Thermal assays  

Thermogravimetry analysis was used (TGA Q5000 TA) to determine the content of glass 

constituting the hybrid materials (see appendix B-9). Samples were heated at 10°C/min up to 700°C in 

air. In order to identify the gaseous products that degraded during this thermal treatment, an additional 

TGA analysis coupled FTIR was carried out under nitrogen flow (10ml/min) with the coated S60 fibers. 

Differential scanning calorimetry analysis was performed to check if changes in the organic phase 

occurred after the coating protocol (see appendix B-8). A DSC Q2000 TA device and 5 mg samples 

confined in hermetic aluminum pans were used. Samples were heated at a rate of 10°C/min starting from 

25°C up to 180°C. The degree of crystallinity was calculated as follows [25,26]: 

 ( )  
       

     (    )
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Where   is the percentage of crystallinity, 𝚫Hm is the heat of fusion, 𝚫Hc is the heat of the cold 

crystallization, 𝚫Hm
°
 the heat of fusion of a 100% PLA crystalline material (93.1 J.g

-1 
[27]) and Wg the 

weight percentage of glass contained in the hybrids (values obtained from TGA assays).  

The software used to analyze DSC and TGA results was TA Universal Analysis 2000 v4.7A. 

 

4.4.1.6. Fiber morphology after thermal treatment  

In order to observe the morphology of the fibers after thermal treatment (i.e once only the 

inorganic phase of the fibers remains), another thermal treatment was applied to the hybrid fibers in 

parallel to the thermogravimetry. This assay aimed to directly measure the thickness of the inorganic 

coated compound. The conditions of thermal treatment were set to enable a gradual and slow degradation 

of the organic phase. Coated fibers were placed in a furnace and slowly heated up to 600°C during 10 

hours. This temperature was maintained for 5 hours and then decreased to ambient temperature during 5 

hours. The remaining inorganic phase was fixed on a FESEM support, coated with a thin layer of carbon, 

and imaged using the same FESEM device than the one named previously. Ten measurements were 

performed on the shell using ImageJ software [23].  

 

4.4.1.7. ORMOGLASS particle size 

Dynamic Light Scattering (DLS) technique was used to measure the size of the glass 

nanoparticles prepared to coat the polymeric fibers (see appendix B-13). This assay was conducted to 

determine if the composition of the particles influenced the particles size, and consequently affected the 

thickness of the glass coated. As mentioned before, the S60 particles were prepared with a hydrolysis 

ratio Si:H2O of 1:1 and the S40 ones with a ratio of 1:2. It appeared thus interesting to investigate not 

only the influence of the glass precursor solution composition but also the degree of hydrolysis on the 

particles size. For this reason, particles were prepared with different compositions and with different ratio 

of hydrolysis. The hydrolysis of the glass precursor mix was performed according to the following 

Si:H2O molar ratios: 1:0.5, 1:1, 1:2, 1:3 for the S60 glass and 1:1, 1:2, 1:3, 1:4, 1:5 for the S40 glass. The 

ratio 1:0.5 was not considered for the S40 glass as only a tiny amount of particles was reached after this 

hydrolysis level and it was impossible to isolate them. On the other hand, the ratios 1:4 and 1:5 for the 

S70 could not have been applied as well as they induced a rapid gelation of the glass solution. No 

particles could have been obtained as the hydrolysis was too high and the ability of creating particles was 

therefore lost. After the 2.5 min of hydrolysis of the mix, 1 mL of absolute ethanol was added to 0.5 mL 

of particles suspension and vigorously shaken. This dilution was done to minimize the further hydrolysis 

during posterior centrifugation (4 minutes at 20°C and 4000 rpm), which was done to collect the particles. 

The supernatant was carefully removed and 1.5 mL of absolute ethanol was added to the deposit. Particles 

were homogeneously resuspended and centrifuged again. This step was performed twice to remove the 

excess of glass precursor mix (mix containing multiple solvents from the alkoxides) and, finally, to have 
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the particles in suspension in absolute ethanol. This was essential regarding the measurements of the 

particle size which required the use of a unique solvent as dispersant. 

The glass particles suspension obtained was sonicated for 1 minute just before starting the DLS 

measurements and 1mL of that suspension was placed in the measurement “cuvette”. Measurements were 

conducted using a Malvern Zetasizer Nano ZS device (laser wavelengths of 633 nm and detection angle 

of 173°) and were run three times with 2 minutes of intervals for each types of suspension. DLS results 

were analyzed in terms of particle number percentage using Malvern DTS software v5.1.  

 

4.4.1.8. Calcium dissolution and pH measurements 

Dissolution tests were carried out to monitor the release profile of the calcium contained in the 

glass network of the coated fibers. Pieces of 1 cm
2
 were cut from the treated fibrous layer. Four replicates 

were prepared for each sample type and were placed in wells of a 24 culture plate. Deionized water was 

added to each well (1 mL) and parafilm was used to seal properly the plate in order to avoid water 

evaporation. Then, the plate was placed in an incubator at 37°C. After each time point (5 min, 1h, 1d, 2d, 

3d, 6d, 7d, 8d, 9d, 10d, 13, 14d), the water was removed and 1 mL was again added to the wells. Calcium 

concentrations were measured using a Crison Ca
2+

 selective electrode and an Ag/AgCl reference 

electrode. pH was additionally measured using a Crison GLP22+ pH-meter and a Crison pH 

microelectrode. Instead of SBF, deionized water was preferred to perform this assay in order to determine 

the real amount of calcium released by the material. Otherwise, the buffering effect of SBF can mask the 

real observation of the dissolution behavior (see appendix A-5, A.5.2). The calcium concentration is 

reported as a cumulative value. 

 

4.4.1.9. Mineralization potential 

The mineralization potential of the fibers was assessed by immersing the fibers alternatively in 

concentrated calcium and phosphate solutions. The procedure was firstly reported by Yu et al. to induce 

mineralization on polycaprolactone fibers [28]. To achieve that, they applied an aggressive hydrolysis to 

the fibers prior to the calcium-phosphate (CaP) induction and subsequent mineralization. In the case of 

the coated fibers, this test is not used to force the CaP precipitation. It is simply used to check if the fibers 

can precipitate calcium phosphate compound by themselves in these conditions, without preliminary 

treatment. This way, the mineralization potential of PLA and coated fibers can be compared. 

PLA and coated fibers were dipped 1 s in ethanol and washed with water. Afterwards, they were 

immersed alternatively in CaCl2 aqueous solution (150 mM) for 30 s, washed 5 s with water and 

immersed in Na2HPO4 aqueous solution (150 mM) for 30 s. This succession of immersions was 

performed six times and was done under slight stirring. Finally, fibers were placed in the ultrasonic bath 

during 15 s and then dried at room temperature.  
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The obtained fibers were coated with a thin layer of carbon and were imaged using the same 

FESEM device than the one presented previously for the assessment of the non-coated and coated fibers 

morphology. 

 

4.4.1.10. In vitro assay 

4.4.1.10.1. Material conditioning and cell seeding 

Mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) obtained from rat bone 

marrow were used for this study. These two types of cells were chosen according to published results that 

demonstrated the potential of this glass system to promote mesenchymal stem cell differentiation into 

osteoblastic cell lineage and endothelial progenitor cell differentiation towards phenotype involved in 

vascularization [29–31]. Squares were cut from the fibers layer produced to fit in a 24 well-plate, 

sterilized by immersion in ethanol for 15 min under UV radiation, pre-incubated for 2 hours in complete 

medium at 37°C and rinsed with PBS before seeding. Cells were seeded at a density of 10 000 cells/disc 

in 24 well-plates.  

 

4.4.1.10.2. Fluorescence staining 

After 24 hours, cells were fixed using a paraformaldehyde-sacarose-H2O-PBS solution to observe 

them thanks to fluorescent staining. 4,6-diamidino-2-phenylindole (DAPI) was used to stain the nuclei 

and green phalloidin for the actin cytoskeleton. Fluorescent images were collected using a confocal 

microscope with a x63 objective lens (oil immersion).  

 

4.4.1.10.3. Cell fixation for FESEM imaging 

Cells were also fixed using a glutaraldehyde-PBS solution and then lyophilized before carbon 

coating to be observed under FESEM. Pictures with cells fixed on the scaffolds were obtained with the 

same device and under the same conditions than the images of the fibers without cells.  

 

4.4.2.  Results 

4.4.2.1. Fiber morphology, thickness, composition and wettability 

Results obtained regarding the fiber morphology, thickness and wettability are shown in Figure 

4-5. Differences in the fiber surface morphology were observed before and after coating. Coated fibers 

showed a rough nanostructured topography, whereas PLA fibers exhibited a smoother one. Also, the 

roughness of the coated S40 fibers seemed to be lower than that of the S60 fibers.  

Measurements of fibers diameters, before and after coating, were made to evaluate the increase in 

diameter obtained after the coating. In comparison to the PLA fibers diameter (686 ± 48 nm), coated 

fibers showed an increase in their thickness: 976 ± 84 nm and 770 ± 66 nm for the S60 and S40 fibers, 
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respectively, which corresponded to thicknesses of ~ 150 nm for the S60 coating and ~ 45 nm for the S40 

one. The coating with the lower silicon content seemed thus to lead to a thinner layer of coating. 

The exact composition of the coating was determined by EDS measurements (Table 4-3). The 

first composition of the coating (molar percent ratio) was 60Si: 32Ca: 8P2 (coated S60 fibers) and the 

second one 39Si: 46Ca: 15P2 (coated S40 fibers).  

According to water contact angle measurements, both hybrid scaffolds showed excellent 

hydrophilic properties in comparison to the PLA ones. No significant difference was observed between 

the wettability of the coated S60 fibers and S40 ones.  

  

 

Figure 4-5. Surface morphology (FESEM images), thickness and wettability (contact angle pictures) of PLA and coated fibers.  

 
Table 4-3. Composition of coated fibers (molar ratio) measured by EDS. 

 Coating composition 

S60 

Coating composition 

S40 

Si % 59.71 ± 8.89 38.67 ± 2.78 

Ca % 32.11 ± 6.20 45.85 ± 4.16 

P2 % 8.18 ± 4.85 15.47 ± 2.05 

 

4.4.2.2. AFM measurements 

According to AFM measurements, the DMT modulus of PLA scaffold as well as the roughness 

was significantly increased after coatings (Figure 4-6). The coated S60 fibers exhibited an average DMT 

modulus of 42.29 ± 4.24 MPa and the coated S40 ones of 60.63 ± 5.81 MPa, while PLA fibers showed a 

value equal to 3.84 ± 0.32 MPa. Comparing the coated fibers, the fibers with the lower silicon content 

exhibited the lower stiffness. As noticed on the FESEM pictures, coated S60 fibers seemed to be rougher 

than coated S40 ones. The measurements of the fiber surface roughness confirmed that after coating, the 
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roughness of the fibers was increased. Rq values revealed indeed that the roughness of PLA fibers was 

doubled after being coated with the S40 ORMOGLASS composition, while increasing five-fold after 

being coated with the S60 ORMOGLASS composition. The lower the silicon content, the higher the 

roughness.  

 

Figure 4-6. DMT Modulus and roughness (3D images) of PLA and coated fibers measured by AFM.  

 

4.4.2.3. Tensile tests 

While AFM measurements enabled to determine the local mechanical properties of the fibers, 

tensile tests enabled to evaluate the mechanical properties of the whole scaffold. Histograms in Figure 

4-7 displays the values of the Young’s Modulus and Yield Strength obtained by this assay for the PLA 

and coated fibers (strain-stress curves are reported in appendix A-5, A-5-3). For both coating 

compositions, the Young’s Modulus and the Yield strength were significantly increased in comparison to 

the pure PLA scaffold. S60 fibers had a Young’s Modulus sixfold higher than non-coated ones. S40 fibers 

also exhibited a remarkable property: they reached almost fivefold the value of the PLA fibers. The 

coated fibers with the lower silicon content appeared to be the stiffer material of the study, in term of 

mechanical properties of the whole construct.  
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Figure 4-7. Histograms displaying the Young’s Modulus and Yield Strength of PLA and coated fibers (tensile test measurements 

- *: statistical difference p < 0.05, **: statistical difference p < 0.002). 

 

4.4.2.4. Thermogravimetry 

In order to quantify the amount of coated ORMOGLASS, thermogravimetry analysis was 

performed. This technique is widely used to determine the percentage of inorganic phase contained in 

hybrid organic-inorganic materials and to assess material stability [32,33].  As organic compounds 

degrade at lower temperatures, it is possible to evaluate the quantity of the inorganic part of the glass that 

was grafted on the polymeric fibers when applying the proper heat treatment. As seen on Figure 4-8, the 

remaining glass mass percentage (non degraded phase) related to the coated S60 fibers was higher than 

the one of the coated S40 fibers (5.6 and 1.7% respectively). Correlated to the fibers’ thickness 

measurements, this seemed to confirm that less glass has been coated for the low silicon content 

composition than the one with the higher silicon content.  

From the TGA assay, information about the degradation byproducts can be also obtained. Indeed, 

differences on the derivative curve graphics were observed: peaks at ~ 77°C and ~ 270°C that were not 

observed on the PLA curve clearly appeared on the coated S60 fibers curve. The first peak is not observed 

for the coated S40 fibers, but a very small shoulder can be seen for the second one. To determine to which 

compounds these changes were related to, measurements with TGA coupled with FTIR were performed. 

The peak at lowest temperature was attributed to the presence of triethoxysilane molecules and the second 

one to the degradation of PLA, as well as the third peak common to all fibers samples (see appendix A-5, 

A.5.4). As the first peak was related to a compound contained in the ORMOGLASS (organosilane), it 

should be also considered to evaluate the real amount of ORMOGLASS coated. Taking into account the 

weight percentage loss of this compound, the amount of ORMOGLASS coated for the S60 fibers was 

finally equal to 7.7%, and not 5.6% as initially mentioned. For the coated S40 fibers however, the weight 

loss of the triethoxysilane was not considered as it was almost not detected by the TGA assay. Thus, S40 

fibers were considered to have a remaining percentage of inorganic phase equal to ~ 1.7%.  
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Figure 4-8. Thermogravimetry analysis of PLA and coated fibers (representation of TGA and DTA curves). The percentages in 

red represent the amount of inorganic ORMOGLASS remaining at the end of the assay. The percentage in green corresponds to 

the weight loss associated to the degradation of triethoxysilane molecules (peak at 77°C) in the coated S60 fibers. For the S40 

fibers, this change is not significant and is therefore not shown.  

 

4.4.2.5. Fiber morphology after thermal treatment 

Figure 4-9 shows the morphology of coated S60 fibers after the applied thermal treatment to 

measure the thickness of the inorganic shell. A tubular structure was observed. Measurements of the 

thickness of this organic shell gave an averaged value of 72 ± 14 nm. These pictures also revealed that the 

coating seemed to be achieved as a monolayer of glass particles. Unfortunately, it has not been possible to 

obtain such pictures for the calcination of the coated S40 fibers. In fact, it seemed that this shell was too 

thin and that the tubular structure collapsed during the preparation of the samples for FESEM 

observations (appendix A-5, A.5.5). It is also highly probable that the tubular structure was already 

affected by the thermal treatment itself. If the thickness is very thin as suggested by the fiber diameter 

measurements, it might be that they cannot resist stresses provoked by the shrinkage of the glass network 

during the heating ramp, resulting in the collapse of the structure.  

 

Figure 4-9. FESEM images of the remaining inorganic shell after the thermal treatment in the furnace of the coated S60 fibers. 

 

4.4.2.6. DSC measurements 

DSC curves are displayed in Figure 4-10. Thermal characteristics of the PLA and coated fibers 

extracted from these curves are summarized in Table 4-4. This assay was performed to determine 

whether changes in the polymer occur after applying the coating protocol. Curves analysis showed that 
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the melting onset (Tm onset) and crystalline onset (Tc onset) temperatures of both coating compositions 

are shifted towards higher values than the ones associated to pure PLA fibers (presenting the typical 

thermal curve of a semicrystalline polymer). For the coated fibers, the Tc onset is increased of ~ 12-13° 

and the Tm onset of ~ 2°. Also, it was noticed that the intensity of Tc exothermal peak was more intense 

and well defined for the pure PLA fibers than the one observed for the coated fibers. This was well 

reflected by the different dHc values. On the other hand, the crystallinity of the coated fibers (around 

44%) significantly increased in comparison to the one of the PLA fibers, which initially had a low 

crystalline percentage (10%). 

 

Figure 4-10. DSC thermograms (first heating ramp) of PLA and hybrid coated fibers (Tg: glass temperature, Tc: crystallization 

temperature, Tm: melting temperature).  

 
Table 4-4. Thermal properties of PLA and coated fibers extracted from the DSC thermograms. 

 Tm 

onset 

(°C) 

Tm 

peak 

(°C) 

𝚫Hm 

(J/g) 

Tc 

onset 

(°C) 

Tc 

peak 

(°C) 

𝚫Hc 

(J/g) 

Crystallinity 

(%) 

PLA 153,44 159,08 34,51 72,42 82,23 24,55 10,70 

S60 155,27 161,39 39,80 86,54 92,50 1,84 44,22 

S40 155,36 161,29 43,89 85,07 91,85 4,01 43,57 

 

4.4.2.7. DLS measurements 

The measurements of particle size in function of the hydrolysis ratio for both ORMOGLASS 

compositions are presented in Figure 4-11. Results showed that the size of the particles prepared with the 

S60 composition was greatly influenced by the quantity of water introduced in the ORMOGLASS 

precursor mix to perform the hydrolysis. The higher the hydrolysis ratio, the bigger the particles. Size 

evolution seemed more precisely to follow an exponential increase. Modifying the hydrolysis ratios, 
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particles ranging from 100 nm to 1.5 µm in diameter could have been produced. For the S40 particles, 

results showed that the particle size was also influenced by the amount of water introduced in the 

ORMOGLASS precursor mix to perform the hydrolysis but that the changes were less drastic than for the 

S60 particles. In fact, only a slight linear increase of particle size was observed with the increase of the 

hydrolysis ratio for the S40 particles. Moreover, the particles appeared to be much smaller, ranging from 

50 to 100 nm in diameter.  

 

Figure 4-11. Influence of the hydrolysis level on the size of particles prepared with two different molar compositions 

(comparative graphic). 

 

4.4.2.8. Calcium dissolution and pH measurements 

The dissolution profile of calcium of the materials and the associated pH measurements are 

displayed in Figure 4-12. The main changes occurred during the first two days. A burst release of 

calcium was particularly observed immediately after the material immersion. Then, during these two 

days, calcium was released in a less drastic manner.  After this time, the material did not seem to release 

calcium, or in a very low concentration. It can be moreover noticed that S60 fibers released a higher 

amount of calcium than the S40 fibers and that they exhibited the higher burst release during the first 

minutes. The pH measured in the extracts decreased significantly at the initial stage of the assay and tend 

to stabilize afterwards. 
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Figure 4-12. Calcium dissolution profiles of the coated fibers and pH measurements. Blue circles denote the main changes 

occurring in the solution and the blue arrow symbolizes the pH decrease at the beginning of the assay. 

 

4.4.2.9. Mineralization potential 

Figure 4-13 presents the FESEM pictures of the PLA and coated fibers after the successive 

immersions in calcium and phosphate solutions. It can be observed that for the PLA fibers, only few 

calcium phosphate particles deposited on the fibers surface. Actually, it seemed that these particles were 

not really deposited on the mat, but rather trapped in the template due to the tortuosity of the fibers. On 

the contrary, coated fibers clearly possessed calcium phosphate precipitated on their surface. The CaP 

induction homogeneously occurred over the fibrous mats and the calcium phosphate compound strongly 

attached to the fibers (not removed after the ultrasonic bath). X-ray diffraction performed on the CaP-

induced coated fibers revealed that in the conditions used for this assay, brushite was deposited (see 

appendix A-5, A.5.6 and appendix B-14). Brushite (CaHPO4.2H2O, also known as dicalcium phosphate 

dihydrate) is a precursor for hydroxyapatite deposition and is commonly used to initiate the 

mineralization of scaffolds [34–36].  
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Figure 4-13. FESEM images of PLA and coated fibers after their immersion in calcium and phosphate solutions alternatively. 

 

4.4.2.10. Cell adhesion and spreading 

After 1 day of culture on the produced materials, EPCs and MSCs were fixed and stained with 

specific fluorophores to assess their morphology. Pictures obtained from confocal microscope imaging 

revealed that both cell types restricted their spreading on PLA fibers, whereas they spread significantly on 

the coated fibers for both coating compositions (Figure 4-14). Cells on polymeric scaffolds presented a 

round shape with only few branches, while on the coated ones cells tended to better ramify and extended 

their cytoskeleton. Stress fibers were even observed inside the cells.  

Cells were also observed under FESEM in order to visualize the interactions between the cells 

and the scaffolds. The assessment of the FESEM pictures confirmed the observations made thanks to the 

fluorescent staining. Cells globally presented a rounder shape on PLA fibers than on the coated ones 

(Figure 4-15). Additional pictures at higher magnifications were taken to show better how the cells 

spread and attached to the coated fibers (Figure 4-16). Cells spread greatly on the fiber length and also 

extended cytoplasmic projections towards neighboring fibers (filopodia).  
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Figure 4-14. Pictures of cells adhered on non-coated and coated fibers after 1d of culture (confocal microscope images of 

fluorescence staining: blue for the nucleus, green for the cytoskeleton - scale bars: 75µm). 

 

Figure 4-15. Pictures of cells adhered on non-coated and coated fibers after 1d of culture (FESEM images - cells artificially 

colored in blue to better visualize the cells on the scaffold) 
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Figure 4-16. High magnification pictures of cells adhered on coated fibers after 1d of culture (FESEM images - cells artificially 

colored in blue to better visualize the cells on the material, red arrows point the filopodia). 

 

4.4.3.  Discussion 

Novel hybrid fibers have been successfully produced by the sol-gel method and a succession of 

surface treatments. The fabrication of these fibers consists in the coating of polymeric fibers with 

ORMOGLASSES. The coating relies on the covalent bonding of ORMOGLASS nanoparticles to the 

fibers surface. FESEM images revealed that the fibers were homogeneously coated all along the fiber 

length (Figure 4-5). This attested that the protocol had been properly developed to avoid problems related 

to a non homogeneous coating such as partial coating of the fibers, coating of the first fibrous layer only 

or deposition of a dense coupling agent layer (see appendix A-5, A.5.7). The coated fibers exhibited a 

nanoroughness, a higher diameter than the pure PLA fibers and an improved wettability (Figure 4-5). 

  According to AFM measurements, the roughness of the fibers was higher on the fibers coated 

with particles having the higher silicon content (Figure 4-6). This suggested that there is an intimate 

relationship between the roughness and the glass particles composition, influencing ultimately the fibers’ 

topography. As confirmed with the DLS measurements, the composition of the ORMOGLASS 

significantly affected the particles size. Particles with the higher silicon content (coated S60 fibers) were 

bigger than the ones prepared with the lower silicon content (coated S40 fibers) (Figure 4-11), and this, 

independently from the hydrolysis ratio considered to prepare the glass particles. Because bigger particles 

were used to produce the coated S60 fibers, these fibers exhibited the higher roughness [37]. It confirmed 

thus that roughness and ORMOGLASS composition were related. Using AFM, the stiffness of the fiber 

surface was also measured (Figure 4-6). Results clearly revealed that, after the coating, the stiffness of 

PLA fibers was significantly increased and that different ORMOGLASS particle compositions led to 

different stiffness. It can thus be concluded that the particles composition not only affected the roughness 

of the fibers but also its local mechanical properties.  
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About the whole mechanical properties of the templates, tensile tests showed that the coated 

fibers had higher Young’s modulus and yield strength than non-coated ones (Figure 4-7). In particular, 

the coated S60 fibers were the fibers having the higher values. These results are in agreement with the 

other studies reported in the literature that showed the improvement of tensile properties in polymeric 

material containing a calcium phosphate compound such as hydroxyapatite or bioactive glass [38,39]. The 

differences between the coated S60 and S40 fibers may be attributed to the differences in coating 

thickness (revealed by the fiber diameter measurements and TGA assay) and also to the differences in 

their intrinsic composition. A particularly interesting point of these novel fibers is that, even though their 

stiffness and global toughness were enhanced, the hybrid scaffolds remained perfectly flexible (see 

appendix A-5, A.5.8). The material was indeed within an interesting working range, where it is ductile 

and has a low fragility. In comparison to other hybrids [3,40], this feature is particularly remarkable for a 

material that has glass as one of its constituents. This is due to the use of an ORMOGLASS rather than a 

fully inorganic one [41,42] and the continuity of flexibility maintained between the polymeric structure 

and its non-brittle coating. No delamination of the ORMOGLASS is observed when bending the material, 

and it can easily be manipulated to fill bone defects with any shape. The coating approach offers thus the 

possibility to enhance the stiffness of pure polymeric structures and to reach values closer to that of the 

calcified bone while remaining flexible. 

Based on the diameter of the fibers, before and after coating, S60 fibers seemed to have a thicker 

layer of ORMOGLASS bonded on their surface (Figure 4-5). Thermogravimetry assay performed to 

assess the ORMOGLASS coatings validated these measurements. Indeed, the percentage of inorganic 

mass that remains after the TGA thermal treatment was higher for the coated S60 fibers than for the 

coated S40 ones (Figure 4-8). This attested that a higher amount of ORMOGLASS was bonded in the 

case of the coated S60 fibers. This can be explained by the bigger size of the S60 particles. As the coating 

appeared to be achieved as a monolayer of particles, the bonding of big particles rationally led to a thicker 

coated layer and consequently to a higher percentage of inorganic compound at the end of the TGA assay. 

However, the percentage of inorganic phase measured after the TGA thermal treatment did not 

represented the exact amount of ORMOGLASS coated; this was for two reasons. The first is that, based 

on the DTA curve of the TGA, triethoxysilane molecules degraded during the thermal treatment. As these 

organosilanes are related to the glass, the amount of these molecules should be also considered for the 

evaluation of the amount of glass coated. The detection of triethoxysilane compound can be associated to 

the presence of non reacted molecules that could have been trapped in the ORMOGLASS network during 

its formation [43]. As this peak is not observed for the coated S40 fibers, it was assumed that this coating 

possesses only residual silanes molecules, whose concentration are lower than the detection limit of the 

device. Complementary gas chromatography assay actually revealed that silanes were indeed found in the 

S40 fibers, although they were not clearly revealed by the TGA assay (see appendix A-5, A.5.9 and 

appendix B-15). These silanes molecules might remain in the coatings because of the fast formation of the 

colloidal suspension that could have led to the quick encapsulation of non reacted molecules [44]. The 
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second reason that can explain that the percentages of determined weight loss did not correspond to the 

exact amount of glass coated is that the particles were made of an ORMOGLASS. This means that 

organic fragments of the ORMOGLASS also degraded during the TGA assay. However, they were not 

directly accounted for the weight percentage of ORMOGLASS grafted as they were not revealed by the 

TGA. It is believed that the degradation of these organic fragments occurred at a concentration that did 

not enable their detection - as for the triethoxysilane molecules contained in the S40 particles covering 

PLA (coated S40 fibers) - or that their signals were possibly masked by peaks of the other reactions.  

Despite the inability to measure exactly the mass of the ORMOGLASS coated using TGA, it is assumed 

that the values determined can give an indication on the real weight percentage of ORMOGLASS coated. 

It is however recognized that, the real amounts of glass should be slightly higher than those identified by 

the TGA measurements. To have a direct evaluation of the amount of coated glass, one can reasonably 

think to use a balance and to quantify the increase of weight of PLA fibers after coating. Such “weight-

monitoring” assessments are commonly used for example to control the degradation of macroscopic 

composites possessing a significant amount of inorganic phase (micrometer scale particles) [45,46]. 

However, in the case of the coated fibers, the coating is achieved at the nanoscale. It is therefore very 

difficult to measure weight changes with the usual balances present in the laboratory, given the thinness 

of the coating. Moreover, weighing the fibers is already a challenge as they are very light. A balance with 

an extremely high sensitivity would be thus required to perform such measurements.  

The proof that the coated ORMOGLASS lost polymeric fragments during the thermal treatments, 

and that, as a result, the amount of inorganic compound weighted by TGA did not correspond to the exact 

mass of coated ORMOGLASS, is provided by several data: the fiber diameter measurements (before and 

after coating), the particle size measurements and the inorganic shell diameter measurements performed 

after calcinations. Indeed, according to the fiber diameter measurements, the thickness of the S60 coating 

was evaluated to 150 nm and the one of the S40 to 45 nm. These values were in quite good accordance 

with the DLS measurements that measured the S60 particles within the range of 100 nm and 300 nm 

(hydrolysis ratio 1:1) and the S40 ones within the range of 40 nm and 70 nm (hydrolysis ratio 1:2). These 

measurements corresponded to ORMOGLASSES particles (inorganic/organic glass). To the contrary, the 

measurements performed on the shell remaining after the calcination treatment in the furnace 

corresponded to pure inorganic glass particles. These measurements showed that size of the particles was 

reduced after the thermal treatment: the S60 particles had a diameter equal to 72 nm (Figure 4-9). The 

fact that the tubular structure was easily destroyed after the thermal treatment of the coated S40 fibers 

may suggest that the size of the inorganic remaining particles was very low. These differences in 

measurements before and after thermal treatments can be explained by the loss of the organic fragments 

contained in the ORMOGLASS particles during the heating. The glass which was prepared by the partial 

hydrolysis of a mix containing alkoxides possessed organic groups in the network (i.e non hydrolyzed 

organic ligands from alkoxides). Therefore, when these groups were degrading, a shrinkage of the 

ORMOGLASS may have occurred, resulting in a decrease of the layer thickness.  
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About the polymeric thermal properties, TGA assay revealed that for the coated fibers, a small 

part of the polymer decomposed before the degradation of the main part of the PLA (novel peak observed 

at 270°C for the coated fibers). This suggests that the coating influenced the thermal degradation of the 

polymer and favored the decomposition of some polymeric fragments before the usual PLA degradation 

temperature (characteristic peak at 360°C). This can be explained by the degradation of short polymeric 

fragments created by the hydrolysis of the fibers during the first surface treatment (chain scission-

depolymerization) and the formation of OH chain ends. This promoted the earlier thermal decomposition 

of some polymeric fragments as lactide or oligolactides by favoring the backbiting ester interchange 

reaction occurring during thermal decomposition of PLA [47,48]. On the other hand, DSC results also 

showed that the thermal properties of the polymer were affected by the coating. It revealed, for example, 

a significant increase in the onset crystallization temperature (Figure 4-10, Table 4-4), meaning that 

more energy was needed to make crystallize the amorphous PLA phase. This reflected the mobility 

limitations of the polymer chains after coating. One explanation can be that the bonding between the glass 

and the polymer prevents the rearrangement of the polymer chains in a well-ordered phase by restricting 

their mobility ability. This suggests that strong interactions between the polymer and the glass might have 

been efficiently created. This affirmation is supported by a study performed by Pluta et al. that showed 

that an increase in the crystallization temperature is observed when the interactions between the 

composites’ constituents are improved [32]. The fact that the crystallization peak is also less intense for 

the coated fibers (lower dHc values) possibly means that less amorphous phase can be ordered after the 

coating protocol. Regarding the melting temperature, a small increase of ~ 2°C was revealed. This 

demonstrated a slight improvement in the thermal stability of the crystalline phase of the composites. This 

suggested that even if PLA was hydrolyzed during the first coating treatment and a decrease of the Tm 

could be expected [27], the strong interactions between the polymer and the ORMOGLASS may have 

compensated this possible decrease. Moreover, the crystallinity of the coated fibers was significantly 

higher than the one of pure PLA fibers. Complementary X-ray data confirmed that after the coating 

process, a crystalline phase attributed to the PLA compound was formed (see appendix A-5, A.5.10). This 

can explain that less amorphous phase can be ordered after the coating, as part of it seemed to already 

have undergone crystallization during the coating treatments. The ORMOGLASS coating seemed thus to 

act as a nucleating agent that induced a partial PLA crystallization. This increase of crystallinity could 

have been also interpreted as a result of the hydrolysis applied on the polymer fibers (first treatment step 

of the protocol) and a chain auto-rearrangement process. This option has been however discarded based 

on additional DSC assays. In fact, no difference in crystallinity was observed between raw PLA fibers 

and hydrolyzed PLA fibers, meaning that the applied hydrolysis had almost no effect on the polymer 

crystallization (see appendix A-5, A.5.11). Also, in their study on PLA-nanocomposites, Pluta and 

coworkers demonstrated that PLA crystallization was mainly influenced by the interactions between the 

compounds rather than the molecular weight of PLA [32]. These two facts tend to show that the coating 

indeed induced partial crystallization of the PLA. This increase of crystallinity could be moreover an 
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additional explanation for the shift observed in the crystallization temperatures associated to the coated 

fibers. The already ordered parts might have hindered the organization of the potentially structurable 

chains. According to this crystallinity level, it can finally be concluded that the mechanical properties 

previously assessed by tensile tests are not only due to the presence of the glass but also to this 

crystallinity gain [49]. Both aspects might contribute to the modifications of the mechanical properties of 

the scaffold. To summarize, except that a small part of PLA vaporized before the usual decomposition 

temperature of PLA (TGA), thermal properties of PLA were globally increased after the coating. This 

represents a good advantage over other hybrids as many of them commonly have lower melting and 

crystallization temperatures than pure polymeric material [25,50]. 

The size of the ORMOGLASS particles is clearly determined by the precursor mix composition 

and the degree of hydrolysis of that mix (Figure 4-11). This is especially true for the S60 particles, which 

size was significantly affected by the amount of water introduced to the mix to prepare the particles. The 

higher the silicon:water ratio, the bigger the particles. This demonstrated that the particles size can be 

controlled by selecting specific hydrolysis ratios. Kim et al. also described this ability [51]. Consequently, 

based on these observations, it is believed that this experimental parameter can be used to tune the fiber 

roughness and coating thickness. The fact that smaller particles are obtained for the S40 ORMOGLASS 

than for the S60 ones can be explained by its lower TEOS content. Silicon from TEOS is indeed expected 

to be the main building block network of the glass in which calcium and phosphate are incorporated. If 

less TEOS molecules are available in the glass precursor mix, it may have reduced the extent of 

condensation process (Si-O-Si based network) and resulted in the formation of smaller particles. Finally, 

the fact that the increase in the hydrolysis ratios did not induce significant changes in the S40 particle size 

may signify that the nucleation process already reached a critical point that did not enable a further 

significant growth of the particles [52].  

As demonstrated in the literature and in the chapter 2, calcium release is essential for the 

regulation of cell behaviors. A higher amount of calcium was released for the coated S60 fibers than for 

the coated S40 ones (Figure 4-12). Taking into account the higher calcium content of the coated S40 

fibers (intrinsic composition of the ORMOGLASS), a higher calcium release was expected for these 

fibers. Though, as described above, the coating of the S60 fibers was much thicker than the one of the 

S40 fibers. It is therefore possible that after the coating, a higher amount of calcium is measured for the 

coated S60 fibers in comparison to the S40 ones. It can be also that calcium was less well incorporated in 

the ORMOGLASS network and that consequently, it was released in a more drastic manner immediately 

after immersion. Globally, the burst release and subsequent stable calcium concentration is a typical 

dissolution behavior observed for melt and sol-gel derived glasses [53]. The dissolution profiles obtained 

with these fibers are particularly in good accordance with the ones reported by Yu et al., who assessed the 

in vitro dissolution in water of sol-gel Si-Ca-P2 glasses also prepared with calcium methoxyethoxide: the 

major changes in the calcium release profile occurred during the first two days. Afterwards, in the longer 

term, the calcium concentration remained stable. The direct comparison with other studies is however 
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difficult and not always relevant as the materials are usually prepared through different fabrication 

method, using different constituents and assessed in different solutions [53–55]. Concretely, as these 

fibers constitute a novel class II material, it would have been interesting to compare the obtained results 

with another class II material, as for example the one prepared by Poologasundarampillai et al. [56].  But 

in their study, they assessed the dissolution behavior of the material in SBF (not in water) and the 

material is prepared with calcium chloride. Therefore, when the ion release profile is assessed and 

compared, it should be always kept in mind that differences in assessment conditions between the studies 

exist and that it influences the final material dissolution behavior. This is especially true in the long term 

because buffering solutions (such as SBF) regulates the pH changes, and consequently may slow down 

the degradation rate of the material in comparison with using water. This means that the ion release 

profile of the materials is affected by the selection of the solution in which the assay is conducted. 

Consequently, in the long term, a comparison is not adequate in such conditions. The only comparison 

that can possibly be considered as relevant should be done shortly after the material immersion; during 

the time that the buffering solution has not reached its equilibrium yet. Considering that, the coated fibers 

exhibit the same behavior than the material developed by Poologasundarampillai et al.: a burst release of 

calcium occur immediately after the material immersion. From a general point of view, the coated fibers 

have thus a similar calcium release profile than materials potentially comparable described in the 

literature (i.e. containing calcium methoxyethoxide, being sol-gel derived glasses and being a class II 

material). 

The bioactivity of a material in bone tissue engineering is commonly approached by assessing its 

ability to deposit calcium phosphate on its surface when incubated in simulated physiological fluid. 

Bioactivity is an essential property for bone tissue engineering as it enables to improve the integration of 

the scaffold with the host tissue. Common inorganic bioactive glasses based on Si-Ca-P2 system are well-

known for that purpose. They indeed induce the precipitation of a calcium phosphate layer at the material-

body interface, favoring the strong anchoring of the implant. In the case of the coated fibers, CaP 

induction assay revealed that these hybrids exhibited an excellent mineralization potential (Figure 4-13). 

In fact, compared to pure PLA fibers, they were homogeneously covered with brushite; a compound 

known as a precursor for hydroxyapatite deposition under physiological conditions [35] (appendix A-5, 

A.5.6). This suggested that the coated fibers initiated the mineralization process more efficiently than 

pure polymeric fibers. This behavior was attributed to the direct exposure of the ORMOGLASS at the 

fibers’ surface and the presence of silanol groups in the glass network (see FTIR results, first part of the 

chapter). Silanols groups act as nucleation sites for the deposition of calcium phosphate compounds [57]. 

According to the literature, calcium and phosphate also play a role in the deposition of minerals because 

they promote the supersaturation of the fluid in which the assay is conducted [58,59] (SBF or DMEM for 

examples [34]). However, this is observed in experiments performed over several days or hours. In the 

case of the alternate soaking method, the immersion is performed in a very limited time (30 sec for each 

immersion). It is therefore not very probable that calcium and phosphate contributed significantly to the 



Polylactic acid electrospun fibers covalently coated with silicon-calcium-phosphate bioactive ORMOGLASSES 

170 

 

deposition of brushite. Also, the CaP induction was done under stirring. It is thus believed that the 

supersaturation mechanism that could have hypothetically occurred even during this short time of 

immersion may be disturbed by the solution movement. Consequently, the silanols are supposed to be the 

main responsible factor that promoted the efficient mineral deposition. Regarding this assay, it should be 

finally specified that this test was performed to evaluate the potential of the new hybrid scaffold to 

mineralize in comparison to the pure PLA one. However, the results obtained do not prove that fibers 

would mineralize under milder conditions (solutions with lower calcium and phosphate concentration). 

For this reason, other tests such as long immersion in SBF [60] or implantation in bone cavity defects 

[38,61] should be performed to validate the observations done thanks to this preliminary mineralization 

assay.  

As described previously, the materials developed in this study aimed to improve interactions 

between the cells and the material. To verify that the exposure of the bioactive phase directly at the 

material surface had a positive effect on cellular response, a preliminary in vitro assay was performed 

with EPCs and MSCs. After one day, the spreading of the cells was better on the coated fibers than on the 

PLA ones (Figure 4-14, Figure 4-15, Figure 4-16). Stress fibers were even observed inside the cells. 

Moreover, numerous filopodia were observed on the FESEM pictures of cells cultured on the coated 

fibers, what demonstrated the good health and adhesion of cells on the scaffold [62,63]. Filopodia act as 

points of attachment on the extracellular matrix but also enable the cells to probe the environment for 

chemical cues for example that regulate their behavior [64]. These cell cytoplasmic protrusions represent 

thus a great benefit regarding the triggering of specific cellular responses as cells may used these 

filopodia to detect efficiently the signals provided by the coated glass. This preliminary assay thus 

demonstrated that even after a short time, cells immediately modulated their attachment spreading 

according to the fibers’ surface properties of the materials. The rapid and consequent spreading of the 

cells on the coated fibers can be explained by several factors. The first is the direct exposure of the 

bioactive ORMOGLASS at the material surface which can be immediately perceived by biological 

entities; the second is the focal adhesions that are promoted by the existence of the nanoroughness of the 

coating [65,66] and finally, the significant hydrophilicity of the scaffold [67]. The nanofeatures 

(nanofibers, nanoroughness) of these scaffolds represent moreover significant advantages over macro or 

microstructured materials as they play an important role for implantation success of scaffolds in many 

applications for tissue engineering [68]. On the other hand, the developed material is intended to act as an 

ion release agent that will promote cell migration, adhesion, proliferation and differentiation by delivering 

the appropriate chemical cues and acting as a chemotactic agent [29,69–71]. Based on the remarkable 

properties achieved with the hybrid fibers presented in chapter 2, good cellular responses are also 

expected to be reached by using this novel hybrid containing the same ORMOGLASS system. In parallel, 

these novel fibers could also serve as a drug delivery system to enable the release of therapeutic agents 

(molecules or particles, for example). The formation of hollow fibers during the electrospinning process 

[72] (see appendix A-5, A.5.12) provides a supplementary surface- to-volume ratio that would enhance 



Polylactic acid electrospun fibers covalently coated with silicon-calcium-phosphate bioactive ORMOGLASSES 

171 

 

the degradation rate of the scaffold, as well as an inner surface that could be functionalized with other 

bioactive or antimicrobial agents [73]. In summary, although further investigations such as proliferation 

and differentiation assays are needed to confirm these scaffolds as efficient materials for bone tissue 

engineering, these first cellular results showed that the coating enabled an immediate positive interaction 

of the cells with the material and that this hybrid deserves attention for future assays.  

On the other hand, achieving the coating with different compositions demonstrated the versatility 

and potential of this approach for the production of materials with different features. As chemical and 

physical cues received by cells from the material are essential for the triggering of specific cellular 

responses, the ability to change material properties simply by changing the ORMOGLASS composition 

and/or the experimental working conditions reflects the great potential of this valuable protocol for the 

development of multifunctional grafts for biomedical applications.  

Finally, in bone repair, coating is a concept introduced first for the development of metallic 

prostheses as it helps to improve the integration of the implant with the host tissue. This commonly 

involves calcium phosphate compounds such as hydroxyapatite - among others (brushite, tricalcium 

phosphate…) [74,75]. Hydroxyapatite is considered as a good coating material because it has a similar 

chemical composition to that of the mineral component of natural bone. It is additionally stable under 

physiological conditions (as crystalline and stoichiometric phase) and is biocompatible. However, 

hydroxyapatite coatings often lack of strong cohesion with the metallic surface, leading to cracks, 

delamination of the coating and release of particles in the bloodstream [76,77]. Moreover, their 

processing conditions have to be precisely controlled to achieve a suitable composition, structure, and 

therefore dissolution [78]. This is however a difficult task because complicated procedures that require 

several preliminary steps of preparation and high temperatures are generally involved [77,79]. In addition, 

such calcium phosphate coated materials are still not bioactive. Therefore, growth factors, proteins and/or 

biomimetic compounds (chitosan, gelatin…) need to be incorporated in the coatings to promote a good 

material mineralization after implantation and to trigger specific cellular responses [79,80]. However, 

such approaches are also delicate to implement because only cold processing techniques can be used in 

this case [81]. Another possibility to produce bioactive coating is the use of bioactive glasses. Bioactive 

glasses are indeed able to trigger these responses without the incorporation of additional agents. However, 

bioactive glasses are brittle and there is a risk of cracks and delamination (as for hydroxyapatite coatings), 

especially if the metal/bioactive glass interface is weak [82–84]. Also, when used as particles, the 

bioactive glass is not always covering homogeneously the overall surface of the material (particles 

dispersed on the surface) [85]. Given all these drawbacks, the coating approach described in this chapter 

presents several significant advantages: 

- The coating protocol is applied to polymeric materials, while coatings are mainly 

focused on metallic implants. The benefit of that is that the protocol can be used for 

biodegradable materials, and not only for implants used for permanent substitutions. 
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- The coating involves an ORMOGLASS and a covalent bonding between the 

ORMOGLASS and the polymer. Consequently, the obtained material is flexible and 

no delamination is observed under mechanical stimulation. 

- The ORMOGLASS is coating the overall surface of the material homogeneously 

- Due to its ion release ability, ORMOGLASSES, as the conventional bioactive 

glasses, trigger the desired cellular responses and favor mineralization. 

ORMOGLASSES satisfy by themselves these two requirements; no additional agents 

are necessary. 

- The protocol does not imply high temperatures processes and is based on simple 

surface functionalization steps. 

In summary, the coating approach described in this chapter constitutes a great alternative to other coating 

materials and methods developed in the last years. 

 

4.4.4.  Conclusion 

The hybrid fibers produced by applying the protocol developed in the first part of the chapter 

have been characterized. These fibers presented a great potential to be used as an engineered material for 

bone tissue engineering. It exhibited a nanostructured topography, excellent hydrophilic properties, 

promising mineralization potential, remarkable mechanical features and showed, as first encouraging in 

vitro assay, a great ability to support cell spreading. The coating was moreover homogeneously achieved 

along the fiber length and its features (roughness, stiffness, thickness) have been shown to be controllable 

by changing the glass particle composition and/or the degree of hydrolysis considered to prepare these 

particles. This protocol is therefore a valuable tool to produce hybrid materials with well-defined surface 

properties. Such possibility is particularly interesting as most of the material fabrication techniques 

currently available do not enable such a precise control.  

 

4.5. Chapter conclusion 

A novel coating protocol that allows the fabrication of materials with tailorable surface properties 

(topography, chemical composition, stiffness was successfully developed. This approach, involving the 

sol-gel method, is an efficient, reproducible, cost-effective and versatile option to produce hybrid 

materials that possess the bioactive phase fully exposed at their surface and strong interactions between 

their constituents. The materials produced showed excellent instantaneous cellular response and improved 

mechanical properties. Moreover, the ability to easily modify their surface properties by changing the 

glass composition or the glass hydrolysis ratio, for example, highlighted the potential of this promising 

protocol. As materials’ surface properties influence cell functionalities, a wide range of biomaterials that 

could possibly trigger different cellular response could be produced. This functionalization method 
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therefore represents an essential improvement towards the design of functional materials for the 

regenerative medicine field. 
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In this final chapter, the results and discussions reported in this thesis will be commented on and 

the achievements will be correlated to the state of the art of the current research performed on hybrid 

biomaterials. The limitations of each material, as well as the different studies conducted to characterize 

and assess the potential of these materials, will be also summarized. Finally, the future perspectives of 

work that this thesis provides will be described.  

 

5.1.  Achievements, contributions to the field and limitations of the studies 

The aim of this thesis was to develop and to characterize novel hybrid materials for bone tissue 

engineering. The work especially focused on the fabrication of biodegradable and bioactive scaffolds 

made of synthetic polymers and organically modified glasses (ORMOGLASSES). The materials chosen 

for this study were polycaprolactone and polylactic acid for the organic phase, and silicon and titanium 

based ORMOGLASSES for the inorganic one. The sol-gel method and the electrospinning technique 

were used to produce fibrous mats. These mats were analyzed in terms of physico-chemical properties 

and biological performance.  

Three types of new material were successfully produced. These materials relied on the 

combination of polymers and glasses that contained organic fragments in their network. This represents a 

new concept in the field as most of the materials currently developed are prepared with pure inorganic 

compounds [1,2]. To the best of the author‟s knowledge, only one inorganic material that contained 

organic groups has been reported in the literature up to date. This kind of material, named “star gel”, was 

prepared by the sol-gel method and was introduced for bone tissue engineering by Manzano et al. in 2006 

[3]. However, star gels were first described in 1995 by the DuPont Corporation
 
[4,5], but Manzano and 

coworkers rendered these materials bioactive, making them suitable for osseous regeneration. In fact, they 

incorporated calcium alkoxide during the polycondensation process of the precursor. The produced 

materials successfully induced the deposition of an apatite layer on their surface and exhibited better 

mechanical properties than other conventional glasses due to the inherent molecular composition of the 

glass. Moreover, the presence of the organic groups in the gel provided flexibility to the material, a 

property that conventional glasses did not possess (brittle). According to the author‟s literature research, 

star gels and other possible organically modified inorganic networks did not seem to have been 

investigated afterwards; neither as a single material (as Manzano et al.), nor to prepare composites. Their 

resorption characteristics as well as their ability to induce cellular response and to interact properly with 

the biological environment also did not seem to have been assessed [6]. In this thesis, novel materials that 

contained ORMOGLASSES have been successfully developed and characterized. These materials did not 

only have calcium incorporated in their network but also phosphate. This work represents a valuable 

progress in the field as it demonstrated that polymer-ORMOGLASSES templates can be produced, that 

they can be prepared with different ORMOGLASS compositions and that they can trigger specific 
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cellular responses involved in osteo and angiogenesis. Thus, they appeared to be promising for bone 

tissue engineering and constitute a new family of material for the field. Moreover, these materials allowed 

us to introduce in the literature an acronym for organically modified glasses (ORMOGLASSES); as other 

researchers did for organically modified silanes (ORMOSILS) and ceramics (ORMOCERS) for example 

[7]. 

The first material presented in this thesis was based on the association of polycaprolactone and 

silicon-calcium- phosphate (Si-Ca-P2) ORMOGLASSES (blends). This scaffold represented a proof of 

concept for the fabrication of novel hybrids and served to demonstrate the ability of such materials to 

positively influence cellular behavior towards responses required for tissue regeneration. In vitro and in 

vivo assays revealed the potential of such hybrids. The intrinsic material properties such as calcium 

release, stiffness and surface properties were suitable for the targeting of the desired biological responses. 

Given the efficiency of the material, an optimization study was carried out to facilitate the production of 

the fibrous templates.  In fact, to perform additional studies on the fibers, a significant amount of material 

is required. Therefore, an improvement in the fiber deposition was needed to achieve a fluid fiber 

deposition. On the other hand, this study enabled the determination of the experimental working 

conditions that allowed the deposition of nanofibers. This way, from now on, materials that better mimic 

the fibrous structure of native bone can be prepared. However, despite the promising results obtained with 

these fibers, other aspects still need to be investigated. First, no degradation assay was conducted and it is 

well known that the degradation of a material is essential regarding the targeted application. Based on the 

in vivo subcutaneous tests, the materials started to be replaced by fibrous tissue already after 4 weeks of 

implantation. This may suggest that the material dissolved rather fast in the body. So, even if it did not 

seem to be problematic for vascularization (according to the results), it is possible that it will be for 

osteogenesis in vivo as the formation of bone usually requires more time [8,9]. However, no more 

comment can be made on that because the material was only implanted subcutaneously and not in a bone 

defect. In fact, this underlines another limitation of the study. Even though promising results were 

obtained regarding osteogenesis in vitro (ALP production, gene expression…), no study was conducted in 

vivo to directly assess the potential of the fibers to generate bone. Further assays should thus be 

performed in this direction. Finally, the last problematic consideration about the assessment of these 

fibers is the cells used for the in vitro tests. As explained in chapter 2, MC3T3-E1 cells are osteoblast 

precursors (cell line) [10,11]. For this reason, they may not be the most relevant cells to investigate, in a 

“neutral” way, the potential of the materials to trigger osteoblast differentiation. Instead, multipotent cells, 

i.e. mesenchymal stem cells (primary cells) [12], are strongly recommended. Consequently, the in vitro 

studies reported in the other chapters were afterwards conducted with these cells and not with cells having 

a natural tendency to differentiate into osteoblasts, for example. Despite this statement, it should be 

specified that results achieved with MC3T3-E1 cells are considered reliable by the scientific community 

[11,13]. The conclusions drawn from in vitro assays in chapter 2 were thus accepted as valid. The nature 
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of these cells made us question ourselves on the use of cell lines to assess biological responses and 

enabled us to establish more relevant material in vitro testing conditions for the hybrids characterized 

afterwards. 

  The second material presented in the thesis relied on the same concept that the first material but 

with other compounds. Polylactic acid and a titanium-calcium-phosphate-sodium (Ti-Ca-P2-Na2) 

ORMOGLASS were blended to create the fibers. The development of this material was aimed to 

demonstrate that ORMOGLASSES can efficiently be used to prepare scaffolds with different constituents 

and compositions. It was also intended to validate the use of ORMOGLASSES-containing hybrids for 

bone tissue engineering. The fabrication of these fibers showed that the combination of polymer with 

ORMOGLASSES is a versatile approach for the fabrication of biomaterials. Fibers with different 

ORMOGLASS contents were produced with two different fiber arrangements (random and aligned). In 

vitro tests performed with mesenchymal stem cells (MSCs) and endothelial progenitor cells (EPCs) (two 

types of primary cells) showed that cells attached and proliferated on the scaffolds, especially the MSCs. 

However, the degradation study revealed that, immediately after the fiber immersion in fluid, the fibers 

lost a significant amount of ORMOGLASS and unreacted compounds. This suggested that the hydrolysis 

of the ORMOGLASS precursor mix was still not well controlled, even if it enabled to prepare a suitable 

blend for electrospinning. This was not the only problem with this material. In fact, the phases were not 

homogeneously mixed. This may have contributed to the burst release of the ORMOGLASS compounds 

occurring at the early stage of the degradation assay. This had significant consequences on the assays that 

were performed in solution. In fact, this important loss of compounds surely influenced the cellular 

behavior. Initially, the material was prepared with the G5 composition, the optimal glass composition for 

osteo and angiogenesis [14,15]. After few minutes of immersion, the material lost a big amount of 

calcium and phosphate, in particular. This means that the results obtained with these fibers (in vitro and in 

vivo) were actually not related to the exact G5 composition. This may have affected the cellular response 

in comparison to what could be expected when using the real G5 composition. When this will be 

optimized, other cellular assays, in particular differentiation ones, will be also needed because such assays 

could not have been carried out in the time scale of the thesis and that it is essential to assess this aspect. 

On the other hand, as for the previous material, one limitation of that study is that the fibers were 

subcutaneously implanted in rats. In this case, the choice of this approach may be more relevant than for 

the first material as the composition of the ORMOGLASS used in that study was mainly selected for its 

ability to induce vascularization. Subcutaneous implantation was thus a good option for a preliminary 

assay. Additional assays are however required to monitor the formation of blood vessels and bone in other 

conditions. Performing assays in conditions as close as possible to the final targeted application is 

essential to properly evaluate the potential of the material for its specific use. Finally, the last comment 

about these fibers may be made on the use of SBF to assess the degradation of the material. Usually, SBF 

is used to assess the bioactivity of materials, i.e. its ability to promote calcium phosphate deposition on its 
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surface. If the material presents this capability, it is therefore not very appropriate to use SBF to monitor 

its dissolution behavior; in particular if the degradation is assessed by morphological observations for 

example. For such bioactive materials, it is better to use water as alternative to SBF. However, for 

titanium-based glasses, it is accepted that they do not efficiently induce mineralization and are more 

efficient to trigger specific cellular responses [16].  Therefore, the use of SBF, in this case, is not a 

drawback as the degradation can be assessed under simulated physiological conditions without that the 

deposition of calcium phosphate disturbing the degradation. This is mainly accepted when morphological 

and topographical observations are considered to evaluate the degradation behavior. However, if the 

degradation is assessed by means of calcium release measurements using an ion selective electrode, for 

example, SBF is not suitable. The reason is that SBF contains HPO4
2-

 ions and that CaHPO4 can easily 

precipitate when calcium ions are released by the material. As a result, the calcium electrode is not able to 

detect the amount of calcium released because calcium is not free in solution and that CaHPO4 has a very 

low solubility under simulated physiological conditions. This is one of the reasons why the assays of 

calcium release reported in the chapters were performed in water. Depending on the properties to be 

assessed, the solution used for degradation test should be carefully selected, and for some assays such as 

calcium release measurements, it is not recommended to use SBF or other phosphate buffer solutions. If a 

buffering effect is desired, organic buffers such as HEPES (as in chapter 2) may be more suitable as they 

will not induce the precipitation of calcium phosphate species. If no buffering effect is desired, pure water 

can be used (see chapter 3 and 4).  Finally, the only real problem of this degradation test is actually due to 

the material itself. As most of the ORMOGLASS is dissolved at the beginning of the assay, no 

degradation mechanism could have been explained. Hence, there is a need to enhance the material 

preparation to better analyze its ultimate biological and degradation behaviors.  

The material last developed was another type of material involving polylactic acid and Si-Ca-P2 

ORMOGLASSES. Its fabrication relied on the coating of polymeric fibers with ORMOGLASS particles. 

This material was developed for several reasons. The first reason is that the dissolution of the composites 

is often not well controlled and occurs fast; especially if the blending of the material needs to be further 

optimizes, for example. The second reason is that the bioactive phase of the composites (ORMOGLASS 

in our case) is usually not directly exposed to the cells. This is a very common concern with the usual 

hybrid materials developed to date. The development of the novel protocol implemented to produce the 

new fibers demonstrated that hybrid materials satisfied two important criteria: the formation of strong 

covalent bonding between the constituents and the total exposure of the ORMOGLASS to biological 

entities (for the targeting of cellular responses) and fluid (for the mineralization process). This material is 

especially groundbreaking for the field because, up to date, only few class II materials were developed 

and they did not consider the problem of exposing the bioactive phase. The produced material exhibited a 

rough nanostructured surface, good hydrophilicity, suitable mechanical properties, promising 

mineralization potential and cellular spreading. Moreover, the surface properties of the materials could be 
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tailored by changing the ORMOGLASS composition and controlling the preparation of the particles 

(size). This ability to easily change the surface properties of materials is a valuable point for the triggering 

of specific cellular responses as cells modulate their behavior depending on the physical and chemical 

cues provided by the scaffolds. Even if this material appears promising for some regenerative medicine 

applications, there is still a long way to go. Now that the protocol has been properly set and that its 

versatility has been demonstrated, further in vitro and in vivo assays should be performed to definitely 

validate this material for bone tissue engineering. Also, a deep degradation study should be performed. 

According to the literature [17,18], materials that possess improved interactions between their 

constituents degrade in a more homogeneous manner and at a lower rate than other conventional 

materials. This still has to be proven for the coated fibers. Another limitation of this study is that the 

covalent bonding between the two phases could not have been directly revealed. In fact, the polymer and 

particles were linked between each other through siloxane bonds (by means of the coupling agent). 

Siloxanes were also building the ORMOGLASS network. It is therefore difficult to precisely distinguish 

in the FTIR spectra to which bonding correspond the siloxane signals. The high number of siloxanes 

present in the ORMOGLASS may mask the signal of the other siloxane bondings (in a much lower 

quantity). Researchers usually use NMR to clearly demonstrate the presence of covalent bondings [17]. 

However, such analysis requires time and precise investigation. Unfortunately, the research stay 

performed at the University of Wageningen to use NMR technique could not have been profitable for 

such investigation as no silicon probe was available. However, this stay enabled to set the basis for future 

NMR assays that should be performed to have direct proof of the covalent bonding, to analyze the 

structure of the ORMOGLASS network and to understand how calcium and phosphate are incorporated 

in the ORMOGLASS network. The final limitation of this study is the lack of a mineralization test. The 

mineralization potential of the coated fibers was assessed by the alternate soaking method, but its 

bioactivity was not tested in SBF. As this test is the commonly accepted way to demonstrate calcium 

phosphate deposition, this test should be also performed in the future.  

From a general point of view, the assessment of the fibrous membranes revealed a main problem 

regarding the use of electrospun mats in in vitro conditions: the lack of cell infiltration. It is often 

mentioned in the literature that electrospun materials are suitable for cell culture because they possess a 

high surface area and high porosity. This is commonly believed to facilitate cell migration towards the 

center of the scaffold. However, high porosity does not systematically mean that cells have enough space 

to penetrate the template. The size of the pores and the interconnectivity are critical in that process 

[8,19,20], as well as the tortuosity of the fibers, their size and also the size of the cells used.  In this thesis, 

no cell infiltration was observed when culturing the cells on the membranes in culture. Cell penetration 

was only observed in in vivo conditions. In vivo implantation seemed thus to favor cell infiltration. 

Consequently, it is suggested that electrospun templates may not be the best template to culture cells in 

vitro (static conditions) if the colonization of the templates is required. Otherwise, an improvement in the 
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material structure should be made to provide more space for the cells (macropores). One possibility is to 

create cotton-like electrospun scaffolds in order to bypass the problem of tightly packed nanofiber layers 

[21].  It can be also achieved by electrospinning different compounds at the same time and subsequently 

suppressing some of the fibers [22]. Other strategies such as decreasing the fibers diameter have also been 

reported but their efficiency is more limited because they did not significantly increase the pore size. 

Another possibility could be also to culture the cells under dynamic conditions or  in a bioreactor [23,24]. 

If the novel fibers developed in this thesis are aimed to be efficiently used to culture cells in 3D in vitro, 

the cell infiltration should be imperatively enhanced. For in vivo however, the dense packing of the 

nanofibers does not seem to be critical. 

The characterization of electrospun mats can also be a problem sometimes, as for example, the 

measurement of the porosity of the scaffolds. Studies found in the literature commonly report the 

measurement of the porosity and pore size by mercury intrusion or capillary flow porosimetry [25,26].  

However, electrospun grafts are not rigid materials. When a force is applied to the material, the fiber 

arrangement immediately changes. Both of the enounced techniques require high pressure to perform the 

measurements. This means that the techniques do not measure the initial pore size and porosity of the 

material as produced, but rather measure these data as the fibers reorganized under pressure. 

Consequently, even if they are extensively used, these techniques are not very reliable. This problem was 

also described by Rutledge et al. but scientists continue using these devices without taking particular 

cautions when interpreting the results [27]. Because of the possible erroneous conclusions that can be 

made by measuring pore size and porosity with these techniques, the author preferred not to perform such 

assays and searched for more suitable device or technique. For example, the Brunauer-Emmett-Teller 

(BET) analysis was also considered because it involves gas pressure, in principle, lower than the ones 

used for mercury intrusion and capillary flow porosimetry [28,29]. To perform this assay, a preliminary 

degasification process that involves temperatures over Tg is required. Thus, this method cannot be used 

with the developed fibers as the polymer would degrade and consequently, BET analysis would also lead 

to the loss of the initial structure of the scaffold, as the other two cited techniques. Computed tomography 

was also taken into account as it enables to scan the object as it is produced. This way, images of the 

structure can be obtained to further calculate the porosity. Unfortunately, the fibers were too thin and it 

was not possible to obtain data. The resolution of the machine available for this test was not suitable for 

nanofibers. In fact, computed tomography is usually used for micrometric materials [30]. At the end, the 

last option considered to measure properly the porosity was the development of a novel approach that 

does not implies modifications of the intrinsic structure of the fibrous material. Hence, since last year, the 

“Biomaterials for Regenerative Therapies” and “Biomechanics and Cellular Biophysics” groups of IBEC 

collaborate in order to develop a confocal imaging method using fluorescent agents. Hence, the 3D 

structure of the template could be reconstructed and the porosity could be determined without the 

problems associated to conventional porosity measurements. This method is currently still being 
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developed. No other reliable methods were found to measure effectively porosity and pore size. For these 

reasons, no data were presented in the thesis about these properties; except SEM images that enabled the 

observation of the fibers packing density.  

 

5.2.  Improvements and Perspectives 

Given the novelty of the developed materials, further investigations should be undertaken to 

confirm the use of polymer-ORMOGLASS scaffolds for bone tissue engineering. Improvements in the 

material design are necessary, as well as additional extensive in vitro and in vivo studies. However, their 

development is already a significant progress for the fabrication of advanced materials and they worth a 

particular attention for future research lines. Therefore, the main weaknesses of the hybrid fibers are 

summarized here along with the possible research directions and work perspectives that could be 

followed to overcome the different design problems or studies‟ limitations: 

- Concern 1: drastic loss of unreacted compounds and ORMOGLASS after fiber immersion 

Suggested studies: improve the ORMOGLASS hydrolysis, better control of the hydrolysis and the 

incorporation of calcium and phosphate using NMR technique 

- Concern 2: fast degradation of the fibers  

Suggested studies: improve the interactions between the ORMOGLASS and polymer by modifying 

the hydrolysis of the ORMOGLASS, mix the polymer and the ORMOGLASS for a longer time 

under very strong stirring 

- Concern 3: lack of biological results 

Suggested studies: differentiation tests, gene expression evaluation, in vivo implantation in bone 

cavity, adaptation of in vitro tests to fibrous mats 

- Concern 4: lack of degradation and mineralization tests 

Suggested studies: incubation in pure water, water containing HEPES, SBF or other phosphate 

buffer solutions (to select depending on the properties to assess) 

- Concern 5: lack of cell infiltration in vitro  

Suggested studies: production of cotton-like structures, culture in bioreactor 

- Concern 6: no direct proof of covalent bonding  

Suggested studies: NMR, XPS or AFM adhesion resistance investigation 

In addition to these possible studies, the blends prepared for the electrospinning could be used to prepare 

other types of structure. It could serve to fabricate well ordered architectures, as for example the ones 

drawn by 3D printing techniques [31]. Some features such as viscosity of the blend may have to be 
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adapted to satisfy experimental requirement associated with the technique but it worth considering that 

this may be a good approach to take advantage of the development of these novel blends.    

The most interesting perspectives of work that are provided by this thesis concern the coating protocol. To 

precisely control the surface properties of scaffolds has become in fact a substantial objective for 

scientists working for regenerative medicine as it influences cell functionalities. The novel coating 

approach developed in this thesis possesses a great potential for that purpose as it was demonstrated that 

surface properties of the fibers can be tailored by changing the molar composition of the particles. This 

offers, for example, the possibility to produce materials with a tailored ion release. This is especially 

interesting given that, based on chapter 1 and other recent results obtained by the group, calcium release 

is suggested to have a key role for the triggering of osteo and angiogenesis. Moreover, it was also shown 

that the particle size can be controlled by modifying the degree of hydrolysis of the ORMOGLASS 

precursor mix. This suggested that, by grafting small or big particles, different roughness and surface 

morphology could be achieved.  As a proof of concept, coatings with different particles size were 

prepared. The results are reported in Figure 5-1. The images clearly revealed that the surface properties 

(roughness, morphology, topography) of the fibers can be tuned by selecting a specific particle size, 

offering thus a wide range of possible perspectives of work for the developed materials.    

 

Figure 5-1. Fibers morphology of coated fibers obtained with different particle sizes (FESEM pictures - particles size measured 

using ImageJ Software - *: the pictures did not enable the measurement of the particle size). 

 

Moreover, to demonstrate the versatility of this protocol, other structures have been coated. Thin films 

and rapid prototyping structures have been successfully coated with the ORMOGLASS particles (Figure 
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5-2). This demonstrated that the protocol can be transferred to other structures simply by adapting the 

protocol. This also means that other applications could be targeted depending on the architecture required.  

 

Figure 5-2. Morphology of thin film and rapid prototyping structure coated with ORMOGLASS particles.  

 

On the other hand, it is also assumed that this protocol could be applied to other glass systems and that is 

not only relevant for the Si-Ca-P2 one. For example, it could be transposed to the titanium based 

ORMOGLASS.  Some preliminary tests were conducted to verify this hypothesis. Results are presented 

in Figure 5-3. Some ORMOGLASS particles attached on the fiber surface but, in a heterogeneous 

manner and not on all the fiber length. This assay also revealed that the particles were not spherical but 

rather looked like flakes. Apart from this inhomogeneous distribution of the particles, another problem 

was observed: particles seemed to aggregates at some places of the fibrous membranes. As a proof of 

concept, these tests showed that it is possible to bond particles to the fibers but that a significant effort 

should be made to obtain a homogeneous coating and avoid particles aggregations. In any case, all these 

preliminary assays clearly demonstrated the potential of the developed protocol and the working 

perspectives that it provides. 

 

Figure 5-3. Morphology of the fibers after coating with titanium based ORMOGLASS particles. 

 

Finally, all the perspectives of work provided by the development of ORMOGLASS-polymer blends and 

the coating protocol seem very promising for the development of various scaffolds for the regenerative 

medicine. This is especially interesting because each specific application has specific needs. In particular, 

bone tissue engineering requires a bioactive material that is able to support mechanical load without 

failure (among other criteria). This material needs to be tough enough to fill properly the defect and to 

maintain its initial shape even under body activity/every day stress. With the knowledge acquired during 
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researching of the thesis, it appeared that electrospun fibrous mats may not be the most suitable structure 

to regenerate significant bone defects. In fact, fibrous mats are rather soft when considered as a whole 

template. Simply by compressing fibrous mats (rolled or folded fibrous layer) with the fingers, it can be 

noticed that the mats do not support compression and immediately flatten. This means that, along with the 

implantation of fibrous mats in critical defects, screws and plates would be necessary to maintain the 

body structure and ensure the good regeneration process. However, this is not a satisfactory approach as a 

second surgery would be necessary to remove the screws and plates after complete bone healing. Thus, in 

regard to the concept of „minimal invasive surgery procedure‟, this is not a good strategy. A solution 

would be to use other tougher constructs such as rapid prototyping scaffolds or calcium phosphate 

cements to fill the defect. Associated to these materials, the fibrous layer could be used to cover the 

implanted material. Hence, the fibrous layer would mimic the structure of bone periosteum. Bone 

periosteum is the dense fibrous membrane covering the surface of bone (long part). It is essential for the 

health of bone as it contains many blood vessels and contributes to the supply of the nutrients and oxygen 

to the bone cells through the Volkmann and Haversian canals (see chapter 1). It also directly contributes 

to the formation of bone as it contains osteoblasts. Concerning bone tissue engineering, fibrous layers 

seem thus to be more appropriate to facilitate bone healing through the association with other materials 

(in the case of critical defects) rather than to be used as single substitutes. Instead, for minimal damages, 

as for example damages of periosteum, the fibrous layer could be used to directly cover the damaged area 

and help to the tissue repair. Knowing that such damages are painful due to the presence of nerves in the 

periosteum, it is important to consider these problems for the patients, even if the damages may look 

minimal in comparison to critical defects. Hence, it is clear that fibrous layers cannot be used to treat all 

problems related to bone and that materials should be designed according to the requirements of a 

targeted application. If this strategy is not respected, not all the requirements needed for a precise 

application may be fulfilled. It is therefore essential to first establish the criteria that a scaffold should 

satisfy and then design a material among the different experts involved in the research, instead of 

developing a material and to try to adapt it to an ad hoc application. Fibrous membranes constitute a 

typical example of this problem: even though they mimic the structure of natural bone and are therefore 

presented in the literature as a good scaffold for bone regeneration, they do not satisfy all the needed 

criteria to repair critical defects for example. Based on these observations, it may be wondered if other 

applications may be more suitable for the use of fibrous layers. They seem particularly adapted for wound 

healing, for example. In fact, they can act as barrier protection against bacteria, while enabling oxygen 

flow. In this case, the compression properties of the fibrous membranes would not be a problem. Wound 

healing is thus an example of application for which electrospun fibers may be more appropriate.  

In conclusion, fibrous layers may be used for bone tissue engineering to treat some precise 

problems but they may find better use for other applications. Given the necessity to specifically design 

implants for defined application, in addition, we should remark that the main benefit of the work 
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presented in this thesis is not the production of fibers itself (i.e. material processing with electrospinning) 

but the development of the blends and the versatility of the coating protocol. Indeed, the possibility to use 

the blends with other processing methods and to transfer the protocol to other structures is thought to be 

the principal advance for the regenerative medicine field, as it offers numerous perspectives of work and 

the ability to produce improved scaffolds for specific applications (requiring osteo and/or angiogenesis).  

 

5.3.  Summary 

Overall, this thesis reports the development of three novel hybrid materials for bone tissue 

engineering. This work constitutes the starting point for the design of other materials and for further 

biological studies. From a general point of view, the main contributions of this thesis to the state of the art 

and to the advances achieved for the medicine regenerative field are: 

- Fabrication of polymer-ORMOGLASS hybrids: a novel family of smart biomaterials 

- Development of two class I materials (blends) exhibiting good biocompatibility  

- Preparation of polymer-ORMOGLASS blends for a successful electrospinning process 

- Development of a new protocol to prepare class II materials (coating approach) that possess the 

bioactive phase exposed at their surface 

- Implementation of the sol-gel method to silicon- and titanium-based ORMOGLASSES, whose 

compositions may be used to modulate calcium release behavior of the final hybrid materials  

- Validation of polymer-ORMOGLASS hybrids for the triggering of specific cellular responses 

- Introduction of concepts and groundwork for the development of hybrid materials, providing 

valuable perspectives of work for the future 
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A.1. Appendix A – Alkoxide precursor characterization 

(Nuclear Magnetic Resonance, NMR) 

 
All the single alkoxide precursors prepared in our laboratory were characterized by NMR (see 

appendix B-1) to make sure that they were suitable for the sol-gel process. The acquired spectra are 

presented in Figure A-1 and the assignment of the peaks in Table A-1. 
1
H NMR measurements were 

performed using a Bruker AMX 500-MHz device. Alkoxides were dropped in small quantities (few µL) 

in deuterated solvents (around 500 µL). All measurements were run at ambient temperature (~ 25°C) 

using CD3CD2OD or CD3OD. The solvent was selected according to its compatibility with the alkoxide 

precursor. For example, calcium 2-methoxyethoxide was not compatible with CD3OD as it induced the 

instantaneous gelation of the solution (unknown reason). However, CD3OD was preferred when its use 

did not represent a problem. The integration of the different peaks observed in the spectra was done by 

choosing the peak for normalization according to the stability of the associated compounds (peak of NMR 

solvent or peaks associated to a stable peak of the sample). 

Calcium precursor was prepared by dissolving calcium metallic in 2-methoxyethanol [1]. The 

precursor showed 2 triplets centered at 3,68 and 3,48 ppm respectively. These triplets were attributed to 

the resonance of the two CH2 groups found in calcium 2-methoxyethoxide, as well as the singlet located 

at 3,37 ppm assigned to the terminal CH3 group of the molecules. The attribution of the peaks was 

confirmed by the integrated peak-area values. When considering the peak at 3.37 ppm as the peak for 

normalization (value “3” for CH3), the area of the other peaks gave values almost equal to 2, attesting that 

these peaks were related to two CH2 groups. 

Phosphorous precursor was prepared by refluxing P2O5 in ethanol [2]. Ethanol (precursor’s 

solvent) was observed at 3.62 ppm (quadruplet, CH2 group) and 1.19 ppm (triplet, CH3 group). The ratio 

of the integration values between the two peaks confirmed that the peak attribution was correct 

(125.49/83.95~1.5 as for the theoretical one 3/2=1.5). Other signals at higher shifts were also assigned to 

ethanol: the set of peaks located at around 4.05 ppm (overlay of two triplets) and 1.32 ppm (overlay of 

two quadruplets) (Figure A-2). As for the first enounced triplet and quadruplet, the ratio of peak-area 

values demonstrated that these overlays were indeed related to ethanol molecules. 

The fact that ethanol signals are observed at different places suggested that ethanol molecules did not all 

interact with P2O5 in the same manner. It was even expected that some of them did not interact with P2O5 

because ethanol was introduced in excess for the reflux. To assess that, DOSY NMR was performed 

(Figure A-3). The DOSY diagram clearly showed that the peaks at 3.62 ppm and 1.24 ppm were indeed 

resulting from free ethanol molecules (low diffusion coefficient as the free CD3OD NMR solvent 

molecules) and the overlapping of the triplets and quadruplets was resulting from the interactions of 

ethanol with “big” molecules (i.e. P2O5 ones). The diffusion of these molecules was, in fact, slower. The 

overlapping of two triplets and the quadruplets suggested that two kinds of P2O5-ethanol interactions 
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occurred. In other words, at least two different species were found in the precursors. This observation was 

in accordance with other published results that demonstrated the formation of mono and diethyl 

phosphate when P2O5 is refluxed in ethanol [3,4]. Some other species might be also present but, if they 

are in smaller quantities than these two species, their signal might be masked by these two strong sets of 

triplets and quadruplets. Based on the peak-area values, it can be also concluded that the ethanol 

molecules that interacted with P2O5 represented approximately 50% of the total ethanol molecules 

(125.49/68.47 ~ 83.95/44.33 ~ 0.5). The quantification of the two species individually is, however, not 

possible due to the overlapping of the signals. 

The sodium precursor was obtained by dissolving sodium metallic in 2-methoxyethanol [5]. It 

exhibited similar spectra than the calcium precursor. This is consistent as they were prepared with the 

same solvent and in the same way. The two triplets and the singlet are therefore observed in both 

precursors at the same positions.  

The titanium precursor was prepared by dissolving commercial titanium isopropoxide in ethanol 

[6]. The precursor showed a septet centered at 3.95 ppm. This septet was attributed to the coupling 

between the CH groups of the isopropyl group with its neighboring CH3 groups (coupling with 6 other H 

atoms = 7 peaks according to the Pascal’s triangle, see appendix B-1). Reciprocally, the doublet at 1.17 

ppm was assigned to the coupling between the CH3 groups of the isopropyl group with the CH of that 

group. The two other signals located at 1.20 and 3.6 ppm were due to the presence of ethanol (precursor’s 

solvent).  

In summary, all the data obtained by NMR tend to show that the precursors were properly prepared. 
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Figure A-1. 1H NMR spectra obtained for single Ca, Na2, P2, and Ti precursors. 

 

 

Figure A-2. Zoom of the 1H NMR spectra obtained for P2 where the overlays of the triplet and the quadruplet occured.  
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Table A-1. Summary of the peak assignments and their integration values. (*: value considered for integrals normalization) 

Precursor 

(deuterated 

solvent) 

Peak’s 

label 

(chemical 

group 

associated) 

Multiplet 

type 

Shift 

(ppm) 

Normalization 

peak  

considered for 

integration 

Peak Area 

(integration) 

Ca 

(CD3CD2OD) 

a (CH2) triplet 3.67  

c 

2.17 

b (CH2) triplet 3.48 2.20 

c (CH3) singlet 3.37 3* 

Na 

(CD3CD2OD) 

A (CH2) quadruplet 3.68  

C 

1.98 

B (CH2) triplet 3.48 1.98 

C (CH3) singlet 3.38 3* 

P 

(CD3CD2OD) 

χ+ (CH2) overlay of 

2 triplets 

4.05  

 

Solvent peak 

(1.14ppm, 3*) 

44.33 

χ (CH2) quadruplet 3.62 83.95 

𝛁+
  (CH3) overlay of 

2 triplets 

1.32 68.47 

𝛁 (CH3) triplet 1.19 125.49 

Ti 

(CD3OD) 

1 (CH) septuplet 3.95 1 1.00* 

2 (CH3) doublet 1.17 5.99 

• (CH2) quadruplet 3.63 1.41 

O (CH3) triplet 1.20 2.66 
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Figure A-3. DOSY NMR spectra obtained for phosphorous precursor showing the different diffusion coefficient of the 

molecules. 
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A.2. General Information 
 

A.2.1. Precursor solutions – preparation 

When alkoxide precursors were not commercially available (as the silicon one) to prepare the 

ORMOGLASS precursor mixes, they were prepared in the laboratory following procedures already 

established elsewhere. Calcium, phosphorous, titanium and sodium precursors were thus prepared by 

refluxing or dissolving independently the reagents under inert atmosphere in the desired solvent. The 

setup is presented in Figure A-4. 

  

Figure A-4. Setup used to prepare the different alkoxide precursors by reflux method. 

 

A.2.2. Blend preparation 

The blends presented in the thesis, either based on Si-Ca-P2 or Ti-Ca-P2-Na2 ORMOGLASS 

system, were prepared as described in the representation of the protocol in Figure A-5. 
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Figure A-5. Schematic representation of the preparation of the blends used for electrospinning.  

 

A.2.3. Electrospining device: 

The different blends were electrospun using a conventional electrospinning set-up which is shown 

in Figure A-6. Static flat collector was used to collect randomly distributed fibers and rotary collector 

was used to collect aligned fibers. 

 

Figure A-6. Pictures of the electrospinning device used for the fabrication of the polymeric and hybrid fibers presented in the 

thesis.  
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A.3. Appendix A - Chapter 2 

 
Assessment of the osteogenic potential by quantitative real-time polymerase chain reaction: 

 
Table A-2. Primer sequences of the genes considered for the real-time PCR. 

Gene Primer sequence 

ALP 

 

 

COL I 

 

 

OPN 

 

 

OCN  

 

 

GAPDH 

 

 

(F) 5'-ACACCTTGACTGTGGTTACT-3' 

(R) 5'-CCTTGTAGCCAGGCCCGTTA-3' 

 

(F) 5'-GCAACTCTGAAATCTCTCAA-3' 

(R) 5'-GCATCCATAGTACATCCTTG-3' 

 

(F) 5'-GTGAAAGTGACTGATTCTGG-3' 

(R) 5'-TTGGAAGAGTTTCTTGCTTA-3' 

 

(F) 5'-AGGGCAATAAGGTAGTGAAC-3' 

(R) 5'-ATACCGTAGATGCGTTTGTA-3' 

 

(F) 5'-TGTTCCAGTATGACTCCACT-3' 

(R) 5'-TGGTGAAGACACCAGTAGAC-3' 
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A.4. Appendix A – Chapter 3 

 
A.4.1. Contact angle measurements 

When anisotropic materials are studied, the contact angle measurements should be performed in a 

well defined position for all the samples. In fact, when isotropic materials such as random fibers are 

analyzed, the positioning of the material in relation to the camera of the device does not affect the 

measured angle. The water drop spreads without any preferential direction. On the contrary, for 

anisotropic materials such as aligned fibers, the spreading of the drop is influenced by the topography of 

the material. In this case, the drop spreads preferentially along the fiber length. Therefore, it is important 

to place the samples always in the same position (transversal or cross section) to be able to compare the 

hydrophilicity of the different aligned mats. Figure A-7 shows the effects of material anisotropy on the 

determination of the contact angle.  

 

Figure A-7. Pictures and schematic representation of the water drop behavior on random and aligned fibers depending on the 

positioning of the sample. 

 

A.4.2. Fibrous layer thickness 

In order to determine the Young’s Modulus and Yield strength of the fibrous mats (tensile tests), 

the thickness of the tested samples has to be known. This data was obtained from the FESEM pictures, 

imaging the mats in the transversal section. A typical example of such images is presented in Figure A-8. 

 

Figure A-8. Typical example of FESEM picture used for the determination of the fibrous mat thickness. 
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A.4.3. Differential scanning calorimetry  

To verify that the sharp peak observed on the graphic of the T5 20-80 fibers (first heating ramp) 

was related to a measurement artifact, the DSC measurement was repeated for this sample. Because the 

device (DSC Q2000 TA, available in Warsaw) initially used for the assay was not available anymore, the 

measurement was repeated with another device in Barcelona (DSC Q20 TA). As seen on Figure A-9, the 

sharp peak observed with the first measurement is not observed on the graphic of the second 

measurement. This confirmed that the sharp peak was not related to the sample itself but to an artifact. 

 

Figure A-9. DSC thermogram of T5 20-80 fibers. 

 

A.4.4. Thermogravimetry analysis coupled Fourier Transform Infrared Spectroscopy 

FTIR was coupled with TGA analysis in order to determine which compounds were degrading 

during the TGA assay (Peak 1 around 220°C, peak 2 around 245°C and peak 3 around 360°C). The 

spectra related to the decomposition of the compounds are presented in Figure A-10. Based on the 

literature [7,8], the peaks 1 and 2 observed for the hybrid fibers were both assigned to alkylphosphate 

molecules. The presence of two peaks associated to the same kind of molecules can be explained by the 

nature of the species found in the phosphorous precursor (mono and diethyl phosphate) (see appendix A-

1). The third peak is typically due to the decomposition of PLA (lactide and other compounds associated 

to the degradation of PLA: carbon dioxide, carbon monoxide, acetaldehyde…) [9,10].  
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Figure A-10. FTIR spectra of compounds vaporizing during the thermal degradation of hybrid fibers. 

 

A.4.5. Tensile tests 

Although the Young’s modulus and Yield strength were improved for the hybrid fibers, their 

fracture occurred under a lower strain value than PLA. As seen in Figure A-11, scaffolds fracture 

depended on the glass content. The random T5 10:90 fibers conserved some plastic deformation (from 

PLA) before breaking while the random T5 20:80 ones did not show this intermediate phase and simply 

breaks. This is typically related to a glass behavior [11]. The more ormoglass is introduced into the 

polymeric matrix, the more brittle becomes the material. For the aligned fibers, this behavior is also 

observed. Aligned T5 10-90 fibers did not even showed plastic deformation as they did as random mats.  

 

Figure A-11. Pictures of random hybrid fibers after tensile tests and strain-stress curves obtained for the random and hybrid 

mats. 
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A.4.6. In vitro assays: 

Figure A-12 shows the FESEM pictures of MSCs and EPCs cultured on the hybrid fibers. Low 

magnification pictures confirmed the fluorescent images: cells proliferated well after 10d of culture and 

were found over the whole membranes.  

 

Figure A-12. FESEM images of cells cultured on the hybrid fibers. 

 

A.4.7. Fiber preparation - Protocol improvement: 

Numerous processing parameters have to be controlled to produce homogeneous fibers without 

imperfections. Figure A-13 presents the typical problems that occurred during the elaboration of the fiber 

fabrication protocol. Picture 1 shows the presence of glass aggregates and picture 2 the bimodal 

distribution of the fiber thickness and presence of “spider web”. These pictures pointed the importance of 

preparing a proper blend and setting correctly the electrospinning working conditions in order to produce 

homogeneous fibrous templates.  

 

Figure A-13. Problems overcame during the elaboration of a protocol to fabricate homogeneous hybrid fibers (FESEM pictures). 

 

A.4.8. Protein adsorption: 

Depending on the pH of the solution in which a protein is contained, proteins can be negatively or 

positively charge [12]. pH measurements of the solution in which the adsorption assay was conducted 



Complementary information 

206 

 

revealed that the pH was between 7.38 and 7.27 (Figure A-14). In this range of pH, bovine albumin 

serum (BSA) is negatively charged [13].  Moreover, these measurements showed that even after 1h of 

incubation before starting the test, the pH still slightly decreased the pH of water, especially the hybrid 

fibers. It confirmed thus that during this assay, the ZP of the hybrid fibers was more electropositive (but 

still negative) than PLA fibers and thus enhanced the affinity of the protein with the hybrids.   

 

Figure A-14. pH measurements of the solution in which the BSA adsorption test was performed (orange circle denotes the range 

of pH of the solution during the time of the assay: 30min). 

 

A.4.9. Calcium dissolution and pH measurements: 

The assessment of ion dissolution by materials is often carried out in SBF or in culture medium 

[14]. Performing such assay in these solutions is interesting as it enables to determine the changes in ion 

concentration closely as they occur in in vitro and in vivo tests. However, these solutions act as buffers 

and can prevent these modifications to be clearly seen. Therefore, to assess precisely the ion release 

behavior, it is more appropriate to use deionized water as it does not temper the effects of the ion release. 

A study performed with the hybrid fibers incubated in water and in SBF demonstrated these affirmations 

(Figure A-15). While the difference in calcium concentration and release rate was obvious in water, it 

was difficult to be observed in SBF. The pH changes were also less important in SBF than in water. 

Moreover, the supply of calcium ion from the SBF rapidly masked the slight changes caused by the 

material. Differences in ion release profiles were also observed by other researchers when the studied 

materials were immersed in different solutions [15].  
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Figure A-15. Differences between a dissolution assay performed in water and in SBF. Blue circles point the area where the main 

changes occurred due to the material immersion (*: contained in the SBF solution itself – results are presented as cumulative ion 

concentration) and blue arrows denote the tendency of the pH variations.  

 

A.4.10.    Fiber morphology: 

Additional pictures of the fibers morphology are shown in Figure A-16. These images 

demonstrated the good correlation between images obtained by FESEM and the ones obtained by AFM. 

All the typical fiber defects that occurred during the material incubation were seen with both techniques. 

 

Figure A-16. Fiber morphology after 21 d of incubation in SBF. Red arrows point the flattening of the fibers and black ones 

show the opening and cracking of the fibers. 
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A.4.11.    Scaffold integrity: 

When hybrid fibers are incubated in SBF, they became extremely brittle with time. At some 

point, it was even impossible to handle the mats (Figure A-17).  

 

Figure A-17. Pictures of the hybrid fibers after several weeks of incubation in SBF. 

 

A.4.12.    Fiber flattening and defects: 

As represented in Figure A-18, when water infiltrated the fibers, the water may have originated 

zones of high strain on the fiber walls due to the fiber flattening (hollow fibers). To release this strain, 

fibers may have cracked instantaneously (path 1). Another possibility can be that fibers did not crack 

immediately and that the flattening led to additional forces applied perpendicularly to the fiber length. 

Consequently, fibers may have slowly opened in the middle of the fibers (path 2). The last explanation 

may be that the presence of the crack may have itself induced the opening on the fibers by introducing 

other forces on each side of the crack (path 3). These three options might explain the aspect of the 

different defects observed during the fiber degradation. 

 

Figure A-18. Scheme representing the three different phenomena (path 1, 2 and 3) that could have led to the formation of cracks 

and opening on the fibers’ surface, and correlation with FESEM images. 
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A.4.13.    Fibers crystallinity 

Because it was not possible, using DSC, to define if the crystallinity of the fibers increased along 

with the incubation, X-ray measurements were carried out as complementary tests with the T5 20-80 

fibers. PLA pellets and PLA fibers were used as controls. The measurements were conducted using a 

PANalytical X’Pert PRO MPD diffractometer and measuring from 2 to 30° (2θ). Results are reported in 

Figure A-19. As seen on the spectra, crystalline phases were detected on the hybrid fibers, as produced 

by electrospinning. According to the literature [16,17] and the “International Center for Diffraction Data” 

XRay database (PCPDFWIN software), the associated peaks may correspond to hydrated titanium-

phosphate species, containing or not sodium (for example, Ti(HPO4)2.2H2O, Na2Ti(PO4).4H2O and other 

possible species). After 1h immersion, these peaks disappeared, suggesting that these compounds were 

dissolved in the SBF. Also, it was hypothesized that these compounds were present in a small quantity in 

comparison to the total amount of ORMOGLASS and were considered as “residual” species. After 1h 

immersion and up to the end of the assay, fibers did not seem to crystallize. All the samples appeared to 

be amorphous. This attested that the incubation did not favor the crystallization of the compounds in the 

fibers (or at least, not enough to be detected). As a consequence, it is highly probable that crystallinity did 

not cause the formation of cracks on the fibers.  

 

Figure A-19. X-Ray diffraction spectra of PLA pellets, PLA and T5 20-80 hybrid fibers (the orange square denotes the presence 

of crystalline compounds present in the hybrid fibers just after electrospinning). 

  

  



Complementary information 

210 

 

A.5. Appendix A – Chapter 4 

 
A.5.1. Fibrous layer thickness 

In order to determine the Young’s Modulus and Yield strength of the fibrous mats, the thickness 

of the tested sample should be determined. This data was obtained from the FESEM pictures, imaging the 

mat in the transversal section. A typical example of such images is presented in Figure A-20.  

 

Figure A-20. Typical example of FESEM picture used for the determination of the fibrous mat thickness. 

 

A.5.2. Calcium dissolution and pH measurements 

The assessment of ion dissolution by materials is often carried out in SBF or in culture medium 

[14]. Performing such assay in these solutions is interesting as it enables to determine the change in ion 

concentration closely as they occur in in vitro and in vivo tests. However, these solutions act as buffers 

and can prevent these modifications to be clearly seen. Therefore, to assess precisely the ion release 

behavior, it is more appropriate to use deionized water as it does not temper the effects of the ion release. 

A study performed with the coated fibers incubated in water and in SBF demonstrated these affirmations 

(Figure A-21). While the difference in calcium concentration and release rate was obvious in water, it 

was difficult to be observed in SBF. The pH changes were also less important in SBF than in water. 

Moreover, the supply of calcium ion from the SBF rapidly masked the slight changes caused by the 

material.  
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Figure A-21. Differences between a dissolution assay performed in water and in SBF. Blue circles point the area where the main 

changes occurred due to the material immersion (*: contained in the SBF solution itself – results are presented as cumulative ion 

concentration) and blue arrows denote the intensity of the pH variations. 

 

A.5.3. Tensile tests 

Tensile tests were performed to evaluate the mechanical properties of the whole PLA and coated 

fibrous mats. Figure A-22 shows the representative strain-stress curves used to determine the Young’s 

Modulus and Yield Strength reported in histograms in the thesis.  

 
Figure A-22. Typical strain-stress curves obtained for the PLA and coated fibrous mats. 
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A.5.4. Thermogravimetry analysis coupled Fourier Transform Infrared spectroscopy: 

FTIR was coupled with TGA analysis in order to determine the different compounds that degrade 

during the heating temperature program applied to fibers coated with the S60 glass composition. This 

method enabled the acquisition of the FTIR spectra of the gaseous products that vaporized at different 

temperatures to be used for compound identification. The spectra related to the decomposition of the three 

compounds seen with TGA (77°C, 270°C and 360°C) are presented in Figure A-23. Based on spectral 

database of the literature [18,19], the peak at 77°C was attributed to the presence of triethoxysilane 

compounds. This is due to the use of TEOS for the preparation of the glass and possible residual 

remaining molecules not incorporated in the glass network. Peaks at 270°C and 360°C were both assigned 

to the decomposition of different PLA fragments (lactide and other compounds associated to the 

degradation of PLA: carbon dioxide, carbon monoxide, acetaldehyde…) [9,10].  

 

Figure A-23. FTIR spectra of compounds vaporizing during the thermal degradation of S60 fibers at 77°C, 270°C and 360°C. 

 

A.5.5. FESEM images of the inorganic shell: 

Figure A-24 shows the pictures of the inorganic shells obtained after thermal treatment of the 

coated fibers in the furnace. Images of the remaining inorganic shell of the S60 fibers showed the 

monolayer of glass particles forming the coating.  Images of the S40 revealed that no well-defined tubular 

structure was found and the inability to measure the thickness of this layer in a reliable manner.  
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Figure A-24. FESEM picture of the inorganic shell obtained after calcinations of S60 and S40 fibers. (arrows point the particles 

where the monolayer can clearly be seen) 

 

A.5.6. Mineralization potential – X-ray diffraction: 

X-ray diffraction technique was used to determine the nature of the calcium phosphate compound 

precipitated on the fiber surface after the immersion procedure them in calcium and phosphate solutions 

(CaP induction). The assay was conducted using a PANalytical X’Pert PRO MPD diffractometer and 

measuring from 2 to 40° 2θ. After CaP induction, the spectra showed typical peaks of the brushite 

compound (Figure A-25) [20].  

 

Figure A-25. X-Ray diffraction spectra of PLA pellets (pellets dissolved to obtain the polymeric solution for electrospinning – 

raw material) coated fibers after CaP induction.   
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A.5.7. Protocol development: 

Figure A-26 presents the typical problems that occurred during the development of the coating 

protocol for the achievement of a homogeneous coating. Picture 1 shows the covering of the fibrous 

membrane by a layer of coupling agent. Picture 2 shows the aggregation of glass “blocks” on the fibrous 

layer. Picture 3 shows the non homogeneous distribution of the glass particles along the fiber length. 

Picture 4 shows the homogeneous distribution of the particles along the fiber length but only on the upper 

layers of fibers. These pictures pointed out the importance of carefully setting the different protocol steps 

to satisfy many essential requirements:  

- To find the optimal treatments conditions that enables the different chemical reaction to occur 

- To properly clean the fibrous membrane after each treatment 

- To precisely control the hydrolysis of the glass precursor mix to have the particles 

- To define a protocol that does not alter the fiber morphology 

- To develop a reproducible protocol that enables the coating of the fibers in a homogeneous 

manner (fiber length and scaffold depth) 

Based on the images of the coated fibers ultimately obtained with the protocol described in chapter 4, it 

can be concluded that the protocol has been finally successfully developed.  

 

Figure A-26. Problems overcame during the development of the coating protocol to reach a homogeneous coating (FESEM 

pictures).  

 

A.5.8. Coated fibers - flexibility: 

Despite the increase in stiffness and toughness, PLA fibers coated with ORMOGLASSES showed 

a remarkable flexibility (Figure A-27). This is interesting especially for the manipulation of the material 
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during clinical assays and the conservation of the material structural integrity after implantation, for 

examples.  

 

Figure A-27. Pictures of the coated fibers showing the good flexibility of the hybrid membranes in wet and dry conditions. 

 

A.5.9. Gas chromatography: 

Although it was evident that fibers possessed residual TEOS molecules in the case of the S60 

fibers, TGA did not allow their detection for the S40 ones.  Gas chromatography was therefore used to 

see if silane molecules could be however detected by using another technique, hypothesizing that they 

were present in the ORMOGLASS particles. Sample of 1*1 cm was incubated for 48h in highly pure 

water and the supernatant was analyzed using a Trace GC Ultra device (Thermo Scientific ITQ 900). The 

results shown in Figure A-28 confirmed that residual TEOS molecules were also found in the S40 coated 

fibers. Triethoxypropylsilane molecules were detected as well, but in a smaller amount than TEOS. 

 

Figure A-28. Gas chromatography spectra obtained for the fibers coated with S40 glass composition.  

 

A.5.10.   Fiber crystallinity – X-ray diffraction: 

X-ray diffraction technique was used to confirm the increase of crystallinity of the PLA fibers 

after their coating. A PANalytical X’Pert PRO MPD diffractometer was used.  Measurements were 

acquired between 2 and 40° (2θ) (Figure A-29). According to DSC quantification, pristine PLA fibers 
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exhibited a low crystallinity level that was not detected by X-ray diffraction. On the contrary, for the 

coated fibers, a characteristic peak of the polymeric phase appeared. X-ray diffraction assay confirmed 

thus the DSC measurements and the increase of crystallinity after coating. Moreover, it demonstrated that 

the ORMOGLASS particles prepared by the sol-gel method were indeed amorphous and the crystallinity 

was not due to an eventual crystalline residual phase present in the ORMOGLASS. The bump observed at 

low diffraction angles on the spectra of the ORMOGLASS does not reveal any crystallinity [21,22]. 

Finally, it showed that the processing of the PLA influenced its structural organization: as pellets, PLA 

was a little bit crystalline, whereas after being electrospun, it is almost completely amorphous. One 

explanation to that phenomenon can be that the solidification of the liquid jet during the electrospinning 

process is too fast to enable a possible phase arrangement. 

 

Figure A-29. X-Ray diffraction spectra of PLA pellets (pellets dissolved to obtain the polymeric solution for electrospinning – 

raw material), PLA electrospun fibers, glasses S40 and S60, and PLA fibers coated with both glass compositions.  

 

A.5.11.    Influence of hydrolysis on crystallinity – differential scanning calorimetry:  

To explain the increase of crystallinity observed for the fibers before and after coating, it was 

hypothesized that the hydrolysis of the PLA fibers may have induced these changes. To verify if the 

hydrolysis was indeed responsible, the crystallinity of PLA fibers and PLA hydrolyzed fibers was 

determined. The applied hydrolysis conditions were the same than the ones reported in the coating 

protocol (2min30 in NaCl 0.1M aqueous solution). A Mettler Toledo DSC822e device was used. Samples 

were heated from 0 to 210°C and crystallinity was calculated according to the following equation [23]: 

 ( )  
       

    
     

Where   is the percentage of crystallinity, 𝚫Hm is the heat of fusion, 𝚫Hc is the heat of the cold 

crystallization, 𝚫Hm
°
 the heat of fusion of a 100% PLA crystalline material (93.1 J.g

-1 
[23]). 
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The results are reported in Figure A-30. The crystallinity of hydrolyzed PLA fibers seemed slightly 

higher than the one of PLA ones (~ 2%). Knowing that coated fibers exhibited approximately 30% more 

crystallinity than PLA fibers, it was concluded that the hydrolysis was not the main cause that made 

crystallize the polymer. 

 

Figure A-30. DSC thermograms and percentage of crystallinity of PLA and hydrolyzed PLA fibers. 

 

A.5.12.    Focus ion beam: 

Focus ion beam technique was used to observe the tubular structure of the fibers produced by 

electrospinning. The sample was coated with carbon as for FESEM imaging and loaded to a focus ion 

beam apparatus (Strata DB235; FEI Co., the Netherlands). Thanks to ions ablation, a square hole was 

created in the fiber mat in order to obtain a cross section of the tubular structure. Pictures were taken 

using an accelerating voltage of 5 kV, a working distance of 5 mm and a tilted angle of 45º (Figure 

A-31).  

 

Figure A-31. Fiber cross section obtained by focus ion beam technique showing the tubular structure of the fibers. 
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B.1. Nuclear magnetic resonance 

Developed in 1946, the nuclear magnetic resonance spectroscopy (NMR [1]) is nowadays a very 

important analytic chemistry technique. It can be used to get information on the molecular structure of 

known compounds but also to determine the nature of unknown compounds present in a sample by using 

spectral libraries and interpreting the acquired data carefully. Diverse NMR techniques are available, 

what enables the analysis of a variety of sample types (solid, liquid, organic, inorganic…) and the 

investigation of numerous sample features such as its chemical structure, molecule hydrodynamic radius, 

phase changes or reaction kinetic for examples.  

Nuclear magnetic resonance is a physical phenomenon that occurs when the nuclei of some atoms 

are placed in a strong magnetic field (several Tesla) (Figure B-1). Protons and neutrons have an angular 

moment called “spin”. Depending on the number of these nucleons, a nucleus may exhibit an overall spin 

or not. If the number of protons plus neutrons is odd or that number of protons and number of neutrons 

are both odd, the nucleus possesses an overall spin. At the contrary, if both of these numbers are even, the 

nucleus has no spin. NMR principle being based on these spinning properties, nucleus without spin 

cannot be assessed using NMR technique. However, charged particles such as nuclei with spin generate a 

magnetic dipole along the spin axis. This represents a fundamental nuclear property that refers to the 

nuclear magnetic moment of the nucleus. In the presence of an external magnetic field, the magnetic 

moment of nuclides with spin quantum number 1/2, initially randomly oriented, lines up parallel to the 

applied field because of the interactions of the nuclear magnetic moment with the field (Figure B-2, a). 

The spin can orientate in the same direction as the field (parallel alignment) or in the opposite one (anti-

parallel alignment). Two spin states with different energy can therefore be obtained (Figure B-2, b). The 

difference in energy between these two states depends on the magnetic field strength and the specific 

studied nucleus. The lower energy level, i.e. the one corresponding to the parallel spin alignment, is the 

slightly more populated state (Boltzmann distribution). By exciting with electromagnetic radiation 

(Radiofrequency), it is possible to induce transitions of these nuclei between the energy states. The 

frequency of radiation necessary to achieve this corresponds to the difference of energy between the two 

energy levels. The net absorption of energy during the transitions due to the unequal Boltzmann 

distribution constitutes the basis of the NMR technique.  
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Figure B-1. Schematic NMR set-up. 

 

Nowadays, 1D Fourier transform (FT) NMR instruments are the most widespread approach to 

collect NMR spectra (frequency domain). FT-NMR enables the excitation of numerous radiation 

frequencies at the same time and the acquisition of a signal called Free Induction Decay (FID). This FID 

is characteristic of the relaxation process of the nuclei magnetic moments by which they return back to 

thermal equilibrium with the magnetic field after the equilibrium perturbation induced by the radio 

frequency pulse. This signal contains the sum of the frequency of all nuclei present in the sample and is 

therefore specific of the sample. By applying a Fourier Transformation, this signal can be transposed as a 

frequency domain spectrum. This obtained spectrum is commonly expressed with reference to a standard 

compound (tetramethylsilane) to provide a so called “chemical shift” spectra specific of the sample and 

the atom targeted (H-NMR, C-NMR, Si-NMR…). A signal in the spectra refers to as a resonance 

frequency. A resonance frequency can be shifted from its initial position (i.e. the one defined by the 

applied magnetic field) depending on the solvent used, the temperature and the surrounding of other 

atoms (electronegativity) for examples. The analysis of the chemical shift spectra is therefore a 

particularly delicate task that requires a lot of knowledge, time and interpretation.  

 

Figure B-2. a) Effect of a strong magnetic field on nuclear magnetic moment and b) energy splitting. 
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Figure B-3. a) Spin-spin coupling effect and b) relationship between Pascal‟s triangle and coupling determination. 

 

Another phenomenon that complicates the analysis of the spectra by affecting the chemical shift 

spectra is the spin-spin coupling effect occurring between neighboring nuclei of the same nature. This 

happens for sets of interacting nuclei bonded in relatively close proximity and leads to the apparition of 

signal splitting at the resonance frequency of the given nuclei (Figure B-3, a). The coupling constant J is 

used to define the different existing coupling interactions and the Pascal‟s triangle to evaluate the exact 

number of splitting peaks expected to be observed on the spectra of a known molecule. Reversely, the 

number of splitting can indicates the number of chemically bonded nuclei according to the Pascal‟s 

triangle (Figure B-3, b) (NB: the Pascal‟s triangle rule is strictly only true for coupling to a number of 

identical spins). This is how information on the chemical structure of a sample can be reached. 

In order to obtain additional information on a system, pseudo-2D and 2D NMR techniques have 

been also developed. One of the most popular pseudo-2D is the diffusion ordered NMR spectroscopy 

(DOSY NMR). It is used to determine the size of a compound or identify independent molecules by 

assessing the diffusion constants of the different chemical species present in a liquid sample. The 

measurement of diffusion is carried out by observing the attenuation of the NMR signals when a sequence 

of radio frequency pulses with delay periods between them is applied to the sample. The degree of 

attenuation is a function of the magnetic gradient pulse amplitude and occurs at a rate proportional to the 

diffusion coefficient of the molecule. The spectra acquired by DOSY displays the chemical shift spectra 

of the sample in correlation with the determined diffusion constants. Another well known 2D technique is 

the correlation NMR spectroscopy (COSY NMR). It is used to determine which spins are coupled to each 

other. The measurement is carried out by observing the resonance signal of the sample after applying an 

initial radio frequency pulse and a second pulse, each other separated by a well defined time called 

evolution time. The signal acquired is influenced by the coupling of the spins. COSY diagram displays 

the chemical shift spectra of the sample in correlation with the coupling of the spins.  

Although NMR constitutes a powerful analytical tool for numerous scientists, it usually requires a 

large amount of sample (typically more than tens of micrograms). With too low concentrations (liquids) 

or sample quantities (solids), the sensitivity of the technique can be indeed a limitation to its profitable 

use. This is explained by the very small magnitude of energy changes that are involved in the 
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excitation/relaxation processes of the nuclear magnetic moments and the significant amount of molecules 

necessary to detect these changes. This is especially true for liquid NMR for which solvent already raise 

strong signals in the NMR spectra and can thus overlap the eventual signals raising from the molecules 

their selves. The availability of the studied sample is thus essential to perform this kind of assay. 
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B.2. Field Emission Scanning Electron Microscopy and 

Energy Dispersive X-ray Spectroscopy 

Introduced by Manfred von Ardenne in the late 30‟s, the Scanning Electron Microscopy (SEM 

[2]) is now one of the most used techniques to evaluate surface morphology of materials. Information on 

the aspect of a sample but also on its structural properties (phase organization, fibers size determination, 

porosity evaluation…) can be obtained. Images from the macroscopic to the nanometric scale can easily 

be acquired for almost all solid materials.  

The principle of the SEM relies on the interactions between electrons and matter. A schematic 

representation of the SEM setup is shown Figure B-4, a. A source of electrons (typically a tungsten 

filament) is used to generate an electron beam - usually called primary electron beam. This beam is 

accelerated through a high voltage and condensed in a thin beam by using electromagnetic lenses. When 

the sample is struck by the beam, diverse particles are ejected: secondary electrons, backscattered 

electrons, Auger electrons, X-ray, photons… These particles are the result of the beam penetration in 

depth what leads to the ejection of particles from a well defined volume directly depending on the 

accelerating voltage (Monte-Carlo simulation, Figure B-4, b). But only the secondary electrons are 

detected by the SEM device as they usually yield the best resolution. The selection of these electrons is 

achieved thanks to the suitable positioning of a particles detector. Depending on the topography of the 

sample, the number of electrons collected changes. It is thus possible to obtain an imaging of the sample 

by correlating the detected raster to a raster of grey scale.  

 

Figure B-4. a) Schematic SEM setup and b) representation of the interactions electrons-matter.  

 

The SEM observations are preferentially operated in high vacuum to obtain pictures with high 

resolution. But to improve even more the quality of imaging and be able to do observations at greater 

magnifications, a field emission gun can be used instead of a heated filament. It enables the production of 

a thinner beam with a greater intensity than the conventional thermionic emitters, and consequently 
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improves the signal-to-noise ratio. It additionally possesses a better emission life duration and is more 

reliable.   

Another interesting point regarding the use of SEM/FESEM is the possibility to couple the set-up 

with the Energy Dispersive X-ray Spectroscopy technique (EDS [3] – detection limit: 0.1 weight %). In 

this case, a specific spectrometer is mounted on the device to detect the emitted X-ray. When an electron 

beam hits a material surface with enough energy, the electron distribution of the atoms present at the 

material surface is disturbed (Figure B-5. Representation of the processes involved in the emission of X-

rays.In fact, an electron of the inner electron shell of the atom (low energy electron) is ejected, 

consequently leaving a vacancy. An atom from an outer electron orbital (high energy electron) fills then 

this empty space. The difference of energy between the high and the low energy levels is released in the 

form of X-rays (relaxation process). This is precisely the difference of energy that is used to identify the 

atoms present in the material. As each element possesses a unique structure (atomic number), each 

element emits X-rays with characteristic energies. Hence, based on X-ray energy measurements and 

database, it is possible to determine the nature of the elements that were excited. But, the acquired 

spectrum of energy does not only serve for the identification of the material constituents (qualitative 

method), it is also used for the quantification of the material elemental composition (semi-quantitative 

method). This is possible because, in addition to the energy, EDS also determines the number of X-rays. 

The percentage of each element can thus be calculated as a relative value to the other elements. 

 

Figure B-5. Representation of the processes involved in the emission of X-rays. 

 

Finally, in addition to that, SEM can be also monitored to allow the visualization of more delicate 

samples such biological entities. Usually, to be observed using SEM, samples should be completely dried 

which is generally not the case for samples containing cells for example. With the environment SEM 

(ESEM), the imaging of wet samples becomes possible thanks to the fixation of the sample using a 

cryogenic cooling process. The other alternative is to lyophilize carefully the system. 
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Also, pictures from non conductive samples can even be achieved thanks to this machine. For such 

samples, a preliminary treatment is nevertheless required: a thin coating of the material surface with a 

conductive compound (carbon or gold for example). In some cases, low vacuum can be used to image the 

surface of non conductive material but images with less resolution are achieved due to the low signal to 

noise ratio mentioned previously. 

The high resolution imaging obtained by sequential scanning of the sample and the overlap in the 

functions of this instrument make this technique one of the most powerful tool for the surface 

characterization of materials.  
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B.3. Contact angle measurements 

Contact angle measurements are commonly used in tissue engineering to evaluate the wettability 

of scaffolds [4]. Depending on the measured values, materials can be classified as hydrophilic or 

hydrophobic templates and also served as a comparative parameter when assessing different scaffolds. 

Contact angle measurements can be performed in different ways. The most common one (sessile 

drop method) consists in the deposition of a small liquid drop on a material and the determination of the 

angle formed between the drop and the material surface (typically of few mm
2
) (Figure B-6, a). Any 

types of liquids can potentially be used. Each measurement corresponds thus to a specific system that 

implies the material itself (nature, structure, composition), the liquid used (nature and drop volume), and 

the ambient atmosphere in which the assay is conducted (temperature, pressure). For high-energy surfaces 

or hydrated samples, another technique is used (captive air bubble). This method relies on the deposition 

of an air bubble beneath the studied sample surrounded by a liquid phase (Figure B-6, b). The contact 

angle within the bubble shape is measured and subtracted to 180° to obtain the final contact angle result. 

For medical applications, pure water is usually used but cellular medium can be also considered for that 

assay. The fluid infiltration is essential regarding the nutrients supply for example and it is thus important 

to produce a material with good hydrophilic properties.  

 

Figure B-6. Contact angle measurements performed on hydrophobic and hydrophilic samples with a) the sessile-drop and b) the 

captive-bubble methods (the orange angles represent the measured angles and the black ones the complementary angle to the 

orange ones, i.e values used for interpretation). 

 

Even though several methods have been developed to perform contact angle measurements, the 

static sessile drop approach is the most widespread. A set up involving a goniometer is used to capture 

images and it is generally easy and fast to use. It enables the acquisition of images in which the 

equilibrium contact angle can be observed and measured by using the software provided by the company 

or external one such as ImageJ with the “Snake” plug-in [5], for example. If the sample is too hydrophilic, 
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however, no equilibrium contact angle might be reached as the drop immediately penetrates the material. 

In this case, a video can be recorded instead of a fixed image. The contact angle can then be evaluated by 

extracting the first image of the drop in contact with the scaffold. Though, this constitutes an indicative 

contact angle value rather than an accurate measure. But associated to the video, the high hydrophilicity 

of a scaffold can be demonstrated. Another possibility is the dynamic sessile drop method. It involves the 

gradual dispensing of a drop on the material surface (up to a determined volume) and the gradual decrease 

of this volume. Along with the increase and decrease of the drop volume, contact angles (advancing and 

receding) are measured as a function of time. This is particularly interesting as a range of contact angles 

can be measured and be used to evaluate the hydrophilicity of the substrate. Though, this approach has 

not been used in the thesis because of the high velocity that the drop spreads on the developed fibrous 

mats. In fact, this technique is suitable only when the motion of the liquid on the material occurs at 

appreciable speed.  

Based on the liquid/solid and liquid/vapor interface principles, contact angle measurements give 

thus an efficient idea of the material wettability. However, it should be pointed out that these 

measurements are generally done by considering the material as a completely flat and having a smooth 

surface, which is actually not the case. Several models that introduce these real experimental 

deformations (for example for rough materials) in the contact angle calculations can thus be found in the 

literature. Nevertheless, they do not seem to be extensively used by scientists who may consider or not the 

effect of these deformations for the contact angle determination [6,7]. 
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B.4. Atomic Force microscopy 

Invented in the early 80‟s, the atomic force microscopy (AFM [8]) is used to form images of 

materials at a very small scale (up to the nano- and atomic-scale), providing precious information on its 

surface characteristics. It enables for example the determination of the roughness, grain size, phase 

distribution, topography, and mechanical properties.  

Imaging by AFM relies on the physical interactions, namely the interatomic forces (i.e. Van der 

Waals, capillary, electrostatic, magnetic forces…), which occur when a sharp tip and a solid material are 

in contact. The tip is fixed to a flexible support called cantilever. When the tip scans the material surface, 

a cantilever deflection appears due to the forces between the tip and the sample. By measuring the vertical 

deflection of the cantilever, it is then possible to calculate these forces. The deflection is typically 

measured by using a laser beam focused on the cantilever and a photodetector placed over the cantilever 

surface (Figure B-7). The reflection of the beam changes depending on the topography of the material. 

The photodetector converts these changes into electrical signals and a data processor creates then an 

image according to this electronic feedback. The use of a piezoelectric material (named scanner) controls 

the movements of the sample in x, y and z directions, enabling thus the scanning of the material surface.  

 

Figure B-7. a) Scheme of an AFM set-up and b) representation of the different AFM operating modes. 

 

AFM can be operated in two different main modes: the contact mode and the non contact mode 

(both known as static modes) (Figure B-7, b). In the contact mode, the tip is in direct contact with the 

sample and a constant cantilever deflection (i.e. constant height above the sample) is maintained in order 
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to keep the force between the tip and the sample constant. Motion in z-direction is thus recorded. In the 

non contact mode, the cantilever is oscillating over the sample. The tip is quite close to the sample but 

remains in an attractive regime where it does not directly touch the material surface. For this mode, 

measurements of the changes in resonant frequency or amplitude of the cantilever are performed to obtain 

the imaging. Drawbacks have been however pointed by scientists regarding the artifacts caused by the use 

of these two modes. For examples, deformation of the samples due to significant forces between the tip 

and the samples for the contact mode and detection of the liquid contamination layer usually present on 

material surfaces in air for the non contact mode. To bypass these problems, intermittent contact mode 

(i.e. dynamic tapping mode) has been developed. With this approach, the tip does not touch continuously 

the surface, reducing thus the material degradation. Moreover, the real underlying material surface can be 

detected without being influenced by the meniscus of the adsorbed fluid. Nowadays the tapping mode is 

extensively used to assess numerous solid and soft materials. 

Unlike SEM, this scanning probe microscopy is a very valuable technique which allows the 3D 

imaging of the material surfaces. The operating AFM mode closely depends on the surface characteristics 

of a sample and its hardness. But if the appropriate working conditions are met, all kinds of material can 

be assessed by AFM.  
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B.5. Zeta potential measurements 

The zeta potential (ZP [9]) is commonly used to assess the electrical potential of colloidal 

suspension but it can be also used for films, fibers or plates (solid stationary samples). This characteristic 

of a material is determined by experimental investigations and indirect calculations based on theoretical 

models.  

The ZP process relies on the electrokinetic effects that occur when a material is placed in aqueous 

medium and an external force is applied to the system (electric field, pressure). Briefly, when a solid 

material is in contact with an aqueous solution, the material surface charges due to its ionic and dipolar 

features. This causes a rearrangement of the local free ions in the liquid (Figure B-8, a). Depending on 

the surface charge, ions of the opposite charge will be attracted by the material surface and strongly 

bonded to it. This increased concentration of ions at the material surface forms an ionic layer called 

“Stern layer”. Outside this layer, a layer named “diffuse layer” resulting from a balance between 

electrostatic forces and random thermal motion of ions is also formed. In this region, ions (counterions) 

are less attached to the material surface than the ions of the Stern layer and are therefore susceptible to 

move if external forces are applied (Figure B-8, b). Even though the interfacial boundary between the 

material and its surrounding environment is constituted by a so called “double layer “, only the diffuse 

layer is thus specifically used to evaluate the zeta potential.  

 

Figure B-8. a) Formation of charges at a material surface in contact with aqueous solution and b) “Double layer” representation. 

 

The determination of the ZP can be achieved by using two main methods: the electrophoresis and 

the streaming potential. In the first case, an electric field is applied to a colloidal suspension inducing the 

migration of the charged particles with double layer towards the electrode of opposite polarity. As the 

mobility of the particles is proportional to the zeta potential, it is then possible to correlate the velocity to 

the zeta potential by means of the Smoluchowski theories. But for bulk materials, the streaming potential 

approach is more suitable. In this case, two stationary pieces of the material are organized to form a small 

channel in which fluid is forced to flow (Figure B-9). Consequently, counterions separate at the fluid-

solid interface, creating a net motion of unbalanced charge in the solution (ions redistribution). The 
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transport of these counterions induce therefore an electric current, the streaming current, which can be 

used to calculate the zeta potential depending on the considered theory.  

 

Figure B-9. Schematic representation of the ZP determination involving the streaming current approach. 

 

The value of the zeta potential differs depending on several parameters: the material surface itself 

(ionization efficiency of surface groups, fluid ions adsorption ability, ion exchange mechanisms with the 

liquid...), the pH of the solution, the temperature and the nature and the composition of the surrounding 

medium. Modifying the pH for example, it is possible to determine the isoelectric point of the system; the 

pH value for which no electrical potential is detected. Initially, the Zeta potential assessment mainly 

found applications in microfluidics, but it rapidly became essential for tissue engineering and material 

science (determination of material electrical potential for cellular adhesion and evaluation of surface 

modification efficiency, respectively). It should be however kept in mind that this method provides 

information on the surface of the material depending on the nature and composition of the surrounding 

medium and not on the material surface potential itself. ZP values are indeed calculated regarding the 

slipping plane of the diffuse layer and not the exact material surface potential. Moreover, the zeta 

potential cannot be considered as a representative characteristic of the bulk material as the material 

surface might significantly differs from the bulk. 
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B.6. Cellular methods 

B.6.1. Staining/Fluorescent staining 

Biological samples are often difficult to observe under optical microscopes due to their lack of 

contrast and the non ability of researchers to distinguish the different parts of the specimen. Cells 

embedded in a gel can be for example particularly delicate to locate in a matrix if the contrast between the 

cells and the gel is not sufficient. Fluorescent [10] and non fluorescent [11] stainings are often done to 

tackle this problem and to improve phase contrast for microscope imaging. By selecting the appropriate 

dye, specific parts of the sample can be treated. Cells and tissues are currently the most stained samples 

but it can be also helpful for materials. Staining can thus be used to identify the location of biological 

entities in a matrix, serve as a tool for cell quantification based on imaging, evaluate the cellular 

morphology and highlight the distribution of some specific proteins but also provide information on the 

structure of the material (fibers, flakes, lamellaes…) or follow material mobility under dynamic 

conditions (tracking of nanoparticles in drug delivery for example). Histology, cytology, 

immunochemistry and material science are the main research areas that daily perform such staining.  

 

B.6.2. Confocal microscope 

Samples that are not completely flat and possess a rough surface cannot be properly observed 

with conventional fluorescent microscope (wide field) due to out-of-focus plane problems and 

inappropriate imaging. To overcome this, confocal microscope is regularly used [12]. It enables to acquire 

pictures from planes located at different heights in the sample (up to some micrometers) to obtain a three 

dimensional reconstructed image of the sample. This way, the morphology of cells cultured on fibrous 

scaffolds (rolling surface) for example can be assessed without difficulties. It can also provide 

information on the depth profile of a material (surface) or be used to determine the depth penetration of 

cells in a template. Apart from the imaging of fixed materials, it also allows the monitoring of biological 

reactions occurring in living tissues. It is therefore an extremely valuable method for scientists, especially 

for the ones who aim to investigate biological mechanisms in vivo or cellular behavior on 3D templates.  

 

B.6.3. WST and Alamar blue®, proliferation methods 

Proliferation assays are commonly used in biology and tissue engineering to evaluate the 

proliferation of cells on scaffolds and cellular health [13,14]. It implicitly enables the assessment of the 

material cytotoxicity. Several methods such as WST, LDH and Alamar blue
®
 (commercial name) can be 

considered for that purpose. Alamar blue
®
 is however the best option to perform this kind of assays 

because it requires less material than the other two. The same set of replicates is indeed used along the 

complete experiment whereas for WST and LDH, other sets are needed for each measurement (systematic 
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destruction of the cell-material system for each time point). Thus, this approach is particularly interesting 

if the availability of the material is limited.  

Proliferation quantification by Alamar blue
®
 is based on an oxidation-reduction reaction which 

occurs when living cells are in contact with a molecule called rezasurin. Rezasurin is a blue, almost non 

fluorescent, non toxic and cell permeable dye that is naturally reduced into a fluorescent molecule 

(resorufin, pink color) inside the cells and then released in the extracellular medium. Resorufin is 

continuously converted by viable cells due to their metabolic activity. Its extracellular concentration is 

proportional to the number of healthy cells. The quantification of the living cell number is therefore 

possible by using a calibration curve preliminary experimentally determined and the measurement of the 

fluorescence absorption intensity of the cellular medium (supplemented with Alamar blue
®
 at the desired 

time point). WST relies on the same principles but it involves the reduction of soluble tetrazolium salts 

(slight red) into formazans (dark red) outside the cells. Cell number is thus also determined by 

colorimetric measurements. The incubation time is determined specifically for each experiment and cell 

types. The proliferation of animal but also human cell lines, and bacteria and fungi can be assessed using 

this method. 

 

B.6.4. Alkaline phosphatase activity, differentiation assay 

In vitro differentiation assays are extensively carried out in the field of tissue engineering in order 

to evaluate the potential of scaffolds to trigger specific cellular responses. For bone regeneration, 

osteogenic and angiogenic differentiation are targeted. Many methods are used to assess the degree of cell 

differentiation. Considering the thesis, the description of these methods will be restricted to the tests 

presented in the manuscript, i.e. alkaline phosphatase (ALP) activity, Western Blot and quantitative real-

time polymerase chain reaction. 

ALP is an enzyme located at the external membrane of cells, involved in the process of 

calcification [15]. It is therefore used as a marker for osteogenic activity at the early stages of 

mineralization. As for the proliferation tests, the measurement of the ALP activity is based on 

colorimetry. ALP reacts with p-nitrophenyl phosphate (colorless) to form p-nitrophenol (yellow). The 

level of ALP is directly proportional to the rate of formation of this yellow compound. The results 

obtained are commonly normalized to cell number or total protein to evaluate the level of cell 

differentiation.  

Western blot is a technique used to detect proteins [16]. This technique is based on protein ability 

to bind to specific antibodies and electrophoresis principles. A protein can be identified in the cell lysate 

because antibodies bind to specific amino-acids sequences which are different for each protein. The 

proteins are separated depending on their size and the antibodies are then used to target the protein of 

interest. To visualize the complex protein-antibody, a chromogenic substrate, that reacts with the enzyme 
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attached to the antibody, is utilized. The amount of studied protein can be determined by 

chemiluminescent detection for example.  

Polymerase chain reaction (PCR) is a technology used to determine the levels of gene expression 

[17]. It is based on the amplification of a very few number of DNA fragments to generate a huge amount 

of a particular DNA sequence. This is achieved through several successive replications steps of the 

generated DNA, hence the name of “chain reaction”. Quantitative PCR allows the evaluation of the 

amount of a given sequence present in a sample and the use of specific primers enables the targeting of 

the desired DNA region to investigate. This selectivity enables, thus, the amplification of DNA regions 

where bone-associated genes, such as collagen, osteopontin and osteocalcin for examples, are located. 

  

B.6.5. In vivo test, biocompatibility assay  

For tissue engineering, biocompatibility tests can be performed by implanting artificial matrices in 

living organisms. The biocompatibility is evaluated by the immunological response induced, the presence 

of fibrous capsule and the presence of functional cells. In this thesis, the studied materials were 

subcutaneously implanted in rats. The presence of blood vessels, as well as the infiltration of cells, was 

additionally assessed. In order to estimate these criteria, histological studies were conducted. These 

assays consist in the sectioning and staining of tissue extracts to examine them under a light microscope, 

for example. After extraction from the implantation site, the tissue is prepared for subsequent staining. It 

is chemically fixed, dehydrated, embedded, frozen and sectioned in thin cuts. It is then stained with 

different stains depending on what is aimed to be assessed. Hematoxylin and Eosin are used to color the 

nucleus of cells in blue and cytoplasm in pink, respectively [18]. Masson‟s Trichrome stain is used to 

identify connective tissue [19]. The cuts can be immunostained as well. Immunostaining are utilized to 

detect the presence of a specific protein by using antibodies. For example, von Willebrand factor (protein 

present in blood vessel basement membranes) can easily be targeted by applying this method [11]. Thus, 

based on such histological and immuno/-staining assays, it is possible to evaluate biological responses to 

biomaterials.  
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B.7. Vibrational Viscometer 

Vibrational viscometers are currently considered as one of the most efficient method to determine 

the viscosity of fluids [20]. Fluids of different natures and within a wide range of viscosity (from 0.3 to 

100 000 cP depending on the used device) can be assessed with this technique.  

The determination of the viscosity consists in the immersion of a vibrational resonator in a fluid 

for which the viscosity has to be assessed and the measurement of the resonator‟s damping when it 

oscillates (Figure B-10). As the viscosity of the fluid influences the resonator„s damping, a correlation 

between the damping and the fluid viscosity can be made. The higher the viscosity, the faster the 

damping. Several methods involving the measurement of the power supply input, decay time of 

oscillation or resonator‟s frequency can be used to determine this damping. The measurement is fast and 

accurate. The high sensitivity, the continuous readings and the general practical use of this device have 

surely contributed to its popularity for the measurement of rapid and reliable viscosity.  

 

Figure B-10. Schematic vibrational viscometer.  
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B.8. Differential Scanning Calorimetry 

Developped in 1960 by E. S. Watson and M. J. O‟Neil, the Differential Scanning Calorimetry 

(DSC [21]) is the number one thermoanalytical method for the study of the thermal effects and 

determination of some properties of polymers such as crystallization, cross-linking, glass transition, 

specific heat or thermal stability-oxidation. It is also nowadays often used for composite materials to 

assess the influence on these properties of the incorporation of an inorganic phase into an organic one. 

This technique measures the heat flow necessary to compensate the thermal effects between a 

sample and a reference when these two elements are submitted to the same temperature program 

(detection limit: < 1% volume). The device is constituted by a furnace and an acquisition interface. 

Basically, one aluminum pan containing the sample and another considered as reference (usually empty 

pan) are placed in the furnace on a metallic conductor base (Figure B-11). The temperature of both pans 

is continuously measured along the defined program. As long as the temperature difference between the 

capsules remains equal to zero, the heat flow is constant. When the sample undergoes a phase transition, 

heat is absorbed (endothermic process) or released (exothermic process) by the sample making vary the 

difference of temperature between the pans. In order to compensate that temperature difference, an 

additional heat flow proportional to this difference is sent. The variation of the heat flow is then 

quantified by means of a thermocouple and recorded by the acquisition interface. DSC measurements 

provide thus the representative curve of the heat flow in function of the temperature or time. The curve is 

entirely defined by the thermal characteristics of the sample, what enable to access to its thermal 

properties by analyzing and interpreting the graphic.   

 

Figure B-11. Schematic DSC set-up. 

 

Even though DSC is mainly used to assess the thermal transitions of polymeric or glass materials, 

it can also give precious information on the material history and physical aging. It can be moreover 

combined with another thermoanalytical method: the thermogravimetry analysis which measures the 

evolution of the sample mass in function of a temperature program. This way, thermal and degradation 

properties are determined in the exact same working conditions and can therefore be directly compared. It 

is then possible for example to correlate the thermal effects identified by DSC with the mass changes 

detected by TGA. 
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B.9. Thermogravimetry analysis 

Thermogravimetric analysis (TGA [21]) is another thermoanalytic method often used parallely or 

simultaneously to DSC to assess the chemical and physical changes that occur in a sample when it is 

heated through a controlled temperature program. But unlike DSC which records heat flow data, TGA 

monitors the material weight loss. It is extensively used to characterize materials for pharmaceutical, 

petrochemical, environmental, food science and biomedical applications. In the case of tissue engineering 

for example, it is especially useful to determine the exact amount of the different compounds contained in 

hybrid scaffolds as the amount of each phase will significantly influence the final mechanical properties 

and biological response of the produced material.  

TGA measures the amount and rate of weight changes associated with transitions and thermal 

degradation (detection limit: < 1% volume). It consists in placing the sample on a pan which is supported 

by a precision balance in a furnace (Figure B-12). A gas purge is used to control the atmosphere in the 

device during heating. Depending on what is intended to be assessed (oxidation, dehydratation, 

decomposition…), reactive or inert gas can be used. The collected results are in the form of a curve that 

displays the weight percent of the sample as a function of time or temperature. To better observe the 

different transitions, the relative derivative curve is often used. The observed transitions represent a 

unique serie of physico-chemical reactions related to the studied material. The two obtained curves are 

therefore characteristic of each material, what allows the determination of the specific thermal properties 

of the specimen assessed. To perform such assay, small amount of sample are needed (at least 1 mg) but 

samples between 2 and 50 mg are preferred. Liquids, powders, films, solids, crystals and fibers for 

example can be assessed using this method.  

 

Figure B-12. Schematic TGA set-up. 

 

An interesting advantage regarding the use of TGA is the possibility to combine this device with 

other techniques such as gas chromatography, mass spectrometry or Fourier transform infrared 

spectroscopy to identify which compounds decompose, sublimate or vaporize during the material 

degradation. This approach is known as the TGA-EGA method (Evolved Gas Analysis) and enables thus 

to correlate the sample weight loss with the different volatile coumpounds or combustion components 
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released as the material burns. Moreover, because of the high sensitivity of the technique, even very small 

changes in the weight of the sample can be detected by TGA. It is therefore extensively used to 

characterize materials containing macro and micro domains as well as nanosized ones. It has however one 

drawback: it is a destructive technique. This means that after TGA, the sample cannot be re-used for 

further analyses with other technique. This is also a reason why TGA is often coupled with other 

techniques and a maximum of information is intended to be collected simultaneously by the use of several 

devices at once. 

  



Characterization techniques and methods 

 

241 

 

B.10. Tensile testings 

Tensile tests are fundamental in material science [22]. They enable the determination of the 

mechanical properties of a material when it is subjected to progressive deformation. Usually, an external 

uniaxial force is applied following the sample length to place the material in tension (Figure B-13, a). 

Material is then continuously elongated, possibly up to its failure. This measurement provides a curve 

representing the stress perceived by the material in function of the strain (Figure B-13, b). Thanks to this 

curve, information on the plastic and elastic properties of the specimen can be collected such as Young‟s 

Modulus and Yield strength for examples. 

 

 

Figure B-13. a) Schematic tensile tests setup and b) example of curve obtained by tensile tests. 

 

Although this method is widely used to evaluate material quality and to help in the design 

process, several cautions should especially be considered when performing such tests. The first one is the 

sample alignment which is critical because it can influence the recorded tensile profile of the material. 

The second one is the possible anisotropy of the material. If the tested specimen is isotropic, then the 

measurement will not be influenced by the positioning of the sample. But if it is not the case, like for 

aligned fibers, different results will be obtained depending on the orientation of the material. Before doing 

tensile assays, the isotropy of the material should be therefore investigated or it should be kept in mind 

that the determined mechanical properties are specific to a well defined orientation in the case of 

anisotropic specimens. Finally, the last problem is related to the standardization of the measurements. 

Even though many materials can be tested following homologated procedures, they are not always simple 

to satisfy. For hard materials, the gauge shape for example is quite easy to obtain (metals melting into 

molds, block material cutting and polishing…). However, for softer or brittle samples, producing the 

exact shape of the gauge can be complicated because of the loss of the structural integrity when handling 
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the material. For fibers for example, the fibrous organization of the scaffold can be damaged when 

shaping the layer. Therefore, it is very delicate to prepare the sample without affecting the initial 

arrangement of the template. This can also have consequences on the information extracted from the 

curve. Other simpler shapes selected by the operator may be used (stripes) to limit these drawbacks. 

Results cannot however be presented as standardized values but can be used as indicative data to compare 

mechanical properties between materials prepared with the same shape. 

When all these requirements are met and the assays properly conducted, tensile tests provide 

useful information for industries which aim to develop materials for specific applications and thus with 

specific mechanical features. Among others, this includes materials for packaging, aerospace, textile, 

construction, leisure and biomedical material industries (examination of gloves, suture materials, 

dressings, bandages…). 
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B.11. Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy (FTIR [23]) is a common method used to collect 

information on the chemical structure of materials. This technique is non-destructive, qualitative and 

quantitative.  

FTIR is based on the absorption of electromagnetic IR radiations by materials. When IR 

radiations are sent to a sample, some of them are transmitted through the material and others are absorbed 

at different wavelengths depending on the chemical groups that it possesses. The signal obtained after 

transmission is called optical interferogram. By measuring the transmitted light intensity and converting it 

using an algorithm named “Fourier transform”, the absorption spectra of the studied material can be 

obtained (Figure B-14). Each functional chemical group has typical absorption wavelengths (nature and 

vibrational modes), so it is possible to determine the composition and chemical structure of the sample by 

referring to the tables of the literature. If quantitative analysis is aimed to be done, the peak intensities are 

the relevant information to assess. The degree of absorption is indeed directly related to the number of 

absorbing molecules.  

 

Figure B-14. Schematic representation of a FTIR set-up. 

 

The transmission approach described above is commonly used, for example, for thin films or 

gases in order to enable the transmission of the incident radiations and their subsequent detection. But for 

solid or liquid samples, the attenuated total reflectance (ATR-FTIR) is more suitable as it implies the 

detection of reflected beam instead of the transmitted one. Moreover, it does not require preliminary 

sample preparation. The material is placed in direct contact with a crystal in which an infrared light 

passes through. When the beam passes through the crystal, the beam is reflected due to the presence of 

the sample (Figure B-15). This beam is usually named „evanescent wave‟ and depends on the angle of 

beam incidence (penetration depth of the beam < 2µm). To use this method, the refractive index of the 

crystal should however be higher than the one of the material in order not to „lose‟ the light in the sample.  
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Figure B-15. Beam reflection in ATR-FTIR mode. 

 

The advantages of FTIR spectroscopy are its high sensitivity, accuracy and rapid acquisition. The 

analysis of the obtained spectra provides valuable information on the elements present in the material as 

well as their structure. Multi-compounds samples can even be assessed by FTIR for the identification and 

amount determination of its different constituents. This method is thus very useful for the monitoring of 

the chemical modifications that occur in hybrids during their degradation, for example. For all these 

reasons and cost effectiveness, FTIR is nowadays the most used optical spectroscopy for numerous 

researchers. 
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B.12. Transmission electron microscopy 

Transmission electron microscope (TEM [2]) is one of the most powerful microscopes operated 

to obtain morphological, compositional and crystallographic information on materials at the nano and 

angstrom-scale. It is extensively known in material sciences and is regularly used for the determination of 

particle size, phase composition, phase distribution and crystals organization in composites, for examples.  

The principle of this technique relies on the interactions between electrons and the matter. The 

apparatus is made of a high vacuum chamber in which a beam source is condensed on a sample by 

electromagnetic lenses (Figure B-16, a). But unlike SEM/FESEM, the sample needs to be very thin 

(typically few nanometers) to allow the transmission of some incident electrons as they should pass 

through the sample to be detected (Figure B-16, b). In fact, when a beam travels through a thin specimen, 

the amount of scattered electrons directly depends on the density of the material. The presence of multiple 

phases in a material lead thus to different amount of scattered electrons. The detection of these differences 

is achieved through a fluorescent screening obtained when the scattered electrons hit a fluorescent screen 

placed on the bottom of the microscope. Images with different darkness contrasts are thus obtained, 

revealing the different parts of the material. Images can be directly observed on the machine „in live‟ and 

acquired using a CCD camera.  

 

Figure B-16. a) Schematic TEM set-up and b) Schematic representation of the interactions between electrons and a very thin 

sample. 

 

The operating mode described above is called “bright field mode” and is the most common mode 

used to perform TEM as it enables the imaging of nanometric phases/compounds with high magnification 

and the analysis of materials microstructure. The high resolution TEM can even provide data on the 

structure with atomic scale resolution. But the diffraction mode can also be used to collect precise 

information on the crystallographic structure of the phases, as well as the nanoanalytical mode to 
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determine their composition (energy dispersive spectroscopy). Images, diffraction pattern and elemental 

quantification can thus be correlated to achieve a complete understanding of the material features and 

general organization/arrangement.   

The preparation of samples for TEM differs from one material to another. Materials such as 

nanofibers or nanoparticles do not generally require specific preparation due to their small dimensions 

and usual inherent electron transparency. They can thus simply be deposited on the TEM support grid and 

introduced in the apparatus. For biological samples however, it is more delicate because of the instability 

of their macromolecular structure under vacuum. Therefore, specimens must be first dehydrated, fixed 

and then embedded in vitreous ice or resin for examples. Like this, thin slices of the specimen can be 

obtained. In addition to that, a final staining is often necessary for these kinds of samples in order to 

improve their electron optical contrast.  

In summary, diverse materials can be observed in TEM if a proper sample preparation is done. 

The ability to collect structural information for a broad range of sample types has consequently raised a 

significant interest for scientists of numerous research areas. This technique is currently an extremely 

valuable tool for the assessment of the inner/internal properties/structure of a material and is nowadays 

often used as a complementary technique to SEM (surface observations). Nanotechnology research and 

development have been especially improved thanks to this revolutionary device. 
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B.13. Dynamic light scattering 

Particles are currently extensively investigated regarding their potential for drug/cells delivery 

and composites preparation, for examples. The size of the particles is of paramount importance as 

different fluid and materials properties can be achieved depending on their size (tribology, rheology, 

mobility, aggregations, mechanical properties…). The assessment of particle size is mostly performed by 

using light scattering techniques, especially dynamic light scattering (DLS [24]), which allows the 

determination of particles up to the nanometric level (typically up to 1 nm). 

The principle of DLS relies on the interactions between light and particles in suspension in a 

liquid. When a laser beam passes through a solution containing particles, the incident light is scattered by 

these particles (Figure B-17, a). This scattering fluctuates because of the Brownian motion of the 

particles (random collision between the particles and molecules from the liquid) and the constructive and 

destructive interferences created because of the other surrounding particles. Consequently, this leads to 

changes in the light intensity. DLS measures these modifications as a function of time using a photon 

detector placed at a fixed scattering angle. With some elaborated equipment, the detection can also be 

performed at multiple angles. It is well known that small particles diffuse faster than big ones. By 

analyzing the time scale intensity fluctuations, it is then possible to evaluate the size of the particles as the 

diffusion rate of the particles is directly related to their size (Figure B-17, b). More than the average size 

of the particles, DLS can additionally provide information on the size distribution, the diffusion 

coefficient (Stoke-Einstein relation) and the polydispersity of a suspension. It can moreover be used for 

molecules or micelles and not only particles. 

 

Figure B-17. a) Schematic DLS set-up and light scattering phenomenon and b) influence of particle size on the intensity 

fluctuations. 
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This technique presents however some limitations. Many problematic sample features can 

negatively affect the size measurements and lead to non reliable information: the shape of the particle, 

their color, their possible important polydispersity and the purification of the suspension. For example, 

big dust particles present in the suspension would scatter much more light than the small sample particles. 

As a result, an additional intensity peak which would not be representative of the sample itself would be 

obtained. The analysis of the data is therefore critical, as a wrong interpretation would result in an 

incorrect size determination or false evidence of polydispersity. The sample preparation and the analysis 

should be performed with extreme care and results well discussed because many factors influence the 

exact particle size determination. For non ideal samples, the data collected with this technique should thus 

rather be considered as informative data on the system and not as accurate size evaluation method.  

Despite these drawbacks, DLS is often used by scientists because it provides useful dynamic 

information on the sample by the evaluation of the time scale of fluctuations of the beam scattering. 

However, it is clear that the obtained data should be analyzed with attention and that they might not be 

easy to interpret in some systems. Lot of reflection and time are usually required to extract the proper 

information. 
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B.14. X-ray diffraction 

X-ray diffraction is the technique number one to determine the crystalline structure of materials 

with an atomic resolution and a penetration depth of around 100-200 m [25]. In material sciences, it is 

extensively used to assess the arrangement of atoms in a sample, evaluate their size, investigate the 

chemical bonds or even identify unknown constituents present in multiple phase crystalline samples. It is 

also used in biology, mainly to determine the structure of proteins.  

 

Figure B-18. Schematic XRay diffraction set-up. 

 

The principle of X-ray diffraction is based on the scattering of X-ray electromagnetic radiations 

by the atoms of a sample (Figure B-18). The cloud of electrons is responsible for the diffraction of the 

incident beam. Its density influences the amplitude of the scattered wave proportionally and the angular 

dependence of the diffraction depends on the shape of the cloud (electron density probability). However, 

electron cloud is usually approximated as a symmetric sphere and the effect of a possible dissymmetry is 

not considered. In this approach, each atom also has a proper characteristic cloud of electrons. The 

scattering of the incident wave by atoms will thus result in the apparition of different waves that can 

either be destructive or constructive between each other. The total scattered intensity is the sum of all the 

waves scattered by the individual atom. Although the main part of the interferences in most directions are 

destructive, for materials with a periodic arrangement in three dimensions (i.e. crystal lattice), they add in 

some specific directions constructively. The presence of these interferences is defined by the Bragg‟s law, 

which relates the set-up beam features (wavelength and incident angle θ) to the spacing between the 

diffracting planes (Figure B-19). Experimentally, these interferences are observed as spots on a 

diffraction pattern and are therefore representative of the regular array that repeats in a crystal (unit). 

However, one pattern is not sufficient to extract global information on a crystal structure and numerous 

patterns should thus be acquired by rotating the sample step by step. For this reason, the measurement of 

the scattered intensity in function of different diffraction angle (2θ) is often preferred. This way, a 

diffraction diagram that contains all information on the sample structure (unique characteristic 

fingerprint) is directly obtained and it can be compared with database and literature to identify 

compounds in polycrystalline phases. The locations of the peaks provide for examples information on the 
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nature of the phase present in the sample whereas the peak heights reflect the phase concentrations. 

Obviously, this kind of assay cannot be achieved for amorphous materials (disordered structure) as 

intensity peaks are only due to well-organized arrangement of atoms. X-ray crystallography (diffraction) 

can however be used for numerous materials such as metals, minerals, salts, organic and inorganic 

compounds, offering thus a broad range of utilities for diverse fields. 

 

Figure B-19. Crystalline structure-Bragg‟s law correlation. 
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B.15. Gas-liquid partition chromatography 

Gas-liquid partition chromatography (GLPC [26]) is a common analytical technique used to 

separate and analyze compounds from a mixture in a gas phase. It can be utilized for a variety of sample 

types as long as the compounds are volatile and do not degrade with temperature. It enables for example 

the determination of toxic products in water, detect the presence of contaminants in oils and more 

generally ensure the quality of substances in the chemical industry.  

In gas chromatography, the separation of the compounds relies on the interactions between a 

liquid stationary phase and vaporized compounds of a sample carried out by an inert gas mobile phase. 

The set-up is constituted by an injection port, a column, an oven and a detector (Figure B-20). The 

sample, initially in the liquid form, is injected through a chamber that is heated up to a temperature 

allowing the vaporization of the sample‟s compounds. The volatile molecules are then carried in the 

column by a gas stream (carrier gas called mobile phase and passing through the column). The inside of 

the column is coated with a non volatile liquid phase (called stationary phase). Depending on the affinity 

of each vaporized molecule with this stationary phase, a separation of the compounds is possible. Indeed, 

the presence of this stationary engenders the adsorption of the molecules on the walls of the column. The 

rate at which the molecules progress along the column is directly influenced by the interactions of the 

compounds with the stationary phase. Molecules with low affinity with the stationary phase will reach the 

end of the column before compounds more strongly adsorbed on the column walls. The time at which 

each molecule is detected at the outlet stream of the column is called retention time (i.e. time at which 

molecules take to travel from the injection chamber to the detector placed at the end of the column) and is 

characteristic of the compound (Figure B-21). Thus, molecules can be identified based on the measured 

retention time. Thanks to a processing unit, the information collected by the detector is transformed in 

electrical signals and series of intensity vs retention time peaks are provided to the operator. This graphic 

is called chromatogram and is analyzed to identify the compounds. Based on the areas under the peaks, it 

can be also used to determine the relative quantities of the compounds. Another advantage of using GLPC 

is the possibility to couple this device with other techniques such as mass spectrometry to complete the 

information collected by GLPC. Combined together, these techniques enable the detection of compound 

even in a very small amount (up to 2 µg/L approximately). It is highly effective and sensitive and allows 

the identification of a huge range of compound without having to know their retention time. In fact, in the 

case that the compound has never been analyzed by GLPC as a pure compound and the retention time is 

not known, the MS become an extremely useful complement that provide the nature of the compounds 

based on its ionization and the measurement of its mass to charge ratios.  
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Figure B-20. Schematic GLPC set-up.  

 

Figure B-21. Principle of particles retention using a stationary liquid phase coating the column walls. Influence of the affinity 

between the compounds and the stationary phase. 
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