
 
 

Imperial College London 

Department of Materials 

 
 
 
 

  

 

3-D printed flexible hybrids 

for tissue regeneration 
  

 

 

 

Francesca Tallia 

November 2016 

 

 

 

 
 

Submitted for the degree of 

Doctor of Philosophy (PhD) 
 



  
 

2 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

3 

 

 

ABSTRACT 
 

 

Tissue regeneration is a key function of the body, but often tissues are subject to damage that they 

are unable to self-heal. The repair can be supported by a scaffold, which is commonly a 3D porous 

temporary template that substitutes the damaged tissue and guides the growth of healthy tissue 

while bioresorbing. Successful scaffolds should satisfy several requirements, including 

interconnected porosity, sufficient mechanical properties, and biodegradability at a rate matching 

tissue regrowth. Covalently-bonded sol-gel inorganic/organic hybrids are interpenetrating co-

networks of bioactive glass and polymers intimately linked at the molecular level, designed to 

provide tailored mechanical properties and congruent degradation. This project aimed to develop 

new silica/polycaprolactone (SiO2/PCL) hybrid scaffolds for bone or cartilage regeneration. The 

covalent bond between PCL and silica was successfully achieved using (3-

glycidoxypropyl)trimethoxysilane (GPTMS) as a coupling agent. This led to a novel synthesis that 

combined the sol-gel process with in situ ring-opening polymerisation of the solvent 

(tetrahydrofuran), resulting in innovative silica/polytetrahydrofuran/PCL (SiO2/PTHF/PCL) 

hybrids with unprecedented features. They showed tailorable mechanical properties in a broad 

range of compositions (2.5-63.4 wt.% inorganic), from polymer-like to glass-like behaviour with 

excellent flexibility and ability to recover the deformation. Hybrids with SiO2 <40 wt.% 

maintained their mechanical properties in wet environments; they also unexpectedly showed the 

intrinsic potential to autonomously self-heal when damaged in dry conditions. 3D grid-like hybrid 

scaffolds containing ~24 wt.% inorganic were successfully fabricated through 3D extrusion 

printing from sol-gel process. This technique relies on the gradual increase of viscosity occurring 

during gelation, which makes the viscous sol a suitable ink for direct extrusion within a limited 

time window. The obtained scaffolds showed mechanical properties similar to native cartilage 

and were proven to stimulate the production of collagen Type II, typical of hyaline cartilage, 

during chondrocyte culture. Therefore, SiO2/PTHF/PCL hybrid scaffolds have great potential for 

articular cartilage regeneration. 
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From tissue replacement to tissue regeneration  

Life expectancy, in the USA and European countries, is at present in the range of 70-80 years, 

which means many people outlive the quality of their tissues. The focus of this thesis is on bone 

and cartilage defects, which can arise from degenerative diseases, wear and tear, tumour removal 

or trauma, and affect millions of people across the world. The demands of our ageing population 

place a strain on existing technologies for tissue repair, highlighting the need for novel solutions 

that represent a valid alternative to the transplant of autologous (i.e. “autograft”) or cadaveric (i.e. 

“allograft”) tissues, which is still considered by surgeons as the “gold standard” intervention. 

The alternative to autograft/allograft for restoring the anatomic-functional abilities of an 

irreversibly damaged tissue is the implantation of biocompatible man-made devices. Implants are 

fabricated by using natural or synthetic materials, which are able to successfully interface with 

living host tissues. The significant advantages of implants over autograft/allograft are higher 

availability, reproducibility and versatility with the possibility to customise their properties in 

response to specific requirements. However, most of the currently commercialised products are 

permanent implants (e.g. metal prosthesis), which suffer from several problems, such as 

interfacial instability with human tissues and lack of ability of modifying their properties in 

response to stimuli from living tissue, leading to a short life-time of the device. 

Therefore, the aim of surgical procedures has progressively turned the perspective from 

replacement to regeneration [1]. The latter requires that the biomaterial/device is able to restore 

(i) the structure and anatomy, (ii) the function, (iii) the metabolic/biochemical behaviour and (iv) 

the biomechanical features of the original tissue it aims to replace. Two strategies are currently 

extensively investigated to achieve this goal: in situ tissue regeneration and tissue engineering [2]. 

Both require synergies among different branches of science, such as materials science, 

bioengineering and molecular biology. 

In situ tissue regeneration consists of the development of so called “scaffolds”, three-dimensional 

(3D) porous devices made of bioactive and biodegradable biomaterials, able to stimulate and 

support the regrowth of natural tissue when implanted in vivo. So far great improvements have 

been made in order to achieve this goal, especially in the field of bone regeneration, where 

“osteoinductive” biomaterials have been developed. The most popular example is represented by 

bioactive glasses, which are materials able to enhance the regeneration of bone tissue by releasing 

ions that stimulate osteoprogenitor cells to differentiate into osteoblasts [3]. The material has to 

be shaped into complex 3D architectures with pore size from macro- to meso- range in order to 

allow for cell colonisation and, if needed, vascularisation. At the same time the scaffold has to 

provide enough mechanical support both when implanted and during degradation and tissue 

ingrowth. The development of a scaffold that satisfies all the requirements is a challenge. 
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Tissue engineering is a strategy for overcoming the lack of metabolic activity inside biomaterial 

scaffolds. The simplest approach consists in loading a scaffold (e.g. by surface functionalisation or 

uptake within the pores) with growth factors (GFs) or other signalling molecules that can induce 

the tissue repair. In the latest developments, cells, usually mesenchymal stem cells (MSCs), are 

harvested from the patient and cultured on a scaffold prior to implantation; the tissue-engineered 

construct can then be implanted into the defect site [2]. This option is the most pursued for the 

regeneration of articular cartilage due to its lack of self-healing ability.  

The main purpose of this PhD project was to study the development of scaffolds for in situ 

regeneration, without involving tissue engineered constructs. Cell cultures were considered only 

for testing the in vitro biocompatibility and efficacy of the materials. 

The need for new materials  

The criteria to design a scaffold for tissue regeneration are numerous, involving tailorable 

structural features, mechanical properties and bioactive behaviour, as well as the control of the 

resorption rate and of the type and concentration of the released species to stimulate a 

preferential cell response. A biomaterial that is able to integrate and replicate overall features of 

either bone or cartilage has still not been invented. 

A key feature of natural materials, like bone and cartilage, is the combination of organic and 

inorganic components in such a way that they lead to the formation of hierarchical structures, 

with characteristic dimensions spanning multiple size-scales and carefully engineered interfaces.  

Individually, few materials satisfy all the requirements in terms of physical, chemical and 

mechanical properties for their specific application. Therefore, combinations of pure materials 

(like alloys, composites and blends) are generally used in order to combine the peculiar features 

of organic (i.e. flexibility, toughness, degradability) and inorganic (i.e. strength, stiffness, 

bioactivity) components and to meet the overall requirements. There are, however, well-known 

drawbacks associated with the use of conventional composites. These are mainly due to the 

presence of an interface between distinguishable components: if their interactions are not well-

engineered, there is a risk the dispersed phases could be detrimental to the features of the final 

composite material, rather than improve its properties. This is the reason why researchers, 

inspired by the remarkable and unique features of natural materials, developed a growing interest 

towards “biomimetic” approaches in order to synthesise smart materials where the interactions 

between the domains of the dissimilar phases are reduced to the nanometre scale. These materials 

are usually identified as hybrids [4, 5]. Due to the fine scale interactions, hybrids have the potential 

to possess degradation and mechanical properties which are congruent and tailorable, reason 

why they were chosen for this PhD project. 
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Among the several possible inorganic/organic combinations, the attention was focused on the use 

of silica (SiO2) and polycaprolactone (PCL) as inorganic and organic phases, respectively. Silica 

was selected because it is the fundamental component of bioactive glasses, allowing the 

investigation of the basic system that can potentially be extended with the addition of further ions, 

such as calcium and phosphorus. PCL was selected since it is a biodegradable polymer used in 

devices that are already approved by the USA’s Food and Drug Administration (FDA) for some 

biomedical applications [6], which should make the translation pathway to commercialise a 

prospective device easier, compared to the incorporation of a new polymer. 

Advances in processing 

The 3D porous architecture is an essential feature of a scaffold for tissue regeneration, because it 

enables cells to infiltrate the entire scaffold and plays an important role in determining the 

mechanical and biodegradation properties; hence, the need for a suitable technique to process the 

hybrid material into the desired 3D porous shape. 

This thesis focused on 3D printing, which is a computer-controlled layer-by-layer fabrication 

technique, characterised by an accurate control of the architecture of the final object. 3D printing 

was chosen because it is compatible with the sol-gel synthesis used to prepare silica-based 

hybrids [7] and it has recently emerged as a cutting-edge technique to fabricate biomedical 

scaffolds, overcoming the problems usually observed with traditional methods to produce 

sponge-like scaffolds. In fact, it potentially ensures a total control of the porous structure, allowing 

for an independent tailoring of the different parameters that regulate the scaffold properties and 

ensuring total reproducibility [5]. The computer-assisted design (CAD) provides the further 

advantage of enabling the customisation of the scaffold in order to match a specific defect in case 

of particularly complex geometries. 

Aim of the thesis 

The aim of this PhD project was to develop a silica-based sol-gel hybrid material containing PCL 

as the organic component and to process it through 3D printing in order to produce 3D porous 

scaffolds with controlled architecture and tailorable mechanical properties and biodegradability. 

The final goal was to obtain suitable scaffolds for in situ tissue regeneration of either bone or 

articular cartilage. 
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1.1 INTRODUCTION 

This chapter contains the review of the literature on the relevant topics for the goal of this project. 

It can be divided into three main subjects. 

The first part concerns the background behind this project, describing the features of bone and 

articular cartilage in order to define the criteria to design scaffolds able to support their 

regeneration, setting out the problem that was to be solved.  

The second part is dedicated to the material that was selected in this project to address the 

problem, silica/polycaprolactone hybrid, from the description of the properties of the single 

components to a thorough discussion of other candidate sol-gel hybrid materials for tissue 

regeneration and previous silica/polycaprolactone hybrids. 

The last part focuses on 3D printing, which is the fabrication technique chosen to process the 

hybrid material to obtain the targeted scaffolds for tissue regeneration. 

 

 

1.2 BONE AND CARTILAGE TISSUE REGENERATION 

1.2.1 BONE TISSUE 

Bone is a natural material, where the inorganic and organic components create a light-weight 

network with a unique combination of strength and stiffness with toughness and elasticity. It 

shows a complex hierarchical structure (Figure 1.1): at the macroscale it is constituted by a dense 

cortical (or compact) bone that envelopes a macroporous trabecular (or cancellous) bone; blood 

vessels and cells (osteoblasts, osteoclasts and osteocytes) are present in both structures and allow 

bone to be a living material that remodels continuously in response to external stimuli. At the 

nanoscale, bone extracellular matrix (ECM) results from the interpenetration of collagen fibrils, 

other proteins (e.g. glycoproteins, proteoglycans and sialoproteins) and hydroxycarbonate 

apatite (HCA) nanocrystals; bone ECM is responsible for providing the peculiar excellent tensile 

strength and toughness [8, 9]. 

This unique hierarchical structure provides bone with the ability of resisting deformation and 

absorbing energy; furthermore, it continuously remodels under load and is able to self-heal small 

microfractures occurring in everyday-life [10]. The different components are arranged and 

oriented in an optimised way that makes bone heterogeneous, with cortical and trabecular bone 

showing very different responses, and anisotropic, in order to stand the predominant stresses in 

the considered site of the body [9]. Furthermore, the composite structure makes bone a 
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viscoelastic material, that displays an increase in the elastic modulus with the strain rate of 

loading. For these reasons, mechanical properties of bone may vary between different body 

regions; they also depend on the age and the gender of the person [11, 12].  

This makes it challenging to define a set of properties that describes univocally the mechanical 

behaviour of bone, the results of various studies are summarised in Table 1.1. Cortical bone, given 

its dense structure, is stronger and stiffer than the porous trabecular bone, which can deform 

slightly more.  

 

Figure 1.1. Hierarchical bone structure at different length scales (adapted from Sadat-Shojai et al. [8]). 

 

Table 1.1. Mechanical properties of bone [12-14]. 

Property Cortical bone Trabecular bone 
Tensile strength (MPa) 100 3 
Compressive strength (MPa) 100-230 2-12 
Compressive strain (%) 1-3 5-7 
Young’s modulus (MPa) 15-20 1-5 
Fracture toughness (MPa m1/2) 6.0 0.1 
Porosity (%) 0 85-90 

 

 

1.2.2 CARTILAGE TISSUE 

Cartilage is a connective tissue which is characterised by an excellent flexibility, with the great 

ability of withstanding dynamic loads without deforming permanently. This feature is provided 

by its constituents, which are cells (chondrocytes) and ECM, mainly composed of water, collagen, 

proteoglycans and elastin [14, 15]. Depending on the percentage and mutual arrangement of the 
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different components, cartilage can be classified in three main types: elastic cartilage, 

fibrocartilage and articular (or hyaline) cartilage, which carry out different functions in various 

sites of the body [11, 14]. For the purpose of this thesis, this review will focus on articular cartilage.  

Articular cartilage is the bearing surface that permits smooth motion between opposing bone 

segments in synovial joints, such as knee, hip, shoulder, and transmits applied loads across mobile 

surfaces [15, 16]. Hyaline cartilage is composed of 60-80 wt.% water, <10 wt.% chondrocytes and 

the remainder is ECM, mainly constituted by proteoglycans (30 wt.% of the dry tissue) and 

collagen Type II (60-70 wt.% of the dry tissue) [15-17]. Differently from bone, cartilage is an 

avascular tissue, therefore it has very limited self-repair ability, which commonly causes the 

formation of inferior scar-like fibrocartilage [15, 18]. 

The organisation of these components, as well as the shape and size of chondrocytes, changes with 

depth in the tissue, giving rise to the typical layered structure of articular cartilage depicted in 

Figure 1.2, where four zones are distinguished.  

 

Figure 1.2. The zonal organisation of articular cartilage (adapted from James and Uhl [16]). 

The superficial (or tangential) zone represents the outer surface (~200 µm thick [19]), which is 

composed of mostly inactive flattened chondrocytes and collagen fibres oriented parallel to the 

surface, which provide high lateral tensile strength and, hence, great resistance to shear stresses. 

The next layer is the transitional (or middle) zone, which includes active spherical chondrocytes 

and collagen fibres characterised by an arched orientation to allow the transition from parallel to 

columnar. In fact, in the next radial (or deep) zone chondrocytes are less dense but show an 



  
 

33 

 

elongated shape that follows the orientation of collagen fibres, which are organised 

perpendicularly to the joint surface. From the superficial to the deep zone the number of 

proteoglycans increases, whilst the amount of water decreases. The last zone, termed as the 

calcified zone and separated from the previous regions by the tidemark, represents the transition 

between soft cartilage and subchondral bone, and minimises the stiffness gradient between the 

two. The assembly of hyaline cartilage and adjoining subchondral bone is named osteochondral 

tissue [15, 16, 20, 21].  

All the components are arranged in a way that is maximally adapted for the complex 

biomechanical functions of cartilage. Chondrocytes are responsible for the existence and the 

maintenance of the ECM, where collagen fibres and proteoglycans, the solid constituents, 

respectively provide tensile and compressive strength at the molecular level: their arrangement 

in the layered architecture determines a gradient of mechanical properties, with an increase of 

stiffness from the outer to the inner part of the tissue. In addition, an essential role is played by 

the interstitial fluids, which flow and redistribute among the permeable solid matrix when a stress 

is applied, in a process defined as “exudation” [16, 22]. The combination of the intrinsic properties 

of the ECM macromolecules and the fluid exudation determines an overall non-linear and 

anisotropic viscoelastic response of cartilage under stress. This means that cartilage stiffens with 

increasing strain, creeps under a constant applied load, and stress-relaxes under a constant 

applied deformation; in any case, it is able to recover the initial shape with a phase lag [16, 17, 23]. 

Furthermore, the viscoelastic response is influenced by the strain rate of loading, because it 

influences the fluid permeability among the tissue: articular cartilage is able to accommodate a 

slow and sustained load, but it is unable to react to a concentrated force, becoming then vulnerable 

to injury [16, 24]. The complex mechanical behaviour includes also the high wear-resistance of 

hyaline cartilage, which possesses a low coefficient of friction (0.005-0.02), an essential feature 

considering its role in joints [25]. This is due to the arrangement of collagen fibres in the tangential 

zone, associated to a mechanism of mixed lubrication: a “fluid-film lubrication”, provided by the 

synovial fluid and the fluid exudation under stresses, and a “boundary lubrication”, due to specific 

molecules in synovial fluid and cartilage surface (e.g. hyaluronic acid, surface active 

phospholipids, lubricin, superficial zone protein) that act as boundary lubricants [25, 26]. 

Altogether, articular cartilage is an outstanding natural material able to sustain an uncountable 

number of loading cycles over a lifetime. 

It is then clear that this complex behaviour depends on many variables, including age and gender 

of the person and site of the body; moreover, very little information is available from 

investigations of native cartilage in vivo. Hence, in order to realistically evaluate the mechanical 

response of articular cartilage, many studies were designed to replicate as close as possible the 
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physiological environment, but it is a really hard task to mimic in vitro the fundamental influence 

that fluids and ECM have in vivo [11]. These experimental difficulties limited the possibility to 

define univocally the mechanical properties of articular cartilage, but only ranges of variation 

could be fairly collated comparing different studies, as summarised in Table 1.2. Among all the 

values reported, particular attention should be focused on compressive strength and modulus. 

Repo and Finlay measured a maximum strength of 22-37 MPa on cadaveric human articular 

cartilage [27]; however, under physiological activities (e.g. walking, stair-climbing, rising from a 

chair) Matthews et al. measured stresses up to 12.6 MPa on the cadaveric patello-femoral joint 

[28] and Hodge et al. revealed a maximum contact stress of 18 MPa through measurements with 

an in vivo instrumented hip endoprosthesis [29]. More questionable is the value of compressive 

modulus. Given the non-linear strain-dependency, Young’s modulus cannot be determined and 

various alternative methods were reported in literature: when the equilibrium response of 

articular cartilage under unconfined compression (which is the easiest setup in laboratory 

conditions) was considered, low values (0.24-0.85 MPa) were measured [15, 17, 30, 31]. However, 

this is considered far from being physiological since it occurs only after several hours of static 

loading and pressure is reduced because of the almost complete exudation of the interstitial fluid 

from the tissue; therefore, cyclic tests in dynamic conditions are considered more realistic, but 

also in this case the modulus was found to span three orders of magnitude (10-1 - 101 MPa) 

depending on the test conditions (i.e. frequency, load) [23, 32]. 

 

Table 1.2. Mechanical properties of articular cartilage. 

Property Hyaline cartilage 
Tensile strength (MPa) 0.8-25 [17] 
Tensile strain (%) 10-40 [33] 
Tensile modulus (MPa) 5-25 [15, 34] 

Compressive strength (MPa) 22-37 [27, 35] 
(phys. 1-18 [28, 29]) 

Compressive strain (%) 24-28 [27, 35] 

Compressive modulus (MPa) 0.24-0.85* [15, 17, 30, 31]; 
~65** [23, 32] 

Friction coefficient 0.005-0.02 [25] 
Porosity (%) 0 

* Equilibrium stiffness of bovine cartilage unconstrained at the sides 
** Dynamic modulus of bovine cartilage at 40 Hz under applied stress of 4 MPa  
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1.2.3 CURRENT CLINICAL TREATMENTS 

Bone defects 

Despite its self-repair ability, bone is not able to heal large defects that can arise from trauma, or 

disease-related damage due to osteoporosis or removal of bone tumours via surgery [14, 36, 37]. 

More than 2.2 million bone graft procedures are conducted worldwide every year to repair defects 

in both dentistry and orthopaedics interventions and this figure is foreseen to rise significantly 

because of the global ageing population [38]. Transplantation is still the gold standard for bone 

grafting, in fact  bone is currently the second most frequently transplanted tissue worldwide after 

blood [39]. The preferred option is an “autograft”, which consists of using fresh autologous bone 

harvested from another site (usually the iliac crest of the pelvic bone) within the patient’s own 

body; however, this has limited availability and carries the need for an additional surgical 

procedure on the patient. A partial solution is given by “allografts”, consisting of the use of bone 

taken from another individual, typically cadaveric tissue: this is though affected by limited 

availability, need for immunosuppressant drugs and ethical/religious concern [5, 37]. To repair 

very large defects it may not even be possible to collect enough autograft/allograft tissue, in which 

case the graft must be supplemented with a substitute material; for instance, graft granules (e.g. 

calcium phosphates, bioactive glasses) can be mixed in the operating theatre with blood from the 

patient to create a putty, which is pressed into the defect and contains natural growth factors and 

cells to help bone repair [5]. In more severe cases, when damage occurs in load-bearing sites (e.g. 

joints), the use of partial or total prosthesis or other fixation supports is required, as a biomaterial 

that is able to integrate and replicate all features of bone has still not been invented [14]. Current 

load-bearing devices are made from bioinert metal (e.g. titanium alloys) or polymers (e.g. 

polyetheretherketone (PEEK)) [40] that augment, rather than regenerate, bone.  

Articular cartilage defects 

Cartilage does not contain blood vessels, therefore chondrocytes are supplied with nutrients only 

by diffusion, resulting in a very limited healing ability. Damage can occur as a consequence of 

trauma, excessive wear in the joint or degenerative diseases, such as osteoarthritis (OA) [15]. 

Nowadays articular cartilage defects have an extensive impact on society: in 2008 OA affected 

over 39 million people in EU and over 20 million in US, and a doubling of these numbers is 

expected by 2020 [18]; approximately 500,000 procedures to treat cartilage focal defects are 

estimated per year in US [41], with a higher incidence in athletes [42]. Depending on the size and 

depth of the lesion, defects can be classified as chondral, when they only affect the hyaline 

cartilage, and osteochondral, when the subchondral bone is also exposed. [15, 21]. Chondral 

defects can be partial or extend to the full thickness of cartilage, but they are often asymptomatic 
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due to the absence of nerves in the cartilage tissue, whereas in osteochondral defects pain from 

bone-to-bone contact is felt [5]. 

These problems affect mostly the knee joint, being the one where cartilage is subject to the highest 

stresses during everyday activities. The ultimate intervention is represented by the total knee 

replacement, which requires the removal of a huge portion of potentially healthy bone and has an 

estimated life span of approximately 20 years [43]. Although this is proven to be effective in case 

of end-stage OA, it is instead detrimental for young patients, who would then likely need further 

revision surgery over the course of their life [44]. For this reason, a prompt intervention as soon 

as a focal defect is detected is sought in order to avoid or at least postpone the need for a total 

replacement. So far the gold standard for the treatment of chondral/osteochondral defects is still 

the surgical approach, with three options currently available: microfracture, mosaicplasty and 

autologous chondrocyte implantation (ACI).  

Microfracture consists of applying small lesions on the subchondral bone, in order to stimulate 

stem cells from the bone marrow to start the healing process, which though leads to the formation 

of fibrocartilage rather than healthy hyaline cartilage due to the lack of signalling for 

differentiation [21, 45]. Mosaicplasty consists of transplant to the damaged site of small plugs of 

osteochondral tissue harvested from a non-load bearing site of the same joint; despite the use of 

autologous tissue, it is usually associated with pain to the donor site and it is hard to get a good 

congruence in the defect geometry [21, 45]. Both these two methods are limited to small defect 

size, an issue that can be theoretically overcome by the ACI, which however is allowed in the UK 

only for clinical studies, as stated in the NICE (National Institute for Health and Care Excellence) 

guidance [46]. This consists of harvesting healthy chondrocytes from the patient, expanding the 

population in vitro in order to have enough cells and then injecting them in the damaged site under 

a periosteum patch; drawbacks of this technique are the double intervention and long time 

frames, as well as lack of zonal organisation of the implanted cells, which could eventually 

differentiate to fibrocartilage [21, 45].   

 

1.2.4 SCAFFOLDS FOR TISSUE REGENERATION 

It is clear that none of the current clinical treatments is the ideal answer to the need for the repair 

of bone and cartilage defects. In situ tissue regeneration has emerged as a potential solution: it is 

a strategy consisting of the development of scaffolds, 3D temporary templates that substitute the 

damaged tissue and, while resorbing, guide the growth of healthy tissue through the stimulation 

of the natural body’s regenerative mechanism [2]. 
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Design criteria for an ideal scaffold 

An ideal scaffold for either bone or cartilage tissue regeneration should meet a series of 

requirements. It should have an interconnected porous structure that can allow cellular ingrowth, 

supply of nutrients and, in case of bone, vascularisation. It should not only be biocompatible, but 

ideally it should be bioactive and biodegradable: this means that it does not induce the formation 

of a fibrous capsule (typical for bioinert materials) but the scaffold surface is suitable for cell 

attachment and stimulates cells to produce healthy ECM and grow new native tissue. While this 

occurs, the scaffold should bioresorb, generating dissolution products that are biocompatible in 

order to be excreted by the body; the key factor is that the degradation rate matches the kinetics 

of tissue regeneration in order to ensure stable and continuous load transfer and support between 

the implant and the host tissue. To this end, it is essential that the scaffold possesses mechanical 

properties comparable to those of the replaced tissue (Table 1.1 and Table 1.2) immediately after 

implantation and it is able to maintain them over degradation, taking into consideration the 

additional support due to tissue ingrowth in vivo [47]. The scaffold needs to stay in place, therefore 

an important requirement from the manufacturing point of view is that it matches the geometry 

of the defect to ensure fixation: since the defect is usually irregular and unpredictable, the 

customisation of the scaffold during fabrication would be the ideal solution; an alternative could 

be to shape the scaffold in theatre by cutting it to fit the defect. Finally, to be commercialised it 

must be produced and sterilised according to the international standards for clinical use [5, 14, 

39, 48]. 

One of the most challenging parameters in the design of a scaffold is represented by the 

achievement of an appropriate open and interconnected porous structure, which has different 

criteria for bone and cartilage tissue. In fact, bone scaffolds require macropores with >100 μm 

interconnect size in order to allow vascularisation, which is essential to ensure the bone ingrowth 

and the viability of the formed tissue [48]. Since cartilage is not vascularised, the maintenance of 

cell-cell contact and a rapid filling of the pores with newly produced ECM is needed to allow the 

diffusion of nutrients and the removal of waste, and therefore the survival of the grown cartilage 

[49]. An ideal pore size has still not been determined for cartilage: particulate leached scaffolds 

with pore width in the range 300-400 μm [50, 51] showed promising results, but also significantly 

smaller pores, from 60-80 μm in freeze-dried scaffold [52] to 150 μm made by solvent 

casting/particulate leaching method [53], were proven to have great potential after in vivo studies. 

The overall percentage porosity needs to be optimised to reach the best compromise that makes 

the implant able to share the load with the host tissue during its lifetime, even after subsequent 

changes resulting from degradation and tissue ingrowth in the in vivo environment [54].  
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The mechanical requirements represent another difference between bone and cartilage. Bone is 

mainly subject to compression stresses and its regeneration needs scaffolds which are strong, 

highly stiff (but not too stiff) and tough in order to match the properties described in Table 1.1 in 

the direction of the load [5, 14]. The complexity of articular cartilage instead demands a scaffold 

that is able to replicate the gradient of stiffness from the outer bearing surface to the inner 

interface with bone and the viscoelastic response with the ability of undergoing numerous loading 

cycles (Section 1.2.2) [15, 33]. The design is even more complicated when a full osteochondral 

device is considered, as the criteria for the design of scaffolds for bone and articular cartilage 

should be combined in order to match the transition cartilage-subchondral bone and to guarantee 

a stable fixation to the underlying bone [55, 56]. Lastly, an articular cartilage scaffold needs the 

additional design of the tribological properties in order to minimise its coefficient of friction, 

factor that is often overlooked but is essential to avoid a failure due to wear in vivo [25, 26].    

Proposed materials 

At present many materials have been proposed as scaffolds for tissue regeneration, but none of 

them fulfils all the numerous design criteria, since it is very challenging to match simultaneously 

the mechanical and the biological requirements [57].  

Generally, inorganic materials, like calcium phosphates (e.g. hydroxyapatite (HA), β-tricalcium 

phosphate (β-TCP)), bioactive glasses and glass-ceramics, are the most suitable for bone because 

they can be made of similar material to bone mineral and are bioactive (they can form a bond with 

bone) [5, 58, 59]. Polymeric scaffolds (e.g. PCL, polyethylene glycol, hydrogels) are mostly 

suggested in the regeneration of hyaline cartilage, thanks to their flexibility and viscoelastic 

behaviour [15, 21]. Furthermore, intrinsic features of organic chains can be easily functionalised 

with biomolecules that could selectively bond specific cell phenotypes and guide the 

differentiation and proliferation into the targeted tissue. The two classes of materials can also be 

combined in ceramic-polymer composite or hybrid scaffolds in order to take advantage of their 

corresponding benefits [5, 60]. In particular, this approach is used to improve the toughness of 

inorganic bone substitutes [5] and to mimic the cartilage-bone transition in osteochondral 

multiphasic scaffolds [61].   

A wide variety of fabrication methods are used, including particulate leaching, sponge-replica 

method, freeze-drying, foaming, electrospinning and additive manufacturing [5, 62]. 

Since the present thesis aims at 3D printing sol-gel silica/PCL hybrids, the following sections of 

the literature review will focus only on the materials of interest (bioactive glasses, PCL, sol-gel 

hybrids designed for tissue regeneration, focusing on silica/PCL), and on the selected fabrication 

technique of additive manufacturing. 



  
 

39 

 

1.3 POLYCAPROLACTONE FOR BIOMEDICAL APPLICATIONS 

Polycaprolactone (PCL, Figure 1.3) is a biocompatible and biodegradable aliphatic polyester, 

characterised by hydrophobic behaviour and low melting point (59-64°C) [6].  

 

Figure 1.3. Chemical formula of polycaprolactone (PCL) repeating unit. 

PCL is well known in the biomedical field for a valuable set of properties, such as non-toxicity for 

living organisms, good mechanical properties compared to other polymers and, above all, 

resorption. Biodegradation is due to the process of hydrolytic degradation that occurs in vivo 

through hydrolysis of the ester linkage, releasing a non-toxic by-product (i.e. 6-hydroxyl caproic 

acid), which is a normal intermediate of cell metabolism and is safely eliminated from the body 

via the citric acid cycle [6, 63]. The hydrolytic chain scission is the principal mechanism, which 

may be enhanced by enzymatic degradation: in vitro studies with porcine esterase demonstrated 

an acceleration of the degradation [64], but there is no concrete evidence of the occurrence in the 

human body [65].   

The rate of degradation of PCL is much slower than that of other well-known biodegradable 

polymers: polyglycolic acid, poly-L-lactic acid (PLLA) and their copolymers, degrade in 2 to 60 

weeks, depending on the molecular weight, composition and morphology, whilst PCL can hold its 

structure from 2 to 4 years [6, 66]. For this reason, copolymers are usually prepared in order to 

adjust the bioresorption rate according to specific requirements [6, 63]. 

Thanks to this unique combination of features, polymers and copolymers of ε-caprolactone, 

lactides and glycolide-based devices have been approved by the USA’s FDA for applications into 

the human body and are now wide spread in medicine as biodegradable sutures, artificial skin, 

resorbable prostheses and containers for controlled drug release [6, 63]. PCL has also been 

investigated to be used in tissue engineering and tissue regeneration approaches, because, in 

addition to its biodegradability, it shows great versatility that makes it suitable for different 

manufacturing techniques commonly used for making 3D porous scaffolds: examples are 

particulate leaching [50], electrospinning [50, 67] and additive manufacturing (e.g. fused 

deposition modelling (FDM) [68] and laser sintering [69]).  

PCL by itself is not usually applicable as a scaffold for bone regeneration because it lacks 

mechanical strength and, not only does it not show any in vivo bioactivity, but its hydrophobic 

nature limits cell attachment. A solution to these issues consists of using PCL in composite 
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materials, in combination with other appropriate phases (either polymeric or inorganic) that 

should provide mechanical support or enhance the biological response [70]. Calcium phosphates 

and bioactive glasses have been investigated, as they can respectively impart osteoconductivity 

and osteoinductivity (Section 1.4) to the material, as well as higher mechanical strength and 

stiffness [70-72]. For instance, Osteopore™ (Singapore), a PCL/β-TCP composite scaffold, is a 

commercial device for cranio-facial applications [6]. However, no device has been approved for 

use in load-bearing sites of the body. Alternatively, a noticeable improvement of the biological 

performance can be also provided by using PCL or PCL-composites in tissue engineering 

constructs, which means loading the scaffold with growth factors (e.g. rhBMP-2 [73]) and osteo-

like cells or MSCs prior to implantation [6]; but, again, usually no satisfying mechanical properties 

for a bone scaffold are achieved. 

The use of PCL alone has been proven to be more suitable for cartilage regeneration. Recently 

Morrison et al. described the manufacturing of customised external airway splints in PCL via laser 

sintering and their successful implantation in the three infants for the treatment of severe 

disfunction of the respiratory system (tracheobronchomalacia): the devices were designed to 

tune the bioresorption of PCL to accommodate the airway growth (made of fibrocartilage) over a 

period of 2-3 years; after the complete degradation of the splints, all patients demonstrated the 

resolution of the pulmonary disease and a normal growth of primary airways [69]. The 

development of scaffolds for the regeneration of articular cartilage is more challenging due to its 

complex function and structure. The majority of publications fall into the field of tissue 

engineering, describing the ex vivo growth of chondrocytes or MSCs on PCL scaffolds [74-76]. Very 

few studies aimed at developing a PCL-based material able by itself to support/promote in vivo 

production of collagen Type II, i.e. hyaline cartilage regeneration. In one example, Steele et al. tried 

to mimic the zonal architecture of cartilage by producing a porous core via particulate leaching, 

coated with a superficial layer of electrospun fibres. Despite the good biological response, showing 

a zonal organisation of the cells that replicated that of the native tissue, the material did not match 

the required gradient of stiffness [50].  

In conclusion, PCL is a long-term biodegradable polymer that shows promising potential for bone 

and cartilage tissue regeneration, with the advantage of being already part of FDA-approved 

devices: for these reasons it was chosen as the organic component to develop a new hybrid system 

with silica, with the aim of improving the current unsatisfactory solutions. 
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1.4 BIOACTIVE GLASSES AND SOL-GEL PROCESS 

Bioactive glasses, due to their versatile properties which can be appropriately designed 

depending on their composition, are very attractive materials for producing scaffolds for bone 

regeneration, as they have the potential to fulfil most of the required criteria [3]. They are 

osteoinductive, i.e. they do not only represent an attractive surface for osteoblasts (which is the 

main feature of osteoconductive materials, such as HA), but they are also able to bond faster than 

the other bioactive ceramics and to stimulate bone growth: during bioresorption cation exchange 

with body fluids occurs, the dissolution products can stimulate osteogenic cells to produce more 

bone, and formation of a carbonated apatite layer occurs on their surface, which allows bone 

bonding [1, 5, 36].  

The first bioactive glass, belonging to the SiO2-Na2O-CaO-P2O5 system and named 45S5 Bioglass® 

(46.1 mol.% SiO2, 24.4 mol.% Na2O, 26.9 mol.% CaO and 2.6 mol.% P2O5), was developed by Hench 

et al. in 1971 [3, 77]. Since then, many other silicate, borate and phosphate glasses have been 

proposed by materials and medical researchers for bone tissue engineering applications [58]. 

However, commercially available bioactive glasses tend to be particulates. Bioactive glasses can 

be classified in two different groups based on the fabrication process: melt-derived and sol-gel 

derived glasses [5, 58]. 

The traditional melting-quenching route allows the manufacturing of glass in bulk form of 

different size and shape (e.g. rods or bars) or in a “frit” composed of granules/pieces that can be 

easily powdered. Melt-derived glass powders can be used for the production of porous grafts by 

sintering them around a sacrificial polymer template [78], through foam replica method [79], after 

gel-cast direct foaming [80] or additive manufacturing process [54, 81]. The main challenge of 

melt-derived glass scaffolds consists of tuning the composition in order to have a glass that does 

not crystallise during sintering; for instance, more complicated compositions than 45S5 Bioglass 

have been developed, e.g. 13-93 (54.6 mol.% SiO2, 22.4 mol.% CaO, 6 mol.% Na2O, 1.7 mol.% P2O5, 

7.9 mol.% K2O, 7.7 mol.% MgO), ICIE16 (49.46 mol.% SiO2, 36.6 mol.% CaO, 6.6 mol.% Na2O, 1.07 

mol.% P2O5, 6.6 mol.% K2O), since it is impossible to avoid nucleation of crystalline phases during 

sintering of melt-derived 45S5 Bioglass [5, 82]. Amorphous structure is a crucial factor to 

maintain a satisfactory degradation rate and, hence, an effective bioactive behaviour; to this end, 

melt-derived glasses have the limitation of 60 mol.% as maximum SiO2 content to allow implant 

bonding to bone [3, 5].  

Many of these drawbacks can be overcome when the sol-gel process is applied: this is a bottom-

up synthesis route that, starting from a solution containing the compositional precursors, 

essentially forms and assembles nanoparticles of silica at room temperature (RT) to form a gel 
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through polymer-type reactions [83]. From a chemistry point of view, it basically consists of two 

steps, identified as hydrolysis (Equation 1.1) and condensation (Equation 1.2). 

Equation 1.1. Si(OR)4 + nH2O  →  (OH)nSi(OR)4-n + nROH  

Equation 1.2. Si(OH)4 + Si(OH)4  →  (OH)3Si–O–Si(OH)3 + H2O  

In the first stage of the sol-gel process, the silica precursor, usually tetraethyl orthosilicate (TEOS, 

Si(OCH2CH3)4) undergoes hydrolysis through reaction with water under acidic or basic catalysis 

to form silanol groups. Condensation then occurs where the silicon atoms become cross-linked 

through bridging oxygen bonds (Si-O-Si) with the loss of a water molecule, forming silica 

nanoparticles. The kinetics of the two processes are not easy to investigate, because hydrolysis 

and condensation may occur simultaneously as silanol groups on partially hydrolysed molecules 

undergo condensation [84, 85]. The process can be either acid or base catalysed around the 

isoelectric point of silicic acid (pH = 2). If synthesis is carried out under basic conditions, spherical 

bioactive nano- and submicro- particles can be formed: this route is known as the “Stöber process” 

[86]. Acid catalysis is the one of interest for the purpose of the present project, because it is the 

one that is commonly used to produce monoliths and foams (Figure 1.4): the primary 

nanoparticles that form in the sol coalesce, leading condensation (Si-O-Si bonds) to occur and to 

form a gel network of assembled nanoparticles. The gel, that contains excess of solvent and water 

and ethanol produced during the condensation reactions, is then aged (continued condensation 

in sealed conditions) and dried to remove the remaining interstitial liquid among coalesced 

particles. During this process, the primary particles retain their shape and only change their 

arrangement, while the liquid removal leaves behind an interconnected network of nanopores. 

Final thermal treatments at 600-800°C are performed to stabilise and sinter the particles, 

determining a further densification of the material and consequent reduction of the porosity. The 

drying and stabilisation steps must be very carefully controlled to ensure slow solvent removal 

and minimise the risk of cracking [87, 88].  

 

Figure 1.4. Schematic of the sol-gel network formation of glasses (adapted from Lin et al. [88]). 
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The glass network can be doped with ions by addition of the corresponding liquid precursors to 

the starting sol: triethylphosphate (TEP) and the salt calcium nitrate are the additional precursors 

usually used to introduce phosphate and calcium in the glass [2]. 

As the silica network begins to form at RT, it is not necessary to overcome the glass transition 

temperature (Tg) to obtain a foam scaffold. Moreover, sol-gel derived glasses show a wider range 

of compositions that remain bioactive even with up to 90 mol.% silica content and, in general, sol-

gel glasses are found to form the HCA surface layer more rapidly than melt-derived glasses in 

simulated body fluid (SBF) tests  [89, 90]. This is mostly due to the presence of an interconnected 

nanoporosity (1-20 nm) inherently left by the synthesis procedure: this feature provides a specific 

surface area two orders of magnitude higher than melt-derived glasses, enhancing resorbability 

and bioactivity and influencing cells (especially osteoblasts) response through the increased 

number of attachment points for cells given by nanoroughness [91]. It has also to be considered 

that nanopores can be exploited as vehicles for targeted and controlled delivery of drugs and other 

biomolecules (e.g. growth factors) [92]. Sol-gel derived glass scaffolds (with a macro- and nano- 

porous texture) can be obtained through a one-pot procedure by the introduction of a surfactant-

aided foaming step within sol-gel synthesis, where a key parameter is the modulation of the 

viscosity in order to keep the porous structure before gelation [93, 94]. Other alternatives 

investigated more recently are freeze-drying of the sol [95] or additive manufacturing techniques 

starting from sol-gel derived bioactive glass powders [96].   

The different processing techniques led to good results in the realisation of porous bioactive glass 

scaffolds: some show porous structures that mimicked porous bone in terms of size, 

interconnectivity and percentage porosity. Some exhibited suitable degradation rates, while 

others were less bioresorbable but had higher mechanical properties in order to replace load-

bearing regions of bone tissue. Nevertheless, since they are glassy materials, they are inherently 

brittle and therefore not suitable for specific grafting applications where, for example, cyclic loads 

are applied. Composite materials, such as glass-polymer scaffolds, are not an effective solution 

because the presence of two separate phases is often detrimental rather than beneficial. Main 

drawbacks of composites are: poor interactions at the interface of the two components; polymer 

masking the bioactive component at the surface; inhomogeneity in the dispersion of the second 

phase; inability to match the degradation rates of the two components. The idea of enhancing the 

properties of different materials by their combination is certainly successful but a deeper synergy 

between the chosen components should be achieved: for this purpose, a new generation of hybrid 

materials is considered the most promising solution [5, 87].  
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1.5 SOL-GEL HYBRID MATERIALS 

1.5.1 DEFINITION AND SYNTHESIS 

In 1993 Novak defined inorganic/organic (I/O) hybrid sol-gel materials as interpenetrating co-

networks of inorganic and organic components that interact at the molecular level and are 

indistinguishable above the nanoscale [4]. This differentiates hybrids from nanocomposites, still 

characterised by two different and distinguishable phases. The fundamental concept of a hybrid 

consists of combining the best characteristics of glasses or ceramics (i.e. bioactivity, strength and 

hardness) and polymers (i.e. flexibility, toughness and biodegradability) at the molecular level in 

order to obtain a new biomaterial that acts as a single phase; this means a controlled congruent 

biodegradation and a potential tailoring of the mechanical properties. Based on this principle, the 

range of achievable hybrid compositions spans from organically modified glasses (i.e. to improve 

toughness) to polymers modified by small amount of inorganic phase (i.e. to impart bioactivity 

and strength) [4, 5, 87]. As a consequence, the hybrid structure poses a problem for their 

mechanical characterisation, as the mode of deformation will change with polymer percentage, 

and techniques and standards applicable to polymeric materials are not compatible with ceramics 

and vice versa. So far progress in understanding the hybrid mechanical behaviour has been 

achieved by using testing methods developed for conventional materials (polymers, ceramics and 

composites) under different static (i.e. up to fracture) and dynamic conditions (i.e. small 

deformation for prolonged time), however a set of characterisation procedures to compare 

hybrids reliably to the alternative materials has not been developed yet [97]. 

The most popular approach for hybrid synthesis simply consists of modifying the conventional 

acid-catalysed sol-gel process (Section 1.4) through the addition of the chosen polymer: this is 

usually done during condensation process (i.e. after TEOS hydrolysis), so that the inorganic 

network can entangle with polymer molecules. It is clear that the presence of the organic phase, 

usually characterised by low melting point, results in performing ageing and drying in a range of 

T sustainable by the polymer (i.e. usually below 100-130°C), avoiding stabilisation and sintering 

treatments at higher temperature required in sol-gel derived bioactive glass synthesis. A 

schematic of the modified sol-gel process for hybrid preparation is depicted in Figure 1.5. The pH 

control throughout the process is also a crucial factor, because acidic conditions (pH < 2) are 

usually required for TEOS hydrolysis and sol preparation but this could cause partial polymer 

degradation; thus, a possible increase of the pH towards neutral values before polymer addition 

is desired to maintain its integrity [5, 87]. 
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Figure 1.5. Schematic of the sol-gel network formation of hybrids (modified from Lin et al. [88]): variations from the 

traditional sol-gel process to make glass are highlighted in red. 

The hybrid sol-gel route is very versatile because the rheology of the solution can be modulated 

on the basis of the desired processing technique: for example, films can be produced by film 

deposition methods (e.g. dip-coating, spin-coating); fibres by extrusion or electrospinning; 

patterns by electrochemical deposition, lithography-based techniques, replica moulding 

technique; powders via aerosol or spray-drying [98]. Consequently, the final I/O hybrids find 

diverse fields of application, from electrical to optical, from structural to biomedical [98]. 

 

1.5.2 HYBRID CLASSIFICATION 

Hybrids can be classified into four major classes based on their macromolecular structure and the 

interactions between the inorganic and organic chains. Class I and Class II hybrids result from the 

use of a preformed polymer (prepolymer), which is then embedded in the sol-gel forming 

inorganic network: Class I hybrids are characterised by weak non-bonding interactions, such as 

molecular entanglements, hydrogen bonding, electrostatic interactions and/or Van der Waals 

forces, whereas Class II hybrids also contain strong covalent bonds between inorganic and 

polymer components. Class III and Class IV hybrids result from the simultaneous formation of the 

organic (polymerisation) and inorganic (sol-gel process) phases: Class III and IV differentiate by 

the same distinction between Class I and II, which means that Class III hybrids are characterised 

by weak non-bonding interactions, whereas Class IV hybrids contain also strong covalent bonds 

between inorganic and polymer phases [4]. 

The presence of weak non-bonding interactions allows the mobility of polymer chains, giving 

flexibility and degradability in case the polymer is soluble/degradable in an appropriate solvent; 

this property could be very useful for biomedical applications, in order to develop bioresorbable 

hybrids using polymers that are soluble/degradable in water. However, if no covalent linkages 
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are present (Class I and III), usually a lack of improvement of the mechanical properties compared 

to the ones of the major component is observed, leading to hybrids which are too brittle (when 

the inorganic component acts as a matrix) or too weak (when the polymer is the majority). 

Stability in water is also poor as the water can separate the components. Hence, the introduction 

of strong covalent cross-links between the chains (Class II and IV) allows better homogenisation 

and tailorability of the properties, achieving true interpenetrating “molecular composite” 

materials (Figure 1.6); especially mechanical properties can be optimised by increasing the 

toughness of the inorganic phase without losing strength and a controlled congruent degradation 

can be achieved [5]. The simplest way to obtain covalently-linked hybrids is using an organic 

source (preformed polymer or monomer) that contains functionalities able to react with the silica 

source during the condensation step. Alternatively, Class II-IV hybrids can be obtained using an 

organic source which does not exhibit silica sources but is functionalised with a so-called 

“coupling agent” before the addition in the sol-gel process: a coupling agent is a molecule that 

contains both an organic moiety, which is utilised to covalently bond the polymer, and 

trialkoxysilyl moieties which can then undergo the sol-gel process, participating in the formation 

of the 3D network [87].  

 

 

Figure 1.6. Schematic of a hybrid network characterised by covalent bonding between the inorganic and organic 

components (adapted from Valliant et al. [87]). 
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The use of a preformed polymer (Class I-II) is generally more common because it avoids the 

control of the organic polymerisation process, that may require quite strong reaction conditions: 

for instance, some polymerisations occur faster at a high temperature, which can induce a rapid 

condensation of the silica network though; in addition, a complete conversion must be ensured or 

a way to remove unreacted monomer/catalyst must be developed. However, incorporating 

preformed polymers is limited only to polymers which are soluble in the sol-gel solution and 

induces higher stresses during the drying step. These problems can be overcome by forming in 

situ both inorganic and organic phases (Class III-IV), which allows a greater homogeneity and 

interpenetration of the two networks but requires the optimisation of their simultaneous 

formation: in fact, the match of the polymerisation rates of the two systems must be ensured, 

otherwise, for instance, inorganic gels could swell with unreacted monomer if silica condensation 

is faster [4]. 

 

1.5.3 HYBRIDS FOR BIOMEDICAL APPLICATIONS 

Considering biomedical applications, several chemistry challenges must be overcome to obtain a 

successful I/O hybrid. The choice of polymers is limited to those that are biocompatible. The 

selected polymer must be soluble in the solvent used in the sol-gel process, requiring sometimes 

its functionalisation in order to improve solubility, and must have a suitable degradation rate. 

Furthermore, a great improvement with a view to bone regeneration would be represented by the 

incorporation of calcium into the network to impart osteogenic behaviour to the hybrid. Finally, 

as will be discussed in detail in Section 1.5.6, all the desired properties must be achieved while 

producing a porous scaffold with appropriate pore architecture [5, 87]. 

Early attempts consisted of the preparation of Class I hybrids selecting polyvinyl alcohol (PVA) as 

organic source because of its well-known biocompatibility and solubility in water. Bioactive 

glass/PVA hybrids were prepared both in form of crack-free monoliths [99] an foams [100, 101]: 

good results were obtained in terms of bioactivity through in vitro tests of soaking in SBF and 

mechanical properties, exhibiting an improved strain to failure compared to bioactive glasses. 

However, since PVA was not covalently linked to silica, these were Class I hybrids that underwent 

rapid dissolution.  

Therefore, researchers began to focus their attention on more promising Class II hybrids, which 

are currently the subject of the majority of publications on hybrids for biomedical applications. 

Considering the use of polymers that already contained silane bonds, a first example is 

represented by polydimethylsiloxane (PDMS), which exhibits a silica backbone with organic side 

groups, allowing an excellent coupling and resulting high mechanical properties [102]. However, 
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PDMS is very hydrophobic. A widely investigated alternative is represented by 3-

(trimethoxysilyl)propylmethacrylate (TMSPMA) and its copolymers with methylmethacrylate 

(MMA), which is the monomer for polymethylmethacrylate (PMMA), a well-known synthetic 

polymer used for biomedical applications. Hybrids showed great potential for bone regeneration 

because of their high strength with ductile behaviour and ability to support osteoblast attachment 

[103-105]. However, the methacrylate-based polymers were not biodegradable. This problem can 

be overcome by using biodegradable polymers in coupling agent-mediated Class II hybrids. First 

attempts were made using natural polymers because of their high biocompatibility and 

biodegradability: examples are Class II hybrids containing gelatin [7, 106], poly(γ-glutamic acid) 

(γ-PGA) [107-109] and chitosan [110-113], using (3-glycidoxypropyl)trimethoxysilane (GPTMS) 

as coupling agent. However, natural polymers suffer from a lack of reproducibility, that prevents 

a possible control on the properties of the final hybrid material. Therefore, the interest moved 

towards synthetic polymers: these require a higher control on their biocompatibility, but they 

guarantee a reproducible synthesis procedure and possibly a better modulation of their 

properties in order to achieve a satisfying compromise between degradation rate and mechanical 

strength and toughness. PCL-based hybrids described in Section 1.5.4 are some of the most widely 

known examples.  

Another type of hybrids is the so-called “star gels”, which are a particular type of Class II hybrids 

having an organic core surrounded by flexible arms that are terminated in alkoxysilane groups 

able to form a silica-like network during the sol-gel process. The fracture toughness of star gels is, 

in general, higher than that of sol-gel glasses and is comparable with natural bone; therefore, they 

are expected to exhibit good long-term fatigue behaviour [114]. Chung et al. demonstrated that 

the use of star shaped methacrylate-based polymers in hybrids can allow a better tuning of the 

mechanical properties compared to linear and randomly branched architectures [115]. At 

present, only the star gel monoliths developed by Manzano et al. showed osteoinductive 

properties, due to the fact that calcium was incorporated in the network through the addition of 

calcium methoxyethoxide (CME) in the sol-gel process [116].  

The incorporation of calcium inside sol-gel hybrid networks is indeed one of the main challenges 

because conventional calcium sources for sol-gel bioactive glasses, calcium nitrate or other 

calcium salts, require heating up to at least 400°C to achieve the incorporation of calcium ions as 

a network modifier. At lower temperature, calcium ions concentrate on the surface of the gel and 

they only diffuse into the silica network when a temperature of 400°C is reached [87, 88]. CME 

could be a successful alternative since it was proven to allow for the Ca incorporation into the 

silica network at RT without affecting the organic phase [109, 117], but it is highly sensitive to 

water, therefore a careful control is required in aqueous-based synthesis. 
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Very few examples of Class III-IV hybrids are reported in literature and date back to the 1980’s. 

The simultaneous aqueous ring-opening metathesis polymerisation of cyclic alkenyl monomers 

(whose corresponding polymers are insoluble) and sol-gel synthesis of TEOS led to the formation 

of transparent and homogeneous Class III hybrids with an extremely reduced shrinking rate, 

allowing the preparation of bulk samples [118]. An example of Class IV hybrid is given by the 

synchronous polymerisation of TEOS or Ti(OR)4 and methacrylate monomers in presence of 

TMSPMA and GPTMS as coupling agents, in order to obtain materials for contact lenses with 

improved O2 permeability and wettability [119, 120]. More recent publications were not found.  

 

1.5.4 PCL-BASED HYBRIDS  

As described in Section 1.3, PCL possesses all the properties to be an extremely attractive organic 

source in I/O hybrids for biomedical applications, in order to impart toughness to the inorganic 

phase and to achieve a suitable degradation rate; furthermore, the possible use of a bioactive glass 

as inorganic component could provide for the lack of bioactivity of PCL and reduce 

hydrophobicity. PCL is also already used in devices that are FDA-approved, which would make the 

pathway to commercialisation of a new device easier than it would be for a new polymer. 

Unfortunately, PCL, as other polyesters, is difficult to be introduced into the sol-gel process 

because its hydrophobic nature makes it insoluble in aqueous solutions, required for TEOS 

hydrolysis; anhydrous solvents, such as tetrahydrofuran (THF), toluene or chloroform, are 

generally used. Moreover, PCL is difficult to couple with inorganic molecules because it does not 

have many reactive functional groups on its chain [48]. Catauro et al. synthesised bulk hybrids 

based on different inorganic phases – i.e. silica [121], SiO2-CaO [122, 123], zirconia [124] or titania 

[125] – with pure PCL (molecular weight of 65 kDa) dissolved in methylethylketone (MEK). 

Fourier-Transform infrared (FTIR) spectroscopy analysis demonstrated that they were only Class 

I hybrids, where hydrogen bonds occurred between -OH groups of inorganic intermediates and -

C=O groups of PCL. In vitro bioactivity and drug-delivery ability were evaluated through soaking 

in SBF, showing the excellent formation of a layer of hydroxyapatite (HA) on the surface and a 

gradual release of ampicillin. However, neither mechanical properties nor bioresorption rate, 

which are affected mostly by the absence of a strong covalent coupling but are fundamental for 

the application as bone substitutes, were assessed. Similar results were obtained by Allo et al. 

using pure PCL in combination with a ternary bioactive glass to produce hybrid fibres by 

electrospinning [126]. 

Since pure PCL is not suitable for preparation of strong hybrids, the attention was then focused 

on α,ω-hydroxyl poly(ε-caprolactone), commonly known as PCL diol, which is basically a PCL 

molecule with a hydroxyl group for each end (Figure 1.7); -OH terminal groups can be exploited 
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to get hydrogen bonding or covalent (through the interposition of a coupling agent) linkages with 

inorganic molecules. Tian et al. were the first authors who investigated its use. First, Class I 

hybrids were obtained as reference by simply introducing PCL diol with Mn (i.e. number average 

molecular weight) of 2000 Da in acid-catalysed sol-gel synthesis using TEOS as silica source: as a 

consequence of the lack of covalent cross-linking, complete gelation did not occur in a sealed 

container, with the cast solution remaining liquid for more than 10 days; only by inducing the 

solvent evaporation by opening the container, homogeneous but brittle hybrid discs were 

obtained [127, 128]. To achieve covalent bonding between PCL diol and SiO2, (3-

isocyanatopropyl)triethoxysilane (ICPTS, Figure 1.7) was used as coupling agent. Hydroxyl 

groups on the PCL diol were end-capped by ICPTS in presence of 1,4-diazabicyclo[2,2,2,]octane 

(DABCO) that catalyses the formation of urethane linkage between -NCO and -OH [127]. The 

functionalised polymer exhibited triethoxysilane molecules at terminal ends, which interacted 

with hydrolysed TEOS to produce an interconnected Class II silica/PCL network. The presence of 

an effective covalent linkage was noticed by the reduction of gelation time to 4 days in a sealed 

container and confirmed by FTIR spectroscopy and by an improved thermal stability of the 

polymer incorporated in hybrid films (50 wt.% of organic phase, thickness between 0.1-1 mm) 

evaluated via differential scanning calorimetry (DSC), thermogravimetry (TGA) and dynamic 

mechanical analysis (DMA) [128, 129]. Biocompatibility was evaluated after fibroblast cell 

cultures. Data regarding in vitro degradation with the addition of porcine enzymes were reported 

at 10 days, showing the potential effect of enzymatic degradation; however, no mechanical 

characterisation was described [64]. 

 

 

Figure 1.7. Chemical structures of PCL diol and (3-isocyanatopropyl)triethoxysilane (ICPTS). 

The same approach of coupling PCL diol and silica through the interposition of ICPTS was used by 

Rhee et al. to prepare hybrid discs (12 mm of diameter and 1-2 mm of thickness) from acid-

catalysed sol-gel synthesis using THF or ethanol as solvent [130]. The same progression of the 

gelation process as in previous works was observed. They found out that the degradation is mainly 

ascribable to the loss of PCL, observing an in vitro loss of ~5 wt.% after 4 weeks in phosphate 

buffered saline solution (PBS) when Mn = 2000 Da was used. An increase in the molecular weight 

of the starting polymer resulted in a slightly slower degradation: this was the consequence of the 

combination of the behaviour of pure PCL (i.e. the rate of degradation decreased with increasing 

Mn) and the hybrid cross-link (i.e. an increase in the Mn resulted in a reduction in the number of 
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terminal hydroxyl groups available for coupling and, consequently, in the degree of covalent 

bonding) [130, 131]. Furthermore, they were the first to report results from mechanical testing in 

tension: for instance, hybrids made from TEOS/PCL ratio of 40/60 wt.% (from PCL diol Mn = 2000 

Da) had a Young’s modulus of 582 ± 179 MPa and a tensile strength and strain at failure of 20.8 ± 

0.7 MPa and 48 ± 8 % respectively [132]. These mechanical properties did not match the ideal 

requirements, because they are too weak for bone regeneration (Table 1.1) and too stiff for 

cartilage regeneration (Table 1.2), but they showed that the incorporation of the polymer in the 

hybrid system significantly reduced the brittleness of glass. Polymers show high toughness when 

their Mw (i.e. weight average molecular weight) is above their Mc (i.e. critical molecular weight for 

entanglement) [133, 134]. Mc was reported to be ~15-16 kDa for PCL [134] and Rhee et al. 

measured that Mn = 2000 Da of the PCL diol that they used in their studies corresponded to Mw = 

6693 Da [130, 132]. Hence, the improvement in the glass toughness observed by Rhee et al., 

despite the use of a PCL with Mw (< 7 kDa) well below Mc, suggested that the use of a coupling 

agent to mediate the interpenetration between polymer and glass co-networks in a hybrid system 

may be an effective way to improve mechanical properties using also low molecular weight PCL. 

Rhee et al. usually added calcium nitrate tetrahydrate (CaNT) as a calcium precursor to the 

inorganic network to impart bioactivity [135, 136]: they observed formation of HCA after in vitro 

soaking in SBF up to four weeks, with, as expected, an increase in deposition rate proportional to 

the inorganic content; however, there was no mention of a thermal treatment at 400°C or more to 

remove nitrates [137].  

Class II SiO2/PCL hybrids with thermally triggered shape-memory ability were prepared by 

hydrolysing and condensing ICPTS–end-capped PCL diol without the addition of further silica 

source: discs (200-300 µm thick) exhibited the ability to recover the shape through cooling-

heating cycles taking advantage of the melting transition of the semi-crystalline domains with the 

recovery time dependent on the molecular weight, spanned in the range 900-10900 Da [138, 139]. 

All those studies demonstrated the feasibility and the encouraging properties of Class II Silica/PCL 

hybrids using low Mn PCL diol, as these materials, even if tested only as disc-like samples, were 

shown to have tailorable mechanical properties and degradation rate. The reported materials 

mainly targeted bone regeneration; however, further studies are required in order to evaluate the 

mechanical properties in compression, which is the major stress in bone and cartilage tissues. 

Furthermore, the processing of the material in order to obtain 3D porous scaffolds must be 

investigated as no record of Class II SiO2/PCL hybrid scaffolds was found in literature. To this end, 

an important role is played by the coupling agent and alternative options might be needed to 

achieve the desired goal. 
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1.5.5 COUPLING AGENTS FOR PCL DIOL 

On the basis of the studies on PCL-based hybrids reported above, the choice of PCL diol as organic 

source seems to be the most promising, as it shows the same functional group (-OH) at both 

terminal ends that hence can be functionalised with the same coupling agent, allowing a high 

degree of cross-linking.   

As described in Section 1.5.4, at present ICPTS (Figure 1.7) is the only coupling agent that has been 

used through the covalent bond between its cyanate group (-NCO) with PCL hydroxyl (-OH); the 

reaction mediated by DABCO was successful, ensuring a high degree of functionalisation [127, 

128, 130, 136]. However, ICPTS poses a problem in terms of safety for use in a biomaterial, 

because it is extremely toxic as unreacted isocyanate groups tend to link to DNA molecules; 

therefore, a careful purification is required. In addition, the gelation time was very long (i.e. 

minimum 4 days), which is deemed to be a significant limitation in producing 3D porous 

structures through 3D printing from viscous sol (Section 1.6.4), chosen herein as fabrication 

technique. This drawback could be solved by using an alternative catalyst for the sol-gel process, 

but it is also worth to consider alternative coupling agents.  

(3-Aminopropyl)triethoxysilane (APTES, Figure 1.8) is an alternative organosilane that has been 

exploited as coupling agent. It has a similar structure to ICPTS except that it shows a -NH2 group 

instead of -NCO group. Maeda et al. successfully used it in combination with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) to produce 

PLLA/calcium carbonate hybrid membranes [140]. The system formed by EDC hydrochloride and 

NHS is known to be a successful way of crosslinking carboxyl (-COOH) and amino groups: EDC 

hydrochloride reacts with -COOH group to form an active intermediate, which is then displaced 

by nucleophilic attack by -NH2 and EDC is released as by-product. This reaction works at a pH of 

4.5, thus NHS is used to stabilise the intermediate against hydrolysing and allow the reaction to 

occur at higher pH (up to 6) [141]. Generally, primary amines (i.e. showing -NH2 functional group) 

are known to be good nucleophiles, a feature that can be exploited in many other reactions of 

nucleophilic addition or substitution [142], but there is no record of utilisation of APTES as 

coupling agent with different mechanisms from EDC-NHS.  

Regarding the use of the amino group, it is worth mentioning that studies, inspired by the 

observation of living species (such as sponges and diatoms) able to self-produce ordered 

amorphous silica, showed that bifunctional amines are potential biomimetic catalysts able to 

catalyse silica formation from TEOS at neutral pH and RT [143-145].  Cysteamine,  the simplest 

stable aminothiol and a degradation product of the aminoacid cysteine, was the most successful 

since it contains the most similar analogues to the active residues of natural sponge enzymes 

[143]. There is no record of use of cysteamine in hybrid systems, but the potential of amine 
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catalysis was reported by Song et al., who observed that, when APTES was added to the sol-gel 

synthesis of hybrids containing ICPTS–end-capped PCL, -NH2 groups showed the ability to self-

catalyse the sol-gel reaction, as gelation occurred without the addition of other catalysts, even 

though gelation time was still more than a week [146].  

The most successful coupling agent so far for the preparation of I/O hybrid materials is GPTMS 

(Figure 1.8), that is an organically modified alkoxide bearing an epoxide group, which is a cyclic 

ether with a three-atom ring and, due to its considerable ring strain, is highly reactive with several 

nucleophiles [147]. Gabrielli et al. showed that, in aqueous solution, careful control of the pH is 

required and the choice of the nucleophile is critical [148, 149]. In a study they demonstrated that, 

at high pH, the epoxide ring did not open and fast condensation of silica species occurred, whereas, 

at low pH, nucleophilic attack by water afforded the formation of diols at the terminus of GPTMS 

organic chain. It was concluded that in aqueous solution slightly acidic conditions (pH~5) are 

needed to functionalise polymers with GPTMS through nucleophilic attack, to avoid both the 

hydrolysis of the epoxide ring and the condensation of silica [148]. In a following study, Gabrielli 

et al. also showed that the presence of silane groups influences the reactivity of the system: they 

observed that common nucleophiles (hydroxyl, amino and thiol groups), that usually open the 

epoxide ring in conventional organic reactions, did not open GPTMS epoxide ring, whereas 

carboxylic groups (-COOH), expected not to be as good nucleophiles, showed the best coupling 

rate [149]. In agreement with those findings, when GPTMS-mediated SiO2/chitosan hybrids were 

synthesised, it was demonstrated that the degree of covalent bonding between -NH2 exposed by 

chitosan and GPTMS epoxide ring was lower than expected and it was accompanied by a 

significant side reaction between water and the epoxide ring [110-113]. On the other hand, 

successful Class II hybrids were made exploiting the -COOH groups exposed by gelatin [7, 106] 

and γ-PGA [107-109] to GPTMS. However, all these studies were performed in water-based 

solutions, therefore not directly transferrable to a PCL-based system. Recently Guillory et al. 

repeated the investigation of the reactivity of GPTMS against simple nucleophiles but in organic 

solvents [150]: whereas amines were proven to be strong enough nucleophiles to open the 

epoxide ring, thiols, commonly known to be good nucleophiles in organic chemistry, did not 

produce the same outcome, confirming again that the presence of the Si atom changes the 

reactivity of the system. Alcohols were demonstrated not to be effective nucleophiles towards the 

epoxide ring, even when a Lewis acid was introduced in the system to functionalise the epoxide 

ring without altering the GPTMS alkoxysilane groups, as a mixture of ring-opening, trans-

etherification and polycondensation was still observed [150]. This suggests that, if the use of 

GPTMS as coupling agent is pursued, a conversion of PCL diol hydroxyls into more reactive groups 

to the epoxide ring in an organic solvent should be applied. Guillory et al. also concluded that, 
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among Lewis acids, boron trifluoride diethyl etherate (BF3∙OEt2) is the most efficient catalyst to 

open the epoxide ring in organic media [150]. 

Since it possesses a double functionality, GPTMS was also used as simultaneous source of organic 

and inorganic phases, without the need of further polymer embedding. Innocenzi et al. 

investigated the synthesis of I/O hybrids through co-hydrolysis and co-condensation of GPTMS 

and TEOS in acidic conditions, followed by epoxide polymerisation catalysed by BF3∙OEt2 at RT 

[151, 152]. BF3∙OEt2 was found to have an additional effect of catalysing the formation of the 

inorganic network, increasing the cross-linking degree, leading to a competitive polymerisation 

between organic and inorganic components; the effect on the silica condensation though became 

prevalent only when large amount of BF3∙OEt2 was used [152]. Hence, the overall degree of 

condensation of the hybrid network was tuned by varying the ratio between GPTMS, TEOS and 

BF3∙OEt2. However, the absence of further organic components represents a limitation in tailoring 

the mechanical properties of the obtained material and, hence, in its final applications. The same 

research group also widely investigated the use of GPTMS to produce I/O thin films with smart 

controlled surface chemistry [153, 154]: the control of the sol pH allows fine tuning of the degree 

of epoxide ring opening, hydrolysis and condensation with consequent tailoring of the surface 

hydrophilicity/hydrophobicity [155, 156]. This kind of hybrid system is currently envisaged 

mainly for applications in coatings (e.g. contact lens coatings [157, 158]).  

(3-Mercaptopropyl)trimethoxysilane (MPTMS, Figure 1.8), which shows a -SH terminal end of the 

organic moiety, is another potentially interesting organosilane since the -SH group is known to be 

a good nucleophile that can undergo nucleophilic substitution [142]; however, there is no record 

of its use in producing Class II hybrids for biomedical applications.  

As will be clear from the examples reported in Sections 1.5.6 and 1.6.4, all sol-gel hybrid scaffolds 

described in literature were made using GPTMS as coupling agent. 

 

 

Figure 1.8. Chemical structures of alternative coupling agents: (3-aminopropyl)triethoxysilane (APTES), (3-

glycidoxypropyl)trimethoxysilane (GPTMS) and (3-mercaptopropyl)trimethoxysilane (MPTMS). 

The different coupling mechanisms of the suggested alternative coupling agents could potentially 

provide for the needed acceleration of the gelation step compared to the use of ICPTS. However, 

the final condensed hybrid network would not show significant differences among the described 
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organosilanes, therefore the change of the coupling agent might not improve the mechanical 

properties of the ICPTS-mediated SiO2/PCL hybrids (Section 1.5.4), which were less brittle than 

glass but still did not match the requirements for bone and cartilage regeneration.  

 

1.5.6 HYBRID SCAFFOLDS FOR TISSUE REGENERATION 

The sol-gel process is a versatile synthesis method, which can be transferred into the production 

of hybrid porous scaffolds for tissue regeneration using the same techniques previously 

mentioned for sol-gel glasses (Section 1.4). 

Freeze-drying was used to produce Class II SiO2/chitosan scaffolds covalently coupled by GPTMS 

[110, 112, 113], where the water-based I/O gels were frozen and then high vacuum was applied 

to sublime the ice. As a consequence, anisotropic scaffolds with elongated pores on the freezing 

direction were obtained (Figure 1.9a). Scaffolds were proven to be highly porous (above 80 %) 

with interconnected pores [112] and to support good osteoblast adhesion [110]. However, the 

combination of high porosity and poor degree of covalent GPTMS-chitosan cross-linking led to 

compressive strengths (maximum 143 kPa) far too low for load sharing applications for either 

bone or cartilage regeneration [112]. 

An alternative approach, widely investigated in Prof. Jones’ group, consists of the incorporation of 

the polymer into the sol-gel foaming process prior to vigorous agitation. To the sol containing both 

inorganic and organic precursors, a surfactant and hydrofluoric acid (HF) are added: the 

surfactant is needed to create a stable network of bubbles that will generate the pores, while HF 

is added to initiate the rapid condensation of silica. The sol is then foamed and the obtained stable 

foam is cast into a mould to undergo ageing and drying process.  

This method was used first by Pereira et al. to prepare Class I bioactive glass/PVA scaffolds [100, 

101] and then by Poologasundarampillai et al. to fabricate Class II bioactive glass/γ-PGA scaffolds 

with GPTMS as coupling agent [107, 108] for applications in bone regeneration. Mahony et al. 

prepared Class II GPTMS-mediated silica/gelatin hybrid scaffolds, that showed high deformability 

in wet conditions, more suitable for cartilage regeneration [106]. However, the sol-gel foaming 

process is not controllable or reproducible. The mechanism of pore formation brings difficulties 

in defining 3D interconnect sizes, which are essential for the colonisation of the scaffolds by cells 

and vascularisation if bone regeneration is addressed. Open and interconnected pores were 

achieved only with high percentage porosity (Figure 1.9b), which was detrimental to mechanical 

properties: despite an improvement in strain to failure compared to the pure inorganic glass, 

hybrid scaffolds exhibited strengths below the requirements [106, 108]. Nevertheless, these 

studies confirmed the great advantage inherent in sol-gel hybrids, which consists of the 
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tailorability of the properties by changing the I/O ratio and the crosslink degree between the two 

phases. For instance, in SiO2/gelatin hybrids the GPTMS/gelatin molar ratio had a significant 

influence on the mechanical properties: when 60 wt.% gelatin was used, a GPTMS/gelatin molar 

ratio of 500 led to flexible hybrids with ~20 kN of compressive strength at 34 % of strain, but 

when a double GPTMS/gelatin molar ratio was considered stiffer scaffolds were obtained with 

~54 kN of compressive strength at 9 % of strain [106]. 

 

 

Figure 1.9. X-ray micro-computed tomography images of: a) Class II SiO2/chitosan hybrid scaffold made via freeze-

drying (reproduced from Connell et al. [112] with permission from RSC); b) Class II SiO2/gelatin hybrid scaffold made 

via foaming (reproduced from Mahony et al. [106] with permission from John Wiley and Sons). 

 

A possible solution to the problems encountered with the two previous techniques is represented 

by 3D printing directly from the sol-gel process, which represents a very promising fabrication 

method that combines the advantages of additive manufacturing techniques with the inherent 

properties of sol-gel hybrid synthesis as described in the next section.  

 

 

1.6 ADDITIVE MANUFACTURING OF SCAFFOLDS 

1.6.1 DEFINITION 

The cutting-edge technique to fabricate porous structures is now additive manufacturing (AM) of 

complex objects. AM is the process of “joining materials to make objects from three-dimensional 

(3D) model data, usually layer upon layer, as opposed to subtractive manufacturing 

methodologies” [159]. AM is a bottom-up process that begins with a 3D model of the object, 

usually created by computer-aided design (CAD) software or a scan of an existing object; this 

model is then sliced in cross-sectional layers through specialised software, creating a computer 
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file containing the design to be extruded. This file is sent to the AM machine, that generates the 3D 

object by forming each layer via the selective deposition or forming of material [159].  

AM offers several benefits over traditional manufacturing techniques. Particularly, it allows 

creation of complex shapes through a digital 3D modelling and modification of the structure to 

design custom-made objects; furthermore, it theoretically ensures total reproducibility and easy 

up-scaling given by the computer-controlled processes, which reduce the influence of the 

operator on the final object. For these reasons, AM is a promising technique that is believed will 

bring great development in numerous fields, including biomedical applications [160, 161]. In 

particular, AM is gaining increasing interest in orthopaedic and dental applications, thanks to the 

excellent potential of printing custom-made devices from the CAD reconstruction based on 

tomography analysis of the patient [69, 162, 163]. The so-called “bio-printing”, that consists of 

printing living cells and biomaterials simultaneously, is an emerging technique in soft tissue 

engineering (e.g. skin, vascular tissue) [161, 164]. 

Several techniques can be attributed to AM, based on creating layers (direct or indirect), that also 

depends on the type of material used: polymer, metal, ceramic. Examples are fused deposition 

modelling (FDM), stereolithography (SLA) and selective laser sintering (SLS) [159, 161]. With a 

view to the present project, the attention is focused on robocasting. 

The term “3D printing” should be clarified to prevent confusion in this thesis. Currently in 

mainstream media and in literature the term “3D printing” is often used to refer to all AM 

technologies; in some publications, it is used to denote a specific ink-jet bind of ceramic powders. 

For clarity, in this work, it is used to refer specifically to the robocasting technique, therefore the 

terms “robocasting”, “3D printing” and “3D extrusion printing” will be used as synonyms. 

 

1.6.2 3D PRINTING PROCESS 

Robocasting consists of a computer-controlled deposition of a thick slurry, whereby consolidation 

in 3D structures is achieved through a fluid through-gel transition during printing, that can be 

performed at RT or in a controlled chamber. The ink is loaded into a syringe which is placed into 

the robocasting machine (or 3D printer). This is connected to the computer containing the CAD 

file, that dictates simultaneously the 3D motion of the printing head (i.e. drawing the design on x-

y plane and moving along the z direction to change layer) and the pressure applied to the syringe 

plunger, that determines the extrusion of the ink through a nozzle with a selected diameter at the 

designed deposition rate [59, 165, 166] (Figure 1.10). 
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Figure 1.10. Schematic of a robocasting machine (3D printer), showing a standard 90° mesh scaffold. 

Scaffold architecture 

Even if more complex architectures can be ideally designed [163], studies on porous scaffolds for 

bone and cartilage regeneration were usually focused on regular 3D grid-like lattices with 90° 

layers (as the one schematised in Figure 1.10) [7, 59, 81, 165, 167, 168]. Alternatives such as an 

offset between layers or the design of graded scaffolds were attempted [169]. 

High pore interconnectivity is essential in scaffolds for tissue regeneration to allow cell migration 

and nutrient transportation [5, 49]. In scaffolds produced by traditional techniques, like foaming, 

sponge-replica method or salt-leaching, the focus is on the pore and interconnect size: usually the 

aimed dimensions can be achieved only at high percentage porosity, which is detrimental for 

mechanical properties [170, 171]. Conversely, regular grid-like structures show the advantage of 

being inherently characterised by high interconnectivity among direct channels, regardless of 

their dimension and the overall porosity of the scaffold. Therefore, channel width and strut size 

can be designed in order to provide a suitable environment for cell colonisation with optimised 

mechanical properties. In fact, the removal of the dependence on the percentage porosity allows 

production of denser scaffolds, that are stronger when compared to sponge-like scaffolds with 

comparable degree of interconnectivity [54, 172]. 
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For scaffolds for bone tissue regeneration, if high enough mechanical properties are guaranteed 

(Table 1.1), large channels (200-500 µm) are required to allow vascularisation. Jia et al. 

demonstrated that complete bone healing was achieved in large defects (10 mm in length and 6 

mm in diameter) in rabbit femurs by implanting 3D printed bioactive glass scaffolds with channel 

width of 200 µm and without adding cells or growth factor [81]. 

More complicated is the aimed channel width for articular cartilage regeneration, as no 

vascularisation occurs and therefore the in vivo response depends only on the ability of cells to 

migrate inside the pores and fill them with ECM. As observed on scaffolds fabricated with other 

methods (Section 1.2.4), successful studies were reported in literature spanning a wide range of 

sizes. 3D printed polymeric scaffolds with channels of 525 µm were a promising platform for a 

tissue engineering approach: chondrocytes were cultured on the scaffold for 21 days and the 

constructs were then implanted in osteochondral defects in rabbits, exhibiting full thickness 

repair in vivo [49, 173]. Sobral et al. showed that 90° mesh scaffolds with 100 µm channel width 

were more capable of retaining cells than scaffolds with 750 µm channels [169]. A similar trend 

was observed by Nelson, who compared 3D printed hybrid scaffolds with 200 and 700 µm 

channels, concluding that smaller channels provide better support for cartilage regeneration [7]. 

Even if the exact value of the ideal channel width is still unknown, a channel size in the range 100-

200 µm seems to be the most suitable to allow for cell colonisation and formation of hyaline 

cartilage in vivo on a cell/growth factor-free scaffold. 

Printing parameters 

Many variables are involved in printing processes and they all affect each other. The most 

important, from which all the others consequentially depend, is the ink viscosity which is a 

property of the material. This determines the minimum nozzle size through which the ink can be 

extruded. The combination of nozzle size, deposition rate and printing speed (i.e. speed of 

tangential movement of the printing head) must be selected in order to allow for a continuous 

flow, without either aggregates or interruptions. This defines then the strut size, which in turn 

influences the design parameters, i.e. the strut separation and the layer thickness; these must be 

compatible with the resolution in displacement of the robocasting machine (which varies among 

different printers).  

Less viscous inks are usually extrudable through smaller nozzles, enabling finer struts and a 

reduction in the minimum separation. On the other hand, higher viscosity determines more rigid 

struts that can keep their shape without bending even if neighbouring struts are quite distant from 

each other. 
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The printing substrate must also be carefully selected among materials that are chemically 

compatible with the ink and guarantee a stable base preventing the scaffold from drifting during 

the layer-by-layer deposition. 

Each combination of ink and scaffold design requires a bespoke optimisation of the set of printing 

parameters. The main challenge of 3D printing is to develop the right inks or suspensions to print 

materials with a wider range of chemistries with precision and reproducibility. The ink must be 

fluid enough to ensure its flow through the nozzle under a pressure in the range that can be 

sustained by the machine, but at the same time it must be viscous enough to keep the shape after 

printing and bond to the previously deposited material without collapsing on the printing bed 

[160, 167]. 

Considering an ink that satisfies all the requirements for a scaffold for tissue regeneration on the 

material side (Section 1.2.4), the processing through 3D printing can offer significant benefits over 

the other techniques available to make scaffolds (e.g. foaming): (i) total control over the 

parameters that regulate mechanical properties, porosity and degradability of the scaffold; (ii) 

reproducibility; (iii) possibility to also customise the scaffold to match the defect geometry [162]. 

 

1.6.3 3D EXTRUSION PRINTING OF POLYMERIC AND CERAMIC MATERIALS 

Polymer extrusion 

If the starting material is a polymer, the choice is usually made among thermoplastic polymers, 

because they can be extruded after making them softer by heating the input material and they 

then harden again when the printed filament gets in contact with the previous layers at RT. High-

molecular weight PCL or its copolymers are suitable for this technique, since they are solid at RT 

but can be easily melted at a temperature slightly above 100°C [174]. Alternatively, the polymer 

can be dissolved in an appropriate solvent in order to prepare a solution with a suitable viscosity 

[175]. 

Robocasting of ceramic and composite materials  

When the chosen material is a ceramic or a composite, the ink is usually prepared from a powder, 

making a suspension of the ceramic particles in a proper solvent with the addition of an organic 

binder in case it is needed to modulate the viscosity. The aim is to achieve a shear-thinning effect, 

in order to obtain a paste that shows a decrease of the viscosity when subjected to a shear strain: 

this non-Newtonian rheological behaviour allows the slurry to be easily extruded through the fine 

nozzle and then remain a stable rod when deposited onto the building platform [166]. In the case 
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of ceramic materials, post-processing, usually consisting of a heating stage, is needed to evaporate 

the solvent, burn-out possible binder molecules and stabilise the network [176]. Several examples 

are reported in literature, using different ceramic powders (e.g. calcium phosphates [59, 177], 

glasses [81, 167, 172] or their composites [178]). Inorganic/organic composite scaffolds can be 

prepared through the same procedure but avoiding the final thermal treatment: in this way, the 

ceramic particles are usually embedded in a polymer network that provides toughness to the 

inorganic component (e.g. HA/PLLA and bioactive glass/PCL porous scaffolds [165]). 

With regards to 3D printing from sol-gel ceramic materials, the most common approach consists 

of synthesising the material, drying and grinding it in order to obtain a powder of a predefined 

granulometry, that can then be dispersed to prepare a slurry to be used as an ink as described 

above [179]. Another cutting-edge method consists in developing sol-gel inks for direct-write 

assembly, which means adding to the conventional starting sol (containing the inorganic 

precursors in a solvent) a suitable polymer intended to modulate the viscosity of the sol to make 

it printable before drying; subsequently, the patterned structures are calcined through heat 

treatment that allows the burn-out of the polymer and the sintering of the inorganic final object. 

García et al. successfully produced 3D macroporous scaffolds of SiO2-P2O5 mesoporous glass for 

bone tissue engineering using methylcellulose as binder [96].  

Slurries derived from the dispersion of powders imply a fine optimisation of their homogeneity in 

order to avoid a liquid/solid phase separation under the pressure that is applied to extrude. 

Moreover, the printing resolution is further limited by the selected granulometry of the particles. 

Lastly, the heating rate of the final thermal treatment must be very slow to avoid collapsing of the 

complex structure and the consequent shrinkage must be taken into consideration to predict the 

final obtained dimensions. 

 

1.6.4 3D EXTRUSION PRINTING OF SOL-GEL HYBRID MATERIALS 

Sol-gel hybrid materials have the potential to be suitable inks for 3D extrusion printing, which has 

been investigated only recently. Hence, very little information is available in literature, as only 

two studies on 3D printed hybrid scaffolds for cartilage regeneration were found, both involving 

gelatin as the organic component [7, 168].  

The 3D extrusion printing directly from the sol-gel process is based on the gelation, which causes 

a gradual increase of viscosity from the initial liquid sol to the final solid wet gel. In this 

progression there is a window of time during which the forming gel achieves the optimal viscosity 

to be directly extruded: this means that is it liquid enough to ensure a smooth and continuous flow 

through the nozzle and viscous enough to solidify and keep the shape without collapsing when 
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deposited onto the previous layer. Hence, the robocasting of sol-gel hybrids takes advantage of 

the gelation step inherent in the sol-gel process, rather than requiring the preparation of a suitable 

paste. After being printed, the scaffolds then undergo the standard ageing and drying process 

typical of sol-gel hybrid synthesis. The drying process carries along a volumetric shrinkage; 

therefore, the initial design must account for the reduction of the dimensions to target specific 

channel width and strut size of the final object.  

In 2013 Gao et al. published a paper on a hybrid system made of gelatin and SiO2-CaO-P2O5 

bioactive glass: a conventional glass precursor solution was prepared by dissolving in water TEOS 

(Si source), TEP (P source) and CaNT (Ca source) containing 16 wt.% acetic acid as a catalyst. 

Gelatin was then added and solubilised in the solution and the obtained gelling phase was then 

aged for 12 h at 37°C to achieve a shear-thinning rheological behaviour, deriving from the 

combination of the condensation of the glass network with the setting of gelatin when cooled to 

RT. Cubical porous scaffolds were 3D printed at RT, dried with subsequent shrinkage that led to 

struts of ~350 μm and channels of ~500 μm. Lastly, the network was cross-linked through the 

EDC-NHS system, which could be applied on the -COOH group exhibited by gelatin (Section 1.5.5). 

Scaffolds, characterised in terms of mechanical properties, water absorption, in vitro bioactivity 

and cell cultures, were suggested for applications in bone regeneration [168]. In this work no 

coupling agent was used and, despite the authors claiming to have cross-linked gelatin and the 

bioactive glass, it is very likely that no covalent bonding was achieved between organic and 

inorganic phases because no APTES was added to the NHS-EDC system and, hence, gelatin was 

only cross-linked to itself around the glass phase. In fact, the authors stated that FTIR analysis 

suggested that the cross-linking presumably occurred between the carboxyl groups exhibited by 

gelatin and the Ca2+ ions in the bioactive glass: however, the Ca2+ ions were introduced into the 

hybrid as a calcium nitrate solution, but no treatment above 400°C was performed, the heating 

stage that is essential for the Ca2+ ions to be incorporated into the glass network [88]. Hence, at 

RT only ionic crosslinking by free Ca2+ ions formed, so that effectively only a Class I hybrid was 

obtained. Furthermore, when cross-linked scaffolds were soaked in aqueous solution to mimic the 

human body environment, they showed a huge swelling degree (440 % of the dry weight absorbed 

in 2 h) that caused the doubling of the size of both struts and channels and a significant loss in 

mechanical strength (from 5.5 to 0.7 MPa) [168]. Swelling, which is the consequence of the 

breakage of gelatin-gelatin hydrogen bond and formation of water-gelatin hydrogen bond, is more 

evident at low degree of crosslinking, therefore it further suggested poor interactions in the 

hybrid network. 

In 2016 Nelson investigated a similar system, composed of silica and gelatin as the inorganic and 

organic components respectively [7]. Gelatin was functionalised with GPTMS prior to mixing with 
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the inorganic precursor solution in order to achieve a covalent bond between the two phases, 

leading to a true Class II hybrid, as previously demonstrated by Mahony et al. in the investigation 

of SiO2/gelatin hybrid scaffolds by gel-foaming [106]. Nelson optimised the viscosity of the ink, 

which could be 3D printed through a 200 µm nozzle thanks to the gelation of gelatin as it cooled 

from 40°C. 90° mesh scaffolds were fabricated and freeze-drying (FD) or critical point drying 

(CPD) were applied. The latter was found to give the best scaffolds, which displayed struts of ~160 

μm and vertical channels of ~200 μm, whereas larger pores (~700 μm) resulted from FD; 

however, a fusion of the struts was observed on the vertical plane. Also in this work a swelling of 

the scaffolds was observed upon immersion in a water-based solution, but the degree (~110-160 

% of dry weight after 24 h) was much lower than that observed by Gao et al., confirming the 

importance of the GPTMS-mediated covalent bonding in controlling the network. Scaffolds 

softened in solution compared to dry conditions, showing a compressive Young’s modulus of 0.5-

1 MPa, that made these scaffolds more suitable for cartilage repair. To this end, scaffolds showed 

promising in vitro chondrocytes differentiation towards hyaline cartilage [7]. The comparison of 

the mechanical properties in compression shown by SiO2/gelatin hybrid scaffolds made via 

foaming by Mahony et al. [106] and 3D printed by Nelson [7], illustrated in Table 1.3, showed that 

3D printed scaffolds with a higher percentage porosity in wet conditions (i.e. softer) were 

significantly stronger than dry foams. These results gave a quantitative confirmation that the use 

of regular grid-like lattices remarkably improves the mechanical properties of scaffolds 

maintaining a satisfactory pore network. 

Table 1.3. Mechanical properties of GPTMS-mediated SiO2/gelatin hybrid scaffolds: 3D printed scaffolds (*) by Nelson 

[7] are compared with the strongest foams (**) produced by Mahony et al. [106]. The “Interconnects” column shows: 

the channel width in case of 3D printed scaffolds (FD and CPD); the pore interconnect diameter in case of foams. 

Sample Interconnects Test 
condition 

Compressive 
Strength (MPa) 

Young’s 
Modulus (MPa) 

Compressive 
Strain 

Porosity 
(%) 

FD* 700 µm 
Dry 1.0 ± 0.1 7.1 ± 0.9 0.1 ± 0.02 87.5. ± 0.8 
Wet 0.1 ± 0.02 0.7 ± 0.1 0.2 ± 0.03 87.5. ± 0.8 

CPD* 200 µm Wet 1.3 ± 0.04 - 0.5 ± 0.04 71.9. ± 0.1 
Foam** ~200 µm Dry 0.06 ± 0.1 1.3 ± 0.1 0.05 ± 0.01 50 
 

In conclusion, the only two examples available suggest that the direct 3D extrusion printing of sol-

gel hybrid materials may be the most promising technique to fabricate 3D porous scaffolds for 

tissue regeneration with controlled and tailorable properties. 
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1.7 OBJECTIVES OF THE THESIS 

The overall aim of this PhD was to develop 3D printed PCL-containing silica-based hybrid scaffolds 

for tissue regeneration. The focus was on the osteochondral tissue and the final properties of the 

material would determine if it was more suitable for either bone or cartilage regeneration.  

The information described in this chapter gave strong evidence of the underlying hypotheses of 

this project: (i) silica-based I/O hybrid materials possess great potential to be used as scaffolds 

for bone and cartilage regeneration; (ii) silica/PCL hybrids with improved mechanical properties 

and congruent degradation rate can be produced by functionalising PCL diol with a coupling agent 

and control of gelation could be improved by changing coupling agent or sol-gel catalyst; (iii) new 

hybrid inks for AM can be developed to allow direct printing of sol-gel hybrid scaffolds. Then, the 

literature review allowed the definition of the objectives to be pursued to achieve the final goal. 

The first objective (Chapter 3) was the development of a new synthesis protocol to produce 

silica/PCL sol-gel hybrid materials. The target was to achieve a Class II hybrid, with a strong 

covalent bond between the organic and the inorganic phases, characterised by fast gelation that 

could be compatible with 3D printing. Previous studies suggested the use of PCL diol as organic 

source, but also highlighted the need for a novel synthesis mechanism: the functionalisation of 

PCL diol with ICPTS worked well but, when introduced in an acid-catalysed sol-gel synthesis, 

resulted in a too slow gelation. Therefore, either the change of the sol-gel catalyst or the use of an 

alternative coupling agent were required.  

The second objective (Chapter 4) consisted of selecting the most suitable SiO2/PCL hybrid 

composition to be used for 3D printing. Previous studies on sol-gel hybrids showed that the 

mechanical properties, as well as the morphology at different length scales and the stability in wet 

conditions, are strongly dependent on the I/O composition and on the interpenetration among 

organic and inorganic chains. Therefore, the target was to evaluate the bulk characteristics of the 

SiO2/PCL hybrid material in the range of I/O ratios that could be prepared with the optimised 

synthesis protocol in order to: (i) understand if the material could be tailored to match the 

properties of both bone and cartilage or, otherwise, if it was more suitable for either one or the 

other tissue; (ii) identify the most promising composition(s) for the processing into porous shape.  

The third objective (Chapter 5) was to implement the 3D extrusion printing of SiO2/PCL hybrid 

scaffolds of the selected composition(s). The literature review revealed that the challenge is to 

achieve a satisfying compromise among the right viscosity of the ink, the designed architecture 

and the mechanical properties for the aimed application. Therefore, this objective required not 

only to demonstrate the feasibility, but to optimise the printing parameters in order to produce 

scaffolds that matched the design criteria for the addressed tissue (bone or cartilage).  
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CHARACTERISATION TECHNIQUES 
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2.1 INTRODUCTION 

The present thesis required the use of many characterisation techniques to investigate the 

progression of synthesis reactions as well as the properties of the final materials. Before moving 

to the core of the research, this chapter contains a brief overview of the different techniques used, 

in order to explain their working principle, equipment details and the purpose of their application 

in this project. 

 

 

2.2 FUNCTIONALISATION AND COMPOSITION ANALYSIS 

2.2.1 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 

Nuclear magnetic resonance spectroscopy, known as NMR spectroscopy, is a very powerful 

research technique to study molecules at the atomic level, exploiting magnetic properties of 

certain atomic nuclei, based on the phenomenon of nuclear magnetic resonance.  

NMR spectroscopy uses radiofrequency radiation to induce transitions between different nuclear 

spin states of samples in a magnetic field. Nuclei with an odd number of protons, neutrons or both 

have an intrinsic nuclear angular momentum or “nuclear spin”. When a nucleus with a non-zero 

spin is placed in a magnetic field, the nuclear spin can align parallel or antiparallel to the external 

magnetic field: this effect on their alignment is called a Zeeman interaction, which is the 

fundamental basis of the NMR analysis [180]. The two nuclear spin alignments correspond to two 

different energy levels and the transition of the spin from the higher (antiparallel) to the lower 

(parallel) energy state occurs at a specific energy, which equates to a characteristic resonance 

frequency, called “Larmor frequency”. NMR spectroscopy uses the transition between these levels 

to detect nuclei: if nuclei of a specific type are in a magnetic field and are irradiated by 

electromagnetic radiation with a frequency equal to Larmor frequency, absorption of the 

radiation causes nuclear excitation; when the irradiation stops, the nuclei release energy and 

return to the lower-energy state. After excitation and upon the return to equilibrium a time 

domain oscillatory decaying signal (at its Larmor frequency) is detected. If the sample contains 

nuclei with different resonance frequencies, the resulting signal is a complex combination of 

single oscillations at different frequencies: Fourier transforming this combination converts the 

signal into the frequency domain (i.e. NMR spectrum) where assignment of species can be carried 

out [180]. 
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Therefore, NMR spectra can provide detailed information about the structure and chemical 

bonding of molecules in which they are contained because different atoms in a molecule 

experience transitions at different resonance frequencies. Furthermore, when two atoms are 

bonded together, their electrons generate local magnetic fields that oppose the strong one that is 

applied, leading to “shielding” of the actual magnetic field that reaches the examined nuclei. The 

interactions among nuclei determine the splitting of the spectral lines at specific resonant 

frequency, providing information about the proximity of different atoms in a molecule and 

allowing differentiation of nuclei of the same type [181, 182]. The x-axis of the final NMR spectrum 

consists of the chemical shift between frequencies (δ) measured in parts per million (ppm) from 

a reference material – tetramethylsilane (TMS, Si(CH3)4) – used to remove the magnetic field 

dependency. 

NMR analysis can be performed on samples in solution (“solution-state NMR”) or in solid form 

(“solid-state NMR”). They both exploit the Zeeman effect but the resulting spectra are quite 

different. This is due to the fact that most interactions are averaged away in solution-state due to 

a fast anisotropic tumbling of molecules: as consequence, very narrow and resolved resonances 

are obtained. In the solid state there is no tumbling, therefore the interactions are still present and 

other methods are needed to remove the majority of these interactions: the overall effect is that 

in the solid-state spectra are broad and lack sufficient details. Certain techniques can be used to 

regain information: an example is Magic Angle Spinning (MAS) where the sample is spun at 54.74° 

to the magnetic field, fast enough to average out anisotropic effects such as the dipole coupling 

and chemical shift anisotropy. In the present thesis both the methods were used, as detailed 

herein. 

Solution-state NMR 

Solution-state NMR is the conventional technique that is applied anytime the sample can be 

dissolved in a suitable solvent: homogeneous and clear solutions guarantee better resolution in 

the spectra. It is generally applied on organic compounds. 

The most common and simple NMR analysis is based on the signal generated by hydrogen nuclei, 

hence it is called Proton NMR (1H-NMR). The resulting spectrum shows different peaks, which can 

be interpreted based on the combined analysis of three parameters: (i) the chemical shift (δ), that 

varies generally in the range 0-12 ppm from TMS standard and gives information on the atoms 

bonded directly to protons, allowing the identification of the functional group in which the H is 

present; (ii) the integration, that is the area under the peak and it is proportional to the number 

of protons of the same type that are present in the analysed compound; (iii) the multiplicity of the 

peak, that is related to spin-spin coupling, which means the number of non-equivalent hydrogen 



  
 

68 

 

neighbours. The combination of this information for each peak allows the identification of the 

chemical structure of the molecule under investigation. When 1H-NMR is concerned, deuterated 

solvents – i.e. their hydrogen atoms are replaced by deuterium compounds – must be used in order 

to avoid the presence of disturbing peaks due to the solvent (which are usually very prominent). 

Here, solution-state 1H-NMR was performed through a 400 MHz Bruker spectrometer running 

with Top Spin software, to assess the different steps of functionalisation of PCL diol with different 

coupling agents. The experimental parameters were set to take 16 scans in the range of chemical 

shift 0-12 ppm. Sample preparation required the dissolution of 25 mg of polymer in approximately 

0.6-0.7 mL of deuterated chloroform (CDCl3), unless specified otherwise. This solution was then 

syringed into a 5 mm diameter borosilicate glass NMR tube for the analysis in the spectrometer. 

The results were analysed with MestReNova software.  

Solid-state NMR 

Because of their insolubility, hybrid samples needed investigation at the solid-state. Specifically, 

29Si MAS solid-state NMR was used in two different modes: single-pulse MAS and cross-

polarisation (CP) MAS. In single-pulse MAS 29Si NMR, a 90° excitation is applied directly on the 29Si 

within the sample, so that the signal intensity is proportional to the amount of 29Si present: 

decoupling is used during the acquisition to remove dipolar interactions between the protons and 

the 29Si, which increases the resolution of the spectra. However, due to the low natural abundance 

of 29Si, a CPMAS experiment is used to overcome insensitivity, because it transfers polarisation 

from the 1H (which is far more abundant) to the 29Si, greatly increasing the signal observed. The 

drawback of this is the signal is no longer proportional to the abundance of 29Si in the sample, 

however, it is proportional to a combination of the distance between the two nuclei and the 

amount of 1H around the 29Si. This means that CPMAS experiment gives information on the 

chemical shift, while single-pulse MAS experiment is used to get quantitative information on the 

connectivity of the silica network. This is done by determining the amount of Q and T silica species, 

which respectively refer to Si atom bonded to four oxygen atoms (as in TEOS) and Si atom bonded 

to a carbon and three oxygen atoms (as in GPTMS). Specifically, the order of the species (n) 

corresponds to the number of bridging-oxygen (Si-O-Si) bonds made by the central Si atom; thus, 

Qn and Tn species correspond to Si(O-Si)n(OH)4-n and C-Si(O-Si)n(OH)3-n, respectively. 29Si single-

pulse MAS NMR allows determination of the relative abundance of Qn and Tn species, from which 

the degree of condensation of the silica network (Dc) can be calculated with Equation 2.1 [107]. 

Equation 2.1.   Dc =  ([
4Q4 + 3Q3 +  2Q2

4
] + [

3T3 + 2T2 +  T1

3
]) ×  100%  
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All solid-state NMR measurements reported in the present thesis were performed at Warwick 

University (UK) in collaboration with Joshua Clark and Dr John Hanna. All 29Si measurements were 

carried out on a 7.0 T Varian/Chemagnetics InfinityPlus spectrometer with a Larmor frequency 

of 59.62 MHz, using a Bruker 7 mm HX probe and MAS at 5 kHz. Experimental results were 

referenced to the IUPAC primary reference TMS (in 1 % CDCl3; 0 ppm) via kaolinite which has a 

known isotropic chemical shift of -92 ppm. Pulse calibrations were also carried out on kaolinite, 

CPMAS experiments used a π/2(1H) of 3.5 µs and a contact time of 4 ms (at least 2400 transients 

were required), MAS data were collected using a π/2(29Si) of 4.3 µs with a 240 s pulse delay 

between transients (a minimum of 300) and 1H (71 kHz) radiofrequency (rf) decoupling during 

acquisition.  

 

2.2.2 FOURIER-TRANSFORM INFRARED (FTIR) SPECTROSCOPY 

In infrared spectroscopy, IR radiation (which corresponds to the wavenumber range of 12800-10 

cm-1) passes through a sample and the goal is to measure how the sample interacts with IR at each 

wavelength: some of IR radiation is absorbed by the sample and some of it is passed through and 

transmitted. The resulting IR spectrum represents the molecular absorption and transmission, 

creating a unique molecular fingerprint of the sample.  

Infrared spectrum is a molecular vibrational spectrum: when exposed to infrared radiation, 

covalent bonds with dipole moments selectively absorb radiation of specific wavelengths 

depending on their structure. The absorption is due to vibrations that cause an uneven charge 

distribution which induces an instantaneous change of dipole moment of sample molecules. Three 

key parameters are taken into account: (i) the frequency of absorption, determined by the 

vibrational energy gap; (ii) the number of absorptions, related to the number of vibrational 

degrees of freedom of the molecule; (iii) the intensity of absorptions, related to the change of 

dipole moment and the possibility of the transition of energy levels. An organic molecule can 

vibrate in six different vibrational modes (stretching (symmetrically (νs) or anti-symmetrically 

(νas)), scissoring (δ), rocking (ρ), twisting (τ) or wagging (ω)), depending on the molecule dipole 

moment. In the resulting spectrum the vibrations are visualised as absorbance bands with 

characteristic shapes at certain wavenumbers. Therefore, since each material is a unique 

combination of atoms, the spectrum changes among different materials and allows unequivocal 

identification of the bonds and, consequently, the chemical compound.  

In the present project a Thermo Scientific Nicolet iS10 FTIR equipped with Smart Golden Gate for 

Single-Reflection Diamond ATR Analysis with OMNIC software is used. “ATR” is the acronym for 

“Attenuated Total Reflectance”, a sampling technique that uses the property of total internal 
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reflection of the IR beam (Figure 2.1). The sample is in direct contact with an ATR crystal, 

characterised by a high refractive index, so that when it is passed through by the IR beam it reflects 

at least once off the internal surface in contact with the sample. This reflection forms an 

evanescent wave which extends into the sample and it is partially absorbed, resulting in an 

attenuated beam, which is collected by the detector as it exits the crystal. The penetration depth 

into the sample is typically between 0.5 and 2 μm [183].  

 

Figure 2.1. Schematic diagram of an attenuated total reflectance (ATR) sampling: I = incident radiation; R = reflected 

radiation (adapted from Hind et al. [183]). 

FTIR spectroscopy in ATR mode is a non-destructive technique, it allows very fast measurements 

on samples that can be examined directly in the solid or liquid state without further preparation. 

For these reasons, FTIR was widely used in the present project mainly for a qualitative and quick 

evaluation of: (i) the progression of the functionalisation of the starting polymer to further 

support 1H-NMR results; (ii) the consistency among the different hybrid samples by changing 

compositions in terms of coupling agent and I/O ratio. Samples were usually prepared for analysis 

by manually grinding them to a fine powder with a pestle and mortar; if not possible, samples 

were analysed in their original state (solid or gel). The experimental parameters were set to take 

64 scans at a resolution of 4 LP/mm to form spectra between the range 4000-400 cm-1 (in the 

mid-infrared range, 4000-200 cm-1) because the absorption radiation of most organic compounds 

and inorganic ions is within this region. 

 

2.2.3 MALDI-TOF MASS SPECTROMETRY 

The Matrix-Assisted Laser Desorption/Ionisation – Time of Flight (MALDI-TOF) is a soft ionisation 

technique commonly used in Mass Spectrometry (MS) to analyse “fragile” biomolecules and 

polymers, because it causes minimal or no fragmentation during vaporisation and ionisation. 

Among the different MALDI techniques, the one exploiting the Time-of-Flight (TOF) mass 

spectrometer allows the investigation of a large mass range, making it the most suitable for the 

present work to analyse polymers with a molecular weight spanning from 102 to 103 Da.  

MALDI methodology consists of the following steps. Firstly, the sample is co-crystallised on a 

MALDI metal plate with a suitable matrix material, which is usually a UV-absorbing weak organic 
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acid applied in large molar excess. Secondly, a pulsed laser irradiates the sample-matrix mixture, 

triggering ablation and desorption of the matrix which carries the sample with it. Finally, the 

analyte molecules are ionised in both positive and negative modes, since the matrix acts as both 

proton donor and receptor, and are accelerated to the mass spectrometer. In TOF analysis all of 

the ions are given the same amount of energy but they reach the detector at different times 

because they have a different mass and charge: specifically, smaller ions are faster and reach the 

detector first. Therefore, the mass-to-charge ratio (m/z) is determined from the ions’ “time of 

flight” [184]. In the present work, the TOF reflectron mode was chosen because it guarantees a 

higher resolution: this setup consists in adding in the system a reflectron, a sort of “ion-mirror” 

that reflects ions using an electric field and doubles the ion flight path, increasing the resolution 

in the detection. The choice of the matrix is a key factor in obtaining a good quality mass spectrum 

of the sample, since the matrix both absorbs the laser light energy and determines the ionisation 

of the sample after a complex interaction mechanism occurring during co-crystallisation.  

Here, a Micromass MALDI MicroMX-ToF mass spectrometer, working in the mass range 500 Da – 

200 kDa in both positive and negative modes, was used to determine the distribution of molecular 

weight of starting polymers and to verify the completion of a TEMPO oxidation process. For all the 

analyses, samples were prepared by dissolving the polymer in THF of LC-MS grade at a 

concentration of 10 mg mL-1 and mixing it in a 50:50 vol.% with 2,5-dihydroxybenzoic acid (DHB) 

matrix dissolved in THF at the same concentration. A drop of solution, clear and homogeneous, 

was deposited onto the MALDI-TOF reader plate and left in open air to dry by evaporating the 

solvent, before being positioned into the MALDI-TOF machine. The mass spectrum was then 

collected in the mass range 300-5000 Da in reflectron positive mode. 

 

2.2.4 THIN LAYER CHROMATOGRAPHY (TLC) 

Thin Layer Chromatography (TLC) is a type of chromatography that is used to separate non-

volatile mixtures of substances into their components. It consists of a “stationary” phase, an 

adsorbent material (usually a uniform layer of silica gel) mounted onto a glass plate, and a 

“mobile” phase, a mixture of suitable solvents. The sample (that, if not in solution, should be 

dissolved in a proper solvent) is applied at the bottom of the plate, which is then soaked in a 

shallow layer of mobile phase; due to capillary action, the mobile phase is drawn up by the 

adsorbent material. The different components of the sample, which are dragged up by the solvent, 

ascend the plate at different rates, resulting in their separation. Depending on the nature of the 

compounds, they can be finally visualised by projecting UV light or by chemical reaction (for 

instance, numerous organic compounds leave a dark spot when charred with sulphuric acid) 

[185]. Compounds can be qualitatively identified by their mutual position on the plate; this can be 
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also combined with the quantitative calculation of the Rf value, given by the ratio between the 

distance travelled by the component of interest and the overall distance travelled by the solvent 

(since the test is normally stopped just before the solvent reaches the top of the plate). 

TLC was found to be a quick and reliable method to monitor the TEMPO oxidation process of 

starting PCL. TLC was performed on Silica Gel 60 F254 plates (Merck) charring with a solution 

containing concd. H2SO4/EtOH/H2O in a ratio of 5:45:45 or with an oxidant mixture composed of 

(NH4)Mo7O24 (21 g), Ce(SO4)2 (1 g), concd. H2SO4 (31 mL) in water (500 mL). The mobile phase 

consisted of a mixture of acetonitrile and ethanol in a volume ratio of 9:1 respectively. Solvents 

were dried over molecular sieves at least 24 h prior to use. 

 

2.2.5 THERMAL ANALYSIS: DSC/TGA 

Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA) are both 

thermoanalytical techniques used to determine the thermal properties of a material when it 

undergoes a specific thermal treatment [186]. 

In DSC analysis, a sample is compared to a reference in order to calculate the difference in the 

amount of heat needed (i.e. heat flow) to impart the same increase in temperature to the sample 

and to the reference. The experiment is designed in such a way that temperature increases linearly 

as a function of time. The reference, usually alumina, has a well-defined heat capacity over the 

range of temperature to be scanned. The basic principle is that during physical transformations of 

the sample, such as phase transition, the heat required from the sample is either more or less than 

the reference depending upon whether the process is endothermic (e.g. melting: solid to liquid 

transition) or exothermic (e.g. crystallisation) respectively: by observing the difference in heat 

flow between sample and reference, heat adsorbed or released during such transitions can be 

measured. Thus, the result of the experiment is a curve that plots heat flow vs. temperature or 

time. 

A DSC instrument can be equipped with a high-resolution balance in order to couple DSC trace 

with TGA measurement. TGA allows the quantitative detection of weight variations of a sample 

subjected to a controlled thermal treatment (i.e. the same set up for DSC analysis). From the TGA 

trace, which plots the percentage of mass loss as a function of temperature or time, the first 

derivative can be extrapolated to precisely determine points of inflection. The weight decreases 

of the sample can be due to the loss of the adsorbed humidity and the burn-out of organic phases.  

Here, a simultaneous DSC/TGA Netzsch Jupiter STA 449C instrument, coupled with Proteus® 

software for the elaboration of acquired data, was used on hybrid powders, finely ground with a 

pestle and mortar if possible (otherwise tested in their original solid state), and weighed out 



  
 

73 

 

(approximately 10-15 mg) into a platinum crucible. The range of analysis was 20-800°C (in which 

silica should not show any variation), with a heating rate of 10°C min-1 in an atmosphere of 

continuously flowing air. The purpose was to estimate the amount of organic phase effectively 

incorporated in a hybrid sample from the weight loss corresponding to its burn-out: since the 

mass placed in the platinum crucible varied slightly from sample to sample, the plots of mass 

versus temperature were done as a percentage of initial mass at RT. By subtracting the mass loss, 

the glass (i.e. SiO2) content in wt.% of each sample was easily calculated. Furthermore, the 

temperature at which this event occurred was also detected and compared to the burn-out 

temperature of 100 % polymer to identify the effect of bonding with inorganic phase on its 

thermal properties. 

 

2.2.6 X-RAY DIFFRACTION ANALYSIS (XRD)  

X-ray diffraction (XRD) is a diffused technique that provides detailed data about the 

microstructure of a material; it can give, indeed, relevant information, both qualitative and 

quantitative, about the presence, type and amount of crystalline species within a sample. This 

method is based on the property of crystalline materials to scatter incident X-ray radiation: 

essentially, planes within crystals can act as a form of diffraction grating to an incident X-ray beam, 

whereby most of the radiation is transmitted, although some is scattered in particular directions 

(diffraction), that are related to spatial atomic configuration. This phenomenon can be described 

by the well-known Bragg’s equation reported in Equation 2.2: 

Equation 2.2. ∆s = 2d sinθ   

where Δs is the difference in radiation path through crystalline plans and d is the distance between 

two atomic plans; 2θ is usually termed the diffraction angle. Taking λ as the wavelength of the 

incident radiation, if Δs = nλ (n is a whole number), then a constructive interference among the 

scattered rays occurs. By knowing 2θ and λ, it is possible to calculate d, which is characteristic for 

each substance.  

The output of XRD analysis is a diffraction pattern that records the intensity of diffracted X-rays 

as a function of 2θ: therefore, it shows diffraction peaks corresponding to angles (i.e. d) that are 

characteristic of the material. These data allow the unit cell lattice parameters of the crystal to be 

determined through comparison with known information about the interplanar spacing of 

various crystal structures. XRD analysis is a non-destructive technique particularly useful in 

identifying phases or distinguishing between materials with different microstructures which 

appear to have the same chemical composition using other characterisation methods [187]. 
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In this project, a Bruker D2 PHASER desktop X-ray diffractometer was used, in combination with 

a PANalytical X’Pert HighScore software for the analysis of collected data. The measurements 

were performed by adopting the Bragg-Brentano camera geometry and Cu anode with Kα 

radiation (λ = 1.54184 Å). The generator settings were fixed at 30 kV (voltage) and 10 mA (current 

intensity); each pattern was recorded in the range 2θ = 10-100°, using a 0.035° step size with 0.35 

s per step. When possible, samples were analysed in form of powder, manually ground with a 

pestle and mortar, otherwise tested in their original state. Samples were mounted on a zero-

background substrate made from an off-axis cut, high quality silicon single crystal. This substrate 

essentially had no diffracted signal, as its one diffracted peak lies above 2θ = 120° which is much 

higher than the investigated range. XRD was applied to both polymers and hybrid materials to 

evaluate whether their structure was amorphous or exhibited any crystallinity.  

 

2.2.7 ICP-OES 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) is a technique that allows 

the detection of the concentration of particular elements in a solution. The instrument consists of 

two parts, the ICP and the optical spectrometer. In the ICP, argon gas flows through a strong 

electromagnetic field to create the plasma that is ignited to initiate the ionisation process. A 

peristaltic pump delivers the liquid containing the sample to an analytical nebuliser, that converts 

the liquid into a mist, whose smaller droplets are introduced directly inside the plasma flame. 

After the evaporation of the solvent in the droplets, the remaining sample is fragmented into 

atoms by colliding with electrons and charged particles in the plasma. Still in the plasma, electrons 

are repeatedly excited to higher energy states, which then emit a radiation at a wavelength 

characteristic of a specific element when they return to lower energy states. The emitted radiation 

is then detected by the optical emission spectrometer, where it is separated into its component 

wavelengths. The intensity value of each component is measured and compared to previously 

measured standards (i.e. known concentrations of the elements of interest), in order to evaluate 

the concentration of each element in the tested sample. When the dissolution of glass is 

considered, normally the ion release spans within the range 0-40 ppm. 

In the present work, a Thermo Scientific iCAP 6300 ICP-OES with autosampler combined with the 

iTEVA software was used to determine the ionic concentrations of Si in the phosphate buffered 

saline (PBS) solution after soaking hybrid samples for predetermined time points (3 replicates for 

each time point). 
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2.2.8 HELIUM PYCNOMETRY  

Helium (He) pycnometry is a technique that uses gas displacement to measure the skeletal volume 

of solid materials and hence the corresponding skeletal density. Specifically, a sample of known 

mass is placed in a cell of known volume and is infiltrated with He gas and the skeletal volume of 

the material is measured as three-dimensional space within the cell which is inaccessible to the 

gas. The resolution limit is given by the dimension of a He molecule. The skeletal density is then 

calculated as the ratio mass to volume [188]. The helium pycnometry operating principle is the 

gas law, as described in Equation 2.3: 

Equation 2.3.  pV = nRT  

where p is the gas pressure, V is the volume containing the gas, n is the number of moles of the 

gas, R is the universal gas constant and T is the temperature of the gas, that in the present work 

was carefully controlled at 25°C. He pycnometry has the advantage of being versatile, as it can be 

applied on samples in different forms (regularly-shaped monoliths, irregular bulk pieces, 

powders, porous materials with open porosity), which do not exhibit closed porosity, because 

closed pores would then be counted in the measured volume of the sample. 

He pycnometry (Ultrapycnometer-1000, Quantachrome Corporation) was used here to measure 

the skeletal density (ρsk) of the hybrid materials; data were acquired from 20 measurements, in 

order to calculate mean and standard deviation. ρsk was needed to calculate the percentage 

porosity (%P) in the scaffolds with the following Equation 2.4: 

Equation 2.4. 

where ρsc is the scaffold density, calculated from the division of the scaffold mass by the overall 

volume occupied by the scaffold (including pores). 

 

 

2.3 IMAGING TECHNIQUES 

2.3.1 OPTICAL MICROSCOPY 

A compound microscope (Olympus BX51 Optical Microscope, magnification range 1.25× – 50×) 

coupled with an Olympus Stream Essentials 1.8 software was used in back lighting mode to 

qualitatively evaluate the self-healing behaviour of the hybrid samples. 

 

%P = (1 −
ρsc

ρsk
) × 100%  
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2.3.2 ELECTRON MICROSCOPY (SEM and TEM) and ELECTRON DISPERSIVE X-RAY 

SPECTROSCOPY (EDX) 

Electron microscopy uses an electron beam, allowing the achievement of higher magnification 

with the ability to resolve objects down to the nanometre scale. Electron microscopy is 

conventionally classified as scanning electron microscopy (SEM) and transmission electron 

microscopy (TEM) depending on the electrons that are used for imaging: SEM is based on 

scattered electrons, whilst TEM on transmitted electrons. 

SEM is very powerful for morphological characterisation of a material, providing information 

about morphology and topography of a specimen surface through the detection of the electrons 

emitted from the sample surface when hit by a high energy beam of electrons. A SEM image is 

gathered by scanning the electron beam across the surface of the sample in a rectangular grid 

pattern; in this way the magnification of a SEM image can be altered by changing the size of the 

scanned area on the surface of the specimen. The interaction beam-sample produces two types of 

electrons which can be detected: secondary electrons and backscattered electrons, which are used 

in secondary electron imaging (SEI) and backscattered electron imaging (BEI) respectively. 

Secondary electrons, used herein, are low-energy electrons produced when the primary electron 

beam excites electrons within the sample and loses energy in the process. The excited electrons 

move towards the surface of the sample, undergoing elastic and inelastic collisions until they 

reach the surface. Secondary electrons coming only from a very shallow depth (up to 1.5 μm) are 

able to exit the surface and be detected, making them very sensitive to topography; therefore, 

secondary electrons can provide detailed information about the surface shape and features of the 

sample. Faces oriented towards the detector look brighter, whereas those oriented away from the 

detector are darker [189]. Field Emission Gun Scanning Electron Microscopy (FEGSEM) is a 

variation of the traditional SEM which uses an InLens detector rather than the traditional SEI 

detector. The InLens detector is located inside the electron beam column, allowing a greater 

efficiency of electron beam collection, particularly at small working distances. 

TEM comprises the same four main components of a SEM apparatus – an electron optical column, 

a vacuum system, the necessary electronics (lens and high voltage generator) and control 

software – but is based on a different principle. In TEM the electron beam passes through a thin 

specimen and the transmitted electrons are the ones to be collected and focused on the imaging 

device, which in the modern setup is a CCD (charged-coupled device) camera. Thus, whereas SEM 

focuses on the surface and the composition of the sample giving a 3D image, TEM provides a bi-

dimensional image of the whole thickness of the sample. The great advantage of TEM compared 

to SEM concerns the magnification and resolution, since most powerful TEM can achieve 0.5 Å of 

resolution [189].  
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SEM and TEM differ also for the sample preparation. SEM requires samples, in form of monolith 

or ground powder, mounted on aluminium stubs using conductive carbon tape and, if not 

naturally conductive, samples need to be sputtered with a conductive layer, such as gold, 

chromium or silver. TEM instead needs ultra-thin samples mounted on a TEM grid. 

Electron microscopy is usually coupled with an Electron Dispersive X-ray Spectrometer (EDX). 

When the primary electron beam reaches the surface sample, characteristic X-rays are also 

emitted: these derive from the excitation and consequent movement between different energy 

levels of electrons of the atoms of the samples. Therefore, the produced radiation is typical of the 

analysed material and can be detected by EDX, which provides chemical composition analysis of 

the sample elements and their relative amounts in the material can be determined. 

In the present project two different SEM were used: (i) A JEOL 6010 LV (operating at 20 kV, SEI, 

working distance between 13-17 mm, magnification ≤ 1000×) to investigate the morphology of 

monoliths, porous scaffolds and the effect of self-healing. (ii) A high-resolution Leo Gemini 1525 

FEGSEM (operating at 3-5 kV, InLens detector, working distance 6-9 mm) for investigating the 

morphology of hybrid samples at magnifications higher than 1000×; the microscope is fitted with 

Oxford Instruments INCA EDX for compositional analysis when necessary. For both instruments, 

samples in form of monolith or porous scaffolds were mounted on aluminium stubs using 

conductive carbon tape and, since they were non-conductive, they needed to be coated with a 10 

nm layer of chromium (Q150T S sputter coater, Quorum Technologies, UK) to allow the imaging 

and to avoid charging of the sample.  

Bright field transmission electron microscopy (BFTEM) and high angle annular dark field 

(HAADF) scanning transmission electron microscopy (STEM) analysis was performed by Dr Shu 

Chen with JEOL 2100F scanning/transmission electron microscope (S/TEM) operated at 200 kV, 

fitted with an EDX X-MaxN Silicon Drift Detector (Oxford Instrument) with a detector sizes of 80 

mm2. This technique was applied on thin slices of bulk hybrid samples in order to verify the 

interpenetration of organic and inorganic components at the nanoscale. 

 

2.3.3 X-RAY MICRO-COMPUTED TOMOGRAPHY  

Micro-Computed Tomography (μ-CT) is a non-destructive X-ray imaging technique to obtain 3D 

images of objects on a very fine scale. The working principle is based on the acquisition of a 

standard radiograph: in this case, X-rays generated from a micro-focus source pass through the 

sample, which partially absorbs them, and are collected by a planar X-ray detector. The amount of 

X-ray absorbed depends on the density and thickness of the sample and it is converted to a 

greyscale value of each pixel in the collected radiograph. The energy of the X-rays must be 
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carefully selected to achieve a good contrast between the sample and the background: for 

instance, low beam energy (12 keV) is required for natural tissue and low density materials. In a 

μ-CT the scanning is repeated numerous times while the object rotates from 0° to 360° in order to 

acquire hundreds of angular views; then, a computer reconstructs a 3D image as a stack of virtual 

cross-section slices through the object. This makes it possible to scroll through the cross-sections 

to inspect the internal structure and to measure 3D morphometric parameters and create realistic 

visual models for virtual travel within the object or a smaller volume of interest [190]. 

Hence, the remarkable advantage of μ-CT consists in the capability to image, with a single scan, 

the complete internal 3D structure of a sample at high resolution without the need to slice, coat 

or damage the specimen. For this reason, it was exploited in this thesis to investigate the internal 

architecture of porous scaffolds produced via 3D extrusion printing. This part of the work was 

done in collaboration with Xiaomeng Shi at Diamond Light Source (Harwell, UK) using a 

commercial μ-CT device (Phoenix X-ray Systems and Services GmbH, Wunstorf, Germany) at 70 

kV and 140 μA, and with voxel dimensions of 9.5 μm. The 3D rendering images of the scaffolds 

and quantification were obtained using Avizo 9.0 (Visualization Science Group, Merignac Cedex, 

France). 

 

 

2.4 MECHANICAL CHARACTERISATION 

2.4.1 COMPRESSIVE AND TENSILE TESTING 

Uniaxial compression and tension tests consist of applying, respectively, a compressive and a 

tensile force to a specimen and measuring the response of the material up to failure. The test can 

be performed by controlling either the force or the displacement rate, although the second option 

is the most common one. After having accurately measured the dimensions of the sample, the 

force-displacement relationship of the material is measured and converted to a stress-strain 

relationship, from which the stress at failure, the strain at failure and, if possible, the Young’s 

Modulus of the specimen can be calculated [191]. Specifically, conventional (or engineering) 

strain (εc) is calculated as the ratio between the actual displacement (Δl) and the initial length of 

the sample (l0), as described in Equation 2.5. 

Equation 2.5. 

 

εc =
∆l

l0
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Conventional (or engineering) stress (σc) is calculated as the ratio between the force applied (F) 

and the nominal cross-sectional area measured prior to testing (A), as reported in Equation 2.6.  

Equation 2.6.                

If the sample shows linear elastic behaviour, Young’s Modulus (E), which is representative of the 

stiffness of the material, can be calculated as linear gradient of the σc-εc curve, as described in 

Equation 2.7. 

Equation 2.7.             

Conventional values can be then converted to true (or real) strain (ε*) and stress (σ*) using 

Equation 2.8 and Equation 2.9. 

Equation 2.8.  ε∗ = ln (1 + εc)  

Equation 2.9.  σ∗ = σc (1 + εc)  

True values give a more accurate representation of the material response to loading and are 

particularly important when testing ductile materials which can undergo large deformations 

before fracture, because the calculation of true stress and strain takes into account the changing 

in the cross-sectional area due to the necking (i.e. reduction in cross-sectional area) of the sample 

in tension and the barrelling (i.e. increase in cross-sectional area) of the sample in compression 

[191]. The above-mentioned equations are valid both in compression and tension when the 

standard sign convention for mechanical testing is used: force and displacement values are 

conventionally negative in compression and positive in tension. 

In the present thesis tests in compression and tension in displacement control were performed 

on bulk samples (cylindrical and rectangular specimens, respectively) to compare the mechanical 

properties of the different hybrid compositions that were synthesised; compressive testing was 

also performed on 3D printed porous scaffolds; tensile testing was used for a quantitative 

evaluation of the self-healing ability. Two universal testing machines were utilised: a Zwick/Roell 

equipped with a 10 kN load cell and a Bose Electroforce Series III equipped with a 220 N load cell. 

The choice was based on the maximum force that samples were expected to resist. Details of the 

single tests will be reported in the method sections of Chapters 4 (Section 4.2.4) and Chapter 5 

(Section 5.2.5).  
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2.4.2 DYNAMIC MECHANICAL ANALYSIS 

Dynamic Mechanical Analysis (DMA) allows characterisation of the viscoelastic properties of a 

material in response to vibrational loading as a function of frequency, stress, time, temperature, 

atmosphere or a combination of these parameters. DMA works by applying a sinusoidal 

deformation (that, depending on the apparatus fixtures, can be compression, tension, shear, 

bending) at a certain frequency to a sample of known geometry. The test can be controlled in 

stress or strain and reports changes in stiffness and damping of the sample [192]. For the purpose 

of this thesis, DMA testing performed in uniaxial compression or tension is considered. 

The principle on which DMA relies is that, when a sinusoidal stress/strain is applied to a sample, 

the corresponding strain/stress response can occur with a phase lag (δ): for a perfectly elastic 

solid, strain and stress are perfectly in phase so that the phase lag is nil, whereas the value δ 

progressively increases from 0° to 90° with increasing viscous behaviour as result of extra-time 

required for molecules to flow and relaxation to occur, as schematised in Figure 2.2. 

 

 

Figure 2.2. Schematic of the phase lag (δ) in the response of a perfectly elastic material (red), viscoelastic material 

(blue) and completely viscous (green) material to an applied sinusoidal excitation. 

 

From measuring the sinusoidal stress and strain in a predefined number of cycles, it is possible to 

calculate the storage modulus (E’), which is an expression of the energy stored in the elastic 

portion, the loss modulus (E’’), which is related to energy dissipated as heat during deformation, 

representing the viscous part, and the loss tangent (tan(δ), often identified as ‘damping’), which 

represents the relative contribution of the viscous part vs. the elastic properties [192]. The 

following Equation 2.10, Equation 2.11 and Equation 2.12 are used for calculations: 
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Equation 2.10. 

Equation 2.11.            

Equation 2.12. 

where σ0 and ε0 are the maximum amplitude of the stress and strain sine waves, respectively. E’’ 

and, consequently, tan(δ) are associated with internal friction and are sensitive to different kinds 

of molecular motions, relaxation processes, transitions, morphology and other structural 

heterogeneities. If tan(δ) value is negligible, the response of the material can be approximated as 

elastic in the investigated σ-ε region and the storage modulus can be considered representative 

of the stiffness of the material: for this reason, it is often related to the Young’s modulus, however, 

even if conceptually similar, E and E’ are not the same since they are calculated from different 

analyses.  

In the present work, DMA analysis was carried out both in compression and in tension using a 

Bose Electroforce Series III machine equipped with WinTest® DMA software, fitted with a 22 N 

load cell; details of the tests will be described in the method section of Chapter 4 (Section 4.2.4). 

The analysis was performed on bulk hybrid samples in order to evaluate their viscoelastic 

behaviour and to compare the stiffness of different hybrid compositions. 
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Chapter 3 
 
FUNCTIONALISATION OF PCL DIOL 
AND SOL-GEL HYBRID SYNTHESIS 
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3.1 INTRODUCTION 

The objective of this chapter was finding a new route to obtain sol-gel Class II hybrids containing 

silica and PCL that could later be implemented in 3D printing. This meant investigation of how to 

obtain covalent coupling between the two components that allows fast gelation.  

Since all SiO2/PCL sol-gel hybrids reported in literature appeared to have too long a gelation time 

and not enough interpenetration among the networks (Section 1.5.4), it was necessary to start 

from the raw materials with full characterisation of the chosen polymer, PCL diol, and its 

behaviour in sol-gel process, to obtain the basic information needed for the assessment of the 

subsequent reactions. This confirmed that a coupling agent was needed in order to achieve a 

covalent link between organic and inorganic molecules, leading to the investigation of different 

organosilanes that have the potential to fulfil this role.  

The initial approach consisted of the modification of a procedure described in literature that used 

PCL diol functionalised with ICPTS [127, 128, 130, 136], by changing the traditional acid-catalysed 

sol-gel synthesis into an amine-catalysed reaction [143, 146], hoping to be able to modulate the 

gelation time.  

A second approach consisted of exploring alternative coupling agents, focusing in particular on 

the three organosilanes described in the literature review (Section 1.5.5): APTES, MPTMS and 

GPTMS. The -NH2 and -SH, expressed by APTES and MPTMS respectively, are known to be 

nucleophiles that can take part in nucleophilic substitution processes [142] when an appropriate 

leaving group is present in the counterpart molecule. Due to the weak reactivity of hydroxyl 

groups exhibited by PCL, the need for pre-functionalisation with stronger leaving groups was 

predicted. GPTMS is one of the most popular coupling agents and so far the most successful to 

make hybrid scaffolds. GPTMS is characterised by a well-established mechanism of reaction based 

on the high reactivity between its epoxide ring and acids (i.e. carboxyl group, -COOH), as 

demonstrated by the previous research in Prof. Jones’ group [7, 106-108, 148, 149]. Consequently, 

to functionalise PCL diol with GPTMS, the conversion of the -OH terminal ends to -COOH groups 

was required. This hypothesis was later supported by the study from Guillory et al., which 

confirmed that alcohols (-OH) are not effective nucleophiles towards the epoxide ring of GPTMS 

in organic solvents, leading to a mixture of ring-opening, trans-etherification and 

polycondensation, even in the presence of a catalyst [150].  

This chapter reports the results that developed the path to the final selection of protocol for the 

synthesis of SiO2/PCL hybrids, which was carried forward to further experiments and 3D printing.  

This activity was performed in collaboration with Prof. Cipolla’s group at the University of Milano-

Bicocca (Italy).   
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3.2 MATERIALS  

PCL was chosen as the organic source for making hybrids. Specifically, α,ω-hydroxyl poly(ε-

caprolactone), commonly known as PCL diol, which shows one -OH group per each terminal end 

(Figure 3.1), was used. PCL diol was purchased in the two different molecular weights sold by 

Sigma-Aldrich, Dorset, UK: 530 Da (a transparent gel form) and 2000 Da (a white solid/waxy 

form). 

Tetraethyl orthosilicate (TEOS) was used as silica source and 1 M hydrochloric acid (1 M HCl) was 

used to hydrolyse it. Different organosilanes were investigated as potential coupling agents: (3-

isocyanatopropyl)triethoxysilane (ICPTS), (3-aminopropyl)triethoxysilane, (APTES), (3-

mercaptopropyl)trimethoxysilane (MPTMS), (3-glycidoxypropyl)trimethoxysilane (GPTMS), 

which contained the functional groups of cyanate (-NCO), amino (-NH2), sulphydryl (or thiol) 

group (-SH) and an epoxide ring at the terminus of the organic moiety, respectively. The chemical 

formulae of the above-mentioned reagents are depicted in Figure 3.1. The specific chemicals that 

were used for the single functionalisation will be described in Section 4.2. 

Reactions were carried out using commercially available starting materials and solvents without 

any further purification. All chemicals were purchased from Sigma-Aldrich, Dorset, UK, unless 

specified otherwise. 

 

 

Figure 3.1. Chemical structures of the organic (PCL diol) and inorganic (TEOS) sources and the four organosilanes 

tested as coupling agents (ICPTS, APTES, MPTMS, GPTMS). 
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3.3 METHODS  

3.3.1 CHARACTERISATION OF THE STARTING POLYMERS 

The starting PCL diols were completely characterised, in order to have a valid term of comparison 

to assess the progress and occurrence of the different functionalisation techniques. 

For clarity, since solid-state NMR analysis was not utilised in the present chapter, the acronym 

“1H-NMR” refers univocally to solution-state proton NMR. 

PCL diol solubility study 

One of the main drawbacks of using conventional polyesters in the sol-gel process is their lack of 

solubility in water. Water is usually needed, at least as co-solvent, to hydrolyse TEOS before 

incorporating the polymer. For this reason, a preliminary study of the solubility of PCL diol in 

different solvents was performed. Initially, anhydrous solvents that are usually reported in 

literature for the solubilisation of PCL were tested: dioxane, THF, chloroform and toluene. Then, 

less hazardous solvents, such as acetone and acetonitrile, were also tried. The purpose was to 

identify the lowest amount of solvent needed to solubilise the polymer, which corresponds to the 

highest concentration of PCL diol that can be used. A summary of the examined solvents is 

reported in Table 3.1. Afterwards, water was slowly added in order to determine the maximum 

water/solvent ratio that did not affect the solubilisation of the polymer. The evaluation was done 

simply by macroscopic visual observation of the transparency of the solutions. In the first series 

of experiments, when PCL diol was immersed only in organic solvents, a complete solubilisation 

was achieved when the solution became totally transparent; after water addition, there would be 

a point where the polymer started re-precipitating and the solution began to become 

cloudy/opaque. 

Table 3.1. List of solvents used in the solubility study (data from Sigma-Aldrich). 

Solvent Chemical Formula Boiling point (°C) 
Acetone CH3COCH3 56.0 

Acetonitrile CH3CN 81 - 82 
Chloroform CHCl3 60.5 - 61.5 

Dioxane C4H8O2 100 - 102 
Tetrahydrofuran (THF) C4H8O 65 - 67 

Toluene C6H5CH3 110 - 111 
 

The study was performed only on PCL diol of Mn 2000 Da, assuming that conclusions were 

automatically valid also for PCL diol of Mn 530 Da, wherein the lower molecular weight allows 

inherently an easier solubilisation. 
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Characterisation of PCL diol physico-chemical properties 

PCL diols with Mn of 530 Da and 2000 Da were subjected to the following analyses: 

- 1H-NMR, after dissolving them in CDCl3; 

- MALDI-TOF MS; 

- ATR-FTIR; 

- DSC/TGA; 

- XRD; 

with the settings described in Chapter 2. The polymers were then used in the following reactions. 

 

3.3.2 SYNTHESIS OF CLASS I HYBRIDS USING PCL DIOL 

A first series of hybrids were obtained by using the unfunctionalised PCL diol (i.e. showing -OH 

terminal ends) to define a reference term of comparison for further experiments. This was an 

important step to understand the behaviour of PCL in Class I hybrid systems, as described in 

Section 1.5.4. It consisted of acid-catalysed sol-gel synthesis of silica/PCL hybrids without any 

coupling agent, replicating the procedure reported by Tian et al. [127, 128]. In order to achieve 

hybrids with ~50 wt.% organic phase, TEOS/PCL ratios of 75/25 and 80/20 wt.% were 

attempted: SiO2 yield from TEOS is 28.8 wt.%, therefore it was expected to achieve SiO2/PCL ratio 

of 46/54 wt.% and 53/47 wt.%, respectively. The actual wt.% organic in the final dry hybrids was 

also verified through DSC/TGA. 

 

3.3.3 FUNCTIONALISATION WITH ICPTS AND HYBRID SYNTHESIS 

In order to achieve Class II hybrids, ICPTS was the first coupling agent to be examined, because 

the procedure for coupling cyanate and hydroxyl groups was widely known in literature and was 

already successfully applied by Tian et al. [127, 128] and Rhee et al. [130, 136] for silica/PCL 

hybrids, using an acid-catalysed sol-gel route (Section 1.5.4). Their protocol for -OH end-capping 

with ICPTS was replicated here to quantitatively measure for the first time the kinetics and the 

yield of functionalisation. However, due to the too long gelation time observed in their hybrid 

synthesis, this second step needed to be modified and accelerated if the hybrids were ever to be 

used in 3D printing. Thus, the obtained ICPTS-functionalised polymer was introduced in an amine-

catalysed sol-gel synthesis at near-to-neutral pH and RT, in the attempt of mimicking silicification 

processes that occur in nature. Cysteamine was chosen as catalyst on the basis of the results 

reported by Roth et al. [143], who demonstrated that it has the highest potential catalytic activity 

in silica condensation.  
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-OH end-capping with ICPTS 

The typical reaction, as described in literature [128, 136], required PCL diol (Mn = 2000 Da), ICPTS, 

1,4-diazabicyclo [2,2,2] octane (DABCO) as catalyst and anhydrous toluene as solvent. The molar 

ratio PCL diol : ICPTS : DABCO was 1:3:1. At RT, ICPTS and then DABCO were added to the solution 

of PCL diol in toluene and the mixture was degassed with dry argon gas for approximately 30 

minutes. Afterwards, the reaction was performed in a sealed round-bottom flask at 70°C for 24 h 

under continuous stirring. The solution was then purified to remove DABCO and unreacted ICPTS 

by repeated precipitation in cold methanol (up to 3 times). Methanol was chosen because, unlike 

PCL diol, both DABCO and ICPTS are soluble in it. Finally, the functionalised polymer was collected 

by centrifugation and vacuum dried at RT for 24 h. A total absence of water in all steps of reaction 

must be ensured, because ICPTS is preferentially reactive towards H2O to form a urethane linkage, 

releasing CO2.  

During this reaction, end-capping occurs through a nucleophilic addition, that is defined as an 

addition reaction where, in a chemical compound, a π bond is removed by the creation of two new 

σ bonds by the addition of a nucleophile. It is conventionally used to form urethane linkages in the 

polymerisation of polyurethanes, in which a tertiary amine, like DABCO, is used as nucleophile to 

catalyse the reaction, activating both -OH and -NCO groups [193]. The proposed mechanism 

scheme is shown in Figure 3.2. 

 

Figure 3.2. -OH end-capping with ICPTS: formation of the urethane linkage between PCL diol (R2OH) and ICPTS 

(R1NCO) catalysed by DABCO (tertiary amine). 

The reaction was monitored through ATR-FTIR and 1H-NMR in CDCl3 at pre-selected time points: 

every hour up to 8 h, then 24 h and 48 h, considering the end of degassing as the starting point. At 

each time point, 1 mL of solution was syringed out and precipitated overnight in 20 mL of cold 

methanol in a centrifuge tube, which was then centrifuged to allow a complete deposition of the 

polymer at the bottom of the tube. Excess methanol was removed and the collected polymer was 

vacuum dried for 24 h. The final ICPTS–end-capped PCL was analysed with DSC/TGA and XRD.   
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Sol-gel hybrid synthesis with ICPTS-functionalised PCL diol  

An amino-catalysed sol-gel procedure was defined on the basis of the combination of the following 

literature findings and information gathered on PCL solubility: 

- Following the experiments done by Roth et al. [143], cysteamine (i.e. 2-aminoethanethiol 

hydrochloride) was introduced into the synthesis in the form of solution at a concentration of 

1 M in 0.025 M Tris-HCl (tris(hydroxymethyl)aminomethane-hydrochloric acid) buffer, where 

the final pH value was adjusted to 7.0;  

- Among the list of solvents suitable for PCL, cysteamine was soluble only in acetone, as 

assessed by checking transparency/opacity of solutions to the naked eye.  

First, the effect of cysteamine solution on silica formation was evaluated: TEOS was hydrolysed 

with a stoichiometric amount of distilled water with respect to the alkoxide groups (H2O : TEOS = 

4:1 molar ratio) and 1 M HCl was used as a catalyst in a 1 M HCl : H2O = 1:3 volume ratio. Then, 

cysteamine solution was added until the pH increase led to an instantaneous gelation of silica. 

Next, the synthesis of SiO2/PCL hybrids, using ICPTS–end-capped PCL as polymer and TEOS as 

silica precursor, was investigated. A nominal TEOS/ICPTS–end-capped PCL composition of 70/30 

wt.% was used, which was expected to lead to a final SiO2/PCL ratio of 45/55 wt.%. The total 

organic content was derived from the PCL introduced in the starting solution and the organic 

portion of ICPTS; the inorganic content was attributed to the silica derived from TEOS and ICPTS. 

In particular, while the total mass of PCL contributes to the organic part (PCLorg), it was calculated 

that during the reaction 34.0 % of ICPTS mass would be converted to organic (ICPTSorg) and 24.3 

% of ICPTS mass converted to inorganic (ICPTSinorg) components. From the original TEOS mass, 

only 28.8 % is converted to silica (TEOSinorg). The total mass of the hybrid (mTOT) can be calculated 

from Equation 3.1. 

Equation 3.1.           mTOT = PCLorg + ICPTSorg + ICPTSinorg + TEOSinorg   

Hence, the theoretical inorganic (%SiO2t
) and organic (%orgt) contents can be calculated as in 

Equation 3.2 and Equation 3.3, respectively. 

Equation 3.2.              

Equation 3.3.  

 

%SiO2t
=  (

TEOSinorg + ICPTSinorg

mTOT
) × 100%  

%orgt =  (
PCLorg + ICPTSorg

mTOT
) × 100%  
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Only PCL diol with Mn = 2000 Da was functionalised with ICPTS and, hence, used for sol-gel hybrid 

synthesis. ICPTS–end-capped PCL diol (0.5 g) was dissolved in acetone (≥ 7.5 mL) at RT until a 

homogeneous and transparent solution was obtained; simultaneously TEOS (1.17 g) was 

hydrolysed by mixing with 0.41 mL of distilled water (stoichiometric H2O : TEOS = 4:1 molar ratio) 

and 0.13 mL of 1 M HCl (HCl : H2O = 1:3 volume ratio) at RT. Then, the hydrolysed TEOS was added 

dropwise to the polymer in acetone and, after mixing for 15 minutes, cysteamine solution (1.3 mL) 

was added dropwise to TEOS-polymer solution and mixed for a further 15 minutes. The added 

amount of cysteamine solution was previously assessed as the maximum possible to prevent 

cysteamine precipitation in the mixture of acetone and water. The final solution was then poured 

in polytetrafluoroethylene (PTFE) cylindrical moulds (Ø = 15 mm, h = 25 mm), that were sealed 

and put into the oven for ageing and drying at 40°C. 

The resulting hybrids were characterised in terms of:  

- Gelation point, through macroscopic observation (i.e. no flow was observed to the naked eye 

[194]); 

- Macroscopic appearance of dried samples (presence of cracks, shape, volumetric shrinkage, 

colour, transparency, etc.);  

- Evaluation of the actual polymer mass incorporated and possible changes in its thermal 

properties by DSC/TGA; 

- ATR-FTIR to evaluate the bonding between polymer and silica;  

- XRD to assess microstructure. 

The last three characterisations required solid samples in form of powder (manually ground). 

 

3.3.4 FUNCTIONALISATION WITH APTES/MPTMS AND HYBRID SYNTHESIS 

The use of cysteamine did not accelerate significantly the gelation of the hybrid sol using ICPTS as 

coupling agent (Section 3.4.3), hence an alternative was needed to end-cap the -OH groups with 

silane groups.  

-OH end-capping with APTES/MPTMS  

From traditional organic chemistry, it is well-known that -NH2 and -SH exhibited by APTES and 

MPTMS, respectively, are good nucleophiles and hence can be exploited in nucleophilic 

substitution reactions [142]. Unfortunately, alcohols are poor substrates for this class of reactions, 

therefore the -OH group needs to be converted into a better leaving group, which is a very reactive 

moiety towards nucleophilic groups. 
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Protonation to convert the leaving group into H2O has limited utility as not all substrates or 

nucleophiles can be utilised under acidic conditions without unwanted side reactions. An 

alternative is to convert the -OH group into a much better leaving group, that will react with 

nucleophiles without the need for the acid: mesylate (-OMs), tosylate (-OTs) and triflate (-OTf) 

groups are well-known options derived from an alkyl hydrogen sulphate (-OSO3H) by swapping 

the -OH group into a relatively inert organic group that does not have an acidic proton, which can 

react with the nucleophile preventing the substitution [142]. The chemical formulae of the three 

leaving groups (Figure 3.3) are conjugated bases of acids and their leaving group ability is 

correlated to the pKa value of their conjugated acid, with lower pKa values (i.e. stronger acids) 

being associated with better leaving group ability. Trifluoromethanesulfonic (or triflic) acid, the 

conjugate acid of triflate, is among the most acidic species known (pKa of -13) and for this reason, 

among the three options, triflate is the best leaving group when attached to alkyl groups [142].  

 

 

Figure 3.3. Chemical formulae of the three leaving groups considered for reaction with APTES and MPTMS: mesylate, 

tosylate and triflate. The direction of the arrow indicates an increasing leaving group ability. 

The reaction to convert an alcohol (R-OH) into a triflate by means of trifluoromethanesulfonic 

anhydride ((CF3SO2)2O or Tf2O) is called “triflation”. The obtained molecule (R-OTf) is a good 

electrophile, i.e. electron pair acceptor, in nucleophilic substitution. The nucleophile (Nu) acts as 

an electron pair donor, attacking an electrophile and forming a new bond (Nu-R), while 

simultaneously the leaving group departs with an electron pair [142]. A schematic of this two-step 

process is depicted in Figure 3.4a: in both steps triflic acid (CF3SO3H or TfOH) forms as by-product. 

This method was applied here on PCL diol (Figure 3.4b), considering APTES as example of a 

nucleophile. The reaction of PCL diol with Tf2O at -20°C in an inert solvent affords the 

corresponding reactive trifluoromethanesulfonate ester (triflate, PCL-OTf): the neutral alcohol 

performs a substitution reaction on sulphur, leading to formation of O-S; then, deprotonation of 
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the charged alcohol leads to the neutral triflate. The obtained PCL-OTf easily reacts with APTES 

through an SN2 mechanism, affording the formation of secondary amine of the final functionalised 

polymer; when MPTMS is exploited as nucleophile, same mechanism occurs with the formation of 

the corresponding thioether. 

 

 

Figure 3.4. a) General two-step reaction of triflation of an alcohol through trifluoromethanesulfonic anhydride (I) and 

nucleophilic substitution of the obtained triflate (II); in both steps triflic acid (reported in brackets) forms as by-

product. b) Specific example of the same process applied to PCL diol as alcohol and APTES as nucleophile. 

 

In a typical triflation reaction, PCL diol with Mn of 530 Da (300 mg, 0.57 mmol) was dissolved in 

dry dichloromethane (DCM, 6 mL) and the solution was cooled to -20°C under argon. 

Trifluoromethanesulfonic anhydride (0.192 mL, 1.14 mmol) was added dropwise to the stirred 

solution for 3 h. The reaction mixture was allowed to warm to RT, and was extracted with ice, 

brine and DCM. The extracted organic layer was dried over Na2SO4 and evaporated under reduced 

pressure to afford the crude corresponding trifluoromethanesulfonate ester (PCL-OTf) purified 

from TfOH residues. The collected PCL-OTf was verified through 1H-NMR (25 mg dissolved in 0.7 

mL of CDCl3) with the settings described in Section 2.2.1.  
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Then, to a stirred solution of PCL-OTf (295 mg, 0.56 mmol) in dry CH3CN (5 mL) at RT was added 

the nucleophile, APTES (0.262 mL, 1.12 mmol) or MPTMS (0.209 mL, 1.12 mmol), in a 

stoichiometric 2:1 molar ratio to PCL-OTf . The reaction mixture was allowed to stir overnight at 

RT. During this step a total absence of water must be ensured, because water can act as 

preferential nucleophile rather than the organosilane. For each reaction, after mixing for 24 h, the 

coupling was verified through 1H-NMR (as described in Section 2.2.1), by diluting ~50 μL of 

solution in ~0.7 mL of CDCl3. The collection of the APTES/MPTMS–end-capped PCL was 

attempted through precipitation in cold diethylether (-20°C) and centrifugation; however, for the 

reason detailed in the results, it was decided not to purify the polymer from the TfOH residues at 

the end of the functionalisation and to perform a one-pot sol-gel synthesis with the addition of the 

inorganic precursor, as described in the next section. 

Sol-gel hybrid synthesis with APTES/MPTMS-functionalised PCL diol  

A starting composition containing 70 wt.% TEOS and 30 wt.% organic was produced. Equation 

3.1, Equation 3.2 and Equation 3.3 can be applied by substituting ICPTS with APTES (respectively, 

26.2 % and 27.0 % of APTES by mass would be converted to organic and inorganic components) 

or MPTMS (respectively, 38.3 % and 30.6 % of MPTMS by mass would be converted to organic 

and inorganic components), leading to a theoretical final hybrid composition SiO2/PCL ≈ 45-

40/55-60 wt.% (the range is due to the slight different contribution of the considered coupling 

agents attached to the polymer). 

Since the nucleophilic substitution determined the release of triflic acid in the solution, it was 

decided this acid could have been used to hydrolyse TEOS without the need of a previous, separate 

TEOS hydrolysis with HCl. Thus, TEOS (688 mg) followed by distilled water (238 mg, 

stoichiometric H2O : TEOS = 4:1 molar ratio) were added to the solution in acetonitrile and 

thoroughly mixed in a sealed container for 30 minutes at RT. The final solution was then poured 

in PTFE cylindrical moulds (Ø = 25 mm, h = 25 mm), that were sealed and put into the oven for 

ageing and drying at 40°C.  

Resulting hybrids were characterised in terms of:  

- Gelation point, through macroscopic observation (i.e. no flow was observed to the naked eye 

[194]); 

- Macroscopic appearance of dried samples (presence of cracks, shape, volumetric shrinkage, 

colour, transparency, etc.);  

- Evaluation of the actual polymer mass incorporated and possible changes in its thermal 

properties by DSC/TGA; 

- ATR-FTIR to evaluate the bonding between polymer and silica; 
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- XRD to assess microstructure. 

The last three characterisations required solid samples in form of powder (manually ground). 

 

3.3.5 FUNCTIONALISATION WITH GPTMS AND HYBRID SYNTHESIS 

Previous studies in collaboration between the groups of Prof. Jones and Prof. Cipolla showed the 

great potential of GPTMS as coupling agent to make Class II hybrids exploiting the reactivity of the 

carboxyl group (-COOH) towards the epoxide ring in aqueous environment [7, 106-108, 148, 149]. 

It was decided to investigate if the same coupling (carboxylic group - epoxide ring) could be 

achieved in organic solvent, as no similar studies were found in literature. Hence, the 

functionalisation of PCL diol with GPTMS required a first step consisting in a reaction of oxidation 

to convert the terminal -OH groups to -COOH groups. The oxidised PCL was then reacted with 

GPTMS and, all in one pot without further purification, introduced in the sol-gel synthesis to 

produce the hybrid material.   

PCL diol oxidation  

Oxidation of primary alcohols to carboxylic acids catalysed by 2,2,6,6-tetramethyl-1-

piperidinyloxy (TEMPO) is a well-known procedure in organic chemistry [195]. Here, the Anelli’s 

oxidation reaction [196], which exploits sodium hypochlorite (NaOCl, commonly known as 

bleach) in the presence of sodium bicarbonate (NaHCO3), potassium bromide (KBr) and a catalytic 

amount of the TEMPO, in a biphasic system consisting of acetonitrile and water was used to 

oxidise both available PCL diols (530 Da and 2000 Da). Briefly, NaOCl (specifically, the 

hypochlorite HOCl that forms at the equilibrium in water) was the stoichiometric oxidant, which 

reacted with KBr forming HOBr, that acted as catalytic secondary oxidant transforming TEMPO in 

an oxoammonium salt; this represented the catalytic primary oxidant, which transformed the 

alcohol into the corresponding aldehyde. As result of this reaction, oxoammonium salt was 

converted to a hydroxylamine, which was oxidised again by KBr to a TEMPO radical, thus 

completing the catalytic cycle. NaHCO3 was added as buffer to decrease the pH from ~12.7 (i.e. pH 

of commercial bleach) to ~8.6, at which the reaction is proven to be faster [195]. The same 

mechanism occurred a second time to transform the aldehyde to the final carboxylic acid (Figure 

3.5). 
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Figure 3.5. Anelli’s TEMPO-mediated oxidation mechanism (adapted from Tojo and Fernández [195]). 

In a typical TEMPO oxidation of PCL diol with Mn = 530 Da, the polymer (3.0 g, 5.66 mmol) was 

dissolved in CH3CN (45.70 mL) under continuous stirring. Saturated aqueous solution of NaHCO3 

(12.30 mL), 0.5 M aqueous solution of KBr (4.53 mL, 2.26 mmol) and a 0.1 M solution of TEMPO 

in CH3CN (11.32 mL, 1.13 mmol) were sequentially added dropwise and the solution was stirred 

at RT in order to ensure the maximum mutual solubility of all the components. Then, 5 vol.% 

aqueous NaOCl (74.04 mL) was added over a period of 24 h. The total volume of NaOCl (vtot) was 

divided into 4 additions: v1 = 0.4 vtot, v2 = 0.4 vtot, v3 = 0.1 vtot, v4 = 0.1 vtot which were added 

dropwise at time intervals of 1 h, 4 h, 8 h and 24 h, respectively, from the point of final addition of 

TEMPO solution. After completion, from a starting basic value (pH ~ 8-9) at which carboxylic acids 

usually exist as carboxylate anion (-COO-), the pH was adjusted by adding 37 vol.% HCl dropwise 

until the solution reached pH ≤ 3, in order to afford the protonated carboxyl group (-COOH). After 

1 h, the solution was concentrated under vacuum, i.e. CH3CN was removed using the Rotavapor 

(Büchi Labortechnik AG, Flawil, Switzerland) at 40°C and 226 mbar. The aqueous residue was 

extracted three times with ethyl acetate. The collected organic layers were dried over Na2SO4, the 

solvent was evaporated to dryness under reduced pressure in order to leave the oxidised PCL diol 

(identified as “PCL-diCOOH”), which was finally dried under vacuum at RT for at least 12 h. 

Identical procedure was applied for PCL diol of Mn 2000 Da, by simply re-calculating the quantities 

of the different reagents on the basis of the same molar ratios; only the addition of an extra 5 vol.% 

of acetonitrile was required at the beginning to help dissolve the PCL diol, because of its solid 

consistency. 

The reaction was monitored through TLC; then, the completion of the oxidation was verified 

through ATR-FTIR (by placing the dried PCL-diCOOH directly on the ATR crystal), 1H-NMR and 

MALDI-TOF MS using the settings described in Chapter 2. 
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Sol-gel hybrid synthesis using GPTMS as coupling agent  

As described in Section 1.5.5, in water-based solution a pH ~5 represents the optimum to be able 

to functionalise a polymer, that shows -COOH groups, with GPTMS, avoiding the formation of 

oligomers before hydrolysed TEOS is added [148, 149]. However, the hydrophobic nature of PCL 

did not allow the use of the same approach but required the definition of a new synthesis protocol 

in compatible organic solvents. The procedure that was experimentally found to be optimal 

(Section 3.4.5) involved the use of tetrahydrofuran (THF) as the solvent and boron trifluoride 

diethyl etherate (BF3∙OEt2) as catalyst, needed to open GPTMS epoxide ring and initiate the 

reaction. It did not require the purification/extraction of the functionalised polymer and allowed 

hybrid sol-gel synthesis in one-pot.  

The protocol used here to produce hybrid samples containing TEOS (inorganic precursor), PCL-

diCOOH (either 530 Da or 2000 Da, organic source) and GPTMS as the coupling agent required the 

initial preparation of two separate solutions, defined here below as “organic” and “inorganic” 

precursor solutions. 

Preparation of the organic precursor solution.  

In a typical synthesis, PCL-diCOOH (1 mol), prepared as previously described, was dissolved in 

anhydrous THF at a concentration ranging from 50 to 200 mg mL-1 at RT. Under continuous 

stirring in a sealed container, at time intervals of 30 min, GPTMS (2 mol) and BF3∙OEt2 (0.5 mol) 

were added to the solution to open the epoxide ring of GPTMS and, consequently, allow the 

reaction among the different reactants. The moles of GPTMS were calculated to satisfy a 

stoichiometric ratio that guarantees there to be one epoxide ring for each carboxyl group. A 

GPTMS : BF3∙OEt2 molar ratio of 1:0.25 was chosen as the minimum that was experimentally 

proven to ensure complete opening of the epoxide ring of all GPTMS molecules (Section 3.4.5 - 

Figure 3.18). The epoxide ring and boron trifluoride are known to be cytotoxic, hence it is 

important that they are fully reacted and residues are removed for biological applications. The 

polymer solution was allowed to stir for 1.5 h. 1H-NMR was used to verify the complete opening 

of the epoxide ring and the disappearance of the -COOH groups: for each analysis ~50 μL of 

organic precursor solution were diluted in ~0.7 mL of CDCl3. Two spectra were compared, the 

first was collected before BF3∙OEt2 addition and the second was collected after BF3∙OEt2 addition 

just before mixing with the solution containing the inorganic precursor.  

Preparation of the inorganic precursor solution.  

TEOS was hydrolysed in deionised water by 1 M HCl. Several TEOS/PCL-diCOOH ratios (from 

0/100 to 95/5 wt.%) were used in order to prepare different hybrid compositions. Throughout 

the thesis, each hybrid composition will be identified as “SiX-CLY”, where X corresponds to the 

wt.% of TEOS in the starting solution and Y is the Mn in Da of the PCL-diCOOH. Water content was 
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calculated as the sum of the stoichiometric amounts needed to hydrolyse both TEOS and GPTMS, 

which means H2O : TEOS = 4:1 molar ratio and H2O : GPTMS = 3:1 molar ratio; 1 M HCl was added 

at a concentration of 1 M HCl : H2O = 1:3 volume ratio. The resultant mixture was vigorously 

stirred for 1-1.5 h to induce complete hydrolysis.  

Preparation of the hybrid sol. 

When the two separate solutions were fully reacted, the inorganic precursor solution was added 

dropwise to the organic precursor solution and stirred at RT for 30 minutes in a sealed container 

to form the hybrid sol. 

Formation of bulk samples. 

In order to obtain bulk samples, the clear and homogeneous hybrid sol was cast into cylindrical 

PTFE containers and placed at 40°C for ageing (3 days with the container sealed) and drying (very 

gradual and careful loosening of the lid over the course of 10-28 days to avoid cracking due to 

overly fast solvent evaporation and to allow the mutual arrangement of inorganic and organic 

chains (Section 4.3.1)). Gelation point was visually evaluated (i.e. no flow was observed to the 

naked eye [194]). When dried, samples were taken out from the oven and finally immersed in 

deionised water for a few seconds, in order to remove reaction by-products (especially, to purify 

from BF3 residues), and used for the following characterisations: 

- Macroscopic appearance of dried samples (presence of cracks, shape, volumetric shrinkage, 

colour, transparency, etc.);  

- Evaluation of the actual polymer mass incorporated and possible changes in its thermal 

properties by DSC/TGA; 

- ATR-FTIR to evaluate the bonding between polymer and silica;  

- XRD to assess microstructure. 

The last three characterisations required solid samples in form of powder (manually ground). 

As will be detailed in the following discussion (Section 3.4.5), the GPTMS functionalisation was 

the selected method to make hybrid samples in the present project, which will be the focus of the 

following chapters. It is important to remark that here only the general synthesis protocol was 

presented to highlight the principle of work; the different types and geometries of bulk samples 

and their characterisation will be then described specifically in Chapter 4, while Chapter 5 will be 

dedicated to 3D printed scaffolds. 
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3.4 RESULTS AND DISCUSSION  

The results corresponding to the methods described above will be presented to explain the path 

taken to find the best coupling agent and synthesis protocol to obtain covalently-linked SiO2/PCL 

hybrids, with a view to the final purpose of manufacturing porous scaffold by 3D extrusion 

printing directly from the viscous sol. 

 

3.4.1 CHARACTERISATION OF THE STARTING POLYMERS 

PCL diol was selected as starting polymer because both terminal ends of the linear chain have an 

-OH group, allowing the application of the same method of functionalisation of hydroxyl in a 

symmetric way on both ends.  

PCL diol solubility study 

The solubility of PCL diol of Mn 2000 Da was evaluated with respect to the series of solvents listed 

in Table 3.1. Qualitatively, the theoretical expectations were confirmed: PCL diol was easily 

soluble in THF, toluene and chloroform, which are the solvents conventionally used to dissolve it. 

The degree of solubility in dioxane was still more than satisfactory, as a transparent solution was 

obtained in only few more minutes. In acetonitrile and acetone, which are the less hazardous 

solvents and were used at the normal reagent grade (i.e. non-anhydrous), PCL diol was still 

soluble, even if the process was slower than in the other solvents at the same concentration. The 

maximum concentration that still ensures a good solubilisation was estimated to be 1 g PCL diol 

in 5 mL solvent, much lower than the average values reported in literature (typically 0.5-1 g in 20 

mL of solvent [127]); this value is common for all the tested solvents. An increase in temperature 

up to 40°C (still below PCL diol melting point, which is ~48°C) could accelerate the solubilisation. 

Although PCL diol is not soluble in water, after its complete solubilisation in a suitable solvent, 

water can be slowly added without affecting the transparency of the solution. This observation 

was true for all solvents listed above, with the exception of toluene and chloroform which are 

immiscible in water and hence cannot be used for hybrid sol-gel synthesis. In particular, when the 

minimum amount of solvent needed to solubilise the polymer was considered, it was possible to 

add dropwise an amount of water equal to the mass of PCL diol maintaining complete 

solubilisation of the polymer. If a less concentrated polymer solution was used, a higher volume 

of water could be added. This result was extremely useful with a view to the hybrid sol-gel 

synthesis, in which the mixing of the polymer solution with hydrolysed TEOS is a fundamental 

step. 
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Characterisation of PCL diol physico-chemical properties 

PCL diols with Mn of 530 Da and 2000 Da were both characterised with several techniques to 

acquire baselines essential to evaluate changes caused by the functionalisation of the PCL diol 

with coupling agents and by incorporation into the sol-gel process. 

The molecular structure was first investigated with 1H-NMR. Figure 3.6 shows the obtained 1H-

NMR spectra together with complete assignment of the peaks to the correspondent protons, 

achieved by combining the information regarding chemical shift, integration and multiplicity of 

each peak. As expected, the two analysed PCL diols, which have the same molecular structure, 

showed similar qualitative spectra, that match the literature [128]. The only difference arises in 

the integration values of the area under the peaks labelled as a, b and f, which can be immediately 

visualised by the change in relative height of the peaks. Since the molecular weight of the central 

portion (C4O3H8) is 104.10 Da and each repeating unit (C602H10) weighs 114.14 Da, the different 

Mn determines a change in the number of repeating units. This number increases from 3-4 in the 

short PCL diol to 16-17 in the long one, determining a rise in the relative ratio of the integration 

of the repeating units with respect to the central portion. For the same reason, the broad peak 

corresponding to the proton of the terminal -OH groups (δ = 1.93 ppm) was quite prominent for 

PCL diol of Mn 530 Da, whereas it became unnoticeable for PCL diol of Mn 2000 Da. 

 

Figure 3.6. 1H-NMR spectra of PCL diol (Mn = 2000 Da and 530 Da) in CDCl3, with the list of chemical shifts 

corresponding to the observed peaks. 
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The molecular weight distribution of both PCL diols was confirmed by MALDI-TOF MS: the results 

of this analysis were particularly helpful to evaluate the completion of the TEMPO oxidation 

described in Section 3.3.5, therefore they will be presented later in the discussion (Figure 3.17d). 

A further qualitative assessment of the starting polymers was done through ATR-FTIR. The 

obtained spectra (Figure 3.7) were in agreement with theoretical expectations based on PCL diol 

molecular structure. The two main distinguishable features of PCL diol are: (i) a narrow and 

prominent band around 1725 cm-1, which fits with the stretch of the carbonyl group C=O bond 

present in the monomer unit; (ii) a double band visible in the range 3000-2800 cm-1 that 

correlates to CH2 stretch. Then, at a wavenumber of approximately 3500 cm-1, there is a typical 

absorption band of O-H stretch, which is very broad and weak because it is due to the only two -

OH groups present at the terminal ends of the chain. Bands in the range of 1470-1300 cm-1 and 

730 cm-1 are attributed to the bending interactions (scissor and rocking respectively) of the 

several CH2 groups present in the polymer. Finally, the sequence of bands displayed at 

wavenumbers ranging between 1290-930 cm-1 are thought to be contributions from the C-O-C, C-

O and C-C stretch vibrations [197-199]. PCL diol of Mn 530 Da showed a more prominent O-H 

stretch band and less resolved peaks in the range 1470-1000 cm-1 due to the higher relative ratio 

of -OH groups with respect to -CH2 groups because of the shorter linear chain.    

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7. ATR-FTIR spectra of PCL diol with Mn of 2000 Da and 530 Da as purchased. 
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DSC/TGA analysis was performed on PCL diol of both molecular weights, with the main purpose 

of determining the intrinsic burn-out temperature of the polymers. PCL diol of Mn 2000 Da burned 

in the range of temperatures between 250-500°C with a peak at 350°C. The burn-out of PCL diol 

of Mn 530 Da still occurred above 250°C but with a peak around 400°C (data not shown). 

XRD characterisation was carried out to gather information about the conformational structure 

of the polymer. The diffraction patterns shown in Figure 3.8 demonstrated that PCL diol of Mn 

2000 Da is semi-crystalline in nature, with two main peaks at 2θ value of approximately 22° and 

24°, while an amorphous structure was observed for the lower Mn, as demonstrated by the broad 

halo centred around 2θ = 20°. These results were in accordance with the different aspects of the 

polymer, which changes from a clear and transparent gel (i.e. Mn = 530 Da) to an opaque and waxy 

solid (i.e. Mn = 2000 Da). The carbonyl stretching vibration in ATR-FTIR is also influenced by the 

polymer nature, occurring at a slightly lower wavenumber for crystalline PCL compared to 

amorphous one [128]: consistently, the C=O absorption was reported at 1721 cm-1 for Mn = 2000 

Da and at 1728 cm-1 for Mn = 530 Da (Figure 3.7). 

 

 

Figure 3.8. XRD patterns of PCL diol of Mn = 2000 Da and Mn = 530 Da as purchased. 

 

3.4.2 SYNTHESIS OF CLASS I HYBRIDS USING PCL DIOL  

Initially, hybrids were prepared without any coupling agent, as a confirmation of what already 

described in literature [127, 128]. This approach led to the formation of homogenous amorphous 

hybrid materials (Figure 3.9). However, hybrid samples looked quite brittle, as noticeable from 

the crack that formed during the drying process on the sample prepared with PCL diol of Mn 2000 

Da in Figure 3.9b. DSC/TGA analysis confirmed the expected I/O ratio (~50 wt.% of organic 

phase) of the obtained hybrid samples. 
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Figure 3.9. SiO2/PCL hybrid samples (Ø = 20 mm, height = 2 mm), prepared following the acid-catalysed sol-gel 

synthesis described by Tian et al. [127, 128] from PCL diols with Mn of: a) 530 Da, b) 2000 Da. 

Class I hybrids were formed, where only hydrogen bonds were expected between ester groups on 

PCL diol and residual -OH groups on silica. As a result, complete gelation did not occur within 10 

days in a sealed container and happened only after solvent evaporation was induced [127, 128]. 

This was a very important outcome that proved the hydroxyl groups present in the organic chains 

are not able to participate in the condensation step of silica in the sol-gel process. Si-O bonds can 

theoretically form between silicon and hydroxyl present in the solution (i.e. Si-OH groups deriving 

from hydrolysed TEOS and possibly also -OH terminal groups of PCL diol), thus achieving a 

polycondensation reaction without the need of a coupling agent. However, here the second 

hypothesis did not seem to occur by visual observation. This can be explained by the combination 

of effects due to the inherent differences between Si- and C-based chemistry [142, 200]. Firstly, 

the Si atom is larger and less electronegative than C, therefore the Si-O has a higher bond energy 

than C-O bonding, resulting in Si-O-Si being more stable than and favoured over Si-O-C. Then, Si-

compounds are more prone to nucleophilic substitution but are also highly susceptible to the 

steric hindrance of attacking nucleophiles. It is then believed that, because of the steric hindrance 

due to the long polymeric chain, the hydroxyl groups on PCL are not competing with the -OH of 

silanols. Lastly, there is also the effect of the concentration, since there are only two hydroxyls per 

PCL diol chain, in contrast to the four carried by Si(OH)4 deriving from hydrolysed TEOS, which is 

present in higher molar content than PCL in the investigated compositions. Hence, inorganic 

molecules tend to preferentially react with each other, entrapping the organic chains through 

weak interactions. A coupling agent was proven once again to be essential for the purpose of the 

present work. 

 

3.4.3 FUNCTIONALISATION WITH ICPTS AND HYBRID SYNTHESIS 

The numerous papers published by Tian et al. and Rhee et al. described the potential of ICPTS to 

this end, therefore this was the first coupling agent to be investigated. 

b a 
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-OH end-capping with ICPTS 

ATR-FTIR provided confirmation that the reaction between PCL diol hydroxyl groups and ICPTS 

cyanate groups at 70°C in toluene was progressively occurring up to 48 h. In fact, according to 

expectations [130, 201], the spectra in Figure 3.10 show increasing bands at wavenumbers 

corresponding to the vibrations of bonds involved in the urethane linkage. The most evident is the 

band at 1530 cm-1 given by the interaction between the N-H bending (i.e. scissoring) and the C-N 

stretch of the C-N-H group that formed after functionalisation. Then, the increase in relative 

intensity of N-H stretch vibration in the range 3400-3200 cm-1 was also detected, accompanied by 

a relative decrease of the broad band at ~3500 cm-1 (O-H stretch). Other vibrations typical of the 

inorganic moiety of ICPTS increased over time, particularly the bending mode of Si-O-C at 1078 

cm-1 and the stretching mode of Si-C at 780 cm-1. All these observations further confirmed that the 

-OH end-capping had occurred. 

 

Figure 3.10. ATR-FTIR spectra of PCL diol of Mn 2000 Da end-capped with ICPTS in toluene at 70°C: at each time 

point the functionalised polymer was purified through 1 precipitation in cold methanol and vacuum dried for 24 h. 

1H-NMR analysis allowed a quantitative evaluation of the rate of reaction. In addition to PCL diol 

spectrum (Figure 3.6), reference patterns of ICPTS (peaks at δ = 0.65, 1.21, 1.71, 3.27, 3.81 ppm) 

and DABCO (singlet at δ = 2.80 ppm) in CDCl3 were collected, together with 1H-NMR spectra at 

each time point. As an example, the result obtained after 24 h of reaction and 1 purification in cold 

methanol is shown in Figure 3.11a. Here, peaks corresponding to the resonance of both PCL diol 

and ICPTS were detected. Quantitative evidence of the formation of ICPTS–end-capped PCL was 

obtained by considering the variations in the relative integration under the peaks a for PCL diol 
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(that is also affected by the changes in the end group, Figure 3.6) and i for ICPTS, with respect to 

the peak b from the central linker of PCL diol. For instance, by setting the integration under the 

peak b equal to 2.00, the area under peak i increased with time, as a demonstration of the 

increasing number of ICPTS molecules attached to PCL diol [138]. Therefore, from the ratio 

between the values of integration under peak i and peak b values, it was possible to calculate the 

yield of -OH end-capping at each time point, to assess the kinetics of functionalisation (Figure 

3.11b). PCL diol and ICPTS, in presence of DABCO as catalyst, are extremely reactive, so that 

around 20 % of molecules had already bonded after 30 minutes of degassing at RT, conventionally 

considered as the starting point ‘0 h’. Then, the yield increased steeply, achieving more than 80 % 

after only 5 h at 70°C and an almost complete functionalisation (96 %) after 24 h. 

 

Figure 3.11. a) 1H-NMR spectrum in CDCl3 of PCL diol (Mn = 2000 Da) end-capped with ICPTS after 24 h in toluene at 

70°C, 1 precipitation in cold methanol and vacuum dried for 24 h; b) Yield of ICPTS reaction with PCL diol of Mn 2000 

Da (data derived from 1H-NMR). 
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To complete the set of characterisations, XRD and DSC/TGA analyses were run on ICPTS–end-

capped PCL. As expected from the waxy and opaque appearance of the material, XRD showed that 

the semi-crystalline structure of the polymer was maintained after the functionalisation, giving a 

pattern overlapping the one of pure PCL diol of Mn 2000 Da (data not shown). When heated, the 

end-capped polymer burned in the same temperature range as the pure polymer (between 250-

500°C), showing a narrow exothermic peak at a higher temperature (400°C compared to 350°C 

for PCL diol of Mn 2000 Da) (data not shown). However, since the burn-out still occurred 

comprehensively in the same range, this difference can be considered not relevant. In fact, the 

molecular weight of a single ICPTS molecule is one order of magnitude lower than that of a PCL 

diol molecule to which it is linked, therefore only a marginal effect was expected.  

It can be then concluded that ICPTS exhibited an excellent coupling with PCL diol, with 96 % yield 

of bonding to the hydroxyl terminal ends after a 24 h reaction. However, since it is extremely toxic, 

a total purification must be ensured to be used for biomedical applications. To this end, one 

precipitation in methanol was not enough, because some ICPTS residues were still detected, which 

were quite reduced after a further purification, but only three precipitations ensured a totally 

purified polymer.  

Sol-gel hybrid synthesis with ICPTS-functionalised PCL diol  

When Tian et al. and Rhee et al. introduced the ICPTS–end-capped PCL in the traditional acid-

catalysed sol-gel synthesis, they observed an acceleration in gelation compared to the use of pure 

PCL diol, which was a first indication of the formation of a Class II hybrid [127, 128, 130, 136]. 

However, a minimum of 4 days to obtain gels of 0.1-1 mm thickness was required [127, 128]. Here, 

to solve this problem by still exploiting the efficient ICPTS functionalisation, a different approach 

of amino-catalysis (1 M solution of cysteamine in 0.025 M Tris-HCl buffer at pH 7.0) was explored 

(Section 3.3.3).  

First, the effect of cysteamine on condensation of TEOS was investigated. By monitoring the pH, it 

was assessed that the addition of cysteamine solution to TEOS, hydrolysed in conventional acid 

conditions, accelerated silica condensation proportionally to the increase in pH, so that, when a 

pH value around 5 was achieved, instantaneous gelation was observed. To avoid this effect, the 

pH was kept below 5. Nonetheless, this pH-dependant behaviour was thought to be beneficial to 

effectively accelerate and control the gelation time to make it compatible with the 3D printing. 

Hybrids using ICPTS–end-capped PCL were prepared by adding an optimised amount of 

cysteamine solution after mixing the TEOS and polymer. In pilot studies, adding cysteamine to the 

hydrolysed TEOS before mixing with the organic solution caused phase separation of the two 

components in the final material because the whole amount of catalyst reacted initially only with 
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TEOS, starting to catalyse its condensation without the polymer, a fact that prevented the 

subsequent incorporation of PCL molecules within the network.  

Therefore, the catalyst was added to the final mix of organic and inorganic precursors. 

Unfortunately, the first fundamental observation was that, independent of the concentration, 

samples required a long gelation time (more than a week). Since the use of amino-catalysed 

synthesis did not produce the desired improvement compared to the acid-catalysed protocol, this 

procedure was discarded. However, since it was the first time that cysteamine was used as catalyst 

for hybrid synthesis, specimens made with ICPTS–end-capped PCL of Mn 2000 Da (TEOS/polymer 

ratio of 70/30 wt.%) were preliminarily characterised.  

The appearance of the samples (Figure 3.12) was homogeneous and transparent, demonstrating 

good distribution of the polymer and the probable amorphous structure of the material. A slight 

yellow/orange shade was visible, as already observed in other silica/polymer sol-gel hybrids 

[115]. Final specimens, in the shape of small discs of a few mm in thickness, even if crack-free, still 

showed a quite brittle-like behaviour similar to Class I SiO2/PCL hybrids made without any 

coupling agents (Section 3.4.2) and to acid-catalysed hybrids with ICPTS coupling described in 

literature [128, 136, 137]. 

 

 

 

 

 

Figure 3.12. SiO2/PCL hybrid sample prepared with amine-catalysed sol-gel synthesis using ICPTS–end-capped PCL 

with Mn 2000 Da. 

Samples were firstly characterised with ATR-FTIR. The spectrum (Figure 3.13) showed the typical 

absorption bands of the polymer (at wavenumbers higher than 1100 cm-1 [197, 198]) and silica 

(at wavenumbers below 1100 cm-1 [202]). The main band of pure PCL diol is at approximately 

1725 cm-1 [197, 198]. In hybrid samples, this band split into two bands of lower relative intensity. 

This means that some of the polymer interacted with the inorganic network through hydrogen 

bonds between ester groups on PCL and residual -OH groups on silica (evidenced by the presence 

of O-H and Si-OH stretching bands at approximately 3500 cm-1 and 950 cm-1 respectively), causing 

a small shift of the C=O stretch absorption towards a lower wavenumber (1705 cm-1) with respect 

to the stretch generated by non-interacting polymer [128]. The latter also shifted from 1721 to 

1730 cm-1, suggesting the transformation of PCL from crystalline to amorphous [127, 128]. The 
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presence of ICPTS still covalently linked at the ends of PCL molecules was confirmed by the small 

bands visible at ~3200 cm-1 (N-H stretch) and 1530 cm-1 (N-H bend and C-N stretch) [130, 201].  

 

Figure 3.13. Typical ATR-FTIR spectrum of SiO2/PCL hybrids prepared with a cysteamine-catalysed sol-gel synthesis 

using ICPTS–end-capped PCL with Mn of 2000 Da. 

XRD patterns showed a broad halo in the range 2θ = 20-30° (data not shown), confirming that the 

material was completely amorphous, as already hypothesised from the transparency of the 

sample and from the IR spectrum, demonstrating that cysteamine catalysis of sol-gel synthesis 

allows the achievement of a homogeneous distribution of the polymer within the silica network.  

DSC/TGA analysis on the same hybrid sample showed a decrease in the TGA curve in the range 

280-550°C (DSC peak around 380°C), which is compatible with the characteristic burn-out of the 

ICPTS–end-capped PCL (data not shown). The corresponding mass loss of ~55 wt.% represents 

then the actual percentage of polymer covalently incorporated into the silica network through the 

coupling with ICPTS, which is in agreement with the theoretical calculations (Section 3.3.3).  

In summary, the findings described in this section provide evidence that amines, specifically 

cysteamine, can be a valuable alternative to catalyse the sol-gel synthesis of Class II silica-based 

hybrids containing PCL as polymer source previously functionalised with ICPTS. It was 

demonstrated that the amount of amine can be tuned in order to keep the pH just below 5 and to 

prevent an instantaneous precipitation of silica particles (which usually occurs since the 

condensation is accelerated) and homogeneous bulk hybrid samples can be produced. However, 

the desired acceleration of the gelation, compared to the use of the traditional acid-catalysis, was 

not achieved since a slow increase of viscosity was observed over the course of a few days, making 
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the resulting sol-gel process not suitable for the 3D extrusion printing. For this reason, it was 

decided to substitute ICPTS with another suitable coupling agent. 

The amino-catalysis approach could be applied in sol-gel synthesis of hybrids that does not 

involve robocasting (e.g. production of films): this could be very important when pH-sensitive 

polymers are exploited because it allows the synthesis under mild conditions (slight acidic pH and 

RT), preventing any possible damage caused by the contact with strong acidic or basic 

environments.   

 

3.4.4 FUNCTIONALISATION WITH APTES/MPTMS AND HYBRID SYNTHESIS 

APTES and MPTMS were then the first two organosilanes investigated as alternative to ICTPS. The 

chosen coupling mechanism consisted of the two-step protocol combining triflation and 

nucleophilic substitution, followed by the sol-gel synthesis using TEOS as silica source (Section 

3.3.4).  

-OH end-capping with APTES/MPTMS  

The first step was the triflation reaction to convert the poorly reactive -OH group into a triflate 

terminus, which is known to be an excellent leaving group. For the purpose of this section, PCL 

diol of Mn 530 Da was selected to investigate the feasibility, because of its higher concentration of 

terminal groups for a given mass, hence allowing an easier working out of the reaction. 

A series of experiments were performed in order to optimise the coupling and hybrid synthesis. 

The same approach of nucleophilic substitution attempted using less reactive leaving groups was 

unsuccessful: mesylation with methanesulfonyl chloride did not work; tosylation with p-

toluenesulfonyl chloride worked but required prolonged reaction (3 days). Coupling with MPTMS 

was also tried after functionalising PCL diol with maleic anhydride, with poor results. Triflation 

was then tested (Section 3.3.4). At the end of the reaction, PCL-OTf was extracted and checked 

with 1H-NMR: the resulting spectrum (Figure 3.14, bottom line) showed the variations of the 

peaks of PCL diol at δ = 1.38 and 3.65 ppm. The disappearance of the broad peak given by the -OH 

groups at 1.93 ppm and the appearance of the peaks at δ = 1.85 and 4.5-4.7 ppm were consistent 

with successful triflation. 

The polymer was then reacted with the organosilane (APTES or MPTMS) in acetonitrile. As 

reference, 1H-NMR spectra of the coupling agents alone were collected: APTES fingerprint 

exhibited peaks at δ = 0.63-1.22-1.55-2.68-3.82 ppm, with the triplet at 2.68 ppm representing 

the -NH2 functional group, while MPTMS spectrum displayed peaks at δ = 0.76-1.36-1.73-2.55-

3.58 ppm with the triplet at 1.36 ppm given by the -SH group. Then, 1H-NMR was used to evaluate 
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the progression of the nucleophilic substitution, comparing with that of the raw PCL-OTf and 

coupling agents: no more variations in the spectra were observed after 24 h mixing. The middle 

spectrum in Figure 3.14 shows as an example the 1H-NMR spectrum on the MPTMS–end-capped 

PCL still in acetonitrile: the disappearance of the triflate peaks in the range 4.5-4.7 ppm (while 

peak at 1.85 ppm overlaps a CH3CN geminal peak) suggested that the reaction successfully 

occurred. Unfortunately, the variation of the -SH peak at 1.36 ppm could not be assessed, because 

it overlaps one of the polymer peaks, and, even when the functionalised polymer was collected at 

the end of the reaction, it was not possible to get an undisputable confirmation of the full coupling 

with MPTMS. This was instead measurable on APTES–end-capped PCL, due to the detectable 

resonance of the amino group at δ = 2.68 ppm. The functionalised polymer was collected (through 

precipitation in diethylether at -20°C and centrifugation) and characterised with 1H-NMR (Figure 

3.14, top spectrum). In this case, together with the disappearance of triflate peaks (δ = 1.85 ppm 

and range 4.5-4.7 ppm), the triplet corresponding to APTES -NH2 group was negligible, providing 

experimental evidence of the achievement of the functionalisation. 

 

Figure 3.14. Typical 1H-NMR spectra of: PCL-OTf as extracted (bottom); PCL-OTf after 24 h reaction with MPTMS, 

analysis done on the solution in acetonitrile (middle); PCL-OTf after 24 h with APTES and collection through 

precipitation in diethylether and centrifugation (top). Blue regions highlight the disappearance of the triflate peaks 

after the nucleophilic substitution reaction; pink squares highlight the regions where changes in the organosilane 

spectra are expected when reaction occurs. 
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In both steps of the process, triflic acid should form as by-product (Figure 3.4a), which gives 

proton NMR resonance at high chemical shifts (in the range 10-11 ppm) [203]. As visible in Figure 

3.14, PCL-OTf seemed to be effectively purified, since no residues were detected. In both 

experiments with MPTMS and APTES, no noticeable traces of triflic acid were observed, which 

was expected, especially in the spectrum of the reaction solution (which still contains all the 

products). However, this does not mean that triflic acid was not present because its 1H-NMR 

resonance is usually in the form of a weak broad band that is influenced by the possible 

deprotonation and may be barely visible when the acid is present in small amount because it is 

overlapped by more prominent peaks due to the other species.  

Triflic acid is classified as “superacid”, because it is stronger than pure sulphuric acid [142], 

therefore it is not compatible with applications in the human body and a complete purification 

from any of its residues must be achieved. Nevertheless, the purification and collection of the 

APTES/MPTMS–end-capped PCL at the end of the functionalisation reaction led to a partial 

hydrolysis and condensation of the silane groups. This cross-link resulted in severe difficulties in 

re-dissolving the functionalised polymer to perform the following sol-gel reaction by adding 

hydrolysed TEOS. As a consequence, a one-pot sol-gel synthesis following the nucleophilic 

substitution was found to be the only way to produce sol-gel hybrid samples. For this reason, 

chlorinated solvents, which are immiscible in water, could not be used. 

Purification from triflic acid could not be carried out in the second step, not even by simple 

evaporation during the drying process, because of the high boiling point of the acid (162°C). 

Therefore, it was clear that this functionalisation method could not be applied to produce scaffolds 

for biomedical applications. However, in light of the broader perspective of understanding the 

behaviour of PCL in this system and the feasibility of hybrid materials using this approach, a 

preliminary investigation on only one composition (containing starting 30 wt.% organic) was 

done and is reported in the following section. For the same reason, no attempts with PCL diol of 

Mn 2000 Da were pursued. 

Sol-gel hybrid synthesis with APTES/MPTMS-functionalised PCL diol  

TEOS and water were added to the APTES/MPTMS–end-capped polymer solution in acetonitrile 

without any previous purification (Section 3.3.4). The gelation time was again very long (more 

than a week) with either APTES or MPTMS as coupling agent, making the approach not compatible 

with 3D extrusion printing.  

Hybrids (Figure 3.15) were homogeneous and transparent, demonstrating the good distribution 

of the polymer and the amorphous structure of the material, which was confirmed by the broad 

halo centred around 2θ = 20-30° in the XRD pattern (data not shown). A significant orange 
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coloration was visible, much more evident than that observed on hybrids with ICPTS-mediated 

coupling.  

 

 

Figure 3.15. SiO2/PCL hybrid sample prepared using MPTMS–end-capped PCL (Mn = 530 Da). 

DSC and TGA traces (not shown) were similar to those obtained from hybrids made with ICTPS-

coupling and confirmed an organic content of approximately 56 wt.%, which was consistent with 

the theoretical calculations. 

ATR-FTIR spectroscopy (Figure 3.16) proved the presence of both the organic and inorganic 

phases, with the detection of the same vibration bands corresponding to PCL and SiO2 already 

discussed (Section 3.4.3 - Figure 3.13). When APTES was used, the covalent link through a C-N 

bond at the ends of PCL molecules was confirmed by the same vibration modes, which are a broad 

band at ~3200 cm-1 (N-H stretch) and the band at 1530 cm-1 (N-H bend and C-N stretch) [201]. 

When MPTMS was used, the formation of the S-C bond was not detected because the S-C stretch 

is known to appear around 700 cm-1 [204], a region that overlaps with stronger silica vibration 

modes. What is also immediately evident is the presence of large bands at 1026 and 638 cm-1, 

which match the symmetric stretching of SO3 in sulphonic acids and the bending of CF3, 

respectively, and a broader band centred around 1240 cm-1, which corresponds to the stretch of 

S=O in sulphonic acids [204]. All these findings provided evidence of the presence of significant 

residues of triflic acid, that was not revealed by 1H-NMR (Figure 3.14, middle). This was expected 

since the product of the nucleophilic substitution was not purified but can also be considered a 

proof of the successful covalent coupling and may also be responsible for the strong orange 

coloration of the dried samples.  
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Figure 3.16. Typical ATR-FTIR spectrum of SiO2/PCL hybrids prepared using MPTMS–end-capped (bottom) and 

APTES–end-capped (top) PCL (Mn = 530 Da). The band assignment is valid for both spectra, except for the green 

labels, which refer to vibration bands typical of APTES-mediated coupling; MPTMS peculiar S-C stretch is expected to 

be around 700 cm-1, but it overlaps Si-O-Si symmetric stretch. 

Despite the unsuitability of the process for biomaterial synthesis, the feasibility of this mechanism 

of triflation-nucleophilic substitution to get Class II SiO2/PCL hybrid materials with APTES or 

MPTMS as coupling agent was proven. This could potentially have applications in other fields. 

Here, even if the purification could be improved, the gelation step was too slow for 3D printing. 

  

3.4.5 FUNCTIONALISATION WITH GPTMS AND HYBRID SYNTHESIS 

GPTMS was the last organosilane that was investigated as possible coupling agent, exploiting the 

known high reactivity of its epoxide ring towards carboxyl groups. 

PCL diol oxidation 

The first step consisted in converting the hydroxyl end groups into carboxyl groups through the 

TEMPO-mediated oxidation (Section 3.3.5). Both PCL diols (Mn = 530 and 2000 Da) successfully 

underwent this step. The oxidation reaction was qualitatively monitored with TLC, from which 24 

h was chosen as optimised time for the bleach addition. At 24 h no PCL diol remained (which was 

initially displayed at the solvent front) and the PCL-diCOOH clearly appeared at the base line due 

the higher polarity of the carboxyl groups compared to hydroxyls.  

The two oxidised polymers did not visually appear any different to the starting diols, remaining 

respectively a clear gel (Mn of 530 Da) and a waxy white solid (Mn of 2000 Da). This suggested that 
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the extraction process removed all other by-products. ATR-FTIR, 1H-NMR and MALDI-TOF MS 

were used to demonstrate the transformation of PCL diol -OH groups into -COOH groups. In Figure 

3.17, a panel containing the plots for PCL of Mn 530 Da is reported as an example, but similar 

consideration can be extended to Mn 2000 Da, where variations are slightly less pronounced 

because of the smaller number of terminal ends for a fixed mass. 

A first, qualitative confirmation was provided by ATR-FTIR analysis on the PCL-diCOOH as 

extracted (Figure 3.17b). According to expectations, a complete shift of the broad band at 3600-

3400 cm-1 (O-H stretch in alcohols) towards lower wavenumbers of 3400-3000 cm-1 (O-H stretch 

in acids) occurred. The carboxyl group also brought a second species of C=O bond, combining its 

vibration to the one given by the carbonyl group of PCL repeating unit with a slight splitting of the 

main band around 1725 cm-1.  

Another proof that oxidation of the PCL diols was obtained via 1H-NMR on PCL-diCOOH (Figure 

3.17c). Consistent with the fact that oxidation was applied only on terminal groups, peaks given 

by protons in the repeating unit (identified as c, d, e, f in Figure 3.6) were not significantly affected 

by the reaction. The peak at δ = 1.93 ppm (g') disappeared, demonstrating that no hydroxyl groups 

were still present in the oxidised polymer, and was substituted by a new very broad band around 

δ = 9.78 ppm (g''), typical of H ions involved in carboxyl groups. Moreover, an evident splitting of 

the peak identified as a in the starting PCL diol (δ = 3.5-3.9 ppm, Figure 3.6) was visible. The signal 

in this interval is given by the combination of the resonance of protons linked to the C directly 

bonded to the O both in the central linker (a1) and in the terminal group (a2): the variation of a2 

determined a slight change of the corresponding δ.  

For quantitative evidence of the OH→COOH transformation, MALDI-TOF spectroscopy was 

performed before and after oxidation process. Figure 3.17d shows the results for PCL diol of Mn 

530 Da: for any detected mass, the spectra displayed two peaks, corresponding to the 

cationisation of the sample with sodium and potassium, respectively, from the matrix utilised to 

perform the analysis. The spectrum of PCL diol matched the theoretical expectations, with the 

maximum of the distribution displayed at 585.6 Da. Considering the formulae in Figure 3.17a, this 

peak corresponds to a PCL diol molecule with 4 repeating units, where the value of m/z registered 

by the spectrometer is given by the sum of central linker (104.10 Da), 4 repeating units (4 × 114.14 

Da), 2 hydrogen atoms (2 × 1 Da) and 1 atom of sodium (22.99 Da). The shift between consecutive 

peaks of the same sample was exactly 114.14 Da, which corresponds to the molecular weight of a 

single repeating unit. Considering PCL-diCOOH, the reaction determined a shift towards higher 

mass values of exactly 28 Da, which agrees with the theoretical expectations (Figure 3.17e). No 

signals due to the starting PCL diols were recorded after oxidation, demonstrating quantitatively 

and unquestionably that a complete oxidation was achieved for PCL of both Mns.   
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Figure 3.17. Characterisations to prove the complete oxidation of PCL diol Mn 530 Da (light blue dashed line) to PCL-

diCOOH (blue solid line): a) Chemical formulae, highlighting the mass of the central portion and of the repeating unit; 

b) ATR-FTIR spectra in the region affected by the oxidation; c) 1H-NMR spectra in CDCl3, with assignment of the peaks 

due to the 1H involved in the oxidation process. Solvent contaminations were detected (acetone, used for cleaning, and 

ethyl acetate, due an incomplete drying of the oxidised polymer). The spectra were magnified in the interval 8.5-11 

ppm to show the -COOH group signal; d) MALDI-TOF spectra, showing the exact matching between the observed 

shifts and the chemical formulae in a) and the variations in the terminal groups schematised in e). 
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Sol-gel hybrid synthesis using GPTMS as coupling agent 

Two solutions, one containing organic (PCL-diCOOH with GPTMS as coupling agent) and one 

containing the hydrolysed TEOS sol, were prepared simultaneously, to be combined as the final 

hybrid sol without any intermediate purification step (Section 3.3.5).  

Regarding the organic precursor solution, THF was chosen as solvent because both PCL-diCOOH 

and GPTMS are soluble in it and it is miscible with water, essential requirement to then mix with 

hydrolysed TEOS. Water could not be used as solvent because PCL is not soluble in it; ethanol and 

methanol were also tried with a slight improvement in the solubilisation but not enough to carry 

out the synthesis.  

1H-NMR was used to follow the reaction by looking at the changes of the three characteristic peaks 

of the epoxide ring: quadruplet at 2.60 ppm, triplet at 2.77 ppm and multiplet at 3.13 ppm [148, 

149]. The other peaks of GPTMS at δ = 0.68-1.7 ppm and in the range 3.36-3.56 ppm, instead, 

should not vary. 

Previous works showed that the epoxide ring of an organosilane and the carboxyl group are 

known to preferentially react via nucleophilic attack at pH~5 in aqueous environment without 

the need for a catalyst [148, 149]. In the present work it was demonstrated that similar reaction 

between GPTMS and acid does not occur in an organic solvent, because, as visible in the 1H-NMR 

spectrum at the bottom in Figure 3.18, the peaks of epoxide rings were unchanged when PCL-

diCOOH and GPTMS were mixed in THF, even after prolonging the reaction for a few days. A 

suitable catalyst to promote the reaction was needed and BF3·OEt2 was selected, based on 

previous work from Innocenzi et al. [151, 152] and later supported by Guillory et al. [150].  

Experiments with PCL-diCOOH of both Mns showed that the epoxide ring peaks gradually 

decreased with increasing amount of BF3·OEt2, to the point that they completely disappeared at a 

concentration of 25 mol.% with respect to GPTMS (spectrum at the top in Figure 3.18). This value 

was then chosen to make samples for all following experiments because it was the minimum 

amount needed to ensure a complete opening of the epoxide ring of all GPTMS molecules, essential 

requirement to maximise the reaction and avoid the presence of toxic unreacted epoxide rings in 

the final product. As indeed is shown by the middle spectrum in Figure 3.18, when a concentration 

of 20 mol.% was used, a fraction of GPTMS epoxide rings actually opened, as proven by the 

decrease in the height of the corresponding peaks, but this fraction never reached 100 % even 

after 24 h reaction. 
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Figure 3.18. Typical 1H-NMR spectra of the solution containing organic precursors (THF, PCL-diCOOH, GPTMS), that 

show the effect of the addition of BF3∙OEt2 on the opening of GPTMS epoxide ring (blue region) and on the 

polymerisation of THF (pink regions). 

Due to the presence of very strong peaks from THF, it was no longer possible to still detect the 

weak broad peak given by -COOH groups in PCL when in solution. Hence, it was assumed that the 

complete opening of the epoxide ring corresponded to the completion of the reaction between 

GPTMS and PCL-diCOOH, combined in stoichiometric ratio.  

The organic precursor solution was then mixed with the inorganic precursor sol of hydrolysed 

TEOS. The two solutions were miscible in the whole range of compositions that was investigated. 

When Si95-CL2000 sample (i.e. hybrid prepared using PCL diol of Mn 2000 Da as starting polymer 

and TEOS/PCL-diCOOH ratio of 95/5 wt.%) was considered, an initial phase separation was 

observed because of the insolubility of PCL in water, which was present in large amount derived 

from the highest percentage of TEOS investigated; however, a homogeneous solution was 

eventually obtained when fully reacted after mixing for 30 minutes.  

Hybrid sols of all compositions were cast and they underwent standard ageing and drying 

processes. 
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A positive difference from the previous coupling agents was immediately observed: gelation 

occurred much faster, because, independently from the composition and the initial volume ratio 

of THF, samples completely gelled within 48 h. Ageing in sealed container was carried on 

nevertheless for 3 days to allow full condensation. When totally dried, crack-free, homogeneous 

and transparent samples were obtained (Figure 3.19). As already noticed in previous experiments 

(Section 3.4.3), samples displayed a slight yellow/orange shade.  

 

 

 

 

 

 

Figure 3.19. Examples of hybrid samples prepared through GPTMS-mediated coupling:  

a) Si85-CL2000 cylinder (Ø ~9 mm, height ~10 mm) as it resulted from complete drying; b) Si80-CL530 disc (Ø ~90 

mm, height ~2 mm), manually bent to show its excellent flexibility. 

The appearance and handling of the hybrids indicated that the use of GPTMS as coupling agent 

was not only feasible but the obtained SiO2/PCL hybrids had unprecedented properties. They 

were much more flexible and tough than expected from the experience on ICPTS and 

APTES/MPTMS, with the ability to recover the initial shape even after significant deformation. 

The shrinkage occurred in a more isotropic way, resulting in taller cylinders with smaller section 

diameter (Figure 3.19a) compared to the discs obtained from the same moulds in the previous 

experiments with ICPTS as coupling agent (Figure 3.12). By handling the samples, they seemed to 

contain more polymer than expected from theoretical calculations.  

Generally, these properties exhibited at the macroscale in terms of mechanical behaviour and 

gelation time made the SiO2/PCL hybrids with GPTMS-mediated coupling the most promising for 

3D printing among the different alternatives discussed herein. For this reason, this synthesis 

protocol was the one selected for the preparation of all the hybrids used in the rest of this thesis. 

Nevertheless, the macroscopic observation of the GPTMS-coupled samples also suggested that 

something unexpected might have happened during the reaction; therefore, a thorough 

investigation of the samples was needed.   

Detailed characterisation of the several compositions that were prepared (Table 4.1) will be 

reported in Chapter 4. Here, general considerations on the mechanism of reaction are discussed, 

a b 
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using only Si80-CL530 as reference example, but all considerations are valid for any composition 

made using the GPTMS coupling.   

DSC/TGA was run to measure the actual organic wt.% in the final hybrid samples. A Si80-CL530 

disc (Figure 3.19b), which was theoretically expected to have approximately equal amount of 

inorganic and organic components, had a SiO2 content of 24.7 wt.% (Figure 3.20a), confirming a 

higher polymer content. Furthermore, the DSC exhibited two distinguished exothermic peaks at 

175°C and 315°C, whereas PCL usually gives only one peak in the interval 300-400°C. 

ATR-FTIR (Figure 3.20b) displayed bands at the wavenumbers typical of silica [202] and PCL [197, 

198]. However, if compared with hybrids made with ICPTS (Figure 3.13) and APTES/MPTMS 

(Figure 3.16) it can be noticed that: (i) the silica network achieved a higher degree of 

condensation, shown by a reduction of the Si-OH stretch (~950 cm-1); (ii) as a consequence, fewer 

-OH groups were available to establish hydrogen bonds with PCL ester groups, therefore no 

splitting of the C=O stretching band (~1725 cm-1), but only a weak shoulder, was observed; (iii) 

the stretching of CH2 (3000-2800 cm-1) reversed compared to original PCL, showing a more 

prominent symmetric than asymmetric band and also resulted higher overall than the C=O 

stretching band, which is the peculiar fingerprint of PCL; (iv) a prominent bending (i.e. scissoring) 

vibration band of CH2 was visible in the range 1500-1350 cm-1. Lastly, no evidence of BF3 residues 

was detected from ATR-FTIR spectrum (more details will be discussed in Section 4.3.2, Figure 

4.6), suggesting that the final wash in water may be an effective purification method. 

 

Figure 3.20. Characterisation of an exemplifying Si80-CL530 hybrid disc: a) TGA (blue line) and DSC (red line) 

curves; b) ATR-FTIR spectrum with labelling of the peaks. 

XRD was the only characterisation that matched the expectations, giving an amorphous pattern 

(data shown in Section 4.3.2, Figure 4.7). 
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The series of characterisations mentioned above gave unquestionable evidence that something 

unpredicted occurred during the synthesis, causing significant beneficial variations in the organic 

component. Many experiments were required in order to comprehend the mechanisms of 

reaction, but this conduced to a key discovery for the present thesis. 

 

3.4.5.1 UNEXPECTED REACTION: THF POLYMERISATION 

Identification of the unexpected organic phase  

Since it was an unpredicted finding, only through collective analysis of all characterisations was it 

possible to determine what had happened.   

Thermal analysis confirmed that the fraction of organic component was higher than expected, 

giving a material with great flexibility and ability to recover deformation. The ATR-FTIR spectra 

indicated the presence of an additional organic polymer from PCL, specifically a polymer that was 

not an ester, contained numerous -CH2- groups but with no other peculiar features detectable with 

IR outside the range of wavenumbers typical of PCL and SiO2.  

Any hypothesis that involved an unusual behaviour of the inorganic precursors was immediately 

discarded: TEOS was completely hydrolysed before mixing with the polymer, therefore no residue 

of its organic branches remained (and, even if present, they would have not been in such a large 

amount), while GPTMS organic moiety was already taken in consideration in the theoretical 

calculations. The TEOS could not have been lost/evaporated during the reaction since all the steps 

of the synthesis were performed in sealed containers.  

Thus, the only remaining chemical that was present in enough volume to affect the reaction in 

such a noticeable way was THF, the solvent used in the organic precursor solution. It was then 

hypothesised that THF could have polymerised into polytetrahydrofuran (PTHF), known also as 

poly(tetramethylene oxide) (PTMO) or poly(tetramethylene ether) glycol (PTMEG). Chemical 

formulae are reported in Figure 3.21.  

 

Figure 3.21. Chemical formulae of: a) THF; b) the repeating unit of PTHF resulting from cationic ring-opening 

polymerisation (CROP) of THF. 

Revisiting the middle and top 1H-NMR spectra in Figure 3.18, it was noticed that, when BF3·OEt2 

was added, two new peaks emerged on the right side of THF peaks (multiplet at δ = 1.62 ppm and 

triplet at δ = 3.41 ppm), which match the resonance of the methylene groups of PTHF [205]. The 
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presence of PTHF also explains the unpredicted variations observed in the ATR-FTIR spectrum at 

wavenumber ranges of 3000-2800 cm-1 and 1500-1350 cm-1 (Figure 3.20b) [205]. PTHF is known 

to be used as soft segment in the production of many commercial polyester and polyurethane 

elastomers [206] (e.g. Hytrel®, Spandex fibres [207]), so its presence in the hybrid network 

justifies the unique flexible behaviour that was never observed in silica-based hybrids containing 

PCL. It was then concluded that during the hybrid synthesis, the conditions of reactions caused 

the unexpected polymerisation of part of the solvent (THF), determining the formation of a second 

organic phase (PTHF) in the final hybrid network.  

THF polymerisation mechanism 

THF was chosen as solvent because it is an aprotic and moderately polar solvent able to dissolve 

PCL and its miscibility in water allows mixing with the aqueous hydrolysed TEOS solution [208]. 

THF is also known to be used as precursor of PTHF, commonly introduced as soft segment in block 

copolymers, but it was supposed to be totally inert in the synthesis protocol of coupling with 

GPTMS based on the considerations that follow.  

THF is usually polymerised through Ring-Opening Polymerisation (ROP), which is a major 

mechanism of polymerisation consisting in a form of chain polymerisation through sequential 

addition of cyclic monomers to a growing chain, but requiring often complex and competing 

mechanisms, e.g. activated cyclic monomers [209]. When the process involves positively charged 

intermediates, it is referred as Cationic Ring-Opening Polymerisation (CROP), which is the case 

for THF where the cationic species is the ring heteroatom (i.e. oxygen). In general, CROP consists 

of three steps: (i) Initiation – CROP can be promoted by Lewis acids, Brønsted acids, carbenium 

and onium ions, photoiniators and covalent initiators [209]; (ii) Propagation - the chain grows by 

the addition of cyclic monomers thereby opening the ring system; (iii) Termination - CROP can be 

considered as a “living polymerisation”, where the ability of a growing chain to terminate is 

absent, requiring thus the intentional addition of termination reagents such as phenoxy anions, 

phosphines or polyanions [209, 210]. CROP of THF has been studied since the 1960s [211] and 

many reactions have been proposed since then, usually requiring strong conditions [212]: totally 

anhydrous environment, temperature between 40 and 65°C (THF boiling point) and high pressure 

to accelerate the conversion, even though often the polymerisation shows a low yield. In these 

conditions, several different catalysts were reported in literature, such as phosphorus 

pentafluoride [213], oxonium salt [214], iodine [215], CuF2/(C2H5)3Al [216]; BASF, which is the 

main producer of PTHF worldwide, holds several patents on its synthesis, but none of them 

exploits BF3·OEt2 as catalyst, leaning towards antimony pentachloride [217] and hectorite (a rare 

clay mineral) [218]. While BF3·OEt2 is known to work very efficiently in catalysing the opening of 
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the GPTMS epoxide ring [150-152], when it is exploited as Lewis acid to initiate THF CROP, the 

addition of a strong catiogenic compound, like acid halide, is needed [209].  

In conclusion, since none of the above mentioned conditions was reproduced herein, no 

interaction with THF was foreseen in the organic precursor solution, hence further experiments 

were needed to understand how it did happen. The same concentrations (i.e. molar ratios) among 

reagents reported in Section 3.3.5 were used, unless specified otherwise; each reaction was 

performed in the same conditions described before and followed with 1H-NMR in CDCl3. 

Since it was clear from Figure 3.18 that BF3·OEt2 addition was the trigger of THF polymerisation, 

the effect of adding only the catalyst to the solvent, without GPTMS and PCL-diCOOH (Figure 

3.22a) was verified. No changes were detected, confirming that the Lewis acid alone is not 

sufficient to promote CROP but at least one of the other reagents is needed. When only PCL-

diCOOH was added in the system, still no polymerisation occurred, allowing the possibility of an 

effect caused by any TEMPO residues (in the form of oxoammonium salts) to be discarded (Figure 

3.22b). On the other hand, when GPTMS was dissolved in THF (Figure 3.22c), the addition of 

BF3·OEt2 caused a faster polymerisation of the solvent, with a noticeable increase of the viscosity 

until complete gelation in less than 1 h, demonstrating that the reaction is given by the 

combination of GPTMS, BF3·OEt2 and THF. 

 

Figure 3.22. Investigation of CROP of THF for three different combinations of the system involving THF, GPTMS, 

BF3·OEt2 and PCL-diCOOH, by comparing 1H-NMR spectra acquired before (dashed line) and after (solid line) BF3·OEt2 

addition and verifying the appearance of the peaks typical of PTHF at 1.62 and 3.41 ppm. Only system c) gives 

evidence of THF polymerisation. (Singlet at 2.17 ppm visible in some spectra is due to acetone residue from cleaning 

of the NMR tube). 
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The following step to understand the role of the three reagents consisted in substituting each of 

them, one at a time, with a corresponding reagent with similar functionalities and verifying the 

effect. The 1H-NMR spectra of a relevant example for each substitution are visible in Figure 3.23.  

 

Figure 3.23. Examples of modifications on the system composed of THF + GPTMS + BF3·OEt2, to check if the CROP 

occurs when one reagent at a time is substituted by another one with similar functionalities: a) Sc(OTf)3 instead of 

BF3·OEt2 as catalyst; b) GME instead of GPTMS as source of epoxide ring; c) TMPS instead of GPTMS as silica source 

without epoxy moiety; d) THP instead of THF as cyclic monomer. For each change: the corresponding chemical 

formula is reported in the left column; central column shows the 1H-NMR spectra before (dashed line) and after (solid 

line) the catalyst addition, with variations highlighted in the legend in the right column. 

BF3·OEt2 acts as Lewis acid and this was confirmed by observing the formation of PTHF by adding 

other acids of the same class, such as trimethylsilyl trifluoromethanesulphonate (TMSOTf), 

scandium(III) triflate (Sc(OTf)3) (Figure 3.23a) and ytterbium(III) triflate (Yt(OTf)3). 

The polymerisation of THF always occurred when GPTMS was substituted with another 

compound containing the epoxide ring, demonstrating that this is the functional group that 

participates in the reaction. This was confirmed undoubtedly when glycidyl methyl ether (GME), 

an organic molecule that shows the same organic chain of GPTMS (terminating in the epoxide 

ring) but without the silica end, was used (Figure 3.23b), but also with more complex molecules 

such as bisphenol A diglycidyl ether and 1,4-butanediol diglycidyl ether, which are common 

precursors of epoxy resins. On the other side, no polymerisation was observed when 
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organosilanes showing a different functional group in the organic moiety, such as 

trimethoxy(propyl)silane (Figure 3.23c), APTES, and MPTMS, confirming that the silane was not 

participating in the polymerisation reaction. 

Lastly, when THF was substituted with another cyclic monomer containing at least one ring 

heteroatom, the formation of the corresponding polymer was evident in the 1H-NMR spectra. 

Examples of attempted monomers are: 1,4 dioxane, ε-caprolactone, tetrahydropyran (Figure 

3.23d), and 3,6-dimethyl-1,4-dioxane-2,5-dione (known also as lactide). The co-polymerisation of 

two monomers was also successfully performed, specifically THF and ε-caprolactone. 

All the experiments were carried out in air, with solvents as supplied without any further 

purification, indicating that the observed CROP occurred in the presence of air oxygen. However, 

when inert atmosphere was used (argon), the reaction was accelerated. 

Combining all the experiments together, it was clear that a reaction of CROP of a cyclic monomer 

containing at least one heteroatom, initiated by the combination of a Lewis acid and an epoxide 

compound and that occurs in mild conditions (RT and ambient pressure, no reagents in gaseous 

state, no anhydrous conditions), was discovered. No record of a comparable reaction was found 

in literature after a thorough research. The most relevant studies were performed by Hrkach et 

al.: in one paper they demonstrated that, for instance, TMSOTf alone, even if it can act as initiator 

for THF CROP, is very inefficient [30]; afterwards, they showed that the polymerisation of THF on 

triflated poly(methylphenylsilylene) is activated by the use of propylene oxide, an organic epoxide 

compound that requires carefully controlled anhydrous conditions, due to its high toxicity and 

reactivity (boiling point = 34°C) [219, 220]. In this example PTHF chain was grown on triflate ends 

and the epoxide ring acted as catalyst for the reaction, whereas in the hybrid system developed 

here the opposite effect was observed, with THF polymerising on GPTMS epoxide ring after 

activation from BF3·OEt2 as catalyst. In fact, whilst only a gel of basically pure PTHF was obtained 

when GME (i.e. no silica involved in the system) was used, homogeneous and solid samples 

resulted from the use of GPTMS without adding TEOS, giving evidence of the co-penetration and 

covalent bonding between the inorganic and organic components. Therefore, based on these 

studies combined with the known theory on CROP, the following innovative mechanism of 

reaction was hypothesised (Figure 3.24): due to the higher ring strain of the epoxides (27.28 

kcal/mol) compared to higher oxygenated rings (e.g. 5.63 kcal/mol in case of THF) [221], the 

Lewis acid firstly activates the epoxide ring to ring opening through the corresponding 

intermediate 1 (step I, Figure 3.24a), which then undergoes nucleophilic attack by the monomer 

oxygen, affording the intermediate 2 and initiating CROP (step II, Figure 3.24a) and chain 

elongation steps (steps III-VI, Figure 3.24a), resulting in a covalent bond between the two species. 

Figure 3.24b shows the intermediate 5 obtained herein, when THF, GPTMS and BF3·OEt2 are used. 
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Figure 3.24. a) Hypothesised reaction mechanism for THF polymerisation, where ‘E’ is the compound carrying the 

epoxide ring and ‘A’ is the Lewis acid; for clarity of representation THF was exploited as monomer, but the mechanism 

can be applied to different cyclic monomers containing at least one heteroatom. b) Schematisation of intermediate 5 

when ‘E’ is GPTMS and ‘A’ is BF3·OEt2. 

Role of PCL-diCOOH 

After having understood the interaction between the three essential reagents of THF, GPTMS and 

BF3·OEt2, the role of PCL-diCOOH in the hybrid network was still not clear. It had already been 

established that PCL-diCOOH was not needed for the CROP to happen, but also that the reaction 

was slower when it was present, hence it certainly contributes to the reactivity of the system. 

Consequently, further experiments were carried out by substituting PCL-diCOOH with other 

carboxylic acids in the system containing THF, GPTMS and BF3·OEt2: each carboxylic acid was 

dissolved in THF before the addition of the other chemicals, maintaining the molar ratio between 

-COOH groups and epoxide rings. Every reaction was performed in the same conditions described 

above and followed with 1H-NMR in CDCl3.  
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The following reagents were attempted: propanoic acid (3 C atoms) as example of linear saturated 

monocarboxylic acid; adipic acid (6 C atoms) and thapsic acid (16 C atoms) as examples of linear 

saturated dicarboxylic acid; phthalic and isophthalic acid as examples of aromatic dicarboxylic 

acid; poly(ethylene glycol) bis(carboxymethyl) ether (PEG-diCOOH) as example of linear 

dicarboxylic acid containing oxygen atoms in the chain. The formation of PTHF was detected from 

the 1H-NMR analysis in all cases: Figure 3.25 shows as example the results obtained by using 

adipic acid. 

 

Figure 3.25. Example of modifications on the system composed of PCL-diCOOH + THF + GPTMS + BF3·OEt2 by 

substituting the PCL-diCOOH with adipic acid (C6H10O4): the comparison between 1H-NMR spectra before (bottom 

line) and after (top line) the BF3·OEt2 addition was used to check if the CROP of THF still occurred by looking at the 

opening of GPTMS epoxide ring (blue region) and the formation of PTHF (pink regions). 

It was clear that the chemical nature of the carboxylic acids and their chemico-physical properties 

strongly modulated both the polymerisation of THF and the gelation process. As noticed already 

with PCL-diCOOH, the speed of reaction slowed down compared to the tri-component system. A 

final solid hybrid material was obtained in all cases except for the use of PEG-diCOOH, in which 

case gelation was never achieved (despite the verified partial polymerisation of THF). These 

observations suggested that the carboxylic acid acts as a chain terminator of PTHF, a hypothesis 

supported by literature findings that polyanions (e.g. carboxylate) can terminate the “living 

polymerisation” of THF [209, 210]. On the other hand, there is the possibility that a fraction of the 

epoxide rings of GPTMS interact with -COOH groups, knowing their high affinity in silica-

containing systems [148, 149].  
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Unfortunately, in such a complex reaction mixture, where cationic systems are involved, the 

elucidation of the detailed reaction mechanism is difficult and the experimental evidence collected 

over the course of the present project did not allow formulation of an exhaustive and certain 

interaction mechanism. However, given the reactivity of the functional groups present in the 

system, three more probable hypotheses on the role of the carboxylic/dicarboxylic acid 

component (identified as ‘D-COOH’) were identified and depicted in Figure 3.26: 

a) D-COOH may act as terminator of the propagation steps. 

b) D-COOH may compete with the monomer polymerisation, giving nucleophilic attack on the 

activated epoxy-monomer. 

c) D-COOH may react with the epoxide ring, allowing the formation of an unstable orthoester 

that further reacts with the polymer growing chain, acting as terminator step.  

When D-COOH is a dicarboxylic acid, the same reaction can occur symmetrically at both ends: in 

that case, D-COOH can act also as cross-linking agent. 

 

 

Figure 3.26. Three non-exhaustive hypotheses about the role of the ‘D-COOH’ component and reaction mechanisms 

potentially involved, where ‘E’ is the compound carrying the epoxide ring and ‘A’ is the Lewis acid; for clarity of 

representation THF was exploited as monomer, but the mechanism can be applied to different cyclic monomers 

containing at least one heteroatom. 
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Furthermore, as will be discussed in Chapter 4 (Section 4.3.6), the surprising self-healing 

behaviour observed on bulk hybrid samples suggested that the PCL-diCOOH may participate in 

the final structure/properties of the material by additional non-bonding interactions (i.e. 

hydrogen bonding, van der Waals and dipole-dipole interactions, silica intermediates).  

Outcomes 

The investigation of the unexpected finding of the partial polymerisation of THF, that occurs in 

the system containing GPTMS and BF3·OEt2, led firstly to the identification of the real mechanism 

of reaction: it was demonstrated that what was meant to be a Class II SiO2/PCL hybrid material 

made using GPTMS as coupling agent resulted to be actually a SiO2/PTHF/PCL hybrid, that could 

be classified as Class II, since it contains preformed PCL-diCOOH that may be partially covalently 

bonded to GPTMS, and Class IV, because the second organic phase is polymerised in situ. The 

simultaneous condensation of the silica network and polymerisation of THF determine indeed the 

fast gelation, beneficial for 3D printing, and the unique elastomeric properties of the resulting 

hybrids. 

PTHF is a waxy white solid polyether, that was proven by Pol et al. to be biocompatible [222, 223], 

therefore it is suitable for the purpose of the present thesis. However, its inherent hydrophobicity 

and very low melting point (between RT and 33°C depending on the molecular weight) make it 

not particularly useful as a stand-alone material for biomedical applications. PTHF is one of the 

most important soft segments in polyurethane elastomers, which are already used in FDA-

approved devices for some biomedical applications, especially in the vascular and cardio-vascular 

fields due to their good haemocompatibility and unique flexibility [224, 225]. The electrospinning 

of PTHF-containing polyurethanes based on cellulose derivative was also recently explored to 

manufacture scaffolds/meshes for tissue engineering [226, 227]. Regarding hybrid systems, only 

work done by two groups was found in literature. The first reference regards the studies done by 

Fidalgo et al. on silica/PTHF thin films produced by spin-coating, where PTHF was introduced as 

preformed organic phase in the sol-gel synthesis in order to reduce the brittleness of the inorganic 

films: no coupling agent was used, leading to only Class I hybrids in which the polymer interacted 

only through hydrogen bonds with the hydroxyl groups of the glass network [228, 229]. Then, 

Miyata et al. [230, 231],  Kamitakahara et al. [232, 233] and Koh et al. [234] investigated the 

properties of Class II hybrids containing preformed PTHF (Mn = 1000 Da), which had each two 

ends functionalised with ICPTS as coupling agent. Hybrid systems containing different 

combinations of SiO2, CaO, P2O5, TiO2 and Ta2O5 were prepared as transparent and crack-free 

monolith discs up to 50 mm in diameter and 6 mm in thickness. In all cases, after the casting of 

the sol in appropriate moulds, the drying step was begun immediately, applying few pinholes on 
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the covering Parafilm layer, skipping an ageing step. Final hybrids were amorphous and were 

characterised in terms of: (i) in vitro bioactivity, showing formation of apatite after soaking in SBF 

for a period ranging between 0.5-7 days in all samples containing either CaO or Ta2O5 [230-234]; 

(ii) mechanical properties in tension, showing high strain to failure around 30 % and varying 

stiffness depending on the composition [230-233]. Given the bioactivity and that the mechanical 

properties were comparable to cancellous bone, the authors suggested the potential of those 

hybrids containing ICPTS–end-capped PTHF as materials for bone regeneration, however those 

outcomes were valid only for bulk samples, whereas no attempt of shaping the hybrid into porous 

scaffolds was reported.    

Secondly, it was demonstrated that the specific reaction occurring in the THF-GPTMS-BF3·OEt2 

system can be considered an example of a novel class of CROP reactions of cyclic monomers in 

mild conditions in presence of an epoxide ring and a suitable catalyst to activate it. This represents 

a remarkable outcome because there are numerous monomers that can potentially undergo this 

process, paving the way to the realisation of new hybrid systems containing organic phases that 

cannot be introduced in the sol-gel process as preformed polymer (due to their poor solubility or 

to difficulties in finding an appropriate coupling agent).  
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3.5 CONCLUSIONS 

A successful method to obtain covalently-coupled hybrid materials containing silica and PCL, with 

a gelation time potentially compatible with processing via 3D printing, was developed. The chosen 

method involves the mediation through a coupling agent, specifically GPTMS. 

ICPTS, which was well-known to effectively end-cap PCL -OH groups through its -NCO functional 

terminus, was abandoned because, when combined with hydrolysed TEOS, very slow gelation of 

the sol-gel hybrid solution was observed in conditions of both acid and amino-catalysis. It is 

noteworthy, however, that the use of an amine as catalyst was proven to be a successful approach 

for hybrid synthesis in mild conditions, which could have remarkable potential for the use of pH-

sensitive polymers.   

APTES and MPTMS, with -NH2 and -SH functional groups respectively, allowed successful 

functionalisation through nucleophilic substitution after having converted the hydroxyl groups of 

PCL into the more reactive triflate groups. Hence, it was demonstrated that this approach, which 

is very popular in organic chemistry, can be transposed and adapted to sol-gel synthesis of hybrids 

containing PCL. However, both organosilanes were discarded for the next steps of the present 

thesis because it was not possible to successfully remove the highly toxic residues of triflic acid: 

only after a careful optimisation of the purification step, could this mechanism be a promising 

alternative to be considered in the future. In addition, again the resultant gelation process was 

still too slow and hardly compatible with 3D printing. 

GPTMS was the most suitable coupling agent. A two-step procedure was developed: (i) Oxidation 

reaction of PCL diol to convert its -OH terminal ends to -COOH groups; (ii) A bespoke reaction, 

which involves the presence of BF3·OEt2 as catalyst, was optimised in order to make the carboxyl 

groups react with the epoxide rings of GPTMS in THF solvent; the resulting organic solution was 

then mixed with the inorganic precursor (i.e. hydrolysed TEOS) to undergo the traditional hybrid 

sol-gel route. Two main outcomes were observed. 

First, it was immediately noticed that this synthesis protocol caused not only fast gelation, which 

possibly has great potential for the direct extrusion with a 3D printer, but most of all final hybrid 

materials with unprecedented elastomeric properties (i.e. flexibility, toughness and ability to 

recover high deformations). Consequently, the GPTMS-mediated coupling was chosen to produce 

the hybrid samples in the following chapters.  

Secondly, while analysing the resulting hybrid samples, it was discovered that those peculiarities 

actually derived from an unexpected concurrent reaction that started in the organic precursor 

solution: BF3·OEt2 activated the GPTMS epoxide ring, which, rather than reacting only with the 

carboxyl groups of PCL-diCOOH, acted as initiator for the in situ cationic ring-opening 



  
 

130 

 

polymerisation of part of the solvent, resulting in the formation of a second organic phase (PTHF) 

covalently bonded to GPTMS. The demonstration that actually a SiO2/PTHF/PCL-diCOOH hybrid 

material was synthesised was not considered an issue since PTHF is recognised to be 

biocompatible and suitable for biomedical applications. 

Moreover, the extensive study of the mechanism revealed that it can be extended as a general 

novel CROP reaction of cyclic monomers containing at least one heteroatom in the presence of an 

epoxide ring activated by a Lewis acid in mild conditions (RT and ambient pressure, without 

requiring anhydrous environment and reagents in gaseous state), paving the way to the 

preparation of alternative hybrid systems after an appropriate optimisation of the same method.  

It is essential to underline that the understanding that something unpredicted beyond the GPTMS-

PCL-diCOOH interaction was happening was not straightforward and became evident after many 

characterisations of the hybrid samples have already been performed. Given the very promising 

results obtained, it was decided to carry on with the investigation of the properties of the hybrid 

samples (Chapter 4) and their 3D printing potential (Chapter 5) simultaneously with the 

numerous experiments needed to explain the chemistry at its base, which turned out to be pivotal 

for the interpretation of the whole system. This is the reason why the present thesis is focused 

only on the SiO2/PTHF/PCL-diCOOH hybrid system, where the role of the dicarboxylic acid has 

not yet been fully understood but it is reasonably hypothesised that it may contemporarily act as 

chain-terminator of the polymerisation of THF and compete with THF to covalently bond to 

epoxide ring of GPTMS.  

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 

131 

 

 
 
 

Chapter 4 
 

SILICA/PCL HYBRIDS 
AND THEIR CHARACTERISATION 
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4.1 INTRODUCTION 

As a result of Chapter 3, the SiO2/PTHF/PCL-diCOOH hybrid deriving from the use of GPTMS as 

coupling agent was the material chosen for the next steps. This chapter investigates the properties 

of the hybrids in bulk (monolithic) form with a view to the final desired application as a 

biomaterial for tissue regeneration. The aim was to determine the best composition to go forward 

for the 3D printing of porous scaffolds (Chapter 5). 

The first part of this chapter will follow the characterisation methods used in Chapter 3 to 

investigate the effect of the composition, i.e. inorganic/organic (I/O) ratio, on the hybrid network 

and microstructure. Then, an important objective was to quantitatively evaluate the mechanical 

properties of the material. Inclusion of polymer into the sol-gel process was previously shown to 

increase compressive strength compared to (brittle) glasses, for example in silica/gelatin [106] 

and silica/γ-PGA [109] hybrids. However, the elastomeric behaviour that was macroscopically 

observed in the SiO2/PTHF/PCL-diCOOH system has not been seen previously in similar silica-

based hybrid materials, making the understanding of its behaviour in both static and dynamic 

conditions particularly interesting. The hybrid structure poses a problem for mechanical 

characterisation, because a hybrid is not a simple mixture of different phases and cannot be 

understood as a combination of properties in the same way as a composite [97]. Not only does the 

value of a mechanical property changes as polymer content varies, e.g. stiffness, but the mode of 

failure also changes. Consequently, techniques and standards usually applicable to ceramic 

materials are not compatible with polymers, and vice versa; this issue is further enhanced by the 

broad range of hybrid compositions prepared over the course of the present work, spanning from 

rubbery to brittle behaviour. Therefore, combinations of compressive and tensile testing were 

needed, both up to failure and in the form of dynamic mechanical analysis. 

The behaviour of the hybrids was then investigated in solution at 37°C and neutral pH to simulate 

the body environment. PCL, the chosen starting organic pre-polymer, is known to be 

biodegradable, at a relatively slow rate compared to other polymers, such as PLLA [63, 66]; sol-

gel silica is biodegradable [105] and sol-gel glasses degradation rate increases as the network 

connectivity/condensation decreases [88, 171]. In both cases, the by-products of the degradation 

are biocompatible. PTHF, the organic phase that forms during the synthesis, does not degrade in 

aqueous environment [223].  

The work presented in this chapter was partially carried out by MEng students Alexandra Orrin 

(synthesis and characterisation of rectangular specimens, evaluation of self-healing properties) 

and Mun Chun Lai (mechanical characterisation of cylindrical samples) under my direct 

supervision. 
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4.2 METHODS  

4.2.1 SOL-GEL SYNTHESIS OF HYBRID BULK SAMPLES 

To synthesise SiO2/PTHF/PCL-diCOOH hybrid samples, the starting PCL diols (Mn = 530 and 2000 

Da) underwent the protocol described in Section 3.3.5, which consisted of the following procedure 

(Figure 4.1): 

- TEMPO-mediated oxidation of the polymer to convert the -OH groups of the diol into the -COOH 

ends of the final dicarboxylic acid (PCL-diCOOH); 

- The obtained PCL-diCOOH was then reacted with GPTMS in THF using BF3·OEt2 as catalyst, 

causing a cationic ring-opening polymerisation (CROP) of the solvent that converts to PTHF. 

This solution, containing the organic precursors, was then mixed in one-pot, without further 

purification, with hydrolysed TEOS to undergo the traditional hybrid sol-gel route (i.e. casting, 

ageing, drying). 

 

Figure 4.1. Flowchart of the synthesis protocol to prepare hybrid monoliths. 

To manufacture bulk samples, the initial concentration of polymer in THF was set at 50 mg mL-1, 

the lowest in the range used in the general synthesis protocol (50-200 mg mL-1, Section 3.3.5), in 

order to maximise the network interpenetration and the homogeneity of the samples. 
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The hybrid sol was cast in PTFE moulds of two different shapes in order to obtain samples suitable 

for different mechanical tests: (i) cylindrical moulds of internal Ø = 15 mm and h = 25 mm, which 

were then placed and sealed in a Nalgene polymethylpentene (PMP) container with screwed lid; 

(ii) larger cylindrical moulds of internal Ø = 130 mm and h = 40 mm, which were then sealed with 

several layers of aluminium foil. The first moulds were used to produce cylindrical samples for 

compression testing, while the second to obtain large discs from which rectangular specimens for 

tensile testing were cut out. Regardless of the shape and the gelation time, samples were always 

aged in sealed containers at 40°C for 3 days to allow full polymerisation and condensation of the 

network; then, they were dried at 40°C with a very gradual and careful loosening of the 

lid/removal of the aluminium foil over the course of 10-28 days to avoid cracking due to a too fast 

solvent evaporation and to allow the mutual interlocking of SiO2, PTHF and PCL-diCOOH chains. 

When completely dried, the final dimensions of the samples were determined by the shrinkage 

inherent in the sol-gel process. Samples were taken out from the oven and finally immersed in 

deionised water for a few seconds, in order to remove reaction by-products, and used for further 

characterisation.   

As mentioned in Chapter 3 (Section 3.3.5), several TEOS/PCL-diCOOH ratios (from 0/100 to 95/5 

wt.%) were selected to prepare different hybrid compositions, each identified as “SiX-CLY”, where 

X corresponds to the wt.% of TEOS in the starting solution and Y is the Mn in Da of the PCL-diCOOH. 

For reasons that will be detailed in the results, cylindrical samples using PCL-diCOOH of both Mns 

were firstly prepared and, based on the outcomes of their analysis, samples in disc shape only 

containing PCL-diCOOH of Mn 530 Da were synthesised. The full list of compositions that were 

used to prepare monolithic samples is summarised in Table 4.1. 

 

Table 4.1. List of compositions used to prepare hybrid monoliths. 

PCL-diCOOH 
Mn Sample ID TEOS/PCL-diCOOH 

(wt.%) Sample shape 

530 Da 

Si0-CL530 0/100 Disc 
Si60-CL530 60/40 Disc 
Si70-CL530 70/30 Disc 
Si80-CL530 80/20 Disc & cylinder 
Si85-CL530 85/15 Cylinder 
Si90-CL530 90/10 Disc & cylinder 
Si95-CL530 95/5 Cylinder 

2000 Da 

Si80-CL2000 80/20 Cylinder 
Si85-CL2000 85/15 Cylinder 
Si90-CL2000 90/10 Cylinder 
Si95-CL2000 95/5 Cylinder 
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4.2.2 CHARACTERISATION OF THE HYBRID NETWORK 

Several analysis techniques were used to study the composition and the structure of the hybrids. 

PCL was a priori completely characterised (Section 3.4.1), since it was the organic component 

introduced intentionally. PTHF unexpectedly formed during the synthesis process: for this reason, 

when data for comparison were not available in literature, analyses were repeated on 

commercially available PTHF with average Mn = 2000 Da purchased from Sigma-Aldrich, Dorset, 

UK. Specifically, this was required in case of DSC/TGA and XRD analyses. 

For each hybrid composition, DSC/TGA thermal analysis allowed measurement (as burnt-out 

mass) of the actual amount of organic phase effectively incorporated and of the characteristic 

burn-out temperatures of the two polymers (PTHF and PCL-diCOOH). The settings described in 

Section 2.2.5 were used; the only exception was represented by the very soft and polymeric nature 

of the Si60-CL530 and Si0-CL530 samples that did not allow grinding, therefore, in those cases, 

the test was performed using small bulk pieces of overall comparable mass.  

For each composition, under the hypothesis of full condensation of the network and without 

considering THF polymerisation, theoretical I/O ratio can be calculated as the ratio between the 

total pre-formed organic content, derived from PCL-diCOOH and the organic portion of GPTMS, 

and the total inorganic content, which coincided with the silica derived from TEOS and GPTMS. In 

particular, while the total mass of PCL-diCOOH gives contribution to the organic part (PCLorg), it 

was calculated that during the reaction 48.7 % of GPTMS mass would be converted to organic 

(GPTMSorg) and 25.4 % of GPTMS mass converted to inorganic (GPTMSinorg) components. From the 

original TEOS mass, only 28.8 % is converted to silica (TEOSinorg). The total mass of the hybrid 

(mTOT) can be calculated from Equation 4.1. 

Equation 4.1.            mTOT = PCLorg + GPTMSorg + GPTMSinorg + TEOSinorg  

Hence, the theoretical inorganic (%SiO2t
) and organic (%orgt) contents can be calculated as in 

Equation 4.2 and Equation 4.3, respectively. 

Equation 4.2. 

Equation 4.3.              

Given the unexpected in situ THF polymerisation, the actual final I/O ratios did not match the 

theoretical expectations. However, the theoretical ratio between silica and the pre-formed organic 

content given by PCL-diCOOH and GPTMS should not change with the addition of a further 

%SiO2t
=  (

TEOSinorg + GPTMSinorg

mTOT
) × 100%  

%orgt =  (
PCLorg + GPTMSorg

mTOT
) × 100%  



  
 

136 

 

polymeric phase, so it can be used in retrospect to estimate the percentage of PTHF in the system, 

applying the following Equation 4.4 and Equation 4.5: 

Equation 4.4.               

Equation 4.5.              %PTHFe = %orgm − %orge  

where: %SiO2t
 is the calculated theoretical wt.% of inorganic (Equation 4.2) and %orgt is the 

calculated theoretical wt.% of pre-formed organic (Equation 4.3), respectively; %SiO2m and 

%orgm are the actual wt.% of silica and total organic phase measured with TGA, respectively;  

%orge and %PTHFe are the final estimated wt.% of pre-formed organic (given by PCL-diCOOH and 

GPTMS) and PTHF in the hybrid, respectively. 

ATR-FTIR (Section 2.2.2) and XRD (Section 2.2.6) analyses were carried out on hybrid samples of 

different compositions. ATR-FTIR allowed verification of the relative change in functional groups 

attributed to the inorganic and organic components. XRD was performed to check if the 

amorphous nature of the hybrid system was maintained independently from the I/O ratio. For the 

same reason described above, samples manually ground into powder were used except for Si60-

CL530 and Si0-CL530 hybrids.  

29Si solid-state MAS-NMR measurements were performed by Joshua Clark at Warwick University 

with the setup described in Section 2.2.1. The spectra obtained from 29Si single-pulse MAS 

experiments were analysed with Origin Pro software in order to resolve the relative peak areas 

by deconvolution and calculate the abundance of Qn and Tn species, which were then used to 

calculate the degree of condensation of the silica network (Dc) through Equation 2.1. 29Si CPMAS 

experiments were run to measure the chemical shift of the peaks. Two series – Si80-CL530 and 

Si90-CL530 (discs) – were chosen as exemplifying samples in order to show the variations 

generated by changing the initial TEOS content; Si0-CL530 was also characterised in order to 

evaluate the network properties when no TEOS was present with GPTMS as the only silica source. 

Electron microscopy was used to image the hybrid samples to check the morphology at the micro 

and nanoscale. Specifically, the surface of rectangular specimens was imaged using JEOL 6010 LV 

SEM, while their inner cross-section, exposed by fracturing manually the samples, was observed 

up to higher magnifications using Leo Gemini 1525 FEGSEM, with the settings described in Section 

2.3.2. The interpenetration of the inorganic and organic network was verified with BFTEM/STEM-

HAADF/EDX analysis on a Si80-CL530 cylinder as an example (performed by Dr Shu Chen). The 

bulk hybrid sample was embedded in a Quetol-based resin, created by combining 8.75 g Quetol, 

13.75 g nonenyl succinic anhydride, 2.5 g methyl acid anhydride, and 0.62 g benzyl dimethylamine 

(all from Agar Scientific, Stansted, UK). After curing at 60°C for 24 h, thin sections (80 nm) were 

%orge =  %SiO2m (
%orgt

%SiO2t

) 
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cut directly into a water bath using an ultramicrotome with a diamond knife with a wedge angle 

of 35°. Sections were immediately collected on bare, 300 mesh copper TEM grids (Agar Scientific, 

Stansted, UK), dried and kept under vacuum for TEM analysis (Section 2.3.2). 

 

4.2.3 BEHAVIOUR IN WET ENVIRONMENT 

Phosphate-buffered saline solution (PBS) was chosen for studies in wet environment. PBS was 

prepared by dissolving a 5 g solid tablet (Gibco®, Thermo Fisher Scientific, Hemel Hempstead, UK; 

composition: 10 mM sodium phosphates, 140 mM NaCl, 2.68 mM KCl) in 500 mL of deionised 

water and the final pH was verified to be 7.45.  

The aim of the study was to evaluate the effect of an aqueous solution at neutral pH (7.45) and 

body temperature (37°C) on the properties of the hybrids up to 7 days. Since PCL and silica are 

slowly biodegradable, whereas PTHF is not, only a slight degradation was expected. After soaking 

monolithic samples in PBS (125 mL for each specimen) for 7 days, first a macroscopic observation, 

in terms of possible swelling, creation of defects, visible degradation of the monolithic samples, 

was done, from which specific compositions were selected for further study and the following 

characterisations: 

- Mass loss, measured by weighing the samples before the test and after having been completely 

dried at RT in air after the soaking (n = 3 for each series); 

- ICP-OES on the remaining PBS solution to evaluate the Si dissolution: the samples of solution 

were analysed without any dilution (n = 3 for each series) at the 4-8-24 h and 4-7 day time 

points; the analysis was repeated calibrating the machine with two set of Si standards, the first 

one at 0-0.5-1-2-5-10-20 µg mL-1 and the second one at 0-0.1-0.2-0.5-0.8-1-2 µg mL-1 (to 

guarantee higher resolution at low release); 

- DSC/TGA and ATR-FTIR to evaluate the changes in the I/O ratio after the soaking; 

- SEM of the surface using JEOL 6010 LV SEM to check the effect of the immersion on the 

morphology. 

In order to evaluate the nature of any organic phase dissolved, a parallel experiment was carried 

out using Si80-CL530 as exemplifying sample: a small fragment (80 mg) was dissolved for 2 days 

in deuterated H2O (0.75 mL), which was then analysed with solution-state 1H-NMR; the same 

experiment was run on the two polymers as reference: commercial PCL diol of Mn 530 Da and 

PTHF of Mn 2000 Da. 

Mechanical properties in compression and in tension were also evaluated after immersion in PBS 

on selected compositions, as it will be described in the next Section 4.2.4. 
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4.2.4 MECHANICAL CHARACTERISATION 

The mechanical behaviour of the SiO2/PTHF/PCL-diCOOH hybrid materials was evaluated 

through compressive and tensile testing, both up to fracture – in order to assess the maximum 

stress and strain that samples can achieve – and under dynamic mechanical analysis (DMA) – in 

order to compare the elastomeric properties of the different hybrid compositions. Tests were 

performed first in compression and then in tension, moving from more glassy towards more 

polymeric hybrids. 

Compressive testing 

Uni-axial compressive tests were performed on cylindrical samples obtained from the moulds of 

15 mm as internal diameter and 25 mm in height. Given the inherent shrinkage occurring during 

the sol-gel process, not completely regular samples could be obtained at the end of the drying 

step: for this reason, top and bottom surfaces were manually ground with SiC papers in order to 

obtain cylinders with flat and parallel surfaces; no post-processing was applied on the lateral 

surface, therefore the diameter of the samples was not modified from that resulting from the 

shrinkage. In any case, a height/diameter (H/W) ratio of minimum 1 was used for each tested 

sample, whose actual dimensions were measured with a digital calliper before the test began. An 

example can be seen in Figure 4.2a.  

Static compressive testing until failure was carried out using a Zwick/Roell Z010 machine 

equipped with Zwick/Roell “testXpert II” (V3.0) software, fitted with a 10 kN load cell, set in 

displacement control at a rate of 1 mm min-1: conventional and true stress (σc and σ*, 

respectively), conventional and true strain (εc and ε*, respectively) were calculated as described 

in Section 2.4.1. For each sample set, a minimum of 3 to a maximum of 8 specimens were tested. 

DMA in compression was performed using a Bose Electroforce Series III machine equipped with 

WinTest® DMA software, fitted with a 22 N load cell, at 16 frequencies along a log scale between 

and including 0.01 Hz and 10 Hz at RT. For the reasons that will be detailed in the result section, 

it was decided that the test should be performed in force control, setting both the mean level and 

the dynamic amplitude at 10 N, which means that in each cycle the specimen was compressed 

with a sine wave ranging between 5-15 N. The WinTest® DMA software allowed the calculation of 

E’, indicative of elastic behaviour, E’’ and tan(δ), indicative of plastic/dissipative behaviour 

(Section 2.4.2). For each sample set, a minimum of 3 to a maximum of 6 specimens were tested. 

DMA compressive testing was performed during the secondment within the group of Prof. Jérôme 

Chevalier at INSA Lyon (France) under the supervision of Prof. Sylvain Meille and Prof. Solène 

Tadier. 
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Compressive testing up to failure and in dynamic conditions was performed on dry samples of the 

eight compositions manufactured in cylindrical shape as listed in Table 4.1. To assess the 

properties also in wet conditions, samples of all the compositions were soaked in in PBS (125 mL 

for each cylinder) for 7 days at 37°C and 120 rpm: based on the visual observation of the samples 

after immersion, it was decided to repeat the DMA testing only on two suitable selected 

compositions (Si80-CL530 and Si90-CL530). For each sample set, 3 specimens were tested. 

Tensile testing 

Rectangular specimens for uni-axial tensile testing were manually cut with a sharp blade from the 

hybrid discs of five hybrid compositions, as listed in Table 4.1: according to the ASTM D1708-13 

[235], samples of 45×10 mm2 were obtained in order to have an exposed length of 25 mm taking 

into account 10 mm to grip the sample at each end; the thickness was determined by the shrinkage 

inherent in the drying step of the sol-gel process, but it resulted being in the range 0.6-2 mm and 

it was measured with a digital calibre prior to testing. An example is visible in Figure 4.2b. 

Tensile tests up to failure were carried out using a Bose Electroforce Series III machine equipped 

with WinTest® 7 software, fitted with a 220 N load cell, set in displacement control at a rate of 1 

mm min-1: true stress (σ*) and true strain (ε*) were calculated as described in Section 2.4.1. For 

each sample set, 5 specimens were tested. 

DMA in tension was performed using again a Bose Electroforce Series III machine equipped with 

WinTest® DMA software, fitted with a 22 N load cell, at 12 frequencies along a log scale between 

and including 0.01 Hz and 10 Hz at RT. In this case it was decided to perform the test in 

displacement control, setting the dynamic amplitude to 20 % of the average deformation at failure, 

obtained from static tensile testing on the samples of same composition. As in compression, the 

WinTest® DMA software allowed the calculation of E’, E’’ and tan(δ) (Section 2.4.2). For each 

sample set, 4 specimens were considered. The surface of the two compositions with the highest 

inorganic content (Si80-CL530 and Si90-CL530) did not have a high enough friction coefficient to 

be effectively gripped during testing, so the ends of these samples were covered with paper tape 

to practically allow testing to take place (Figure 4.2c): preliminary checks were run to ensure that 

this did not affect the reliability of the test. 

After having characterised the samples of the five compositions manufactured as discs (Table 4.1) 

in dry conditions, tensile tests up to failure and in dynamic conditions were repeated in wet 

conditions after samples were soaked in in PBS (125 mL for each specimen) for 7 days at 37°C and 

120 rpm, with the only exception being the most glassy composition (Si90-CL530) that resulted 

unsuitable for the test after the immersion. 
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Figure 4.2. Examples of samples for mechanical testing: a) cylinder placed between metal plates for compression; b) 

rectangular specimen gripped between clamps for tensile test; c) Si80-CL530 rectangular specimen with ends covered 

with paper tape to allow enough friction for gripping. 
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4.3 RESULTS AND DISCUSSION 

The results corresponding to the methods described above will be presented to guide through the 

characterisation of the SiO2/PTHF/PCL-diCOOH hybrid bulk samples. This work was done in 

parallel to the investigation of the unexpected THF polymerisation mechanism (Section 3.4.5.1), 

the outcomes of which helped to interpret in retrospect the features of the hybrid samples, 

directing the attention to more flexible compositions.  

 

4.3.1 HYBRID SYNTHESIS: MACRO-OBSERVATIONS 

For the synthesis of SiO2/PTHF/PCL-diCOOH hybrid monoliths, the lowest concentration of 

starting PCL-diCOOH in THF (50 mg mL-1) was selected from the investigated range of 50-200 mg 

mL-1 in order to ensure a complete uniformity of the solution. When more concentrated solutions 

were used, a sudden and localised gelation was observed on the top surface exposed to the open 

air soon after casting. The formation of this thin layer of solid gel on the top of the liquid sol could 

partially hinder the evaporation of the solvent during the drying, causing the entrapment of 

bubbles within the inner part of the sample; this problem was particularly evident when cylinders 

were made, due to the small surface area (easily prone to gel) compared to the volume of solution.  

Even when 50 mg mL-1 was used, samples containing up to 85 wt.% TEOS completely gelled within 

24 h; when TEOS content was higher, gelation was completed within 48 h. Ageing in sealed 

container was continued for 3 days to allow full condensation. The duration of the drying was in 

the range 10-28 days, visually checked and confirmed by DSC/TGA, and varied depending on: (i) 

the TEOS percentage: higher silica content increased the brittleness of the samples, requiring 

slower drying to avoid the formation of cracks; (ii) the shape: considering the same composition, 

cylinders generally required longer and more careful drying than discs, because of their bulky 

geometry that determines a smaller surface for the evaporation of the solvent entrapped in the 

volume underneath.  

When dried, crack-free, homogeneous and transparent samples were obtained. Figure 4.3 (top) 

shows cylindrical samples at the end of the drying process: as already observed on other sol-gel 

glass hybrids [104, 115], the top surface always exhibits a slight concavity, which resulted from 

the interaction between the gel and the internal surface of the mould during the drying; the 

concavity was more pronounced for higher polymer contents, suggesting that the organic fraction 

of the gel has a good affinity to PTFE and tends to adhere to the internal walls of the mould before 

being detached during drying and shrinkage. The interaction between the polymer and the mould 

is also believed to be responsible for the presence of small bubbles that often formed at the bottom 
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surface of Si80-CL530, Si85-CL530 and Si80-CL2000 samples. Specimens were then polished to 

obtain flat and parallel surfaces and make the cylinders suitable for compressive testing (Figure 

4.3 (bottom)); this also removed bubbles at the bottom surface when present. Each sample was 

measured and it was recorded that the diameters ranged between 8.3-10.1 mm and the height 

between 8-12 mm. The average diameter decreased and height of the cylinders increased as 

inorganic content increased. 

 

Figure 4.3. Photographs of cylindrical hybrid samples of the investigated 8 compositions (Table 4.1) obtained after 

drying (top) and after polishing needed to obtain samples suitable for compression testing (bottom). Samples are 

ordered based on increasing silica content as resulted from TGA analysis (Section 4.3.2). 

Figure 4.4 shows the series of 5 hybrid compositions made in the shape of discs: it is clearly visible 

that the shrinkage increased as percentage of TEOS in the sol increased, consistent with the fact 

that TEOS produces a higher amount of solvent during its hydrolysis and condensation. In 

agreement with that observed on cylindrical samples, the average diameter (in the range 80-130 

mm) decreased and the average thickness (in the range 0.6-2 mm) of the discs increased as 

inorganic content increased. All hybrid discs except Si90-CL530 showed remarkable flexibility; as 

visible in the inset of Si90-CL530 in Figure 4.4, the most glassy sample folded during shrinkage 

and, when completely dried, the sample was rigid enough to keep that final shape; only a small 

bending movement could be applied to the disc without breaking it.  
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Figure 4.4. Photographs of hybrid discs of the 5 different compositions detailed in Table 4.1, with increasing silica 

content from left to right as measured with TGA analysis (Section 4.3.2). Scale bar = 10 mm for all images. 

 

As already mentioned (Section 3.4.3 - Figure 3.12; Section 3.4.5 - Figure 3.19), samples displayed 

a yellow/orange shade, which was more evident in cylinders due to their bulky shape, whereas it 

was less noticeable in discs. 

Depending on the I/O ratio, samples with different H/W ratios were obtained from the same 

mould and a clear trend in the volumetric shrinkage of both cylinders and discs as function of the 

silica content can be noticed: for Si90-CL530 and compositions with higher silica content, the 

contraction seemed to be more isotropic, leading to thicker and narrower specimens, whereas 

samples tend to be more “flat” when the silica percentage was lower. This can be explained 

considering the structure of the single components involved in the hybrid system: both the 

polymers – PCL-diCOOH and PTHF – are characterised by linear chains, which will determine a 

more bi-dimensional hybrid architecture, whereas silica forms a more irregular 3D network, 

which will conduct towards a 3D bonding and arrangement of hybrid co-network. Therefore, the 

specific shrinkage of each composition will follow on from the relative ratio of the three phases; 

since their mutual interactions were under investigation while hybrids were characterised and 

are still not completely understood (Section 3.4.5.1), this aspect was not pursued further in the 

present work. 

 

4.3.2 CHARACTERISATION OF THE HYBRID NETWORK 

Evaluation of the composition through DSC/TGA 

The innovative synthesis determined the simultaneous bottom-up formation of silica and PTHF, 

which gave the co-networks the ability to mutually arrange and release the drying stresses in 

order to prevent cracking, which is generally a critical point of the sol-gel route [5]. This allowed 

the production of large silica-based monoliths in a wide range of I/O contents.  As shown in Table 

4.1, 11 different compositions were investigated as result of varying the initial TEOS/PCL-diCOOH 

ratio from 0/100 to 95/5 wt.% and the Mn of the starting PCL-diCOOH. For each variant, the 
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theoretical I/O wt.% was calculated counting the contributions of TEOS (if present), GPTMS and 

PCL-diCOOH, as if no THF polymerisation occurred (Equation 4.2 and Equation 4.3). This was 

compared to the actual I/O wt.% measured from TGA, in order to estimate the fractions of pre-

formed organic (%orge, from PCL-diCOOH and GPTMS) and PTHF (%PTHFe) present in the hybrid 

system, applying Equation 4.4 and Equation 4.5 respectively; the inorganic mass was instead due 

solely to SiO2. All the values for the numerous compositions follow in Table 4.2.  

 

Table 4.2. Analysis of the inorganic and organic contents of the SiO2/PTHF/PCL-diCOOH hybrids. From left to right 

the six columns describe: the acronym of the hybrid composition; the theoretical I/O calculated from Equation 4.2 and 

Equation 4.3; the shape of the samples; the actual I/O ratio measured from TGA; the estimated wt.% of preformed 

organic (%orge) calculated from Equation 4.4; the estimated wt.% of PTHF (%PTHFe) calculated from Equation 4.5; 

the ratio among the estimated wt.% of PTHF and estimated wt.% of pre-formed organic. 

Sample ID 
Theoretical I/O 
= %SiO2t/%orgt 

(wt.%) 
Sample 
shape 

Actual I/O = 
%SiO2m/%orgm 

(wt.%) 
%orge %PTHFe %PTHFe / 

%orge 

Si0-CL530 13.7/86.3 Disc 2.5/97.5 15.7 81.8 5.2 
Si60-CL530 31.5/68.5 Disc 12.3/87.7 26.7 61.0 2.3 
Si70-CL530 38.5/61.5 Disc 17.4/82.6 27.8 54.8 2.0 

Si80-CL530 49.0/51.0 
Disc 24.7/75.3 25.7 49.6 1.9 

Cylinder 21.0/79.0 21.9 57.1 2.6 
Si85-CL530 56.5/43.5 Cylinder 25.3/74.7 19.5 55.2 2.8 

Si90-CL530 66.3/33.7 
Disc 38.7/61.3 19.7 41.6 2.1 

Cylinder 34.1/65.9 17.3 48.6 2.8 
Si95-CL530 79.9/20.1 Cylinder 48.4/51.6 12.2 39.4 3.2 
Si80-CL2000 52.1/47.9 Cylinder 31.7/68.3 29.1 39.2 1.3 
Si85-CL2000 60.3/39.7 Cylinder 41.6/58.4 27.4 31.0 1.1 
Si90-CL2000 70.4/29.6 Cylinder 48.8/51.2 20.5 30.7 1.5 
Si95-CL2000 83.2/16.8 Cylinder 63.4/36.6 12.8 23.8 1.9 

 

 

Example results from the DSC/TGA analysis on the 5 compositions made in disc shape are shown 

in Figure 4.5. The same trends were observed on cylindrical samples (data not shown), thus the 

following considerations are valid for all the samples made in this thesis. As expected, the mass 

loss detected from TGA (Figure 4.5b) decreased as TEOS content in the starting sol increased, and 

each TGA curve had two points of inflection that corresponded to two exothermic peaks in the 

DSC trace (Figure 4.5c). These are given by the burn-out of the two polymeric phases. PCL burns 

in the interval 300-400°C (Section 3.4.1). The analysis on commercial PTHF with Mn 2000 Da 

revealed a peak in the DSC trace at a lower temperature (in the range 200-280°C, data not shown). 

Therefore, even if it is likely that there was an overlap in the burn-out of the two polymers, the 

first more prominent peak in the hybrid traces, variable in a narrow range approximately between 
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175-210°C, was attributed predominantly to PTHF, whereas the second weaker peak was 

attributed mainly to PCL-diCOOH. The latter was located in a wide range (~250-410°C) and clearly 

shifted towards higher temperature as SiO2 content decreased: a possible explanation for this 

observation will be given in Section 4.3.6, after highlighting additional self-healing properties 

observed on the hybrid material. Figure 4.5a shows the appearance of a Si60-CL530 sample before 

the test – small transparent fragments – and after having been heated up to 800°C and cooled 

down – resulting in SiO2 white powder that maintained the hybrid original shape. This was a 

further macroscopic indication that the polymer and silica networks were evenly distributed and 

well interconnected in the resulting hybrid co-network.  

 

Figure 4.5. DSC/TGA analysis on hybrid discs: a) photograph of a Si60-CL530 sample inside the machine before and 

after the test; b) TGA curves; c) DSC curves. 

The comparison between the theoretical expectations and the actual results described above 

demonstrated that the PTHF formed and was always the predominant polymer phase in any 

hybrid composition, regardless of the Mn of the starting PCL-diCOOH and the TEOS/PCL-diCOOH 

ratio. Two important observations appeared immediately evident from the values in Table 4.2.  



  
 

146 

 

First, considering the same starting composition, there was an effect of the shape of the samples 

on the rate of THF polymerisation and, hence, on the I/O ratio, with cylinders (Table 4.2, 

highlighted in pink) always showing a higher degree of polymerisation compared to discs (Table 

4.2, highlighted in blue) with same PCL-diCOOH Mn. This is consistent with the hypothesised 

mechanism of ring-opening polymerisation in the THF-GPTMS-BF3·OEt2 system, which can be 

considered a “living polymerisation” that will continue until either a termination reagent is added 

or the monomer is completely consumed [209, 210]. As described in Section 3.4.5.1, PCL-diCOOH 

may act as chain terminator of PTHF; also ethanol and water (i.e. -OH groups) that generates from 

TEOS hydrolysis and condensation can partially have the same role of limiting the CROP. However, 

it is hypothesised that, even if the THF polymerisation achieved its maximum rate in the polymer 

solution before mixing with the inorganic precursor solution, it still progressed at a reduced rate 

using the THF still present in the system until the gelation is completed and the co-network is 

formed. To this end, the cylindrical geometry represents a bulky shape that favours the 

entrapment of solvent that can then polymerise; the disc shape, instead, is made by casting a 

volume of solution of few mm in a disc mould of Ø = 130 mm and h = 40 mm, resulting in a high 

surface/volume ratio that allows the evaporation of part of the THF during gelation in the large 

empty volume between the top surface of the solution and the aluminium foil used to seal the 

container, thus subtracting solvent available for CROP. Si0-CL530 composition represents an 

exception, showing a %PTHFe/%orge ratio of 5.2, which is consistent with the absence of TEOS, 

water and ethanol from inorganic precursor solution and their effect in limiting the THF 

polymerisation. 

Secondly, the molecular weight of the starting PCL-diCOOH plays an important role: comparing 

the four compositions made in the form of cylinders for both PCL-diCOOH Mns, it was calculated 

that more PTHF formed when the shortest PCL-diCOOH was used. Specifically, the %PTHFe/%orge 

ratio was 2.6-3.2 for PCL-diCOOH of Mn 530 Da (Table 4.2, highlighted in pink) compared to 1.1-

1.9 for PCL-diCOOH of Mn 2000 Da (Table 4.2, highlighted in green). These results are in 

agreement with the hypothesised mechanism of reaction illustrated in Figure 3.24, where the 

polymerisation of THF is initiated by the activated epoxide ring of GPTMS. The GPTMS : PCL-

diCOOH molar ratio was fixed at 2 for all hybrids, therefore the relative mass of GPTMS, and 

consequently of PTHF, to PCL-diCOOH was lower for Mn = 2000 Da than it was for Mn = 530 Da.  

For a given shape and PCL-diCOOH Mn, the %PTHFe/%orge ratio generally increased as the initial 

TEOS content increased. This seems to be in contrast to the fact that the components of the 

inorganic precursor solution may inhibit the THF polymerisation. However, the complexity of the 

system, characterised by the simultaneous effect of many variables, makes it difficult to interpret 

this outcome. A possible but not exhaustive hypothesis is based on the different duration of the 
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gelation process, which was longer but within a window of 48 h, as the amount of inorganic 

increased. This means that longer time was available for the residual THF to polymerise before 

the gelation was completed, which could have balanced the inhibiting effect of water and ethanol. 

Lastly, the a posteriori analysis of DSC/TGA data allowed calculation of the %PTHFe, which can be 

considered a reliable estimation of the PTHF relative content. Nevertheless, because of the several 

variables involved in the synthesis (relative content of the different reagents, the fact that THF 

polymerisation is a “living polymerisation”, different moulds used, control of the reaction 

environment), no information could be inferred on the length (i.e. Mn) of the generated PTHF 

chains. Commercial PTHF is available in a range of molecular weight spanning from 250 to 2900 

Da (according to Sigma-Aldrich datasheet) and initially 2000 Da was chosen because equal to the 

maximum length of the PCL diol exploited in the present thesis, thus it was then still kept as 

reference for other characterisations when needed. 

Evaluation of the structure of the hybrid network 

The changes in the relative I/O ratios for the range of compositions were also checked using ATR-

FTIR, based on the reference spectrum and corresponding peak assignment for SiO2/PTHF/PCL-

diCOOH hybrids displayed in Figure 3.20b. For instance, Figure 4.6 shows three extracts from the 

full ATR-FTIR traces obtained on the five disc-shaped compositions; all the curves were 

normalised to the highest peak (asymmetric stretch vibration of Si-O-Si and stretch vibration of 

Si-O-C at approximately 1100-1000 cm-1) to show the relative change in composition.  

It is clear from the spectra that there was a gradual change in absorption at certain wavenumbers, 

which is in accordance with the range of compositions synthesised. Specifically, as the SiO2 

content of the hybrid increased, absorption bands from (O-H), (Si-OH) and s(Si-O-Si) [202] 

increased (Figure 4.6a and c), whilst absorption bands typical of the organic components (s(CH2), 

as(CH2), ν(C=O) and (CH2) [197, 198, 205]) decreased (Figure 4.6a and b). The main peak given 

by the combination of the vibration of (Si-O-C) and as(Si-O-Si) shifts towards lower 

wavenumbers (Figure 4.6c), confirming the relative increase of the abundance of Si-O-Si bonds 

(located at lower wavenumbers in the range 1100-1000 cm-1) compared to Si-O-C bonds (located 

at higher wavenumbers within the same interval) [128, 236]. The same trends were observed 

comparing cylindrical samples with increasing inorganic fraction (data not shown). 
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Figure 4.6. ATR-FTIR spectra of five SiO2/PTHF/PCL-diCOOH hybrid discs of varying I/O content (Table 4.2). The 

extracts show three different wavenumber regions: a) 3800-2500 cm-1; b) 1850-1300 cm-1; c) 1300-700 cm-1. 

 

BF3·OEt2 shows typical absorption bands at ~1500 cm-1 (BF3 asymmetric stretch) and in the range 

700-900 cm-1 (BF3 symmetric stretch) [237, 238]. These were not observed in the hybrid spectra 

in Figure 4.6; in particular, Si0-CL530 spectrum, that did not display the s(Si-O-Si) band around 

800 cm-1, allowed discarding any overlap with contributions from silica. This observation, in 

combination with the proven biocompatibility of the material in cell cultures (Section 5.3.5), 

suggests that final wash in water may be an effective purification method to remove toxic catalyst 

residues.  
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Figure 4.7 shows the results of XRD analysis. Commercial PCL diol and PTHF were analysed as 

references. PCL diol of Mn = 2000 Da showed a semi-crystalline structure, as did PTHF, with main 

peaks visible within the range 2θ = 20-25°. However, PCL diol of Mn 530 Da had an amorphous 

structure (Figure 3.8). The XRD patterns of Si0-CL530 (2.5 wt.% of SiO2) and Si95-CL2000 (63.4 

wt.% of SiO2), which correspond to the two extremes of the investigated range of I/O ratio, are 

also displayed, both showing an amorphous halo centred around 2θ = 20-23°. Similar patterns 

were obtained for all the other intermediate hybrid compositions (data not shown). As expected 

from the transparency of the samples, all hybrid compositions, regardless of the mould shape and 

the starting PCL Mn, were amorphous, indicating true interpenetration of the co-networks. 

 

 

Figure 4.7. XRD patterns of the reference polymers (PCL diol and PTHF with Mn 2000 Da as purchased, dotted lines); 

Si0-CL530 and Si95-CL2000 hybrid samples (solid lines), which represent the hybrid composition with the highest 

polymer content and with the highest SiO2 content, respectively. 

 

The uniformity of the network at the nanoscale was then confirmed by both BFTEM (phase 

contrast imaging, Figure 4.8a) and HAADF-STEM (atomic contrast imaging, Figure 4.8b) on a 

cylindrical Si80-CL530 hybrid as exemplifying sample. As visible in Figure 4.8a and b, no 

distinction between the organic and the inorganic phases was observed. The presence of both the 

components was verified through STEM-EDX analysis on different points of the analysed surface, 

which showed no significant variations of semi-quantitative elemental ratios (Figure 4.8c); a 

typical STEM-EDX spectrum is displayed in Figure 4.8d. These results are in agreement with what 

reported by Tian et al. on SiO2/PCL hybrids with more than 70 wt.% organic [129]. 
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Figure 4.8. a) BFTEM image and b) HAADF-STEM image of a section of a Si80-CL530 cylinder. c) Semi-quantitative 

elemental ratio (C, O, Si) from STEM-EDX analysis on the five points on the line marked in b). d) Typical STEM-EDX 

spectrum showing the K lines of C, O and Si at energy values of 0.277 keV, 0.525 keV and 1.740 keV, respectively. 

(Images courtesy of Dr Shu Chen). 

 

Evaluation of the silica network condensation through solid -state NMR  

29Si MAS NMR was used to quantify the connectivity of the silica network in three hybrid 

compositions: Si80-CL530 and Si90-CL530 as TEOS-containing hybrids, and Si0-CL530 where the 

silica network was formed by the condensation of GPTMS only. As described in Section 2.2.1, the 

relative amounts of T and Q units were determined and the corresponding degree of condensation 

(Dc) was calculated through Equation 2.1. A visual summary of the data is displayed in Figure 4.9 

and the quantitative results are detailed in Table 4.3. 

 

b) a) 

d) c) 
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Figure 4.9. 29Si single-pulse MAS NMR spectra of Si80-CL530, Si90-CL530 and Si0-CL530 hybrids, showing the peak 

fitting used to calculate the abundance of each silicon species. 

Table 4.3. Chemical shifts (obtained from 29Si CPMAS NMR) and percentage abundance (quantified from 29Si single-

pulse MAS NMR) of silicon T and Q species and the corresponding Dc for three hybrid compositions: Si80-CL530, Si90-

CL530 and Si0-CL530. 

 Si80-CL530 Si90-CL530 Si0-CL530 

T1 ppm) - - -51.9 
I (%) - - 11.1 

T2 ppm) -58.8 -58.8 -58.5 
I (%) 3.8 3.4 17.1 

T3 ppm) -66.0 -65.8 -66.5 
I (%) 14.5 6.3 71.8 

Q2 ppm) - -92.7 - 
I (%) - 2.5 - 

Q3 ppm) -102.5 -102.3 - 
I (%) 27.9 31.4 - 

Q4 ppm) -111.5 -111.3 - 
I (%) 53.8 56.4 - 

Dc %) 91.8 89.8 86.9 
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Despite the variations in the SiO2 content, the chemical shifts of the different Qn and Tn species 

(respectively centred around -110 ppm and -60 ppm [104]) remained relatively unchanged, 

suggesting that the presence of the polymer did not affect the sol-gel condensation mechanism.  

For the two compositions made with TEOS as silica source, the calculated values of Dc were in the 

same range of those measured on sol-gel hybrid materials prepared via sol-gel route using GPTMS 

as coupling agent with different organic components, such as -PGA [109], chitosan [112] and 

gelatin [7]. In agreement with the TEOS/GPTMS ratio (which is proportional to the TEOS/PCL-

diCOOH ratio since GPTMS/PCL-diCOOH molar ratio was fixed at 2), Si90-CL530 had a higher total 

fraction of Qn species (90.3 %, with the remainder 9.7 % of Tn species) compared to Si80-CL530 

(which contained 81.7 % Qn and 18.3 % Tn species). Then, results in Table 4.3 indicate that Si80-

CL530 had a slightly more condensed silica network than Si90-CL530 with a 2 % difference in Dc, 

which is due to the fact that Si80-CL530 had a higher condensation of both TEOS and GPTMS. 

Considering the Qn species, even if Si90-CL530 had a higher abundance of Q4 species (+2.6 %), it 

also had a higher percentage of Q3 (+3.5 %) and Q2 (+2.5 %) species. The condensation of TEOS 

can be calculated from values in Table 4.3 as fraction Q4/Qtot (where Qtot is the sum of the relative 

abundancies of Q2, Q3 and Q4), resulting equal to 0.67 for Si80-CL530 and 0.62 for Si90-CL530. The 

presence of more Qn species involving non-bridging oxygens (i.e. Si-OH bonds) is consistent with 

the fact that Si90-CL530 had a higher I/O ratio, hence more silica network, than Si80-CL530 and 

matches the ATR-FTIR results (Figure 4.6), where the Si-OH stretching vibration increased with 

the silica content. Considering the Tn species, results show that the two samples had a similar 

percentage of T2 species, while Si80-CL530 contained more than double the amount of T3 

structures than Si90-CL530: this is in agreement with the higher relative content of GPTMS in 

Si80-CL530 than Si90-CL530. Calculating the condensation of GPTMS as ratio T3/Ttot (where Ttot 

is the sum of the relative abundancies of T1, T2 and T3) from the values in Table 4.3, Si80-CL530 

exhibited a ratio of 0.82, much higher than the value of 0.60 calculated for Si90-CL530.  

Lastly, 29Si MAS NMR for Si0-CL530 shows only Tn species, as expected as there was no TEOS 

present in the formulation. This sample contained only 2.5 wt.% SiO2, which was proven to be well 

condensed (Dc of 86.9 %) with a remarkable fraction of T3 structures: this was equal to 71.8 % of 

the total Tn species, higher than what observed by Connell et al. (up to 64.8 % of T3) on hybrids 

made by condensing chitosan functionalised with GPTMS (without TEOS) [112] and by Maçon et 

al. (up to 42.2 % T3) in the condensation of TMSPMA [104]. This outcome, combined with the 

macro-observation of homogeneous, transparent and solid discs where no phase separation was 

detected, suggests that the relatively few molecules of GPTMS present in the system were 

probably condensing in small groups well-distributed within the bigger co-network of PTHF and 

PCL-diCOOH, without forming large silica clusters.  
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Characterisation of the morphology through SEM  

To complete the characterisation of the hybrid network, hybrid discs were imaged through SEM 

in order to check the morphology of both their external free surface (i.e. top surface in contact 

with air during ageing and drying) and of the inner fracture cross-section (i.e. samples were 

manually fractured). A summary of the results is displayed in Figure 4.10. 

Considering the free surface (left column in Figure 4.10), the hybrids had numerous surface 

features (e.g. pores) increasing in number and size as organic content increased, contributing to a 

high surface roughness at low SiO2 contents, which became smoother as silica content increased. 

Those surface defects are believed to be the result of the different kinetics of the solvent 

evaporation during the drying process. In fact, as described by Strawhecker et al. [239], polymer 

films tend to be rough when the time for chains to arrange and level on the surfaces is too large 

compared to the solvent evaporation time: this could be compatible with more polymeric 

SiO2/PTHF/PCL-diCOOH systems that dried faster, because they had a relative higher amount of 

THF, which is much more volatile than the ethanol and water (that evolved from the hydrolysed 

TEOS), and they are inherently more compliant to the shrinkage compared to more stiff 

compositions, that required a longer drying process to avoid formation of cracks.  

The cross-sections of the monoliths at low magnification (central column in Figure 4.10) give a 

clear indication of the different fracture modes of the samples basing on the I/O ratio. Specimens 

were fractured manually, hence no quantification could be done from the images. Qualitatively, 

the mode of failure was evidently brittle only for Si90-CL530-like, with failure induced by simply 

bending. For samples of the other compositions, it was necessary to combine bending and tearing 

in order to split the sample in two parts, resulting in an increasingly more irregular and 

segmented fracture surface as the organic content increased. The cross-sections appear all 

uniform, confirming that no macroscale phase separation occurred during hybrid synthesis at any 

composition. Some pores were sporadically detected: these are likely to be caused by pockets of 

solvent that had become trapped during the cast-drying process [239].  

A better control of the synthesis process and, particularly, of the solvent evaporation (for instance, 

by slowing down the drying step and/or reducing the empty volume between the top surface of 

the cast sol and the lid) was employed to reduce the presence of defects in both the surface and 

the core of the bulk material.  
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Figure 4.10. SEM images of hybrid samples of the five compositions made in disc shape (increasing SiO2 content from 

top to bottom). For each composition 3 micrographs are reported: free surface (left column, scale bar = 100 µm); 

cross-section at low magnification (central column, scale bar = 100 µm) and zoomed in at high magnification (right 

column, scale bar = 1 µm). 

At high magnification (right column in Figure 4.10), the fracture surface of Si90-CL530 exhibited 

the typical morphology of agglomerated silica nanoparticles formed in the silica gel by the sol-gel 

process [88], held together by the polymeric phase, which is in agreement with previous work on 

Class II hybrids with GPTMS-mediated coupling with comparable I/O ratio [109, 112]. Si0-CL530 

displayed again an agglomerate particle morphology but with larger particle size compared to 



  
 

155 

 

Si90-CL530, while intermediate compositions (Si80-CL530, Si70-CL530 and Si60-CL530) showed 

transition between the two extremes with a smoother surface and small spherical formations only 

occasionally visible. These results suggest that the hybrid morphology at the microscale strongly 

depends on the I/O ratio. Hybrids with relatively high silica content (38.7 wt.%) possess a 

structure that is more similar to the one observed on pure silica gel produced via sol-gel [88]. 

When the hybrid material is given only by the condensation of the functionalised polymer with 

GPTMS, resulting in a very low silica content (2.5 wt.%), the polymer morphology becomes 

predominant with larger spheroidal particles fused together: this is in agreement with the 

morphology observed on some copolymers of THF [240]. A good balance between the two phases 

seems to be achieved for inorganic contents ranging within 12-25 wt.%, preventing the 

prevalence of one phase to the other but showing a homogeneous fracture surface where no 

specific features are significantly present; this agrees with the uniform network of Si80-CL530 

detected by TEM analysis (Figure 4.8). 

Summary on the hybrid network characterisation  

Crack-free bulk SiO2/PTHF/PCL-diCOOH samples were made in a wide range of compositions 

(SiO2 content of 2.5 to 63.4 wt.%), following the innovative hybrid synthesis protocol that involves 

the polymerisation of THF in presence of GPTMS and BF3·OEt2. All samples macroscopically 

appeared transparent and XRD analysis confirmed their amorphous microstructure. 

The final I/O ratio was determined not only by the chosen TEOS/PCL-diCOOH ratio but also by 

the molecular weight of PCL-diCOOH and by the mould shape, as each of those factors influenced 

the THF CROP mechanism. Only a posteriori analysis on dried samples allowed the estimation of 

the PTHF abundance. The results of the characterisations with ATR-FTIR, 29Si MAS solid-state 

NMR and electron microscopy showed variations in: the chemical bonding, condensation of the 

silica network and in the morphology at the microscale respectively, in agreement with the 

changes in composition. 

The characterisation of the chemical bonding and the architecture of the hybrid network 

presented above spanned all types of samples and compositions and was performed throughout 

the duration of the project. This was of major importance to confirm the achievement of a real 

interpenetrating co-network and to distinguish the differences across the range of compositions 

that certainly have an impact on the different behaviour of the hybrids. This will be discussed in 

the next sections of this chapter, where a different approach will be used, describing step-by-step 

the path that, basing on the characterisation of the mechanical properties and the evaluation of 

the behaviour in wet conditions, took from the first series of cylindrical samples (i.e. more glassy 

compositions) to the series of specimens in disc shape (i.e. softer compositions).  
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4.3.3 HYBRID CYLINDRICAL SAMPLES: COMPRESSIVE TESTING AND BEHAVIOUR IN 

WET ENVIRONMENT 

The first series of hybrid monoliths were made in in cylindrical shape in order to characterise 

their response in compression. Based on the theoretical expectations of I/O content (without 

knowing that PTHF was going to form), it was decided to use a minimum TEOS/PCL ratio of 80/20 

wt.% to guarantee hybrids with roughly equal inorganic and organic contents (Table 4.2); from 

that, four compositions with increasing TEOS fraction of 5 wt.% were prepared with the two 

available PCL-diCOOH molecular weights. 

Compressive testing and DMA on as prepared samples  

One of the objectives of making hybrid materials for biomedical applications was increasing the 

toughness of brittle bioactive glasses, exploiting the interpenetration at the molecular level of the 

organic and inorganic components [5]. As mentioned in Section 3.4.5, it was already noticed 

macroscopically that the synthesis of the hybrid system containing SiO2, PTHF and PCL-diCOOH 

allowed the production of large glass-based monoliths characterised by surprising flexibility and 

toughness, never observed before in hybrid materials containing the same phases; it was also 

proven that more flexible samples can bounce. As prepared samples of the eight compositions 

made in the shape of cylindrical monolith (H/W ≥ 1) were compressed to failure following the 

protocol described in Section 4.2.4; the results are summarised in Table 4.4 and Figure 4.11.  

 

Table 4.4. Compression testing on cylindrical samples: conventional and true values of stress and strain at failure for 

the eight investigated compositions, in order of increasing SiO2 content (determined from TGA). Values are reported 

as mean ± standard deviation. 

SiO2 wt.% Sample ID c at failure 
(MPa) 

c at failure 
(%)

* at failure 
(MPa) 

* at failure 
(%)

21.0 Si80-CL530 3.3 ± 0.9 27.9 ± 3.3 2.3 ± 0.5 32.8 ± 4.5 
25.3 Si85-CL530 5.4 ± 1.4 19.6 ± 3.4 4.3 ± 1.0 21.8 ± 4.2 
31.7 Si80-CL2000 13.4 ± 3.7 10.1 ± 2.0 12.0 ± 3.0 10.6 ± 2.2 
34.1 Si90-CL530 23.4 ± 4.8 13.8 ± 2.7 20.1 ± 3.5 14.9 ± 3.1 
41.6 Si85-CL2000 31.2 ± 4.0 7.1 ± 0.7 29.0 ± 3.7 7.3 ± 0.7 
48.4 Si95-CL530 36.6 ± 11.5 5.4 ± 0.7 34.7 ± 10.9 5.5 ± 0.7 
48.8 Si90-CL2000 41.4 ± 14.3 7.6 ± 1.2 38.3 ± 13.1 8.0 ± 1.3 
63.4 Si95-CL2000 77.0 ± 12.2 4.3 ± 0.2 73.6 ± 11.8 4.4 ± 0.2 
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Figure 4.11. Compression testing on cylindrical samples: a) typical stress-strain curves (true values) for the eight 

investigated compositions, with a zoom in the initial part (* = 0-12 % and * = 0-10 MPa); b) average true stress at 

failure with composition; c) average true strain at failure with composition, with photos showing as example the 

increasing deformation of a Si80-CL530 specimen. (Error bars in b) and c) represent the standard deviation). 

 

Firstly, during the test it was observed that the hybrid samples, independently from the 

composition, were characterised by an elastomeric behaviour: in fact, they exhibited non-linear 

stress-strain plots with an increase of the slope of the tangent to the - curve with progressive 

compression, but samples were able to recover their initial height if the load was released before 

fracture. The curvature of the plot was particularly evident in the initial part, as displayed in 

Figure 4.11a, which shows a zoom in true stress-strain graph across the compositions in the range 

0-12 % of * and up to 10 MPa in *. The same trend was maintained until fracture for samples 

with low I/O ratio (up to 34.1 wt.% SiO2, Si90-CL530), whereas it tended to linear for 

compositions with high I/O ratio (from 41.6 wt.% SiO2, Si80-CL2000), in agreement with their 

more glassy, thus brittle, nature. No yield point followed by plastic deformation was recorded for 

any sample up to failure. Looking qualitatively at the failure mode, it was observed that for lower 

stiffness samples, when maximum barrelling (i.e. increase in cross-sectional area) was reached, 
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small fragments broke off from the lateral surface, leaving intact the bulk core, which was able to 

recover the deformation after the test. Stiffer samples, instead, failed by cracking along the 

direction of the applied force and resulting in a chipped sample. 

An increase in inorganic fraction generally caused the failure stress to increase and strain at 

failure to decrease (Figure 4.11b and c and Table 4.4), as expected. The only anomaly is the strain 

of Si90-CL2000 sample, whose deviation from the trend (towards a higher value) cannot be 

explained by the error margin. However, the adjacent sample (Si95-CL530) is very close both in 

silica content and strain %, with a very small standard deviation, calculated on only 3 replicates. 

Testing more samples of both compositions would increase the significance of the results and 

would allow resolving better the behaviour in that interval of compositions. 

Figure 4.11 displays only true stress and strain, but the same trend is kept for conventional values 

(Table 4.4). Herein it was clearly demonstrated that, depending on the I/O ratio (between 

21.0/79.0 and 63.4/36.6 wt.%), the behaviour spanned the continuum of properties between 

polymers composites (for which true values are more suitable) and organically-modified silica 

glass (for which conventional values are normally used), with the transition occurring at ~35-40 

wt.% of silica. For instance, an evident barrelling (change in cross-sectional area) of the Si80-

CL530 cylinder under compression was visible in the inset in Figure 4.11c. This poses a problem 

for their mechanical characterisation. Thus, even if the information gathered in either cases is the 

same, to be thorough it was decided to report both conventional and true values – the latter 

corresponding, in compression, to higher strains and lower stresses. 

Further confirmation of the diversity of behaviour can be given by the evaluation of the stiffness 

of the samples: this is usually expressed as Young’s modulus, which is calculated from the gradient 

of the stress and strain in the linear elastic region of - curves. From Figure 4.11a it can be 

qualitatively observed that the stiffness increased as silica content increased, as the plots’ 

gradients increased from Si80-CL530 to Si95-CL2000. However, the Young’s modulus could not 

be calculated because of the non-linear behaviour. Therefore, it was decided to perform DMA, 

which allows the measurement of the storage modulus (E’, expression of the energy stored in the 

elastic portion) as a response to the dynamical loading. Although not directly comparable to the 

commonly used Young’s modulus, E’ still gives a reliable indication of the stiffness for elastic 

deformation (Section 2.4.2), that can be used to compare compositions. Since the tangent to the 

- curve increased with the strain during the test, it was decided to run the DMA test in a region 

at the very beginning of the plot in which the stress-strain curve could be approximated as elastic, 

so that the measured E’ was representative of the minimum stiffness of the hybrids. To this end, 

given the remarkable differences among hybrid compositions, a fair comparison was guaranteed 

by running the test under force-control in a range (5-15 N) in which the behaviour of all samples 
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could be considered elastic, as checked from tan(δ) values. Based on these decisions, DMA in 

compression was carried out, as described in Section 4.2.4, on the range of hybrid compositions 

at 16 frequencies from 0.01 Hz to 10 Hz, which can be considered representative of the 

physiological loading frequency of articular cartilage in vivo [23, 32, 241]. 

Table 4.5 shows the effect of composition on the storage modulus (also graphically displayed in 

Figure 4.12a), loss modulus and loss tangent of the hybrids at a frequency of 1 Hz. There are two 

main points to note from this. First, according to expectation, when the wt.% of inorganic phase 

increased, both the storage and loss moduli increased significantly. Second, for all samples E’ was 

1-3 orders of magnitude higher than E’’, as visible by the very low values of tan() (which is 

calculated as E’’/E’ ratio), rendering negligible the data representative of the dissipative 

behaviour and confirming that the response of the material in the considered stress-strain region 

was elastic.  

Figure 4.12b shows the effect of the frequency change on the DMA parameters for a representative 

sample: it is evident that E’, E’’ and tan() were relatively constant in the range 0.01-10 Hz, hence 

it is reasonable to consider the values in Figure 4.12a, obtained at 1 Hz, representative of the 

investigated frequency range.  

 

 

Table 4.5. DMA in compression on cylindrical samples at a frequency of 1 Hz: storage modulus (E’), loss modulus (E’’) 

and loss tangent (tan()) for the eight investigated compositions, in order of increasing SiO2 content (determined 

from TGA). Values are reported as mean ± standard deviation. 

SiO2 wt.% Sample ID E’ (MPa) E’’ (MPa) tan() 
21.0 Si80-CL530 4.9 ± 0.3 0.04 ± 0.01 0.008 ± 0.002 
25.3 Si85-CL530 10.3 ± 2.4 0.15 ± 0.02 0.015 ± 0.002 
31.7 Si80-CL2000 50.4 ± 8.2 0.86 ± 0.21 0.017 ± 0.002 
34.1 Si90-CL530 76.1 ± 14.0 1.46 ± 0.67 0.022 ± 0.001 
41.6 Si85-CL2000 111.3 ± 37.0 1.75 ± 0.62 0.016 ± 0.001 
48.4 Si95-CL530 209.1 ± 3.8 3.72 ± 0.42 0.018 ± 0.002 
48.8 Si90-CL2000 235.6 ± 50.7 3.81 ± 0.66 0.016 ± 0.002 
63.4 Si95-CL2000 442.0 ± 59.4 6.47 ± 1.27 0.015 ± 0.002 
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Figure 4.12. DMA in compression on cylindrical samples: a) variation of the storage modulus with the composition at 

a frequency of 1 Hz; b) typical variation of storage and loss moduli and loss tangent with the frequency (data obtained 

on samples from the Si90-CL530 series). Error bars represent the standard deviation. 

The trends of increasing stress and storage modulus and decreasing strain as SiO2 content 

increased were only dependant on the final I/O ratio, but not significantly affected by the Mn of 

the starting PCL-diCOOH (beside the effect that this has on the polymerisation of THF). This 

outcome suggests that, between the two organic components, PTHF is the one that mainly 

influences the mechanical behaviour of the hybrid system, in accordance with the observation 

that it always exceeded the other organic components (deriving from PCL-diCOOH and GPTMS) 

in the prepared compositions. In fact, the behaviour of PCL has been reported to be ductile with 

initial limited linear elastic deformation, followed by a large area of plastic deformation, not 

recoverable at RT [242], whereas PTHF alone does not possess interesting mechanical properties, 

being a waxy polymer that starts melting at RT, but has an important role as soft segment in many 

elastomers [206, 207]. A similar effect is, hence, hypothesised in the hybrid system, where the 
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unique combination of PTHF with silica and PCL-diCOOH is responsible for unprecedented 

mechanical properties for a silica-based hybrid material.  

With a view to the final aim of developing scaffolds for bone/cartilage tissue regeneration, the 

evaluation of properties of the hybrid material in compression – one of the main stresses 

encountered in joints – is undoubtedly very important. However, not many publications are 

currently available in literature on the uni-axial compressive testing of materials of the same class, 

because of the difficulties in obtaining crack-free sol-gel hybrid monoliths with suitable 

dimensions [5]. Poologasundarampillai et al. highlighted the effect of the H/W ratio of cylinders 

on the mechanical properties of SiO2-CaO/-PGA, recommending a value of H/W ≥ 1 [109]. This is 

the reason why a minimum H/W of 1 was also used in the present work. Poologasundarampillai 

et al. reported SiO2-CaO/-PGA hybrids containing ~50 wt.% inorganic with 64.2 ± 20 MPa of 

compressive strength and 2.0 ± 0.3 GPa of Young’s modulus [109]. Chung et al. prepared 

poly(MMA-co-TMSPMA) hybrid monoliths containing 70 wt.% organic, which displayed an elastic 

deformation to yield (stress and strain approximately in the range 25-60 MPa and 4-6.3 % 

respectively, depending on the polymer architecture), followed by a plastic deformation until 

failure (occurring at ~70-85 MPa of stress and ~21-28 % of strain) [115]. Both hybrid materials 

showed reduced stiffness compared to pure sol-gel derived bioactive glass [171] but they were 

much more stiff than the SiO2/PTHF/PCL-diCOOH hybrids and had a lower range of strains across 

which they maintained the ability to recover.    

PCL [132] and PTHF [230, 231] have been proven to provide toughness to Class II glass-based 

hybrids using ICPTS as coupling agent, but only characterisation in tension was reported, 

therefore the direct comparison will follow in Section 4.3.4, where the tensile properties of 

SiO2/PTHF/PCL-diCOOH hybrids will be discussed. 

Behaviour of cylindrical samples in PBS  

With a view of using the SiO2/PTHF/PCL-diCOOH hybrids for tissue regeneration, it was 

important to assess their behaviour in conditions that simulate the human body environment. 

Thus, after having mechanically characterised the cylinders in dry conditions, they were soaked 

in PBS at 37°C for 7 days as described in Section 4.2.3. PBS was preferred to SBF, which is richer 

in ions and is required to evaluate the bioactivity of a sample, because no calcium was 

incorporated in the system, thus no bioactive behaviour was expected.  

Each cylindrical sample was polished as for compression and immersed in 125 mL of PBS; 

considering the average dimensions of the cylinders, this would allow a ratio of approximately 3.4 

mm2 mL-1 between the sample exposed surface and the PBS volume. Figure 4.13 shows 

photographs of the macroscopic aspect of three exemplifying samples with increasing I/O ratio – 
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Si80-CL530, Si90-CL530, Si85-CL2000 – before the test (1st column), during the test when still 

immersed in PBS (2nd column) and after having been removed from the solution and dried at RT 

in air (3rd and 4th columns). 

 

Figure 4.13. Macroscopic variations with the composition of the behaviour of cylindrical samples in PBS for 7 days. 

The first evident observation regards the behaviour of samples still in solution, which indicates a 

clear threshold in the SiO2 content. Hybrids with a maximum inorganic wt.% of 34.1 (Si90-CL530) 

did not change in volume (neither swelling or shrinkage were observed, due to the balance 

between hydrophilic SiO2 and hydrophobic PTHF and PCL-diCOOH) and did not show any defect 

up to 7 days in PBS. The only macroscopic difference consisted in the fact that samples became 

translucent: this effect seems to be more evident towards their core, but it is believed that this is 

only an optical artefact given by the greater thickness of the sample when observed in the centre 

compared to the sides. Hybrids with higher SiO2 contents (≥ 41.6 wt.%) still did not show 

noticeable signs of swelling but they first cracked and then shattered inside the solution after few 

hours of immersion. 

After having removed the specimens from PBS, different consequences of the drying at RT were 

observed depending on the composition: Si80-CL530 cylinders gradually went back to their 

original transparent aspect without defects, following a process that started from the surface and 

slowly moved towards the inner part; Si90-CL530 also went back to their transparent appearance 

with increasing drying, but at the same time they gradually cracked, ending up in few chunks; the 
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dried fragments of Si85-CL2000 showed a net of cracks all over their volume and could be easily 

crushed manually. 

The immediate outcome of this test, based on simple macroscopic observation, consists in the fact 

that the use of bulk hybrid samples containing more than ~35-40 wt.% of silica is not compatible 

with an aqueous environment, therefore the compositions identified as Si95-CL530, Si85-CL2000, 

Si90-CL2000 and Si95-CL2000 were discarded for the following parts of this thesis. 

With regards to samples that survived in solution, the translucency indicates some change in their 

refractive index; the effect was seen to be fully reversible, since hybrids recovered their 

transparent appearance when dry. Considering the whole range of samples, a tendency to form 

cracks increased as the inorganic content increased, which can be explained as a combination of 

two factors. 

First, it is hypothesised that there may have been some water uptake due to the attraction of the 

polar water molecules from the hydrophilic silica component in the hybrid, which is in contrast 

with the hydrophobic nature of both PCL [243] and PTHF [222, 223]. Kamitakahara et al. 

previously described the penetration of water in the interior of TiO2/PTHF hybrids, despite the 

hydrophobicity of the polymer [232]. The amount of adsorbed water by SiO2/PTHF/PCL-diCOOH 

hybrids was anyway quite limited, so that no changes in volume were noticed. Hence, it is believed 

that the polymers tend to rearrange in a different chain organisation that limits the contact with 

water, to which they have poor affinity, and this adjustment, since it happens in the already solid 

material, can produce a change in the refractive index. In addition, the water uptake and the 

following rearrangement may also cause some internal tensions (at the molecular level) between 

the hydrophobic organic components and the hydrophilic inorganic phase. Since it is due to the 

affinity with silica, the water uptake and the consequent internal stress have a higher impact on 

samples containing high inorganic fraction. Consistent with this hypothesis and considering the 

brittle-like behaviour of more glassy compositions, hybrids cracked above the limit of 35-40 wt.% 

of silica, because they could not accommodate the arisen tensions. For lower silica percentages, 

instead, the water uptake was limited and the hybrids achieved an equilibrium when in PBS, 

where their integrity was preserved. During drying after soaking, water was removed and 

everything tended to go back to the initial state. At that point, a further distinction could be 

observed depending on the amount of polymer, whose rearrangement played a crucial role: for 

highly polymeric hybrids (e.g. Si80-CL530), limited stresses were involved and the percentage of 

organic was enough to accommodate variations over drying; vice versa, for Si90-CL530, the lower 

organic content was not able to compensate the fast release of the higher stresses (because of the 

higher percentage of hydrophilic phase), resulting in the formation of cracks.  
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In addition, PCL is known to be a slowly biodegradable polymer [63, 243, 244], thus it could be 

partially released in solution, which could contribute to the changes in the hybrid structure and 

network and the increase in the relative inorganic content, which were responsible for the 

observed macroscopic behaviours. A better understanding of the biodegradation of 

SiO2/PTHF/PCL-diCOOH hybrid samples is discussed in the following section. 

Degradation in PBS  

Considering samples that did not crack when in solution, the two boundary compositions (Si80-

CL530 and Si90-CL530) were further characterised to evaluate the degradation mechanism. To 

do that, after soaking in PBS for 7 days at 37°C and 120 rpm, specimens were dried in air at RT for 

several days, after which Si80-CL530 cylinders went back to their original appearance, whereas 

Si90-CL530 ones split in large pieces (as previously shown in Figure 4.13). 

Since samples were weighed before immersion, the percentage of lost mass was calculated by 

weighing them again after the test: the mass loss was equal to 8.29 ± 0.23 % for Si80-CL530 and 

7.43 ± 0.19 % for Si90-CL530, demonstrating that part of the hybrid material was released in 

solution. To determine the released phase(s), the characterisations described here below were 

carried out. 

ICP-OES was performed (Section 4.2.3) revealing negligible Si release, as it never exceeded 1           

µg mL-1 in the whole period of soaking. This is in accordance with the previously reported high Dc 

of the silica network (Table 4.3), and a relatively low abundance of Si-OH vibration band (Figure 

4.6c). This also suggests that the loss of material was almost completely ascribable to the 

degradation of the polymeric component.  

This was further supported by DSC/TGA performed on both series of samples. TGA showed a 

decrease of wt.% of burnt-out organic phase compared to that observed before soaking. 

Consistent with the trend displayed in Figure 4.5c, DSC trace showed a shift towards lower 

temperatures of the second peak, which also exhibited a decrease in the relative intensity to the 

first peak. A summary of the variations is reported in Table 4.6. 

Table 4.6. Variations in results of DSC/TGA analysis after soaking cylindrical samples in PBS for 7 days. 

Sample ID 

I/O ratio (wt.%)  
from TGA 

T 1st peak (°C)  
from DSC 

T 2nd peak (°C)  
from DSC 

Before 
soaking 

After 
soaking 

Before 
soaking 

After 
soaking 

Before 
soaking 

After 
soaking 

Si80-CL530 21.0/79.0 22.7/77.3 183.0 192.3 325.3 276.8 
Si90-CL530 34.1/65.9 37.5/62.5 209.5 218.0 269.9 250.1 
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Final proof of which phase was lost on soaking was attained by combining all the above results as 

follows. Assuming that the mass lost over the 7 days was due completely to the release of organic 

phase in solution (based on ICP), it was possible to calculate the theoretical post-soaking I/O ratio.  

For instance, considering a total hybrid mass of 100 g of Si80-CL530 composition, the initial 

hybrid contained 21 g of SiO2 and 79 g of polymer. Upon soaking, 8.3 g mass was lost. If all mass 

lost were polymer, this would leave 21 g inorganic and 70.7 g organic in the hybrid, which 

corresponds to a theoretical I/O ratio of 22.9/77.1 wt.%, which is comparable to the actual ratio 

of 22.7/77.3 wt.% measured with TGA. 

The same calculations can be repeated on Si90-CL530, leading to a theoretical I/O ratio of 

36.8/63.2 wt.%, which is similar to the actual ratio of 37.5/62.5 wt.% measured with TGA. The 

slightly higher discrepancy compared to Si80-CL530 can be also due to the error in measuring the 

mass loss by weighing Si90-CL530 fractured rather than intact samples after soaking. 

It was then concluded that only organic phase was released over the 7 days. Tian et al. [64] and 

Rhee et al. [130, 131] showed that the weight loss of the silica-based hybrids containing PCL in 

PBS mostly came from the degradation of PCL phase, with negligible release from the silica phase. 

Pol et al. experimentally proved the stability of PTHF when soaked in PBS at 37°C for three months 

[223]. Thus it was expected that PCL-diCOOH was the only polymer degraded during the test. This 

was confirmed qualitatively by comparing ATR-FTIR analysis performed on the powders obtained 

by manually grinding samples completely dried after soaking in PBS with the one obtained from 

as-prepared samples. Figure 4.14 highlights the spectra of Si90-CL530 composition, which clearly 

show that the only remarkable change consisted in the decrease of the C=O stretch vibration 

around 1725 cm-1, which is the principal band of PCL [197, 198], relatively to all other absorption 

bands. Same variation was observed on Si80-CL530 series (data not shown). 
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Figure 4.14. Comparison between ATR-FTIR spectra of Si90-CL530 hybrid powders before (dotted line) and after 

(solid line) the test in PBS. Spectra were normalised on the maximum around 1100 cm-1, since it was demonstrated 

that the soaking did not induce significant variations in the silica network. 

To be able to detect the released phase in aqueous environment with liquid-state NMR, an 

additional experiment was performed by soaking a Si80-CL530 sample in deuterium oxide (D2O). 

After 2 days of soaking, the sample was removed and the D2O containing the products of its 

degradation was then characterised with 1H-NMR. This was compared to pure PCL diol of Mn 530 

Da and PTHF of Mn 2000 Da, whose spectra were re-collected in the same solvent. Neither PCL or 

PTHF are soluble in water, so both polymers did not dissolve in D2O but led to a cloudy suspension, 

which was not ideal for the NMR analysis but was enough to detect their typical fingerprints. The 

resulting spectra are displayed in Figure 4.15: it appears evident that the spectrum collected on 

Si80-CL530 degradation products included all the peaks typical of PCL diol. Small variations in 

their multiplicity could be due to PCL being present in the oxidised form in the hybrid system and, 

also, to incomplete solubilisation of PCL diol in deuterium oxide. PTHF showed two main peaks at 

1.55 and 3.46 ppm, plus two smaller peaks at both sides of the second one: no certain information 

can be derived from the first peak because it overlaps PCL one, but the total absence of any trace 

of the peaks at higher chemical shifts in the hybrid spectrum is a further indication that PTHF was 

not released by the SiO2/PTHF/PCL-diCOOH hybrid upon soaking. 
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Figure 4.15. 1H-NMR spectra of the dissolution products of Si80-CL530 hybrid (top), PCL diol with Mn = 530 Da 

(middle) and PTHF with Mn = 2000 Da (bottom). 

Having understood that the lost phase was prevalently PCL-diCOOH, the average value of mass 

loss can be interpreted in relation to the hybrid compositions detailed in Table 4.2. For Si80-

CL530, Δm = 8.29 wt.% corresponds to the release of 10.5 % of the total organic phase and 37.9 

% of the estimated pre-formed organic content (%orge) that contains PCL-diCOOH contribution; 

for Si90-CL530, Δm = 7.43 wt.% corresponds to the release of 11.3 % of the total organic phase 

and 42.9 % of the estimated %orge. It can be concluded that the fraction of organic loss upon 

soaking was comparable between different compositions, with slightly higher values for the 

hybrid material containing more SiO2. Since the same analysis will be repeated for the hybrids 

tested in tension, these results will be thoroughly discussed in Section 4.3.4. 

Effect of soaking in PBS on mechanical properties in compression  

The mechanical properties of Si80-CL530 and Si90-CL530 cylinders were evaluated again after 

soaking in PBS for 7 days. In order to simulate as much as possible the human body environment, 

the ideal setup would require to test the samples while still in solution in order to avoid any 

influence of the following drying, which does not happen in vivo. Unfortunately, this was not 

feasible due to limitations in the available machine accessories, hence it was decided to test each 

specimen right after having taken it out from PBS: even if the drying process starts from the 
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moment the sample is removed from the solution, it required ~1 h to affect significantly the 

macro-behaviour of the hybrid samples, therefore this setup (~20 minutes for each DMA test) can 

be considered a good approximation of a test under immersion conditions. 

DMA testing was repeated in order to evaluate the changes in stiffness. Table 4.7 summaries the 

changes in the DMA properties of Si80-CL530 and Si90-CL530 hybrids at 1 Hz, together with the 

variations in SiO2 wt.% measured with TGA, after the test in PBS. These values can be considered 

representative of the investigated frequency range because, consistent with what observed on dry 

samples, E’, E’’ and tan() exhibited relatively constant trends in the range 0.01-10 Hz (data not 

shown).  

Table 4.7. Summary of the results of DMA in compression on cylindrical samples at a frequency of 1 Hz before and 

after soaking in PBS for 7 days: storage modulus (E’), loss modulus (E’’) and loss tangent (tan()) for the two 

investigated compositions. Values are reported as mean ± standard deviation. SiO2 content determined from TGA. 

Sample ID SiO2 wt.% E’ (MPa) E’’ (MPa) tan() 

Si80-CL530 
Before soaking 21.0 4.9 ± 0.3 0.04 ± 0.01 0.008 ± 0.002 

After PBS 7 days 22.7 8.9 ± 0.6 0.07 ± 0.02 0.008 ± 0.002 

Si90-CL530 
Before soaking 34.1 76.1 ± 14.0 1.46 ± 0.67 0.022 ± 0.001 

After PBS 7 days 37.5 112.5 ± 5.9 2.06 ± 0.37 0.018 ± 0.002 
 

The negligible values of tan() confirmed again that the dynamic response of the samples was 

elastic in the considered - region, therefore the attention was focused on E’ as representation 

of the initial stiffness. Figure 4.16 graphically displays the values of E’ after soaking in comparison 

with E’ of the as-prepared hybrid materials made from PCL-diCOOH with Mn = 530 Da (reproduced 

from Figure 4.12a). In Figure 4.16a the storage modulus is plotted against the original 

composition, clearly showing an increase in the stiffness after soaking, which is in accordance with 

the reduction in the relative organic content due to the loss of PCL-diCOOH. As shown in Figure 

4.16b, when the same data are plotted against the actual composition (i.e. taking into account the 

increase in inorganic percentage after soaking), it becomes clear that all samples follow the same 

trend according to their SiO2 content, regardless of whether they have been soaked in PBS or not. 

This demonstrates that, for hybrids with a maximum initial silica content ~35 wt.%, the soaking 

did not significantly decrease their mechanical properties in compression, but only changed the 

compressive behaviour proportionally to their variation in composition. 
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Figure 4.16. Variation of the storage modulus with the composition at a frequency of 1 Hz, calculated from DMA in 

compression on cylindrical samples. E’ values for the four as-prepared hybrids containing PCL-diCOOH of Mn 530 Da 

are compared with E’ values for Si80-CL530 and Si90-CL530 after having been soaked for 7 days in PBS: a) Average E’ 

relative to the starting SiO2 content (i.e. measured with TGA before soaking); b) Average E’ plotted against the actual 

SiO2 content (i.e. re-measured with TGA after soaking). Error bars represent the standard deviation. 

 

Outcomes of the characterisation of cylindrical hybrids  

In conclusion, the mechanical characterisation of cylindrical SiO2/PTHF/PCL-diCOOH hybrid 

samples with an inorganic content ranging between 21.0-63.4 wt.% demonstrated that this 

innovative class of materials possesses elastomeric behaviour, with PTHF incorporation 

providing the ability to recover almost the full deformation if the load is released before fracture. 

This represents an unprecedented advantage never reported in literature for other covalently-

bonded hybrid systems for applications in bone and cartilage regeneration [7, 104, 109, 112, 115, 

132, 137, 230, 231]. It was also demonstrated that, by changing the composition, the hybrids 

spanned a wide range of properties, from a rubber-like to a glass-like behaviour, useful feature in 

a view of tailoring the material to the desired final application. 

The soaking in PBS revealed, though, that hybrid compositions with an inorganic content above 

approximately 35-40 wt.% were not compatible with an aqueous solution, where they severely 

cracked or even shattered. It is hypothesised that, in fact, the hybrid network undergoes some 

modifications in wet environment due to the combination of internal stresses generated by water 

uptake and loss of part of the PCL-diCOOH incorporated in the network. It was indeed verified that 

polycaprolactone was the only phase released in PBS, whereas PTHF and SiO2 were fairly stable. 

It was then also demonstrated that, for compositions that survived the immersion in a water-
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based solution, the mechanical properties were maintained over degradation, showing an 

increase of stiffness that is consistent with the changes in the I/O ratio. 

Since the ultimate project goal was to prepare scaffolds to be implanted in the human body, the 

material must resist in wet environment. Therefore, on the basis of the outcomes of the study on 

cylinders, it was decided to focus the next step of this thesis on hybrids with an inorganic fraction 

below 35-40 wt.%. Furthermore, since the final aim of the study in the bulk form was to identify 

the best compositions for 3D printing, it was also decided to reduce the variables and use only the 

short PCL-diCOOH (Mn = 530 Da) from here on. This was driven by the fact that three out of four 

compositions that did not crack in water were already made with this polymer, which also, in 

comparison with PCL-diCOOH of Mn 2000 Da, allowed the formation of a relatively higher ratio of 

PTHF, which resulted to be essential in providing the remarkable flexibility to the system. 

The investigation of the mechanical properties in dry and wet conditions of the new series of 

samples was repeated in a similar manner as done on cylinders and it is the topic of Section 4.3.4, 

that will allow drafting more definitive conclusions. 

 

4.3.4 HYBRID DISCS: TENSILE TESTING AND BEHAVIOUR IN WET ENVIRONMENT 

As consequence of the analysis on cylinders, the second part of the investigation of the bulk 

mechanical properties focused on the five compositions made in shape of disc as detailed in Table 

4.1. Si80-CL530 and Si90-CL530 were tested, in addition to two new compositions, reducing the 

relative nominal TEOS content of 10 wt.% at each step (Si70-CL530 and Si60-CL530), and a 

sample that did not contain TEOS (Si0-CL530).  

The choice of changing the shape was dictated by the fact that hybrids with high organic content 

were low stiffness, which made them difficult to machine. Low stiffness, tough materials are 

usually tested in tension. Rectangular specimens were cut from the hybrid discs shown in Figure 

4.4, a procedure that resulted to be an efficient way to get reproducible samples without damaging 

them. The same surface (45×10 mm2) was guaranteed for all specimens, while the thickness was 

determined by the inherent shrinkage of the specific disc, resulting in the range 0.6-2 mm. As done 

for cylinders, these samples were tested in tension as-prepared, then soaked in PBS and re-

characterised. The effect of the aqueous environment on sample appearance and on the I/O ratio 

will be discussed, followed by the comprehensive description of the mechanical properties before 

and after immersion.   
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Behaviour of rectangular samples in PBS  

Rectangular samples of all the five investigated compositions were soaked in PBS at 37°C and 120 

rpm for 7 days, at the end of which they were removed from PBS and, when not mechanically 

tested, dried at RT in air for 5 days. Each specimen was soaked in 125 mL of PBS, that, considering 

the average dimensions of the rectangular samples, would allow a ratio of approximately 8.3 mm2 

mL-1 between the sample exposed surface and the PBS volume. 

Samples of all the compositions did not crack when in solution, with the only visible effect being 

loss of transparency, which was more evident as organic content increased (Figure 4.17). This 

observation supports the hypothesis that a rearrangement of the hydrophobic polymeric chains 

occurred when in contact with water, leading to a variation in the refractive index, which may be 

enhanced by the high surface/volume ratio and the low SiO2 content compared to cylinders and 

combined with the expected partial polymer loss. 

 

Figure 4.17. Macroscopic variations of the appearance of rectangular hybrid samples at the 7 day time point in PBS. 

When removed from PBS and dried at RT, all samples, except for the most glassy composition, 

went back to their original aspect without showing noticeable defects. As visible in Figure 4.18, 

Si90-CL530 composition, instead, showed the formation of cracks, which grew during drying and 

resulted in a network of cracks throughout the sample. This was consistent with the behaviour of 

Si90-CL530 cylinders, considering also that rectangular samples were characterised by a higher 

SiO2 content (38.7 wt.% vs. 34.1 wt.%, as explained in Section 4.3.2). 

 

Figure 4.18. Example of Si90-CL530 samples during drying after soaking in PBS for 7 days: a) immediately after 

being removed from PBS, with no visible defects; b) when drying was completed, showing extensive crack formation. 



  
 

172 

 

The effect of soaking on rectangular samples was also assessed through SEM imaging. Figure 4.19 

shows, for instance, SEM images of the surface of hybrid samples from the two compositions at 

the limits of the investigated range (Si0-CL530 and Si90-CL530), before and after soaking in PBS 

for 7 days. Samples were completely dried before imaging. In both cases, there was a clear change 

in the surface appearance after soaking. As expected, the completely smooth surface of Si90-

CL530 (Figure 4.19c) cracked because of the immersion in PBS (Figure 4.19d). The sample with 

lowest silica content, Si0-CL530, also had a different morphology at the microscale, showing a 

smoother surface (Figure 4.19b1 and b2) compared to its as-prepared surface (Figure 4.19a1 and 

a2), although it went back to the original macroscopic appearance at the completion of drying: this 

is believed to be the residual effect of the combination of the degradation of the organic 

component and the rearrangement of the hydrophobic polymer in contact with water. 

 

Figure 4.19. SEM images of the surface of Si0-CL530 and Si90-CL530 samples before and after soaking in PBS. Scale 

bar: a1, b1) 100 µm; a2, b2) 10 µm; c, d) 500 µm. 
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Degradation in PBS  

To explain observations at the macro- and microscale, the quantification of the degradation of 

rectangular samples in PBS was repeated as it was for cylinders. First, the mass loss of the bulk 

samples was measured as difference between the weight before the test and when completely 

dried after soaking (Table 4.8), confirming that something was lost upon soaking. Collected PBS 

solutions were then analysed with ICP-OES to assess if there was any Si release, but, consistent 

with that observed on cylinders, there was again negligible Si content, indicating that what was 

lost came from the organic components.  

Each composition, when completely dried from PBS, was then analysed with DSC/TGA: a 

summary of the values of I/O ratio and two characteristic burn-out temperatures was compared 

with the original results before soaking (Table 4.8). The trends were consistent with expectations, 

showing a relative increase of the inorganic wt.%. Following the same procedure described in 

Section 4.3.3 (page 165), the theoretical post-soaking I/O ratio was calculated for each hybrid 

composition under the hypothesis that all the mass reduction was due to polymer (Table 4.8). The 

similarity between the actual and the theoretical I/O ratios gave a further confirmation that it was 

mainly the polymer that was lost upon soaking whilst loss of the silica fraction was negligible.  

Table 4.8. Effect of soaking in PBS for 7 days on rectangular samples: variations in results of DSC/TGA analysis (2nd, 

3rd and 4th column); mass loss (5th column); theoretical I/O after soaking, assuming that all the mass loss is ascribable 

to the organic component (6th column). 

Sample ID 
I/O ratio 
(wt.%) 

from TGA 

T 1st peak 
(°C) 

from DSC 

T 2nd peak 
(°C) 

from DSC 

Mass loss 
after soaking 

(wt.%) 

Theoretical I/O 
ratio after soaking 
(wt.%) - predicted 

Si0-CL530 
Before soaking 2.5/97.5 182.5 407.1 - - 

After PBS 7 days 5.0/95.0 188.8 345.4 13.4 ± 0.2 2.9/97.1 

Si60-CL530 
Before soaking 12.3/87.7 181.0 379.2 - - 

After PBS 7 days 14.2/85.8 188.6 340.9 12.9 ± 0.3 14.1/85.9 

Si70-CL530 
Before soaking 17.4/82.6 178.5 356.6 - - 

After PBS 7 days 19.3/80.7 186.9 299.0 15.3 ± 0.4 20.5/79.5 

Si80-CL530 
Before soaking 24.7/75.3 175.7 318.5 - - 

After PBS 7 days 28.8/71.2 205.7 255.1 17.6 ± 0.7 30.0/70.0 

Si90-CL530 
Before soaking 38.7/61.3 202.8 258.8 - - 

After PBS 7 days 43.0/57.0 212.2 255.0 17.1 ± 0.6 46.7/53.3 
 

ATR-FTIR on all the compositions replicated the variation highlighted in Figure 4.14, revealing 

that the peak corresponding to the C=O stretch (i.e. absorption band representative of PCL) 

decreased significantly on soaking relatively to all other absorption bands (data not shown).  

The combination of all these results confirmed that, as concluded from the analysis of cylinders, 

PCL-diCOOH was the main phase lost upon soaking. Thus, it was again possible to interpret the 
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average values of mass loss (Table 4.8) in relation to the hybrid compositions detailed in Table 

4.2. Table 4.9 reports mass loss as a percentage of the total organic content (measured with TGA) 

and as a percentage of the estimated pre-formed organic content deriving from PCL-diCOOH and 

GPTMS (%orge).  

Table 4.9. Mass loss of hybrids after 7 days in PBS as % of: a) the total organic content; b) the estimated pre-formed 

organic content. Values in a) are calculated as the percentage ratio between average mass loss and the actual organic 

content measured with TGA (Table 4.2). Values in b) are calculated as the percentage ratio between average mass loss 

and %orge (Table 4.2). 

Sample ID 
a) Fraction of organic 
component lost after 

7 days in PBS (%) 
b) Fraction of %orge lost 
after 7 days in PBS (%) 

Si0-CL530 13.7 85.1 
Si60-CL530 14.7 48.2 
Si70-CL530 18.5 55.0 
Si80-CL530 23.4 68.5 
Si90-CL530 27.9 86.9 

 

A wider range of compositions were investigated compared those investigated using cylinders, so 

the result that the fraction of organic component released in PBS increased as SiO2 content 

increased was confirmed. This can be explained by the presence of a higher hydrophilic inorganic 

percentage that allowed more water uptake, which caused a greater degradation of PCL by 

hydrolytic chain scission of the ester linkages [66]. The same trend was maintained for the four 

compositions containing TEOS as inorganic source when the mass loss was considered in relation 

to %orge; Si0-CL530 represents instead an exception with released fraction comparable to Si90-

CL530 (85-87 %). The presence of TEOS plays an important role in general in the hybrid synthesis, 

and in particular in the polymerisation of THF, because the %PTHFe/%orge ratios increased from 

~2 in the four TEOS-containing discs to 5.2 in the TEOS-free disc (Table 4.2). This difference may 

significantly influence the final interlocking between SiO2 (generated only by GPTMS), PCL-

diCOOH and PTHF, which may then be responsible for the different released fraction of PCL-

diCOOH. This is only a hypothesis at this stage because %orge is an approximation calculated from 

theoretical expectations. 

The PCL-diCOOH loss was remarkable considering the short duration of the test in PBS. PCL is 

traditionally chosen for biomedical applications because of its slow biodegradability by hydrolysis 

over a long time [63, 66], which is true for PCL with high Mn and high crystallinity. In fact, Pitt et 

al. showed that PCL capsules of Mn = 50 kDa, when implanted in vivo, were characterised by a two-

stage degradation pattern [245]: a first phase involves a decrease in molecular weight without 

significant mass loss; the second phase starts when Mn drops to ~5000 Da, from which a sudden 
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increase in the degradation rate occurs [245]. Jenkins and Harrison confirmed this result, 

suggesting that PCL degradation mechanism starts preferentially from amorphous regions, where 

water can more easily diffuse and hydrolyse the chains, before progressing to crystalline domains 

[246, 247]. Shih et al. showed that amorphous co-polymers with segments of PCL diol of Mn 530 

Da and PCL diol of Mn 2000 Da (bonded via urethane linkages, in 25/75 wt.% respectively) 

exhibited a weight loss of approximately 50 % after one week in PBS at 37°C, with degradation 

starting from short PCL segments [243]. Herein, PCL-diCOOH with Mn = 530 Da was incorporated 

in a hybrid system that resulted amorphous from XRD analysis (Figure 4.7), hence it can be 

concluded that the results of the study in PBS are consistent with the literature findings. 

Tensile testing on samples before and after soaking in PBS  

SiO2/PTHF/PCL-diCOOH hybrid samples were tested in tension to failure with the setup described 

in Section 4.2.4. As already done by Tian et al. [129], rectangular samples were preferred to the 

dumbbell shape usually required for tensile testing because of difficulties in cutting out specimens 

with that shape without inducing the formation of defects (i.e. cracks) at the curvature, especially 

in less organic compositions. Hybrids of the five investigated compositions were tested as-

prepared and after being in PBS for 7 days; in the second case, as in compression, specimens were 

not dried but were tested immediately after being taken out from the solution in order to simulate 

as close as possible the test in wet environment. The results are summarised in Table 4.10 and 

Figure 4.20: only true values of stress (*) and strain (*) (which, in tension correspond to lower 

strains and higher stresses compared to conventional values) were reported, as they give a more 

accurate representation of the ductile response (Figure 4.20a) of the hybrid material with 

inorganic content below 40 wt.%. 

Table 4.10. Tensile testing on rectangular samples: true values of stress and strain at failure for the five investigated 

compositions (in order of increasing SiO2 content, determined by TGA) before and after soaking in PBS for 7 days. 

Values are reported as mean ± standard deviation.  

Sample ID SiO2 wt.% * at failure 
(MPa) 

* at failure 
(%) 

Si0-CL530 
Before soaking 2.5 0.12 ± 0.05 25.5 ± 3.3 

After PBS 7 days 5.0 0.27 ± 0.11 23.8 ± 5.8 

Si60-CL530 
Before soaking 12.3 0.17 ± 0.06 17.5 ± 4.6 

After PBS 7 days 14.2 0.30 ± 0.12 14.5 ± 7.0 

Si70-CL530 
Before soaking 17.4 0.27 ± 0.09 14.4 ± 3.8 

After PBS 7 days 19.3 0.42 ± 0.18 8.5 ± 2.4 

Si80-CL530 
Before soaking 24.7 0.59 ± 0.22 4.7 ± 1.0 

After PBS 7 days 28.8 0.84 ± 0.41 2.1 ± 1.5 

Si90-CL530 
Before soaking 38.7 1.42 ± 0.47 2.4 ± 1.5 

After PBS 7 days 43.0 - - 
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Figure 4.20. Tensile testing on rectangular samples: a) photos showing the deformation of a Si0-CL530 during the 

test; b) typical stress-strain curves (true values) for a Si60-CL530 hybrid as-prepared and after soaking in PBS;  

c, d) average true stress at failure before and after soaking in PBS with composition; e, f) average true strain at failure 

before and after soaking in PBS with composition. Values in c) and e) are plotted against the starting SiO2 content (i.e. 

measured with TGA before soaking), values in d) and f) are plotted against the actual SiO2 content (i.e. re-measured 

with TGA after soaking). Error bars represent the standard deviation. 
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Tensile testing confirmed outcomes observed in compression, revealing elastomeric behaviour 

with samples of lower I/O ratio exhibiting lower stiffness. As shown in Figure 4.20b, the non-

linearity of the - curves was less pronounced compared to the plots in compression, but it was 

still observed, particularly in the initial region to then become more linear at higher deformation. 

It was again confirmed that the deformation could be recovered if the tensile force was released 

before fracture. 

As expected, as-prepared samples showed a trend of decreasing strain and increasing stress at 

failure as SiO2 content increased, which agreed with previous tensile testing results on Class II 

hybrids containing either PCL [132] or PTHF [230]. Comparing the two series that were also made 

in cylindrical shape, Si80-CL530 and Si90-CL530, both stress and strain at failure were lower in 

tension (Table 4.10 and Figure 4.20) than they were in compression (Table 4.4 and Figure 4.11). 

No literature was found on a tri-component hybrid system containing both PCL and PTHF, so only 

examples of Class II hybrids containing one of the two polymers are available for comparison. 

Rhee et al. [132] and Yoo and Rhee [137] described the tensile characterisation of dumbbell-

shaped (25 mm gauge length, 1-2 mm thickness) SiO2/PCL hybrids made with ICPTS as coupling 

agent, reporting a range of compositions that showed stress and strain at failure in the range of 

~5-21 MPa and ~20-50 % respectively. Similar values of tensile stress and strain at failure were 

reported by Miyata et al. on dumbbell-shaped (15 mm gauge length) silica-based hybrids 

containing ICPTS–end-capped PTHF [230, 231]. However, in both systems the deformation 

observed before failure was mainly in the plastic region and no mention of the ability of recovering 

the deformation was found; furthermore, these studies in the literature did not report the actual 

organic content by TGA. Compared to the cited SiO2/PCL and SiO2/PTHF hybrids, the 

SiO2/PTHF/PCL-diCOOH hybrid material reported herein showed a tensile strength at least one 

order of magnitude lower, despite the noticeable level of deformability (Table 4.10).   

Considering the effect of soaking in PBS, results were again in agreement with the experiments 

done in compression, with an increase in the average stress and a decrease in the average strain 

at failure of the four compositions Si0-CL530, Si60-CL530, Si70-CL530 and Si80CL530 when 

values of * and * are plotted against the pre-soaking SiO2 fraction (Figure 4.20c and e). The test 

could not be performed on Si90-CL530 composition after soaking because cracks started forming 

as consequence of the on-going drying while setting-up the test, and any sample fractured at the 

extremities when it was clamped within the grips of the machine. When the same values of * and 

* at failure are plotted against their new post-soaking composition (measured through TGA), it 

appears evident that they actually followed the same trend observed on as-prepared samples 

(Figure 4.20d and f).  
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The behaviour in tension suggested a stiffening of the hybrid with increasing SiO2. Because of the 

not completely linear - relation, this was again evaluated quantitatively through DMA under 

displacement-control, which is the usual standard in tension. Given the significant diverse range 

of properties exhibited by the five hybrid compositions, the test was carried out by setting the 

dynamic amplitude to 20 % of the average maximum deformation of the sample series (as 

obtained from tensile testing to failure) to ensure a fair comparison. As in compression, it was 

checked from tan(δ) values that the considered stress-strain region could be approximated as 

elastic, so that the measured E’ could be considered representative of the minimum stiffness of 

the hybrids. The test spanned the range of frequency 0.01-10 Hz. DMA was first done on the five 

as-prepared compositions and then repeated after soaking in PBS for 7 days on all the 

compositions expect Si90-CL530 because of the problem of crack formation described above. 

Table 4.11 and Figure 4.21 show the effect of composition on the storage modulus, loss modulus 

and loss tangent of the hybrids at a frequency of 1 Hz. This frequency can be considered a reliable 

representation of dynamic behaviour, since E’, E’’ and tan() were relatively constant within the 

investigated frequency range, as displayed in Figure 4.22 for Si70-CL530 exemplifying series.  

 

Table 4.11. DMA in tension on rectangular hybrid samples at a frequency of 1 Hz: storage modulus (E’), loss modulus 

(E’’) and loss tangent (tan()) for the five investigated compositions before and after soaking in PBS for 7 days. Values 

are reported as mean ± standard deviation. 

Sample ID SiO2 wt.% E’ (MPa) E’’ (MPa) tan() 

Si0-CL530 
Before soaking 2.5 0.43 ± 0.16 0.016 ± 0.002 0.039 ± 0.012 

After PBS 7 days 5.0 0.91 ± 0.02 0.006 ± 0.0002 0.006 ± 0.0004 

Si60-CL530 
Before soaking 12.3 1.16 ± 0.32 0.016 ± 0.005 0.014 ± 0.002 

After PBS 7 days 14.2 2.57 ± 1.13 0.019 ± 0.014 0.007 ± 0.002 

Si70-CL530 
Before soaking 17.4 2.60 ± 0.70 0.033 ± 0.013 0.013 ± 0.003 

After PBS 7 days 19.3 6.09 ± 0.41 0.072 ± 0.020 0.012 ± 0.003 

Si80-CL530 
Before soaking 24.7 23.64 ± 3.57 0.702 ± 0.151 0.030 ± 0.006 

After PBS 7 days 28.8 34.78 ± 3.32 4.432 ± 1.605 0.126 ± 0.034 

Si90-CL530 
Before soaking 38.7 132.26 ± 14.51 8.287 ± 2.455 0.063 ± 0.018 

After PBS 7 days 43.0 - - - 
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Figure 4.21. Variation of the storage modulus with the composition at a frequency of 1 Hz, calculated from DMA in 

tension on rectangular samples of the five investigated compositions before and after soaking in PBS for 7 days: a) 

average E’ relative to the starting SiO2 content (i.e. measured with TGA before soaking); b) average E’ plotted against 

the actual SiO2 content (i.e. re-measured with TGA after soaking). Error bars represent the standard deviation. 

 

 

Figure 4.22. Typical variation of storage and loss moduli and loss tangent with the frequency resulting from DMA in 

tension (data obtained on as-prepared samples from the Si70-CL530 series). Error bars represent the standard 

deviation. 

The results from DMA in tension gave a further demonstration that conclusions drawn from DMA 

in compression can be extended to the range of softer compositions. First, the negligible values of 

tan() confirmed that the response of all the compositions was elastic in the tested - region, 

allowing the use of the storage modulus as measurement of the stiffness of the samples. E’, as 
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expected, increased with the percentage of inorganic, spanning a wide range between 0.43 MPa 

and 132.26 MPa (mean values).  

All compositions showed an increase of E’ upon soaking in PBS, as visible in Figure 4.21a, but the 

stiffening was in agreement with the increase of I/O ratio, as graphically displayed in Figure 4.21b, 

where the values of storage modulus are plotted in relation to the actual post-soaking SiO2 

content. This confirms that for hybrid compositions that achieved an equilibrium and did not 

crack in wet environment, the soaking in PBS was not detrimental because it caused changes in 

the mechanical properties that were in line with the variations in composition due to partial PCL-

diCOOH loss. 

It is interesting to notice that, despite the fact that the hybrids were generally less resistant in 

tension than in compression, E’ measured on cylindrical (i.e. compression) and rectangular (i.e. 

tension) samples of the overlapping compositions (Si80-CL530 and Si90-CL530, both before and 

after soaking in PBS) followed the same trend consistently with the changes in I/O ratio. This 

experimental evidence, graphically summarised in Figure 4.23, suggests that the use of DMA in 

the elastic region can be considered a reliable technique to evaluate the stiffness of the bulk 

regardless of the geometry, allowing for the comparison between the E’ values obtained from DMA 

test in tension and in compression in the whole range of compositions. This represents a great 

benefit considering the difficulties in making, via sol-gel process, samples of a precise shape for a 

specific test.   

 

 

Figure 4.23. Variation of the DMA storage modulus at a frequency of 1 Hz within the range of compositions spanned 

by Si80-CL530 and Si90-CL530 series: E’ values measured from samples in cylindrical and rectangular shape, both 

before and after soaking in PBS for 7 days, are plotted against the actual SiO2 content measured with TGA. Error bars 

represent the standard deviation. 
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Outcomes of the characterisation of rectangular hybrid samples  

In conclusion, tensile testing on rectangular samples cut from synthesised discs confirmed that 

the findings derived from the compressive testing on cylinders can be extended to softer 

SiO2/PTHF/PCL-diCOOH compositions. In fact, the trend of increasing stress and decreasing strain 

at failure with increasing silica content was maintained, even though the values were lower than 

in compression, suggesting that the hybrid material in object has a greater ability to withstand 

compressive rather than tensile forces.  

Despite this, the investigated hybrid system showed two main advantages in terms of mechanical 

behaviour. First, the high flexibility with the ability to achieve relatively high values of 

deformation, that can be recovered if the material is not brought to fracture. Secondly, the DMA 

analysis revealed a consistent trend with compression in terms of stiffness, with storage modulus 

that spanned four orders of magnitude (from 10-1 to 102 MPa) in the full range of investigated 

hybrid compositions (SiO2 = 2.5-63.4 wt.%). The properties of the hybrid material can be, hence, 

tailored with a view to the final application by simply changing the inorganic/organic ratio. 

The investigation of the short-term behaviour in wet environment through immersion in PBS for 

a week confirmed that, according to expectations, a relevant fraction of PCL-diCOOH was released, 

with an increase in the lost percentage as the inorganic content increased, whereas SiO2 and PTHF 

were stable. Morphological changes corresponding to this degradation, combined with the re-

arrangement of the hydrophobic polymer chains, were noticed through SEM imaging. Since all 

compositions prepared in shape of disc had a silica content below the threshold of ~40 wt.%, they 

survived in solution and did not show a sudden catastrophic loss of mechanical properties on 

soaking, but only a stiffening consistent with the increase of their I/O ratio. The exception to this 

was represented by the most glassy composition (Si90-CL530), which showed inorganic fraction 

varying from 38.7 to 43.0 wt.% and cracked immediately after removed from PBS, preventing the 

re-testing. Therefore, all compositions from Si0-CL530 to Si80-CL530 resulted compatible with 

the use in wet environment (i.e. in the human body); from the obtained results, Si90-CL530 should 

be discarded, but testing the monoliths when physically still in solution is strongly recommended 

to fully discriminate if this worsening of the properties was due to the post-immersion drying or 

already affected the material in wet environment, where macroscopic changes were not noticed. 
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4.3.5 COMPARISON WITH MECHANICAL PROPERTIES OF BONE AND CARTILAGE 

Bone substitutes require the use of materials that match the stiffness of the host tissue, strong in 

compression and tough (Section 1.2.1). The SiO2/PTHF/PCL-diCOOH hybrids with high inorganic 

fraction potentially match those criteria but they had to be discarded because of the limitations 

due to their behaviour in aqueous environment. 

On the other hand, the more polymeric SiO2/PTHF/PCL-diCOOH compositions, which are flexible 

and can stand the contact with water, seemed to be potential candidates for the regeneration of 

articular cartilage. In fact, cartilage is very difficult to replace because its behaviour is very 

complex, as it shows a viscoelastic response given by the combination of the graded structure and 

the exudation/redistribution of the interstitial fluids: the result is a material that increases its 

stiffness under progressive deformation and is then able to recover the initial shape when 

unloaded, which makes it able to sustain an extraordinary number of loading/unloading cycles 

(Section 1.2.2). From the mechanical point of view, the hybrid material presented herein is able 

to replicate this functionality through its elastomeric behaviour, which is a unique feature for 

covalently-linked silica-based hybrid materials. 

In more detail, the summary of the mechanical properties of hyaline cartilage is reported in Table 

1.2. It must be reminded that those values are average results from studies that, even if designed 

to mimic the physiological environment, could not take completely into account the influence of 

fluids and extracellular matrix, which play a very important role in defining the mechanical 

response to different stresses; in addition, the properties of cartilage tissue vary significantly 

depending on the site of the body and the age of the person. Keeping that in mind, comparing the 

numbers, it seems that the I/O compositions corresponding to Si80-CL530 and Si70-CL530 were 

the most suitable, as summarised in Table 4.12. 
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Table 4.12. Comparison of the mechanical properties in tension and in compression of hyaline cartilage and Si80-

CL530 and Si70-CL530 hybrids before and after soaking in PBS for 7 days. 

 Articular 
cartilage 

Si70-CL530 
(Rectangular) 

Si80-CL530 
(Rectangular) 

Before  
(17.4 wt.% SiO2)  

After  
(19.3 wt.% SiO2) 

Before  
(24.7 wt.% SiO2)  

After  
(28.8 wt.% SiO2) 

Tensile strength 
(MPa) 0.8-25 [17] 0.27 ± 0.09 0.42 ± 0.18 0.59 ± 0.22 0.84 ± 0.41 

Tensile strain    
(%) 10-40 [33] 14.4 ± 3.8 8.5 ± 2.4 4.7 ± 1.0 2.1 ± 1.5 

Tensile 
modulus (MPa) 5-25 [15, 34] 2.6 ± 0.7 6.1 ± 0.4 23.6 ± 3.6 34.8 ± 3.3 

 
Si80-CL530 (Cylinder) 

Before  
(21.0 wt.% SiO2)  

After  
(22.7 wt.% SiO2) 

Compressive 
strength (MPa) 

22-37 [27, 35] 
(phys. 1-18 [28, 

29]) 
- - 2.3 ± 0.5 - 

Compressive 
strain (%) 24-28 [27, 35] - - 32.8 ± 4.5 - 

Compressive 
modulus (MPa) 

0.24-0.85* [15, 
17, 30, 31] 

~65** [23, 32] 
- - 4.9 ± 0.3 8.9 ± 0.6 

* Equilibrium stiffness of bovine cartilage unconstrained at the sides 
** Dynamic modulus of bovine cartilage at 40 Hz under a load under applied stress of 4 MPa  
 

Evaluating the performances in tension, Si70-CL530 matches better the tensile strain, whereas 

Si80-CL530 seems more suitable in terms of tensile strength, although it is positioned close to the 

minimum limit reported for cartilage. Nevertheless, cartilage tensile modulus is compatible with 

the range of storage modulus spanned within the two chosen compositions; this is very important 

because it was proven that the stiffness of the substrate strongly influences the efficiency of 

differentiation of chondrocytes [248]. 

Compression is the major stress on hyaline cartilage in joints: Si80-CL530 showed stress/strain 

at failure and modulus within the range of cartilage under physiological conditions. Since it was 

demonstrated that the values of E’ measured on the hybrid materials with DMA are consistent 

regardless of the type of test, Si70-CL530 shows a suitable stiffness. The measured E’ on the 

hybrids corresponded to their minimum stiffness, but it then increased with increasing 

deformation, as native cartilage does. 

In conclusion, Si80-CL530 and Si70-CL530 showed the best potential with a view to the 

application in cartilage regeneration. Since the final aim was processing the hybrid material into 

a porous scaffold, a decrease in mechanical properties was expected passing from the bulk to the 

porous shape, therefore the strongest of the two hybrid compositions (Si80-CL530) was preferred 

and chosen for implementing the 3D extrusion printing from sol-gel process in the next part of the 

project.  
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4.3.6 SELF-HEALING ABILITY 

While preparing hybrid samples for mechanical characterisation, an unforeseen phenomenon was 

noticed: in two different circumstances, SiO2/PTHF/PCL-diCOOH hybrids showed the potential to 

self-heal a damage. First, an internal crack, visible to the naked eye, disappeared from a Si80-

CL530 cylindrical sample a few minutes after having been formed while manually compressing 

the sample. Then, while cutting out rectangular specimens, it was surprisingly noticed that the 

TEOS-free series (Si0-CL530) had the tendency to repair the cut if the two opposing surfaces were 

kept in contact. Consequently, a preliminary investigation of the hybrid self-healing ability was 

carried out. 

Review of the literature on self-healing materials 

Self-healing materials possess the ability to recover after being damaged, restoring their structure 

and functionalities using resources inherently available to the system [249-252]. Their study is 

inspired by the behaviour of some natural materials, such as bone, that not only continuously 

remodels in response to external stimuli, but is also able, through cell-mediated processes, to heal 

small defects generated by everyday life [37]. The field of self-healing materials aims to produce 

materials that are able to mimic this ability and self-repair micro-cracks that are generated by 

normal usage and fatigue stress, to prolong lifetime of products and devices [249, 250]. The 

challenge is to provide the synthetic material with the ability to react to a damage with a sequence 

of chemical reactions that play the same role of the biological healing route in natural materials.  

No standard is available but two main classifications of self-healing materials are generally 

reported. According to the first one, based on the healing agent, self-healing materials are 

classified in “extrinsic”, in which healing agents are actively embedded in the material, or 

“intrinsic”, in which the material possesses a latent self-healing functionality due to physical 

and/or chemical interactions of its molecular structure [253]. The second common classification 

is based on the factor that triggers the repair: the self-healing can be either “induced”, when it is 

triggered by an external stimulus (such as heat, light, pressure or other types of energy), or 

“autonomous”, when it occurs automatically without external intervention [250]. 

Pioneered by White et al. in 2001 [254], extrinsic systems were firstly studied since they are easier 

to design. Typical examples of extrinsic approaches are capsule-based self-healing systems, where 

the healing agent is sequestered in capsules which are dispersed within the material [254-256], 

or vascular systems, where the healing agent is entrapped in a network of interconnected 

capillaries or hollow channels [257, 258]. In both cases, when damage occurs in the material, it 

breaks the fragile capsule/capillary wall, releasing the healing agent, which is usually a monomer, 

in the crack plane where the reaction with a catalyst occurs and leads to the restoration of the 
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initial configuration [254]. Hence, the self-healing ability in these extrinsic systems can be 

considered autonomous but it is limited by the size and the number of capsules/vessels, which in 

turn cannot exceed a certain amount since they may affect mechanical properties, because they 

may act as defect sites in the final extrinsic composite mendable material [251].  

In intrinsic approaches, the healing occurs through physical and/or chemical interactions at the 

opposing surfaces of the defect [250]. This can be due to the inherent “dynamic” covalent bonds, 

so-called because they are covalent bonds which are reversible when subjected to an external 

stimulus/catalyst: the most used system is based on reversible Diels-Alder/retro Diels-Alder 

reactions upon a thermal trigger [259, 260]. At present, only one example has been reported in 

literature by Ying et al. on self-healing cross-linked poly(urethane-urea) containing dynamic 

covalent bonds (i.e. hindered urea bonds) able to partially repair at RT without the use of any 

external force [261].  

Another intrinsic approach consists in adding a meltable thermoplastic polymer. This is at present 

the main reported use of PCL as a component of self-healing materials: linear PCL with molecular 

weight within 37-65 kDa was successfully incorporated in epoxy [262-264] or PCL diol-acrylate 

[242] matrices, so that, upon heating subsequently to a damage, PCL melted and underwent a 

volumetric thermal expansion, which caused its “bleeding” in the defect that was then healed by 

PCL re-crystallisation at RT. The so-called “vitrimers”, thermoset cross-linked polymers that can 

be re-shaped under thermal treatment without changing their properties, are the most promising 

development in this category of intrinsic approaches [265, 266]. 

The last reported intrinsic system is based on materials containing non-covalent bonds (i.e. 

supramolecular interactions such as hydrogen bonding, electrostatic interactions, ionomeric 

coupling, molecular diffusion) that are able to re-form after being destroyed thanks to their 

dynamic reversible nature. In this category self-healing occurs automatically without human 

intervention because, when a mechanical stress is applied, non-covalent bonds, weaker than 

covalent ones, fail and subsequently re-arrange and regenerate [267]. This class of materials, that 

are inherently able to autonomously repair defects, has extraordinary potential in several fields 

of application and, hence, has attracted the attention of researchers in the last decade [267-269]. 

So far, few successful polymeric materials, known as “supramolecular polymers”, have been 

synthesised. For instance, Cordier et al. [270] and Montarnal et al. [271] synthesised mendable 

polymeric networks based on hydrogen bonds; Chen et al. designed a hydrogen-bonding brush 

polymer that behaves as a thermoplastic elastomer [272]. The advantage of supramolecular 

polymers is the rapid recovery of the properties, the ability to undergo multiple cycles of mending 

and the high homogeneity of the material since no further phases are embedded. On the other 

hand, supramolecular bonds can heal only if the damaged surfaces are put in close proximity 
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within a limited “waiting time” after damaging; therefore only small defect volumes (≤ 1 mm3) are 

possible for efficient intrinsic healing [250]. Moreover, since covalent bonds provide strength to 

the final material, another trade-off of supramolecular reversibility is the lack of resulting 

mechanical properties [251]. To overcome this problem, Rekondo et al. recently developed the 

“terminator polymer”, a new poly(urea-urethane) thermoset elastomer which can self-heal 

almost completely, maintaining high tensile strength thanks to the combination of dynamic 

covalent bonds and hydrogen interactions [273]. 

It is evident that the types of materials that at present exhibit self-healing ability are mainly 

polymers and composites, usually composed of a polymeric matrix and other organic or inorganic 

fillers containing the healing agent. Considering silica-based hybrid materials, only two examples 

were found. Zheng and McCarthy described living silicone rubbers showing intrinsic thermally-

induced self-healing based on anionic siloxane equilibration following a heat treatment at 90°C 

for 24 h [274]. Rahimi and Amiri recently investigated a capsule-based self-healing 

nanocomposite coating prepared through the sol-gel condensation of TMOS and GPTMS, 

encapsulating organic corrosion inhibitors in nanocontainers [275]. There is no record of hybrid 

materials showing autonomous self-healing properties. 

With regards to the polymers incorporated in the hybrid system studied herein, PCL has been 

reported principally as a component of self-repairing materials upon heating trigger as previously 

mentioned [242, 262-264]; in one paper it was functionalised with groups that can undergo 

thermally-reversible Diels-Alder/retro Diels-Alder reactions [276]. Because of its thermal 

properties (melting temperature and crystallinity degree), PCL was also exploited as soft segment 

in shape-memory copolymers [277] and, after functionalisation with ICPTS, in shape-memory 

hybrids [138, 139]. However, there is no record of PCL in an intrinsic and autonomous self-healing 

system. Even less information is available on PTHF, which was only found in a study by Zhang et 

al., where it was incorporated in a co-polymer with poly(p-dioxanone) that was then able to 

undergo a thermally-reversible Diels-Alder/retro Diels-Alder [205]. However, both PCL and PTHF 

have the potential to display self-healing properties thanks to their supramolecular networks, 

particularly to the presence of oxygen in their ester or ether linkages respectively. 

Self-healing materials would be extraordinarily beneficial in the biomedical field, because they 

would improve the resistance to fatigue stress, which is one of the major causes of failure of 

implants, with the ability of repairing small micro-cracks generated by everyday use. However, 

their design is extremely difficult because the use in the human body poses further challenges (e.g. 

biocompatibility, sterilisation, resistance to pH variations, non-toxic by-product from the healing 

reaction) in addition to the demanding list of standard requirements [278]. Given their organic 

nature, currently only hydrogels with self-healing properties have been developed, with potential 
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applications as gel sealants or biosensors as they do not possess enough mechanical properties to 

be used for hard tissue engineering [279, 280].  

With regards to the evaluation of the self-healing ability, no standard has been established, 

because self-healing strategies vary among systems and may respond differently depending on 

the type of damage (e.g. delamination, cracking, scratch, puncture), affecting the diverse 

properties within the material not at the same extent. For these reasons, the healing efficiency (η) 

is commonly defined only referring to a specific investigated property of the material (f) as 

described in Equation 4.6 [250, 267]: 

Equation 4.6.               

where fPristine is the value measured on the undamaged material and fHealed is the same property 

measured on the material after being damaged and allowed to heal at a set temperature for a 

predetermined time. Usually the damage is applied in a standard way through a mechanical 

stimulus and f is consequently a corresponding mechanical property that can be univocally 

quantified. However, for some materials this is difficult to be done, therefore a qualitative visual 

test by creating a defect using a sharp blade and observing the re-attachment still remains the 

most widely used method in literature to assess autonomous self-healing ability [250].  

Assessment of the hybrid self-healing ability 

On the basis of the literature findings, it was decided to firstly qualitatively evaluate the self-

healing behaviour of SiO2/PTHF/PCL-diCOOH hybrids using the five compositions made in the 

shape of rectangular samples (from Si0-CL530 to Si90-CL530). 

Qualitative evaluation was carried out through optical microscope imaging, with the settings 

described in Section 2.3.1, by comparing images taken on a sample immediately after creating a 

defect and after having left it to self-heal at RT. Given the diverse mechanical properties exhibited 

by hybrids of varying composition, it was necessary to use two different methods to produce an 

internal crack in the samples. For materials with lower inorganic content (Si0-CL530, Si60-CL530, 

Si70-CL530) the defect was created by inserting a needle into the side of the samples. This 

approach could not be used on stiffer compositions, Si80-CL530 and Si90-CL530, hence the defect 

was created in the form of a partial internal crack generated by making a small notch on the 

sample surface and then compressing the sample until the crack appeared.  

The results of this test are visible in Figure 4.24. Defects in Si0-CL530, Si60-CL530 and Si70-CL530 

healed within 5 s (i.e. time after which the images of the healed samples were taken), with speed 

and extent of healing proportional to the organic content. When higher I/O ratios were considered 

η = (
fHealed

fPristine
) × 100%  
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(Si80-CL530 and Si90-CL530), the self-repair required longer time, occurring within 24 h (i.e. time 

after which the images of the healed samples were taken), with Si80-CL530 showing a greater 

healing rate than Si90-CL530. It can be then concluded that self-healing ability was observed for 

all hybrid compositions (2.5-38.7 SiO2 wt.%), with self-repair occurring faster and to a greater 

extent in hybrids with larger organic fraction. 

 

 

Figure 4.24. Optical microscope images of samples of the five hybrid compositions before creation of a defect (top) 

and after self-healing at RT (bottom). Images for Si0-CL530, Si60-CL530 and Si70-CL530 were taken after 5 s from 

defect creation; images for Si80-CL530 and Si90-CL530 were taken after 24 h from defect creation. Scale bar = 500 μm 

for all images. 

It was also observed that Si0-CL530 samples were even able to completely recover their initial 

shape after being cut into two pieces with a sharp blade (as visible in the inserts of Figure 4.26); 

in this case, the degree of repair decreased as the time waited before putting back together the 

two damaged surfaces increased. Therefore, further characterisation was performed on the TEOS-

free composition which showed the most promising behaviour. 

SEM analysis (JEOL 6010 LV with the settings described in Section 2.3.2) was used to capture the 

healing process of Si0-CL530 at the microscale: cracks, generated by cutting a sample, were 

allowed to only partially heal at RT, because, before the mending process was completed, the 

sample was coated with a layer of chromium (needed to make the sample conductive for imaging) 

that “froze” the morphology of the cracks during the repair.  This is shown in Figure 4.25, where 

a bridging effect along the fractured surfaces during the self-healing process is clearly visible.  

 



  
 

189 

 

 

Figure 4.25. SEM images of the on-going self-healing process of a defect created on a Si0-CL530 sample: a) Low-

magnification micrograph that shows the margins of the crack (scale bar = 50 µm); b) Zoom in the bridging area 

visible in a) (scale bar = 10 µm); c) High-magnification micrograph that confirms the healing process in other areas of 

the sample (scale bar = 10 µm). 

Given the observed properties on rectangular specimens, tensile testing was used to quantify the 

self-healing ability of Si0-CL530 hybrids: a series of 5 samples was tested in tension to failure (as 

described in Section 4.2.4), for each sample the two fractured pieces were joined back together 

immediately after the test and left healing at RT for 24 h and then tensile tested again up to failure. 

Equation 4.6 was used to calculate the healing efficiency () as % of recovery of both true strain 

(f = * at failure) and true stress (f = * at failure) after the 24 h healing process.  

Figure 4.26 shows the typical comparison between the σ*-ε* curves derived from tensile testing a 

sample when undamaged and after 24 h healing; the inserts display an exemplifying Si0-CL530 

specimen undergoing the characteristic sequence of events during the test. The healing efficiency 

(η) of Si0-CL530 calculated as the percentage of recovery of the original strain and stress at failure, 

resulted equal to 36.0 ± 16.2 % and 30.7 ± 14.7 % respectively, indicating a promising partial 

recovery of the mechanical properties. 

 

Figure 4.26. Typical Si0-CL530 true stress-strain curves obtained from a pristine sample (‘Before self-healing’) and 

from the same sample re-tested after it has been left healing for 24 h at RT (‘After 24h self-healing’). The inserts 

display a representative Si0-CL530 sample going through this sequence (this specific sample was tested manually as 

example, but it was not used for quantitative measurements). 
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Discussion of the hybrid self-healing ability 

In summary, it was demonstrated that all SiO2/PTHF/PCL-diCOOH hybrid compositions up to 38.7 

wt.% SiO2 possess self-healing ability. The degree and the rapidity of the healing process enhanced 

with increasing polymer content, suggesting the organic phase as responsible for the self-healing, 

in agreement with most of the systems described above in the literature review. The self-repair 

was proven to be intrinsic, as no additional healing agents were embedded in the material, and 

autonomous, since it occurred without any external stimuli [250, 251]. This represent an 

extraordinary finding because, at present, only completely organic materials with autonomous 

and intrinsic self-healing ability were developed [261, 270-273], but no inorganic/organic hybrid 

materials with comparable properties have been reported. 

Since the covalent bonds involved in the SiO2/PTHF/PCL-diCOOH system do not possess a 

dynamic nature, it is believed that its self-healing ability is based on a mechanism of reversible 

non-bonding interactions among the organic phases similar to the basic principle of 

supramolecular polymers [250, 267]. The most probable hypothesis is that the main role is 

ascribed to hydrogen bonding between the PCL-diCOOH carboxyl groups aligned one monomer 

after the other; in this case, each carboxyl group forms two hydrogen bonds, a configuration that 

would give particular strength to this interaction. An additive effect is attributed to dipole-dipole 

interactions among the permanent dipoles generate by the carbonyl groups of PCL-diCOOH: these 

interactions can form among parallel chains and are extended to the whole length of the polymer; 

hence, even if usually less strong than hydrogen bonds, they may become relevant and 

significantly contribute to the extent of non-bonding interactions. Lastly, London forces, weaker 

than the two previous bonds, may be also present among the methylene groups (-(CH2)5-) of both 

PCL-diCOOH and PTHF if chains are distributed in a parallel way. As a result of the combination 

of all these non-bonding interactions, the organic and inorganic moieties may orient and assemble 

in a precise way that is responsible for the autonomous and intrinsic self-healing ability. In fact, 

there is no record of PTHF as active self-healing component and PCL was only added as 

thermoplastic phase in thermally-induced self-healing systems [242, 262-264], therefore only a 

novel cooperative interaction among the two polymeric components can produce the unexpected 

self-healing behaviour.  

This theory is supported by the following observations. First, the self-healing of SiO2/PTHF/PCL-

diCOOH hybrids occurred effectively if the fractured surfaces were rapidly re-attached or if the 

defect was internal, without getting in contact with the external environment: this could be 

explained by the fact that this minimised the time of exposure to air and moisture, that could limit 

the healing process by reacting with the free hydrogen bonds on the defect surface. Secondly, the 

repair ability decreased as the silica fraction increased because the covalent bonds of the 
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inorganic network give the strength but are not reversible when broken; in addition, the presence 

of SiO2 may interfere with the organisation of the organic PTHF-PCL-diCOOH co-network, 

disrupting their non-covalent interactions. This could also explain why DSC analysis showed a 

decrease in the temperature of the peak assigned to PCL-diCOOH with decreasing polymer content 

(Figure 4.5b). Consistent with the proposed mechanism, the reduction of non-covalent bonds 

would affect mostly PCL-diCOOH, which is identified as the main protagonist by establishing 

hydrogen bonds: if less non-covalent bonds were present, a lower energy would be required to 

burn-out the polymer. This is a non-exhaustive and speculative hypothesis that cannot be 

confirmed on the basis of the outcomes presented in this thesis alone. However, the obtained 

results, especially on the TEOS-free hybrids, are very promising and encourage further 

investigations in order to fully understand the self-repair phenomenon of this material, taking 

into consideration the great attention currently directed to self-healing materials. 
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4.4 CONCLUSIONS  

SiO2/PTHF/PCL-diCOOH hybrid materials containing GPTMS as coupling agent were successfully 

synthesised using the novel method described in Chapter 3, that combines the sol-gel process with 

the in situ cationic ring-opening polymerisation of THF in presence of GPTMS and BF3·OEt2.  

Fast gelation was observed regardless of the composition, confirming the potential of this hybrid 

material for direct 3D extrusion printing.  

Crack-free homogeneous and transparent monoliths were obtained in a wide range of 

compositions (SiO2 content varying between 2.5-63.4 wt.%). The performed characterisations 

showed that all hybrids possessed an amorphous microstructure, with a well-condensed silica 

network, uniformly interpenetrated with the PTHF/PCL-diCOOH organic co-network. Variations 

in the chemical bonding and in the morphology were observed accordingly to the changes in the 

I/O ratio. 

Covalently-linked hybrids composed of SiO2, PTHF and PCL were never produced before. Herein, 

it was demonstrated that the combination of the three components resulting from the innovative 

synthesis gave rise to hybrid materials with unprecedented features, never observed in Class II 

silica-based hybrid systems containing only either PCL [132, 137] or PTHF [230, 231] as organic 

component. From the mechanical point of view, compressive and tensile testing (up to failure and 

in dynamic conditions) demonstrated that the goal of reducing the brittleness of silica was 

achieved and, furthermore, that the SiO2/PTHF/PCL-diCOOH hybrids showed “bouncy” 

elastomeric behaviour: this means the material displayed a high level of flexibility but stiffened 

under increasing loading, with the ability to recover the deformation before failure. These 

properties were maintained across the investigated range of compositions, which showed an 

increase of stiffness with the inorganic content, spanning from the behaviour of a rubber to a glass 

with improved toughness, with better resistance in compression than in tension. These results 

demonstrated the versatility of the system, where the mechanical properties can be finely tailored 

by changing the I/O ratio without varying the synthesis protocol and the chemistry, an advantage 

that can be exploited in manifold applications [98, 281]. 

The soaking for 7 days in PBS at 37°C to simulate the conditions in the human body allowed 

narrowing down the range of compositions that can be used in the biomedical field. It was shown 

that, in aqueous environment, hybrids with inorganic content above ~40 wt.% were irreversibly 

damaged because the network was not able to accommodate internal tensions due to water 

uptake from the hydrophilic silica and to the PCL-diCOOH release. As expected, the latter was 

experimentally proven, whilst it was confirmed that SiO2 and PTHF were stable. The duration of 

the soaking in PBS was limited to a week, therefore no information is available on the long-term 
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degradation of the material, for which further in vitro studies are needed. These would provide 

useful indications on the bulk behaviour, but cannot be considered exhaustive since the 

degradation is expected to be enhanced when the material is processed into the porous shape 

(due to the higher surface/volume ratio) and implanted in vivo (due to the enzymatic degradation, 

that could potentially affect not only PCL [64] but also PTHF [222, 223]). 

In agreement with the loss of organic phase, hybrids that did not crack in solution showed a 

stiffening of their mechanical response, that was found to be consistent with the changes in I/O 

ratio: this demonstrated that the hybrids did not experience a sudden catastrophic loss of 

mechanical properties upon soaking, but the mechanical behaviour was maintained over 

degradation, which is an essential requirement for a bio-resorbable material, especially if 

developed for load-bearing applications [5]. Since the compressive and tensile characterisation in 

wet conditions actually consisted of testing the samples immediately after being removed from 

PBS, there could have been minimal effects of the on-going drying, that could only be completely 

excluded by repeating the test with a setup where samples are tested while still in solution.     

In conclusion, SiO2/PTHF/PCL-diCOOH hybrids with less than 40 wt.% silica resulted more 

suitable for the replacement of articular cartilage, whereas they were too soft for bone tissue 

applications. After an accurate comparison with the properties of natural cartilage, the Si80-

CL530 hybrid composition was identified as the most promising and, therefore, chosen for the 

investigation of the 3D printing of porous hybrid scaffolds (Chapter 5), during which Si70-CL530 

was also used as term of comparison. 

Finally, the characterisation of the samples in bulk form revealed the unexpected self-healing 

behaviour.  SiO2/PTHF/PCL-diCOOH hybrid compositions with SiO2 content in the range 2.5-38.7 

wt.% exhibited qualitatively an intrinsic ability to autonomously self-repair small defects, with 

healing occurring faster and to a greater extent, the higher the organic content. This was 

quantified only for the composition with the highest organic fraction (Si0-CL530), which showed 

the recovery of ~36 % and ~31 % of the strain and stress at failure respectively. From these 

preliminary results, it has been hypothesised that this ability is a consequence of the non-bonding 

interactions among the organic chains, however further studies are required to fully understand 

the mechanism. Nevertheless, the potential for an intrinsic and autonomous self-healing remains 

an extraordinary finding because it may give the advantage of enhancing the fatigue resistance of 

the material: this would be a great benefit not only in the use as cartilage substitute, which would 

be subjected to repeated loading during the normal everyday life, but in any possible application. 

As final remark, it is evident that the unexpected formation of PTHF and the consequent unique 

interpenetration with the other two components (SiO2 and PCL-diCOOH) are the key factors that 

determine the peculiar features of the hybrid system, such as versatility, mechanical properties, 
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self-healing ability and potential 3D printability. The work done in the present thesis gave an 

explanation of the THF polymerisation mechanism and the effect on the hybrid network in terms 

of I/O ratio, chemical bonding and morphology at the microscale, but it also highlighted the need 

for further investigations. Particularly, the control of the THF polymerisation process is required 

in order to understand the correlation between the critical synthesis parameters (i.e. molar ratio 

between GPTMS-TEOS-PCL-diCOOH and drying step) and the interpenetration of the hybrid at the 

nanoscale (i.e. final PTHF molecular weight and the actual interaction of PCL-diCOOH within the 

co-network). For instance, information can be obtained from TEM imaging of all hybrid 

compositions, to evaluate the variations in nano-architecture, and from 13C solid-state NMR, to 

collect information on the bonding of the organic phases in the solid state.  

It would be ideal to eventually develop a mathematical model that, on the basis of the synthesis 

parameters, could predict the final structure and shrinkage of the hybrid material. This would 

potentially allow a fine control over the mechanical properties, biodegradation and self-healing 

behaviour, as well as the ability to precisely predict the final shape and dimensions of the hybrid 

sample.  
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Chapter 5 
 

3D PRINTING OF 
SILICA/PCL HYBRID SCAFFOLDS 
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5.1 INTRODUCTION 

Chapter 3 described the development of the synthesis protocol to produce covalently-linked 

SiO2/PTHF/PCL-diCOOH hybrids, which was then used to make hybrid monoliths investigated in 

Chapter 4. The study of the hybrid properties in the bulk state resulted in the selection of the Si80-

CL530 composition as the best compromise between mechanical properties and response to wet 

environment with a view to the regeneration of articular cartilage; Si70-CL530 was identified as 

the second option. These two hybrids are used in this chapter to address the principal aim of 3D 

printing porous scaffolds for tissue regeneration. None of the Class II hybrids containing either 

PCL (Section 1.5.4) or PTHF (Section 3.4.5.1) functionalised with ICPTS described in the literature 

were processed into porous scaffolds, by any method.  

Additive manufacturing allows the creation of complex and custom-made shapes from digital 3D 

design files, with reproducibility ensured by the computer-controlled process [159, 160]. The 

ability to control the uniformity and structural integrity of the printed object can be successfully 

applied to obtain porous scaffolds to be implanted in the body to regenerate a damaged tissue 

[169, 172]. For scaffolds, a 3D network of interconnected pores is essential to allow cell migration 

and nutrient diffusion throughout the scaffold volume [49]; vascularisation is also fundamental in 

case of bone growth [48]. The 3D printing of grid-like lattices determines the formation of highly 

and regularly interconnected channels that cross the scaffold volume, moving the focus from the 

importance of the dimension of pores and interconnects in sponge-like scaffolds to the effect of 

the channel width, which can be adjusted according to the CAD file [7]. The ordered architecture 

of 3D printed scaffolds enhances the mechanical properties and the cell infiltration and 

transportation compared to scaffolds made by foaming or salt-leaching [7, 49, 169]. Since the 

chosen SiO2/PTHF/PCL-diCOOH hybrid showed promising potential for cartilage regeneration, 

channels were required to be large enough to guarantee cell migration but at the same time small 

enough to let chondrocytes rapidly fill the pores with newly produced ECM; therefore, as the exact 

value of the ideal channel width still has not been determined, it was deemed to target a channel 

size in the range 100-200 µm (Section 1.6.2). No specifications were considered in terms of 

percentage porosity, provided that satisfactory mechanical properties could be achieved with the 

desired channel size. 

The chosen fabrication technique – 3D extrusion printing directly from the sol-gel process taking 

advantage of the gradual increase of viscosity over gelation without the need of additives/binders 

– is quite new (Section 1.6.4). Gao et al. first demonstrated the feasibility of the direct 3D printing 

of a Class I hybrid sol-gel ink made of bioactive glass and gelatin [168]. This system was 

characterised by a poor degree of cross-linking, which was improved by Nelson, with 3D printed 

Class II silica/gelatin sol-gel hybrid scaffolds using GPTMS as coupling agent [7]. Using these two 
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examples as references, the work presented in this chapter is focused on the direct 3D extrusion 

printing of SiO2/PTHF/PCL-diCOOH sol-gel “ink”. This possesses a further novelty aspect, because 

the fast gelation (i.e. sol-to-gel transition) is caused not only by the condensation of the inorganic 

network and the GPTMS-mediated covalent linkage, but it involves the additional effect given by 

the simultaneous polymerisation of part of the organic phase (Section 3.4.5.1). No record of 

robocasting of Class II-IV hybrid objects was found in literature.  

Therefore, here, the feasibility of the 3D extrusion printing of SiO2/PTHF/PCL-diCOOH sol-gel 

hybrids was first investigated in terms of adaptation of the synthesis reaction and determination 

of the printing parameters. Then, the architectures of scaffolds of selected compositions and 

designs were characterised, in order to measure the average channel size and porosity and 

correlate it to the mechanical properties under compression. Lastly, the most promising type of 

scaffolds was evaluated with respect to in vitro cell studies targeted to the application in articular 

cartilage regeneration. 
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5.2 METHODS  

5.2.1 SCAFFOLD FABRICATION 

The 3D printing of SiO2/PTHF/PCL-diCOOH hybrids was a first, therefore the development of a 

specific protocol was required. This concerned the properties of the hybrid ink (i.e. viscosity) and 

the printing parameters, which were found to be closely tied and required a simultaneous 

optimisation. This was performed through systematic trial and error: the development process 

will be not reported herein, but this chapter will focus only on the final optimised procedure.    

As concluded in Chapter 4, Si80-CL530 and Si70-CL530, (deriving from TEOS/PCL-diCOOH ratio 

of 80/20 and 70/30 wt.% respectively, using PCL-diCOOH of Mn 530 Da), were the two hybrid 

compositions chosen for the fabrication of scaffolds. This was performed following the procedure 

schematic in Figure 5.1. Two phases, sol-gel ink synthesis (steps A-C in Figure 5.1) and 3D printing 

(step D in Figure 5.1), can be distinguished and are described here below.  

 

 

Figure 5.1. Flowchart of the synthesis protocol to fabricate hybrid scaffolds via 3D printing from the sol-gel process. 
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Hybrid sol-gel synthesis  

GPTMS-mediated sol-gel synthesis of the SiO2/PTHF/PCL-diCOOH hybrids was performed 

following the same protocol described in Section 3.3.5, used also to make bulk samples (Section 

4.2.1). PCL diol, with Mn of 530 Da, was oxidised into the corresponding dicarboxylic acid (PCL-

diCOOH), which was then reacted with GPTMS in THF using BF3·OEt2 as a catalyst, causing the 

cationic ring-opening polymerisation of the solvent in PTHF. To make scaffolds, the initial 

concentration of PCL-diCOOH in THF was set at 100 mg mL-1, double the concentration used for 

the synthesis of monoliths, because it resulted in a viscosity more appropriate for the printing 

process. The organic precursor solution was mixed in one-pot, without further purification, with 

hydrolysed TEOS and stirred at RT for 30 minutes in a sealed container to form the hybrid sol.  

Then, differently from the synthesis of bulk samples, the hybrid sol was stirred without the lid in 

order to evaporate part of the excess of THF (a temperature-controlled bath at 60°C was 

optionally used). This was applied to accelerate the gelation process and the consequent increase 

of viscosity, and was carried on until the flow of the sol was evidently slowed down but was still 

compatible with its transfer. The time taken for these steps varied depending on environmental 

conditions. The sol was subsequently placed in an ultrasound bath to remove bubbles caused by 

the THF evaporation under continuous stirring. Then, the sol was manually transferred into a 3 

mL luer-lock plastic syringe (VWR International, UK) equipped with a tapered tip (Nordson EFD, 

UK) for the following 3D printing. Fresh sol-gel ink was prepared each time, therefore the 

quantities of the various reagents were down-scaled in order to have a final volume of ~4 mL to 

be able to completely fill a 3 mL syringe. 

3D printing  

The syringe containing the sol-gel ink was oriented with the nozzle upwards to remove the 

residual air by manually pressing the plunger until the ink started to be extruded. The syringe was 

then placed into a robocasting machine (“Robocaster”, 3d Inks LLC, USA, Figure 5.2), connected to 

a computer equipped with “Robocad” software (3d Inks LLC, USA), which allowed the CAD file to 

be drawn and to control the printing process of porous scaffolds following the drawn design. The 

gelation process continued while the sol was kept in the syringe, determining a further gradual 

increase of viscosity: when the viscous sol achieved the optimal viscosity for direct extrusion, 

porous scaffolds were 3D printed. All described steps were performed at RT. As-printed scaffolds 

consisted of a wet gel and, in agreement with the procedure for bulk samples, were placed in 

Nalgene PMP containers with screwed lid at 40°C to be aged in the sealed container for 3 days and 

then dried (with consequent shrinkage) through a gradual loosening of the lid over the course of 
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4-7 days. When dried, scaffolds were finally immersed in deionised water, for a few seconds, in 

order to remove reaction by-products, and used for further characterisations. 

The sequence of events in the 3D printing process is graphically summarised in Figure 5.3. 

 

 

Figure 5.2. Image of the robocasting machine (“Robocaster”, 3d Inks LLC, USA), with a zoom on the printing head. 

 

 

Figure 5.3. Schematic of the 3D printing process, including images of a scaffold during printing and after drying. 
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3D printing parameters 

The printing setup of the robocasting machine includes the following parameters: nozzle size; 

speed of the printing head; deposition rate; scaffold design (separation between struts and layer 

thickness) and substrate for printing. These parameters were optimised based on the viscosity of 

the hybrid sol-gel ink. The viscosity was deemed to be suitable for 3D printing when the viscous 

sol (i.e. forming gel) was both liquid enough to ensure it flowed smoothly through the nozzle and 

viscous enough to solidify and keep the shape without collapsing on the printing bed, where it 

chemically bonded to the previously deposited material exploiting the still ongoing reaction. The 

time window in which printing was possible was defined as the printing window. Viscosity and 

printing window were evaluated only qualitatively by visual observation of the gelation degree 

(i.e. checking the extrusion of the ink through the nozzle) at increasing time points at RT. 

For the reasons that will be explained in the results (Section 5.3.1), all scaffolds in the present 

work were printed using a smooth-flow tapered tip with a nozzle of 0.20 mm internal diameter 

and 10 mm s-1 as printing speed; PTFE was the material chosen for the substrate. 

Two different scaffold architectures were drawn with “Robocad” software and 3D printed; a 

schematic representation of the two designs is depicted in Figure 5.4. In both cases, each layer 

consists of a linear array of parallel rods and alternating layers are oriented at 90°C to each other. 

The first design, identified as “aligned” (Figure 5.4a1 and a2), was a 3D grid-like lattice, where 

arrays oriented in the same direction were lined up without any shift; the strut separation 

(defined as the spacing between the axis of the adjacent parallel rods) was set at 0.60 mm. In the 

second structure, identified as “shifted” (Figure 5.4b1 and b2), an offset equal to half the strut 

separation was applied between layers oriented in the same direction; the strut spacing in this 

case was set at 0.75 mm. Thus, while in the “aligned” pattern the repeating unit consisted of 2 

orthogonal layers, the offset increased the repeating unit to 4 layers in the “shifted” design 

because strut arrays re-align every two layers of the same orientation.  

In both designs, each layer was plotted applying a constant deposition rate of 0.05 mL min-1 and 

using a layer thickness (i.e. z-spacing) of 0.21 mm. Cubical scaffolds with side dimension ranging 

between 9.6-12.0 mm were printed; the shrinkage caused by the drying step determined the 

dimensions of the final scaffolds. 
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Figure 5.4. Schematic of the two printing designs: a1-a2) aligned; b1-b2) shifted. a1 and b1 show the 3D axonometric 

views with a cut-out section to show horizontal and vertical sections (scale bar = 1 mm); a2 and b2 show the 

corresponding 2D top views. 

 

Si80-CL530 scaffolds with aligned design were chosen as the baseline scaffolds, because their 

printing combined the most promising hybrid composition with the aligned design, which was the 

only pattern printed by Nelson [7] and Gao et al. [168]. Then, two variations were investigated. 

First, Si80-CL530 scaffolds with shifted pattern were fabricated in order to evaluate the effect of 

architecture on the mechanical behaviour. Secondly, the effect of the I/O ratio on the scaffold 

properties was assessed by using the Si70-CL530 composition to print aligned scaffolds. A 

summary of the printed compositions and their acronyms is presented in Table 5.1. 
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Table 5.1. List of SiO2/PTHF/PCL-diCOOH 3D printed scaffolds. PCL-diCOOH with Mn of 530 Da was used. 

Scaffold ID TEOS/PCL-diCOOH 
(wt.%) Printing design 

Si80-CL530_A 80/20 Aligned 
Si80-CL530_S 80/20 Shifted 
Si70-CL530_A 70/30 Aligned 

 

 

5.2.2 CHARACTERISATION OF THE SCAFFOLD HYBRID COMPOSITION 

DSC/TGA was used to check the I/O ratio and the characteristic burn-out temperatures of PTHF 

and PCL-diCOOH of Si80-CL530 and Si70-CL530 compositions when shaped into 3D printed 

porous scaffolds, in order to compare the results with the values obtained from the analysis of the 

corresponding bulk samples. The analysis was run with the settings described in Section 2.2.5 on 

powders obtained by manually grinding Si80-CL530_A and Si70-CL530_A scaffolds; Si80-CL530_S 

scaffolds were also tested in order to check if the printing design may cause any variation in the 

hybrid network. 

The theoretical I/O ratios (i.e. as no PTHF formation occurred) calculated for Si80-CL530 and 

Si70-CL530 compositions (Table 4.2) were used in combination with the values of inorganic and 

organic contents derived from TGA on scaffolds in order to estimate fraction of pre-formed 

organic (%orge, given by PCL-diCOOH and GPTMS) and PTHF (%PTHFe) in the scaffolds, applying 

Equation 4.4 and Equation 4.5 respectively.  

Si80-CL530_A, Si80-CL530_S and Si70-CL530_A powders also underwent ATR-FTIR analysis 

(Section 2.2.2) to verify the relative changes in functional groups attributed to the inorganic and 

organic components with the composition and, if any, with the printing design. 
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5.2.3 CHARACTERISATION OF THE SCAFFOLD ARCHITECTURE 

The architecture of Si80-CL530_A, Si80-CL530_S and Si70-CL530_A scaffolds was characterised 

through the combination of the three techniques reported below. 

SEM imaging 

JEOL 6010 LV SEM, with the settings described in Section 2.3.2, was used. For each of the three 

series of scaffolds, images of the top surface and of the horizontal and vertical cross-sections 

(which were exposed by manually cut the scaffolds with a sharp blade) were taken.   

Micro-computed tomography (μ-CT)  

µ-CT was used to analyse the percentage porosity, channel size distribution and strut size 

distribution of the three types of examined scaffolds. µ-CT was performed using the equipment 

and the settings described in Section 2.3.3. The resolution of the analysis corresponds to the voxel 

size, which had dimensions of 9.5 µm.  

Scaffolds were scanned with a length of silica glass fibre (fixed on the sample stage), to calibrate 

the X-ray attenuation in the μ-CT. The steps for images quantification were: 

1) A 3×3×3 median filter was applied to the images to remove noise; 

2) Normalisation according to the attenuation value of silica glass fibre; 

3) Thresholding was applied to the normalised images to make the image binary (solid or air); 

4) A distance map was applied to identify the centre line of the struts and the distance between 

the centre points to the borders. This allowed determination of strut size and channel size 

distribution. 

µ-CT analysis was performed by Xiaomeng Shi at Diamond Light Source (Harwell, UK). 

Helium pycnometry 

He pycnometry (Section 2.2.8) was carried out to measure the skeletal density (ρsk) of the two 3D 

printed hybrid compositions regardless of the printing design (n = 20 for each series). In both 

cases, fragments of scaffolds were put together in order to fill as much as possible the pycnometer 

cell (volume ~2145 mm3). ρsk value was then used to calculate the percentage porosity (%P) 

applying Equation 2.4 (n = 5 for each series). 
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5.2.4 BEHAVIOUR IN WET ENVIRONMENT 

Since the final goal of the project was to use the hybrid scaffolds within the human body, a 

preliminary indication of the behaviour in similar conditions was obtained by soaking reference 

scaffolds (Si80-CL530_A) in PBS at neutral pH (7.45) and body temperature (37°C) for 7 days. PBS 

was prepared as previously described in Section 4.2.3. 

The aim was to assess the short-term effect of the aqueous solution on the properties of the hybrid 

scaffolds (already evaluated in dry conditions) and check if there was any variation due to the 

porous shape by comparing with the outcomes of the same study on monoliths, which suggested 

to expect a partial release of PCL-diCOOH only. Scaffolds were tested using a ratio between the 

scaffold mass and the PBS volume of 1.5 mg mL-1, normally suggested for testing apatite formation 

on bioactive glasses in SBF [282].  

Hence, a first macroscopic observation during the test allowed verification of the presence of any 

defects or visible degradation of the scaffolds. Then, similar series of analyses performed on bulk 

samples was replicated, consisting of: 

- Mass loss, measured by weighing the scaffolds before the test and after having been completely 

dried at RT in air after soaking (n = 4); 

- ICP-OES on the remaining PBS solution to evaluate the Si dissolution: based on the expectations 

derived from the degradation of monoliths, the samples of solution were analysed without any 

dilution (n = 4) at the 7 day time point; the analysis was done calibrating the machine with a 

set of Si standards at 0-0.1-0.5-1-2-5-20 µg mL-1; 

- DSC/TGA and ATR-FTIR to evaluate the changes in the I/O ratio after the soaking; 

- SEM of the scaffold surface using both JEOL 6010 LV SEM (for low magnification imaging) and 

Leo Gemini 1525 FEGSEM (for high magnification imaging) to check the effect of the immersion 

on the morphology; 

- Mechanical properties in compression (Section 5.2.5). 

All characterisation tests were performed with the settings described in Chapter 2, unless 

specified otherwise.  

Post-soaking scaffolds will be identified by the acronym “Si80-CL530_A_PBS”. 

 

5.2.5 MECHANICAL CHARACTERISATION OF SCAFFOLDS 

The mechanical properties of scaffolds were evaluated under compression through the two 

following analyses. 



  
 

206 

 

Compressive testing to failure 

The mechanical behaviour of the 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds was 

evaluated through compressive testing up to fracture in order to assess the maximum stress and 

strain that samples can achieve before failure, replicating the test conditions found in literature 

[7, 168]. Uni-axial compressive tests were performed on cubical 3D porous scaffolds of (5×5×5) 

mm3, that were cut with a sharp blade from larger scaffolds and loaded in the direction 

perpendicular to the plane of deposition. The test was carried out using a Bose Electroforce Series 

III machine equipped with WinTest® 7 software, fitted with a 220 N load cell, set in displacement 

control at a rate of 0.5 mm min-1 until failure. Conventional and true stress (σc and σ*, 

respectively), conventional and true strain (εc and ε*, respectively) were calculated as described 

in Section 2.4.1. In each sample set, 5 scaffolds were tested. 

All the four categories of scaffolds investigated in this chapter were tested: Si80-CL530_A, Si80-

CL530_A_PBS, Si80-CL530_S and Si70-CL530_A. As done on monoliths, when samples soaked in 

PBS were considered, the scaffolds were not dried but were compressed immediately after being 

taken out from the solution in order to simulate as close as possible the test in wet environment. 

Cyclic loading testing 

A preliminary study of the behaviour of scaffolds in compression under cyclic loading conditions 

was performed in order to have an indication of the ability to recover the deformation of 

SiO2/PTHF/PCL-diCOOH processed into a porous shape. This exemplifying test was run on only 1 

sample from each Si80-CL530_A, Si80-CL530_S and Si70-CL530_A series with the same machine 

used for compression testing to failure. 

Cubical scaffolds of (5×5×5) mm3 were subject to 10 cycles, all in equal conditions. The experiment 

was strain-controlled in order to compress each sample up to 20 % of its initial height; both the 

loading and unloading steps were performed at an equal speed of 0.5 mm min-1. Between each 

cycle a dwell time of 30 s was programmed to let the sample recover the deformation after each 

loading cycle. A schematic of the cyclic loading regime followed for this experiment is shown in 

Figure 5.5. 

 

Figure 5.5. Schematic of the loading conditions for the cyclic loading tests. 
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5.2.6 IN VITRO CELL STUDIES 

For reasons that will be explained in the results, at the end of the scaffold mechanical 

characterisation the reference aligned scaffolds (Si80-CL530_A) were selected for the 

investigation of the cell-material interaction with a view to cartilage regeneration. This involved 

first the assessment of cell viability, needed to ensure the biocompatibility of the chosen hybrid 

material. Then, cell attachment and cartilaginous matrix formation were performed in order to 

evaluate the real potential of the material and of the 3D porous structure to support the growth 

of the desired type of cartilage (articular, rather than fibrous). All the cell studies were performed 

by Dr Siwei Li. All cell culture reagents were obtained from Invitrogen-Thermo Fisher Scientific 

(Hemel Hempstead, UK) and Sigma-Aldrich (Dorset, UK) unless specified otherwise. 

In vitro  cell culture 

ATDC5 murine chondrogenic cell line (ATCC, UK) was expanded in basal DMEM (Dulbecco's 

Modified Eagle Medium) with 5 vol.% FCS (foetal calf serum), 100 U penicillin-streptomycin and 

1× ITS (Insulin-Transferring-Selenium) liquid supplement. Cells were incubated at 37°C in 

humidified atmosphere with 5 % CO2. Similarly, human bone marrow stromal cells (HBMSCs) 

(ATCC, UK) were cultured expanded in basal α-MEM (Minimum Essential Media) containing 100 

U penicillin-streptomycin and 10 vol.% FCS. Cells were passaged upon confluence using 500 μg 

mL-1 trypsin-EDTA (ethylene diamine tetra-acetic acid). 

Analysis of cytotoxicity 

To assess the potential cytotoxic effects of the raw Si80-CL530 material, viability of ATDC5 cells 

following exposure to the dissolution products was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) metabolic activity assay. Dissolution products of the Si80-

CL530 material were prepared by manually grinding a Si80-CL530_A scaffold and dissolving the 

obtained powder at a concentration of 75 mg in 50 mL DMEM [282] at 37°C in a Falcon tube placed 

on a roller-shaker. The solution was filter-sterilised and supplemented with 10 vol.% FBS (foetal 

bovine serum) for cell culture. Cells were seeded at 1000 cells per well in 96-well plates with 

media change every other day. At 1, 3 and 7 days of culture, the culture media was removed and 

cells were incubated with 50 μL MTT diluted in serum-free α-MEM (1 mg mL-1) for 2 h. MTT 

solutions were removed and wells were treated with 100 μL dimethylsulfoxide (DMSO) at RT for 

5 minutes with gentle shaking to dissolve the formazan crystals formed by living cells. The 

luminescence of the resulting solutions was measured at 570 nm using a microplate reader 

(SpectraMax M5).  
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Cell adhesion and viability on 3D printed scaffolds  

Si80-CL530_A scaffolds with standardised size of approximately (5×5×2.5) mm3 were made and 

sterilised with 70 % ethanol. ATDC5 cells were suspended in basal DMEM at 5×105 cells mL-1. 5 

mL of cell suspension was added to each sterile 50 mL Falcon tube containing one scaffold. Cell-

seeded scaffolds were maintained in standard incubator conditions at 37°C in humidified 

atmosphere with 5 % CO2. To achieve dynamic seeding, tubes were gently agitated every 30 

minutes during the first 2 h of culturing. Following 72 h of culture, cell-scaffold constructs were 

washed with PBS and fixed with 4 % (w/v) paraformaldehyde (PFA) for analysis of cell adhesion. 

In addition, viability of ATDC5 cells cultured on scaffolds at day 1, 7 and 14 was determined by 

colorimetric water-soluble tetrazolium salt (WST-1) assay. At each time point, cell-seeded 

scaffolds were collected and submerged in 5 mL of WST-1 reagent (1:10 dilution in DMEM, Roche 

Diagnostic, West Sussex, UK). 100 μL was aspirated in triplicate from each sample following 2 h 

incubation and the optical density was measured spectrophotometrically at 440 nm using a 

SpectraMax M5 microplate reader. 

Cartilaginous matrix formation on 3D printed scaffolds  

Cartilaginous matrix formation was first evaluated using the chondrocyte cell line. To induce 

chondrogenic differentiation, ATDC5 cells were seeded as described above. Following 72 h of 

culture, basal media were replaced by chondrogenic media and cell-scaffold constructs were 

cultured for further 18 days with media change every 3-4 days. Chondrogenic media consisted of 

DMEM supplemented with 10 ng mL-1 rhTGF-β3 (100-36E, PeproTech, London, UK), 100 μM L-

ascorbic acid 2-phosphate, 10 nM dexamethasone and 1× ITS liquid supplement [283, 284]. Day 

21 cell-scaffold constructs were fixed for analysis of cartilaginous matrix formation.  

It was decided to then repeat the same experiment using human mesenchymal stem cells since 

this is clinically more relevant. To induce chondrogenic differentiation, HBMSCs were seeded on 

to the scaffolds using the same methods. Following 72 h of culture, basal media were replaced by 

chondrogenic media and cell-scaffold constructs were cultured for further 18 days with media 

change every 3-4 days. Chondrogenic media consisted of α-MEM supplemented with 10 ng mL-1 

rhTGF-β3, 100 μM L-ascorbic acid 2-phosphate, 10 nM dexamethasone and 1× ITS liquid 

supplement [283, 284]. Day 21 cell-scaffold constructs were fixed for analysis of cartilaginous 

matrix formation. In this experiment, chondrogenic differentiation assay was also performed by 

culturing HBMSCs on monoliths of the Si80-CL530 material in order to investigate the importance 

of appropriate 3D environment. Monoliths of (5×5) mm2 and thickness of 1-2 mm were cut from 

larger discs, prepared as described in Chapter 4. 
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Immunohistochemical analysis of cell attachment and chondrogenic 

differentiation 

Cell-seeded scaffolds were collected on day 3 and 21 for immunohistochemical analysis of cell 

attachment and cartilaginous matrix formation respectively. Samples were washed with PBS and 

fixed with 4 % PFA. PFA-fixed samples were permeabilised with buffered 0.5 % Triton X-100 in 

PBS (300 mM sucrose, 50 mM NaCl, 3 mM MgCl2, 20 mM HEPES and pH 7.2). Following washing 

with PBS and blocking nonspecific epitopes with 10 mg mL-1 BSA (bovine serum albumin) in PBS, 

samples were incubated with relevant primary antiserum at 4°C overnight. This was followed by 

hour-long incubation with appropriate Alexa Fluor® 488-conjugated secondary antibody. Isotype 

controls were performed in all immunohistochemistry procedures and no staining was observed. 

Cytoskeletal marker anti-vimentin antibody (rabbit polyclonal, IgG, Abcam, Cambridge, UK) was 

used at 1:500 dilution in 10 mg mL-1 BSA. Chondrogenic differentiation and cartilaginous matrix 

markers, anti-Sox9, aggrecan, collagen Type II, collagen Type I and collagen Type X antibodies (all 

rabbit polyclonal, IgG) were used at dilutions of 1:150, 1:150, 1:500, 1:1000 and 1:100 

respectively in 10 mg mL-1 BSA. Goat anti-rabbit Alexa Fluor® 488-conjugated secondary (goat 

polyclonal, IgG) was used at 1:500 dilution in 10 mg mL-1 BSA. F-actin was labelled using 

CytoPainter F-actin staining kit (Abcam, Cambridge, UK) following the manufacturer’s instruction. 

Briefly, Alexa Fluor® 568-conjugated phalloidin (1:1000 dilution in 10 mg mL-1 BSA) was added 

simultaneously with the secondary antibody during the incubation period. All samples were 

counter-stained with DAPI (4',6-diamidino-2-phenylindole, 0.1 μg mL-1 in PBS).  

Confocal microscopy 

Samples were imaged under confocal microscopy (Leica SP5 MP laser scanning confocal 

microscope, Leica Microsystems, Wetzlar, Germany) and composite images were reconstructed 

using ImageJ software. 
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5.3 RESULTS AND DISCUSSION 

The composition chosen as a baseline for every characterisation was the one deriving from a 

TEOS/PCL-diCOOH ratio of 80/20 wt.% made using PCL-diCOOH of Mn 530 Da printed following 

an aligned 3D grid-like pattern (i.e. Si80-CL530_A). Then, the influence of three parameters was 

considered by varying one at a time. The impact of the composition was assessed by increasing 

the polymer content using a TEOS/PCL-diCOOH ratio of 70/30 wt.%, maintaining unchanged the 

“aligned” printed pattern (i.e. Si70-CL530_A). Printing the same composition with the “shifted” 

design (i.e. Si80-CL530_S) allowed the evaluation of the effect of the scaffold architecture. The 

behaviour in aqueous environment was studied by re-testing the reference scaffolds after being 

soaked in PBS for 7 days (i.e. Si80-CL530_A_PBS). 

 

5.3.1 SCAFFOLD FABRICATION: MACRO-OBSERVATIONS 

All the SiO2/PTHF/PCL-diCOOH hybrid scaffolds in the present project were fabricated through 

3D extrusion printing directly from the sol-gel process, a new approach reported so far only by 

Gao et al. [168] and Nelson [7]. While the printing of the silica/gelatin hybrids utilised principally 

the gelation of gelatin as it cools from 40°C (Section 1.6.4), here the method took advantage of the 

gelation step inherent in the novel hybrid sol-gel synthesis. Here, the simultaneous 

polymerisation of THF and condensation of the inorganic phase, covalently-linked by GPTMS, led 

to fast gelation, determining a gradual increase of viscosity of the forming gel that made it a 

suitable ink for its direct printing without the need for additives. In this section the relevant 

observations regarding the synthesis and 3D printing process are reported.   

Hybrid sol-gel synthesis 

The synthesis of SiO2/PTHF/PCL-diCOOH hybrid sol-gel ink for direct extrusion printing followed 

the same mixing protocol previously described in Section 3.3.5 and then applied in the 

preparation of hybrid monoliths (Section 4.2.1). The only difference was represented by the 

concentration of starting PCL-diCOOH in THF. Whereas 50 mg mL-1 was used for casting in moulds 

to make bulk samples, a double value of 100 mg mL-1 was selected as optimum for 3D printing. 

This value guaranteed a reasonable acceleration of the gelation process, needed to achieve the 

desired viscosity, while maintaining homogeneity of the hybrid sol, in that there were no parts of 

the sol gelling before others or separating. A concentration of 200 mg mL-1 was also tested but, 

because of the small volume of solution prepared in each synthesis, it led to problems of uneven 

gelation immediately after having combined TEOS hydrolysis solution and the organic precursor 

solution: rapid formation of a superficial layer of gel already in the mixing container was observed, 
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while the solution underneath was still liquid; this was irreversibly detrimental for the printing 

step.  

When the sol was ready and homogeneous, the gelation (i.e. the increase of viscosity) was 

triggered by inducing partial THF evaporation through mixing in an open container and optionally 

using a heating bath at 60°C. The viscosity was only evaluated through observation to the naked-

eye and it was considered suitable for transferring into the syringe when the flow was slowed 

down compared to the initial solution and started to form fibre-like formations when dragged, but 

it still flowed sufficiently to allow the removal of bubbles and the transfer. This usually occurred 

within 30 minutes from the beginning of the mixing without the lid for both the examined 

compositions; however, the specific time varied from batch to batch because it was influenced by 

the environmental conditions (e.g. temperature and humidity of the laboratory).  

Air bubbles were removed through the use of an ultrasound bath before transferring the sol in the 

syringe, where it was then pushed to the nozzle in order to avoid any excess of air in the barrel: 

these were simple steps, though they were essential, because the entrapment of bubbles in the ink 

could interrupt the continuous printed filament and/or form large pores in the printed struts, 

compromising the properties of the obtained scaffolds [166, 179]. These steps were made easier 

by the small volume of solution prepared each time, which was just the minimum required to fill 

a 3 mL syringe.  

3D printing – Assessment of the printing window 

The syringe equipped with the 0.20 mm nozzle was then placed in the robocasting machine in 

order to print the porous scaffolds following the chosen CAD design (either “aligned” or “shifted”) 

when the ink viscosity fell into the printing window, evaluated by visual observation as described 

in Section 5.2.1. The importance of only ever 3D printing within the printing window is evident in 

Figure 5.6. If the right degree of gelation was still not achieved, it meant that the 

polymerisation/condensation of the hybrid network, and consequently the viscosity, were still 

not sufficient. This caused an over-shrinkage of the filament due to the sudden evaporation of the 

non-polymerised THF and hydrolysed TEOS when in contact with air; moreover, the extruded 

filament was too fluid and tended to spread on the substrate/previous layer, so that the resulting 

layer height was actually smaller than the set value. These effects affected the printing process 

cumulatively layer by layer, leading to overshrunk scaffolds, that showed a narrowing of the cross-

section with increasing height (Figure 5.6a). On the contrary, if the viscosity was too high, the 

filament was extremely hard to be extruded, tending to curl during the printing; this produced 

struts that were not straight and not sufficiently bonded to the previous layer, resulting in final 
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irregular scaffolds (Figure 5.6c). Only within the printing window regular scaffolds, such as the 

one shown in Figure 5.6b, could be achieved. 

 

 

Figure 5.6. Photographs of dried scaffolds that were 3D printed at different degrees of gelation: a) too liquid ink; b) 

ink with suitable viscosity (i.e. within the printing window); c) too viscous ink. 

The hybrid ink was, on average, printable for approximately 1 h for both used compositions. 

However, the start and end time of the printing window were not systematically quantified as they 

were not reproducible. The lab environment, particularly fluctuations in what was considered 

“room temperature” and humidity, exercised a significant influence on the gelling rate: for 

instance, the printing window was longer in colder conditions.  

Gao et al. [168] and Nelson [7] studied the rheological properties of their glass/gelatin sol-gel 

hybrid inks through a viscometer and a rheometer respectively. The obtained data gave 

information on the general behaviour of the inks with increasing gelation. However, due to the 

viscometer/rheometer not mimicking the actual conditions in 3D printing (e.g. different 

geometries and consequently different surface/volume ratio when exposed to air during the test), 

no quantitative indications of the correlation between rheology, gelation rate and printing time 

were derived. Thus, those techniques resulted to be not useful to determine a 3D printing protocol 

and the macroscopic observation of the flow was still used as main check of the viscosity. Here, 

qualitative assessment of the gelation degree and printing window was sufficient. However, the 

existence of the printing window limited the number of scaffolds that could be fabricated.  

Optimisation of the 3D printing parameters  

Once the viscosity increase with gelation and its correlation with the printing window were 

understood, the 3D printing parameters were investigated and determined. This consisted of 

studying the combination of printing tip (shape and size), strut separation, layer height, speed of 

printing, deposition rate and substrate material. The final goal was to obtain regular porous 

scaffolds with channel width within the interval 100-200 µm in the “aligned” architecture. A target 

was not defined for the “shifted” pattern, which was simply defined as modification of the 



  
 

213 

 

“aligned” design that could guarantee the maintenance of an interconnected network of pores in 

similar size range. The parameters were optimised for the Si80-CL530 composition, as it was 

chosen as reference, and were then applied with no variations to Si70-CL530 in order to evaluate 

the effect of the I/O ratio on the printability.  

All parameters were interdependent and, hence, different combinations were investigated until a 

satisfactory setup (described in Section 5.2.1) was identified. For clarity purposes, here below 

general notes on the effects of varying the parameters are discussed to justify the final selected 

values. All the studies were done at RT. Variables are underscored. 

The smooth-flow tapered plastic tip was preferred to straight stainless steel tip because the 

gradual reduction of the diameter allowed the ink to flow easily from the barrel to the nozzle, 

whilst it tended to accumulate and eventually solidify at the side of the straight tip. Moreover, 

stainless steel could be slowly corroded by the contact with THF in the solution, contaminating 

the ink. Once the shape of the tip was chosen, it was demonstrated that the ink could be extruded 

through several nozzles of decreasing diameters between 0.58 mm and 0.20 mm, which was the 

smallest nozzle size available for tapered tips. 0.20 mm was then the selected value, as it 

guaranteed the highest possible resolution in the targeted scaffold architecture (Section 5.3.3). 

The printing speed (i.e. speed of movement of the printing head in the x-y plane) and the 

deposition rate (i.e. the extruded volume rate) were closely linked to the nozzle size, because they 

determine the final strut diameter: for a fixed nozzle, if either the speed of movement of the 

printing head was too fast or the deposition rate was too slow, breaks in the extruded filament 

were observed; conversely, either slow printing speed or high extrusion rate led to the formation 

of aggregates on the printed layer. The best compromise, considering the selected nozzle, was 

found to be a printing speed of 10 mm s-1 with a deposition rate of 0.05 mL min-1. The latter was 

finely controlled and kept constant throughout the printing. The robocasting machine 

automatically adjusted the force applied to the plunger along the z-axis on the basis of the ink 

viscosity (i.e. resistance) in order to maintain a constant rate of extrusion. This was very important 

in the present project, because it guaranteed a reproducible printing process throughout the 

printing window and among different batches, which could show variable gelation degree and 

consequently viscosity.   

A strut spacing between 0.50-0.80 mm was attempted for the “aligned” pattern. For values ≤ 0.55 

mm, some struts merged with neighboured struts due to slight expansion of the forming gel upon 

extrusion, leading to the obstruction of vertical channels. Conversely, when the highest value (0.8 

mm) was used, collapse of the struts in the vertical direction was noticed. This was attributed to 

the fact that the filament, immediately after extrusion, was still not completely gelled and was able 

to keep the shape only within certain limits. If the distance between struts was too large, the 
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filament started to bend and collapse onto the previously deposited layer during the printing 

process. The strut spacing of 0.60 mm was then found to ensure the best compromise among 

channel size, percentage porosity and mechanical properties. A higher value of 0.75 mm was 

instead required for the “shifted” design, for which the tendency to condense the struts was 

noticed at smaller spacing values due to the offset between layers.    

The layer height was selected as the z-spacing that ensured printing each layer in contact with the 

previous layer below. The layer height is a crucial parameter: if too small, the new layer will merge 

into the previously deposited one, reducing porosity; if too large, the tip will be moved up too far 

from the layer below and the extruded filament will drop, resulting in poor accuracy. A value of 

0.21 mm was selected, which slightly exceeded the nozzle size, due to expansion of the material 

upon printing. 

The last important parameter was the choice of the printing substrate. Aluminium foil and 

polyethylene were discarded because they are not resistant to THF. Glass plates, instead, satisfied 

this requirement but could not be used because of their affinity with the silica in the hybrid ink, 

causing sticking to the glass substrate. PTFE was then the material chosen, since it is THF-resistant 

and it guaranteed enough adhesion of the first deposited layer without sticking, thus allowing the 

stability of the scaffold during deposition and the safe removal of the scaffold at the end of the 

printing process. 

The above described set of parameters provided optimal printing conditions for Si80-CL530 

hybrid ink within its printing window. When the same setup was applied to Si70-CL530 hybrid 

composition, the ink could be still successfully extruded achieving layer-by-layer deposition; thus, 

the chosen printing parameters were proven to be compatible with the composition containing 

lower inorganic fraction. The only noticeable difference was that Si70-CL530 ink was more 

“sticky”, a feature that was believed to be due to the higher content of forming polymer and caused 

a slight reduction in flow, but did not limit the fabrication of reproducible scaffolds. 

Ageing and drying 

The remainder of solvent (i.e. THF from the polymer solution, water and ethanol from TEOS 

hydrolysis solution) in the gel was lower in the 3D printed scaffolds than in the corresponding 

bulk samples, since a more concentrated starting sol was prepared and part of the THF was 

already evaporated before printing; furthermore, localised evaporation was believed to occur on 

the surface of the strut during printing because of the contact with air of struts characterised by 

high surface/volume ratio. 

Despite this, as printed scaffolds were still wet and quite soft due to the presence of both residual 

THF and the still not completed polymerisation and condensation of silica. Wet scaffolds were 
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then gently detached from the PTFE substrate and moved for ageing and drying at 40°C. Given the 

smaller dimensions and the lower amount of solvent, the drying step for scaffolds required less 

time than for monoliths (4-7 days vs. 10-28 days (Section 4.3.1), respectively). 

When dried, scaffolds of both considered compositions (Si80-CL530 and Si70-CL530) exhibited 

an isotropic shrinkage, maintaining cubic shape (Figure 5.7a-b). Despite the overall accelerated 

drying process, scaffolds were crack-free and exhibited flexibility: scaffolds could be partially 

compressed and then recover their initial shape (Figure 5.7c-d), consistently with the behaviour 

observed on monoliths of the same compositions. 

 

 

Figure 5.7. Photographs of example 3D printed scaffolds at the end of drying, in order to highlight the following 

observations: a) shrinkage of a scaffold printed from a design with 12 mm as side dimension; b) the shrinkage was 

even, as the cubic shape was maintained after drying; c-d) scaffolds showed excellent flexibility. 

 

It was not only demonstrated that the direct extrusion printing of this Class II-IV sol-gel hybrid is 

feasible, but also successful and reproducible scaffolds of two specific compositions (Si80-CL530 

and Si70-CL530) were produced. Nevertheless, it was evident that an accurate control over the 

gelation process was required in order to define a precisely timed printing protocol. 
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5.3.2 CHARACTERISATION OF THE SCAFFOLD HYBRID COMPOSITION 

Composition evaluation 

The effect of printing on hybrid composition was investigated through DSC/TGA and ATR-FTIR 

analyses and compared to results obtained on monoliths (Section 4.3.2). As expected, no 

differences were observed between scaffolds of the same composition (Si80-CL530) fabricated 

with the same printing parameters but following two different patterns (“aligned” and “shifted”). 

This confirmed that the architecture did not influence the hybrid network formation; therefore, 

only results from Si80-CL530_A will be presented in this section as representative samples of the 

Si80-CL530 series.  

DSC/TGA was run in order to measure the actual I/O wt.% (Figure 5.8). As described in Section 

5.2.2, the actual I/O wt.% was compared to the theoretical I/O wt.% calculated counting the 

contributions of TEOS, GPTMS and PCL-diCOOH, as if no THF polymerisation occurred, in order to 

estimate the fractions of pre-formed organic (%orge, from PCL-diCOOH and GPTMS) and PTHF 

(%PTHFe) present in the hybrid system. The inorganic phase was instead due solely to SiO2. All 

the values for the two compositions are shown in Table 5.2.  

 

 

Figure 5.8. DSC/TGA analysis on hybrid scaffolds: a) TGA curves; b) DSC curves. 
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Table 5.2. Analysis of the inorganic and organic contents of the SiO2/PTHF/PCL-diCOOH hybrid scaffolds. From left to 

right the five columns describe: the acronym of the scaffold; the theoretical I/O calculated from Equation 4.2 and 

Equation 4.3; the actual I/O ratio measured from TGA; the estimated wt.% of preformed organic (%orge) calculated 

from Equation 4.4; the estimated wt.% of PTHF (%PTHFe) calculated from Equation 4.5; ratio among the estimated 

wt.% of PTHF and estimated wt.% of pre-formed organic. 

Sample ID 
Theoretical I/O 
= %SiO2t/%orgt 

(wt.%) 

Actual I/O = 
%SiO2m/%orgm 

(wt.%) 
%orge %PTHFe %PTHFe / 

%orge 

Si70-CL530_A 38.5/61.5 16.9/83.1 27.0 56.1 2.1 
Si80-CL530_A 49.0/51.0 23.8/76.2 24.8 51.4 2.1 

 

 

The I/O ratio of scaffolds was similar to that obtained on corresponding hybrid discs: Si80-CL530 

composition led to a wt.% inorganic of 24.7 for discs and 23.8 for scaffolds; Si70-CL530 hybrids 

had a silica content of 17.4 wt.% when in shape of discs and of 16.9 wt.% when printed into porous 

scaffolds. Also the %PTHFe/%orge ratio of 2.1, identical for both compositions, fell into the range 

of that of the hybrid discs (1.9-2.3, Table 4.2). The DSC traces (Figure 5.8b) showed two 

exothermic peaks, with the temperature of the second peak (attributed to the burn-out of PCL-

diCOOH) decreasing with the silica content, in agreement with the results obtained on the 

corresponding discs. While the first peak was still at approximately 180°C, the only difference was 

noticed in the slight shift of the range of temperatures of the second peak from 310-360°C for discs 

(Figure 4.5c) towards higher values (340-390°C) for scaffolds. 

The similarity of the I/O ratio between discs and scaffolds suggests that the evaporation of the 

solvent that occurs upon casting in disc mould (i.e. in the large empty volume between the top 

surface of the solution and the lid) was similar to that of the 3D printing protocol. In the latter, a 

fraction of solvent was forced to evaporate prior to printing to achieve suitable viscosity and more 

evaporation was believed to occur from the filament surface during extrusion, but it can be 

concluded that this sequence of events did not induce an over-evaporation of the solvent. 

ATR-FTIR spectra (Figure 5.9) were consistent with the final I/O ratios, as expected from the 

results observed on monoliths (Figure 4.6): Si80-CL530_A showed higher absorption of (O-H), 

(Si-OH) and s(Si-O-Si) bands (Figure 5.9a and c) and lower absorption in bands typical of the 

organic components (s(CH2), as(CH2), ν(C=O) and (CH2)) (Figure 5.9a and b) if compared to 

Si70-CL530_A. No significant differences were noticed by comparing the spectra of scaffolds and 

discs (Figure 4.6) of same composition.  
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Figure 5.9. ATR-FTIR spectra of hybrid scaffolds. The extracts show three different wavenumber regions:  

a) 3800-2500 cm-1; b) 1850-1300 cm-1; c) 1300-700 cm-1. All the curves were normalised to the highest peak (~1100-

1000 cm-1) to show the relative change in composition. 

 

These observations suggest that the processing through 3D printing does not cause substantial 

variations in the hybrid network compared to the traditional casting to make monoliths; however, 

this conclusion is only speculative at this stage as further quantitative analyses, such as solid-state 

NMR and TEM imaging, would be needed to further confirm these findings. 

Behaviour in wet environment 

The same characterisation of the hybrid composition was repeated on the series of scaffolds that 

were soaked in PBS for 7 days at 37°C and 120 rpm (Si80-CL530_A_PBS). From macroscopic 

observations, the scaffolds did not show any damage or variation both during the immersion in 

PBS (Figure 5.10) and after having been removed and dried at RT. This means that Si80-CL530 

composition maintained a good balance between hydrophilic silica and hydrophobic organic 

phases, that prevented scaffolds to either swell or crack in aqueous environment. 
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Figure 5.10. Photographs of Si80-CL530_A_PBS scaffolds during immersion in PBS solution. 

 

From the experiments run on the monoliths, a partial release of PCL-diCOOH was expected and, 

therefore, the same steps of analysis were pursued. First, the mass loss was measured as 

difference between the weight before the test and when completely dried after soaking, resulting 

in a mean value of 14.5 ± 0.5 wt.%, which was in line with the behaviour of Si80-CL530 rectangular 

samples (cut out from a disc), that lost 17.6 ± 0.7 wt.% (Table 4.8). Collected PBS solutions after 7 

days were then analysed with ICP-OES, showing, as expected, no significant Si release, confirming 

that organic phase was lost upon soaking.  

The dried scaffolds were then manually ground into powders to be characterised with DSC/TGA: 

the corresponding traces are reported as dotted lines in Figure 5.8. The trends were in accordance 

with expectations, showing a relative increase of the inorganic wt.% and a shift of the second peak 

towards lower temperatures. In particular, the I/O ratio changed from 23.8/76.2 wt.% (pre-

soaking) to 27.0/73.0 wt.% (post-soaking). Following the same procedure described in Section 

4.3.3 (page 165), the theoretical post-soaking I/O ratio was calculated under the hypothesis that 

all the mass reduction was due to polymer loss: this resulted in 27.8/72.2 wt.%, which can be 

considered significantly comparable to the actual I/O ratio measured through TGA, giving a 

further confirmation that it was mainly the organic component which was lost upon soaking, 

whilst the silica fraction was negligible.  

For the reasons extensively explained in Chapter 4, PCL-diCOOH was the only polymer expected 

to be released during the test, as PTHF is known to be not bioresorbable in aqueous solutions. 

This was qualitatively confirmed analysing powdered Si80-CL530_A_PBS scaffolds with ATR-

FTIR. The obtained spectrum is reported in Figure 5.9, in order to be directly compared with the 

one acquired before soaking (Si80-CL530_A): it is clearly evident that the main change caused by 

the soaking is the relative decrease of the (C=O) vibration around 1725 cm-1, which is the 

principal band of PCL [197, 198].  
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The results presented in this section met the predictions based on the outcomes of the 

characterisation of bulk samples, both in dry conditions and after soaking in PBS. The evaluation 

of the architecture, mechanical properties and cell-material interactions is illustrated in the 

following sections. 

 

5.3.3 CHARACTERISATION OF THE SCAFFOLD ARCHITECTURE 

The effects of the printing design (Si80-CL530_A vs. Si80-CL530_S), of the hybrid composition 

(Si80-CL530_A vs. Si70-CL530_A) and of the soaking in PBS (Si80-CL530_A vs. Si80-CL530_A_PBS) 

on the scaffold structure and morphology are presented in this section. The results of SEM 

imaging, µ-CT and He pycnometry are discussed here below. 

Macro-observations 

All scaffolds were printed within the printing window, with regular and reproducible results. The 

difference in the printed design was already noticed at the macroscale (Figure 5.11) with straight 

vertical channels visible in the “aligned” and diagonal channels at 45° for the “shifted” scaffolds. 

No noticeable macroscopic changes in the 3D structure were observed among scaffolds of same 

design but different composition, as well as before and after soaking in PBS. 

 

 

Figure 5.11. Scaffolds printed following the two selected designs: a) aligned (Si80-CL530_A) and b) shifted (Si80-

CL530_S). The different orientations of the channels are highlighted. 

SEM imaging 

The morphology of scaffolds was first investigated through SEM analysis. For each type of scaffold, 

images of the top surface, a horizontal section and a vertical section were collected. A summary of 

the results for dry samples (Si80-CL530_A, Si80-CL530_S and Si70-CL530_A) is displayed in 

Figure 5.12. 
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Figure 5.12. SEM images of three different hybrid scaffolds: Si80-CL530_S, Si80-CL530A, Si70-CL530_A (from top to 

bottom). For each scaffold 3 micrographs are reported: top surface (left column, scale bar = 500 µm); horizontal (x-y) 

section (middle column, scale bar = 200 µm); vertical (z-y) section (right column, scale bar = 200 µm). 

First, it was evident that struts were not totally regular, in the sense that they were not perfectly 

straight and they showed an irregular surface. Similar results were shown by Nelson on Class II 

silica/gelatin hybrid scaffolds [7]. This was a consequence of the combination of three factors: 

viscous extrusion through a narrow gauge nozzle; localised drying on the filament surface during 

printing; scaffold shrinkage post-printing. However, the images show overall regularity in 

reproducing the designed pattern, which was considered a success taking into account that drying 

represents a critical step not only to avoid cracking but also to control and achieve an even 

shrinkage in the three spatial dimensions. 

Considering the reference scaffolds, Si80-CL530_A (central images in Figure 5.12), a grid-like 

structure with aligned struts was obtained. Pore channels were visible on both horizontal and 

vertical sections, giving evidence of a complete interconnection in all directions. This confirmed 

that the extruded ink was able to hold its shape during printing and that the selected parameters 

ensured no merging of the struts upon shrinkage. Channels oriented along the z direction seemed 

to have similar dimensions to the struts (approximately 200 µm), whilst channels on the x and y 
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directions appeared slightly smaller: in fact, even if the scaffold was proven not to collapse during 

printing, a slight reduction of the height under its own weight still occurred. This is considered an 

excellent outcome if compared to literature: in fact, the scaffolds printed by Nelson exhibited a 

complete collapse on the z direction, with the aligned struts fused into a dense wall [7], whereas 

no low-magnification images of the vertical section were reported by Gao et al. [168].  

The same composition showed the ability to keep its shape also when printed following the 

“shifted” design (Si80-CL530_S, top images in Figure 5.12). The strut size, at the SEM observation, 

seemed comparable to the one of Si80-CL530_A, demonstrating consistency of the ink for a fixed 

composition. The regular offset between consecutive layers of parallel struts was visible in all 

three images, which also demonstrated the interconnection among pores in all the directions. 

Because of the shift, channels were transversally oriented at 45° angle, hence there was a larger 

void space between struts along each of the three orthogonal directions. 

The SEM imaging of Si70-CL530_A (bottom images in Figure 5.12) allowed visualisation of the 

effect of the change in composition. 3D printed scaffolds were successful, as the “aligned” design 

was maintained overall, with interconnected channels visible in all x-y-z directions. However, the 

struts appeared rougher, more irregular and disordered if compared to Si80-CL530_A. The struts 

were also slightly larger and, consequently, channels were smaller. It is hypothesised that the 

presence of a higher organic fraction had an influence on the surface drying upon extrusion. In 

fact, increased organic fraction also increased the volume of THF compared to water and ethanol 

carried by the TEOS hydrolysis solution: since THF is more volatile than the other two solvents, 

the evaporation rate on the surface may be enhanced for lower I/O ratios, resulting in a less 

smooth filament. This explanation is compatible with the “sticky” nature of the Si70-CL530 ink 

observed macroscopically (Section 5.3.1). 

The effect of immersion in PBS on the morphology was also assessed through the analysis of Si80-

CL530_A_PBS scaffolds. Significant differences from the pre-soaking scaffolds (Si80-CL530_A) 

were not detected with imaging at the same magnifications of Figure 5.12 (data not shown), but 

above 1000× some changes on the surface were observed (Figure 5.13). While the surface before 

soaking was completely smooth (Figure 5.13a1 and a2), the formation of small hackle-like features, 

usually seen in brittle fractures [285], was visible after 7 days in PBS (Figure 5.13b1 and b2). This 

was found to be only a surface effect, since they were not observed in the inner part exposed by 

cutting a section (Figure 5.13b1). Those features were compatible with the partial release of PCL-

diCOOH from the scaffolds during immersion in PBS, which was deemed to be surface degradation 

as it did not cause evident variations in the shape, volume or morphology of the scaffolds.  
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Figure 5.13. SEM images of Si80-CL530 aligned scaffolds before (Si80-CL530_A, a1 and a2) and after (Si80-

CL530_A_PBS, b1 and b2) 7 days in PBS. Images are reported at two magnifications: a1,b1) cross-section of a strut at 

1000×, where both the external and the inner part are visible (scale bar = 10 µm); a2,b2) external surface at 10000× 

(scale bar = 2 µm). 

 

SEM analysis highlighted another important feature of 3D printing of a sol-gel ink: the interaction 

between stacked layers consisted not only of a physical deposition but also of a true fusion at the 

contact surface between adjoining struts with no distinguishable boundaries (Figure 5.14). This 

was an intrinsic consequence of the sol-gel process, because, upon extrusion, the gel was still 

forming, which means it was still wet and had to complete the polymerisation and condensation 

of the inorganic/organic hybrid network: this gradually took place in the following phases of 

ageing and drying ensuring the formation of a strong chemical covalent bonding between printed 

struts, which was responsible of the strut merging. The same effect cannot be achieved in absence 

of covalent bonding between the organic and inorganic phases: in fact, the SEM images of Class I 

silica/gelatin hybrid scaffold printed by Gao et al. [168] displayed a well-visible distinctive 

boundary among stacked struts. This feature was predicted to be beneficial in providing 

mechanical strength. 
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Figure 5.14. a) SEM image of the horizontal section of a Si80-CL530_S scaffold and b) its magnification in an area that 

shows the interaction among struts belonging to three different layers (identified with “1-2-3” from the outer to the 

inner layer): the fusion between two adjoining struts is pointed out with a dashed line. Scale bar = 100 µm for both 

images. 

For each type of scaffold (combination of composition and printing design), samples from 

different batches were imaged through SEM and it was verified that, despite the random 

irregularity of the strut surface, the overall morphology and porous structure were reproducible. 

µ-CT analysis 

One scaffold for each type (Si80-CL530_A, Si80-CL530_S and Si70-CL530_A) was further 

investigated through μ-CT analysis. Sectioning for SEM may have caused damage to the 

architecture, so μ-CT, a non-destructive technique [94], was also used. In order to ensure a clear 

picture of the structure, it was decided to report, for each scaffold, the reconstruction of a child 

volume with side dimension of 1235 μm (Figure 5.15, Figure 5.16, Figure 5.17). The top three 

images show the 3D rendering of the struts (‘a’, blue), pore channels (‘b’, red) and their assembly 

in order to show the total investigated volume (‘c’) resulting from the segmentation process. From 

these, the distance maps of segmented struts and channels were applied and graphically 

visualised (‘d’ and ‘e’, respectively), wherein the segmented filament (strut/channel) is 

represented by its centre line with increasing thickness and colour variable from blue to red with 

increasing diameter of the segment (as shown by the colour map in each panel). The two distance 

maps were used to calculate the strut size and channel size distributions (‘f’): the size range 0-340 

μm was divided in bins of 20 μm and the percentage of strut/channel segments counted in each 

bin is reported in correspondence of the central value of the size range of the bin. Lastly, the 

percentage porosity was calculated from these distributions. 
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Figure 5.15. μ-CT analysis of a child volume (dimensions = 1235 μm) of a Si80-CL530_A scaffold. a, b, c) 3D rendering 

of struts (in blue) and channels (in red) and their combination, respectively. d, e) Distance maps of segmented struts 

and channels, respectively, where the colour of the segments is related to their diameter following the colour map 

visible in between. f) Strut size and channel size distributions calculated from d-e (bin size of 20 μm). All scale bars 

correspond to 250 µm. 

 

Figure 5.16. μ-CT analysis of a child volume (dimensions = 1235 μm) of a Si80-CL530_S scaffold. a, b, c) 3D rendering 

of struts (in blue) and channels (in red) and their combination, respectively. d, e) Distance maps of segmented struts 

and channels, respectively, where the colour of the segments is related to their diameter following the colour map 

visible in between. f) Strut size and channel size distributions calculated from d-e (bin size of 20 μm). All scale bars 

correspond to 250 µm. 
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Figure 5.17. μ-CT analysis of a child volume (dimensions = 1235 μm) of a Si70-CL530_A scaffold. a, b, c) 3D rendering 

of struts (in blue) and channels (in red) and their combination, respectively. d, e) Distance maps of segmented struts 

and channels, respectively, where the colour of the segments is related to their diameter following the colour map 

visible in between. f) Strut size and channel size distributions calculated from d-e (bin size of 20 μm). All scale bars 

correspond to 250 µm. 

 

The 3D reconstruction of struts (‘a’) and channels (‘b’) for the three types of scaffolds confirmed 

the findings of SEM images: the morphology of struts was not perfectly ordered but followed 

consistently the designed pattern, with a reasonable vertical alignment for Si80-CL530_A and 

Si70-CL530_A and a fairly regular shift for Si80-CL530_S. Moreover, the distance maps of channels 

(‘e’) allowed for a clear 3D visualisation of the interconnection of the porosity, which appeared 

homogeneously distributed in the whole thickness for all samples. 

Since struts generally showed an irregular surface and were not perfectly straight, it was difficult 

to evaluate their dimensions, and consequently also the channel size, through a quantification 

processing of SEM images. Therefore, the visualisation of the distance maps of struts (‘d’) and 

channels (‘e’) and the corresponding calculated size distributions (‘f’) represented the most 

reliable approximation, even considering the limitation in the μ-CT resolution (voxel dimensions 

of 9.5 μm).  

Si80-CL530_A scaffold showed channel sizes were distributed in the range 40-140 μm, with modal 

width in the 120-140 μm bin and with larger size occurring at interconnect sites. Channel width 

was on average smaller than strut diameter, that was mainly between 140-220 μm with modal 

strut width in the 140-160 μm bin. This result can be considered in agreement with the SEM 
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images: in fact, vertical channels were found to have roughly the same width as struts, whereas 

horizontal channels tended to be a bit squeezed under the weight of the scaffold, causing a 

decrease in the average equivalent diameter. A percentage porosity of 40 vol.% was calculated 

from these distributions. 

In accordance with the maintenance of the same alignment, Si70-CL530_A scaffold showed similar 

channel and strut size distributions to Si80-CL530_A, with the only difference in the modal strut 

size: this in fact fell in the 200-220 μm bin, shifted toward a higher value compared to Si80-

CL530_A, which exhibited the maximum in the 140-160 μm bin. This outcome matched the SEM 

observations and it also explained the lower value of porosity (35 vol.%) that was calculated from 

the size distributions. 

A similar trend between struts and channels was instead revealed for Si80-CL530_S, with both 

spanning the range 100-200 µm. The modal strut size was located at 140-160 µm, coinciding with 

the maximum shown by Si80-CL530_A: this was expected since the two designs differ only for the 

offset among struts, which should affect only the channel size, while the extrusion parameters, 

that determine the strut diameter, were unvaried. Then, as expected, bigger channels were 

detected in Si80-CL530_S: it is believed that, compared to the “aligned” design, the larger 

separation between adjacent struts on the x and y directions somehow compensated the 

reduction of the z spacing under the scaffold weight, determining a narrower void distribution 

centred around 120-140 µm with less channels of smaller size. Accordingly, in this case a porosity 

of 51 vol.% was calculated. 

Values calculated from channel and strut size distributions are summarised in Table 5.3. 

He pycnometry 

The last characterisation on the structure of scaffolds was He pycnometry to measure the skeletal 

density (ρsk) of the hybrid materials, used to calculate the percentage porosity (%P) of the 

scaffolds as described in Section 5.2.3. These values are summarised in Table 5.3, in comparison 

with results determined from μ-CT analysis. 

Table 5.3. Summary of the properties quantified through He pycnometry and μ-CT for hybrid scaffolds. Values of 

skeletal density (n = 20) and %P (n = 5) from He pycnometry are reported as mean ± standard deviation; %P, modal 

channel size and modal strut size from μ-CT were calculated from one example sample for each type. 

Scaffold ID ρsk (g cm-3) 
[He pycn.] 

%P (vol.%) 
[He pycn.]  

%P (vol.%) 
[μ-CT] 

Modal channel 
size (µm) [μ-CT]  

Modal strut size 
(µm) [μ-CT]  

Si80-CL530_A 
1.23 ± 0.01 

42.4 ± 3.9 40 120-140 140-160 
Si80-CL530_S 51.7 ± 2.0 51 120-140 140-160 
Si70-CL530_A 1.18 ± 0.01 40.2 ± 3.3 35 120-140 200-220 
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Section 5.3.2 showed that the hybrid network for a selected composition was not influenced by 

printing. Accordingly, no differences were detected in the skeletal density of Si80-CL530 

composition for both “aligned” and “shifted” structure. The relative decrease of the inorganic 

content in Si70-CL530 caused a decrease in the skeletal density.  

No surprising outcomes were revealed by the values of percentage porosity. Si80-CL530_S 

showed the highest porosity, showing %P slightly above 50 vol.%. A decrease of approximately 

10 vol.% was observed in the “aligned” scaffolds, with Si80-CL530_A showing a little higher value 

than Si70-CL530_A. For Si80-CL530_A and Si80-CL530_S, the percentage porosity calculated from 

μ-CT analysis fell into the interval spanned by the standard deviation of the %P from He 

pycnometry. The percentage porosity of Si70-CL530_A from μ-CT was instead marginally below 

the lower limit detected via He pycnometry due to the scaffold irregularity.   

Outcomes of the characterisation of the scaffold architecture  

The observation that scaffolds were able to hold their shape, by maintaining open and 

interconnected channels both along the z axis and on the x-y plane, validated the hypothesis that 

the SiO2/PTHF/PCL-diCOOH hybrid could be used as ink for direct 3D extrusion printing. 

Although the combination of the extrusion through a small gauge nozzle and the shrinkage, which 

is unavoidable because it is inherent in the sol-gel process without critical point drying, created 

struts characterised by an irregular surface, the final architecture of the scaffolds was overall a 

regular scaled-down replica of the imposed design. Furthermore, scaffolds were reproducible for 

any combination of composition and design. 

The analysis of the morphology further supported the choice of Si80-CL530 as preferred 

composition. In addition to the most promising properties exhibited in the bulk state, Si80-CL530 

ink allowed a smoother flow during printing and resulted in more regular struts, whilst Si70-

CL530 ink possesses a sticky nature that produced a less controllable filament with noticeably 

uneven surface. 

Both the patterns 3D printed from Si80-CL530 composition showed promising architecture after 

the completion of drying. In both cases, despite the different alignment of the struts, the set 

printing parameters allowed the achievement of channels within the targeted size (100-200 μm), 

as channel width resulted on average below 200 μm; the “shifted” design was overall 

characterised by larger channels than the aligned one, but both designs exhibited the maximum 

of the distribution ranging between 120-140 μm. These data were quantified from μ-CT analysis 

as an average channel size in all spatial directions: it has to be underlined that, as visible under 

SEM, vertical channels were usually larger than horizontal channels, remaining though in the 

targeted range. Strut diameters ranged within 140-220 μm, resulting in percentage porosity in the 
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interval 40-50 vol.%. The overall scaffold porosity cannot be significantly increased maintaining 

the same pore size, because the only way to do it would be to reduce the diameter of the deposited 

filament. This is governed by the combination of nozzle size, printing speed and deposition rate: 

as previously said, the smallest tapered tip was used and either reducing the deposition rate or 

increasing the printing speed would affect the uniformity of the extruded filament.    

SiO2/PTHF/PCL-diCOOH hybrid scaffolds here presented showed some advantages compared to 

hybrid scaffolds belonging to the same category available in literature. First, they were 

characterised by a control of the architecture on a finer scale compared to sol-gel hybrid scaffolds 

fabricated by Gao et al., which exhibited pores and struts of ~550 μm and ~350 μm respectively 

[168]. Nelson made hybrid scaffolds with strut and channel size of ~160 μm and ~210 μm 

respectively, but this required the application of critical point drying through solvent exchange 

[7], whereas no post-processing was needed in the present work.  

In conclusion, the 3D printed SiO2/PTHF/PCL-diCOOH hybrid scaffolds were proven to be 

reproducible with control over their features, which are the key factors in order to obtain 

functional scaffolds that will be able to exploit their role when implanted. To this end, the crucial 

step is the evaluation of the mechanical properties, described in the next section. 

 

5.3.4 MECHANICAL CHARACTERISATION OF SCAFFOLDS 

SiO2/PTHF/PCL-diCOOH hybrid scaffolds showed remarkably low stiffness in visual observations. 

Despite their porous structure, they seemed to maintain the elastomeric properties observed on 

monoliths: scaffolds could be easily handled and, if compressed to a certain extent, they were able 

to return to their initial height. This behaviour made it possible to manually cut the scaffolds with 

a sharp blade to produce precise cubes for mechanical testing.  

Compressive testing to failure 

3D printed hybrid scaffolds were compression tested to failure with the setup described in Section 

5.2.5. The test involved all the 4 types of scaffolds in order to have a complete overview on the 

effects of composition, printing design and soaking in PBS. 

Figure 5.18a shows a typical stress-strain plot for each category, together with an inset that 

displays the evolution of the scaffold shape under compression. Scaffolds showed quite a 

remarkable ability to deform before failure, following a non-linear path characterised by stiffening 

with increasing compression, similarly to what observed on cylinders. Because of the shape of the 

curve, it was not possible to calculate the Young’s modulus for the same reason explained in 

Section 4.3.3. While the fracture of monoliths could be easily identified by a sudden drop in the -
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 curve, the failure of scaffolds was usually less abrupt: as visible in all curves in Figure 5.18a, the 

elastomeric deformation was followed by a region where the plot irregularly fluctuates around 

the ultimate compressive strength. This behaviour was given by the sum of failure mechanisms of 

the different layers up until the complete collapse of the scaffold. Scaffold failure was thought to 

occur at the end of the elastomeric segment (i.e. failure point identified with a star in Figure 5.18a). 

Sometimes small steps were noticeable in the elastomeric segment: these were caused by the 

rupture of single struts, but they were deemed to be small adjustments that did not change the 

slope of curve and did not affect significantly the mechanical behaviour. 

The values of stress and strain at failure for the different types of scaffolds were calculated and 

summarised in Figure 5.18b (true values) and Table 5.4 (true and conventional values). Given the 

high deformability, true values were considered more suitable to take into account the barrelling 

of the sample under compression (visible in the inset in Figure 5.18a); however, conventional 

values were also reported in order to be able to make a valid comparison with literature, where 

only mention of c and c was found. 

Considering Si80-CL530_A as reference scaffolds, the effect of the variables was assessed. Soaking 

in PBS and increasing the relative organic content met the expectations. On immersion in PBS, a 

stiffening of the scaffold was noticed, with a reduction of ~10 % in strain at failure, but it 

maintained the same compressive strength as pre-soaking samples. This was an important finding 

because it showed that, also in the form of porous scaffolds, SiO2/PTHF/PCL-diCOOH hybrids did 

not exhibit a catastrophic loss of mechanical properties upon soaking, but they only experienced 

changes according to the variation in I/O ratio. This was not obvious, given the remarkable 

difference in surface/volume ratio between monoliths and scaffolds. In the second case, following 

the same trend observed on bulk samples of same compositions, Si70-CL530_A showed higher 

strain and lower stress at failure. 

The effect of the printing design was instead very interesting: the shift of the struts from the 

traditional lattice alignment influenced the scaffold mechanical behaviour in a similar manner as 

the increase in the organic fraction. The stress and strain values of Si80-CL530_S were similar to 

those obtained on Si70-CL530_A, resulting in scaffolds that were less stiff but less strong than 

Si80-CL530_A. This can be explained by the fact that, when struts are perfectly aligned on the same 

direction, they will be eventually brought in contact to each other under compression, forming 

dense walls along the load direction that augment the scaffold resistance. This cannot occur in the 

“shifted” design because of the offset among same-oriented layers, resulting in weaker but less 

stiff scaffolds. It is important to underline that, despite the similar stress and strain at failure, Si80-

CL530_S was characterised by higher percentage porosity than Si70-CL530_A, and therefore it can 

be thought to be overall characterised by better mechanical behaviour. 
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Figure 5.18. Compression testing on 3D printed hybrid scaffolds: a) typical stress-strain curves (true values) for the 

four investigated types, with photographs showing the increasing deformation of a Si80-CL530_A scaffold as an 

example; b) average true stress and strain at failure (error bars represent the standard deviation). 
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Table 5.4. Compression testing on hybrid scaffolds: conventional and true values of stress and strain at failure for the 

four investigated types. Values are reported as mean ± standard deviation. 

Scaffold ID c at failure 
(MPa) 

c at failure 
(%)

* at failure 
(MPa) 

* at failure 
(%)

Si80-CL530_A 1.67 ± 0.23 30.1 ± 5.5 1.17 ± 0.19 36.0 ± 7.8 
Si80-CL530_A_PBS 1.49 ± 0.31 22.2 ± 3.4 1.15 ± 0.21 25.2 ± 4.4 

Si80-CL530_S 0.94 ± 0.17 38.7 ± 6.8 0.58 ± 0.13 49.4 ± 11.1 
Si70-CL530_A 0.80 ± 0.26 37.3 ± 3.7 0.50 ± 0.15 46.8 ± 5.8 

 

Considering the alternatives in literature, none of the Class II hybrids prepared with PCL (Section 

1.5.4) or PTHF (Section 3.4.5.1) using ICPTS as coupling agent was fabricated into porous 

scaffolds, therefore a further comparison in addition to the one made among bulk samples could 

not be done. Many examples of scaffolds made with only PCL or glass/PCL composites were 

described (Sections 1.3 and 1.6.3), however they are not considered useful references for the 

mechanical behaviour, since in the present tri-component hybrid system PTHF – and not PCL-

diCOOH – is the principal polymer that provides the mechanical properties. 

The only comparison can be done based on the manufacturing technique, which means to consider 

again the 3D printed sol-gel glass/gelatin hybrid scaffolds studied by Gao et al. [168] and Nelson 

[7]. In their studies, they both agreed that those hybrids possess very different properties in dry 

and wet conditions. In fact, samples, which were quite brittle in dry conditions, swelled upon 

soaking due to the co-presence of hydrophilic inorganic and organic phases; this made the wet 

scaffolds highly deformable, so that they were suggested for application in cartilage regeneration. 

The most suitable form of comparison in terms of architecture and pore size (evaluated in dry 

conditions) was the “aligned” scaffold produced by Nelson using 1 mm strut separation and 

critical point drying method: for this, c and c in wet conditions were reported as 1.3 ± 0.04 MPa 

and 50 ± 4 % respectively, without describing any variations in the structure due to swelling. Si80-

CL530_A_PBS was stiffer and stronger. 

In any case, the real potential of the proposed scaffolds can be evaluated only by comparing the 

properties with the requirements for cartilage regeneration; this will be done at the end of this 

section, after having discussed the results of the cyclic loading testing. 

Cyclic loading testing 

Unlike the analysis of bulk samples, because of the limited number of scaffolds, it was not possible 

to perform statistically significant DMA testing. However, since it was noticed macroscopically 

that scaffolds seemed to maintain the ability to recover the deformation, it was decided to run 

cyclic loading test on one scaffold per type (excluding the post-soaking conditions) as preliminary 
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characterisation. The test was setup as described in Section 5.2.5; at each of the ten cycles scaffolds 

were compressed up to 20 % of their initial height (i.e. conventional strain), which corresponded 

to ~50-60 % of the c at failure (Table 5.4). The stress-strain curves for Si80-CL530_A, Si80-

CL530_S and Si70-CL530_A are displayed in Figure 5.19. 

 

Figure 5.19. Cyclic loading stress-strain (conventional values) curves for three scaffolds: 

a) Si80-CL530_A; b) Si80-CL530_S; c) Si70-CL530_A. 

From the plots it is evident that the three scaffolds showed a first cycle with a different stress-

strain behaviour, followed by the other nine cycles which almost overlapped. The difference in the 

first cycle was more evident in Si80-CL530 samples, whilst it was less significant for Si70-CL530. 

Except the first cycles, a small hysteresis between loading and unloading was observed in all the 

others; the chosen dwell time (30 s), however, was enough for the sample to fully recover the 

deformation, which is why the loading and unloading sectional always substantially overlapped 

among different cycles. It was also noted that all the scaffolds recovered their original shape after 

the experiment ended.  

The first main outcome is that, as hypothesised, it was proven that samples were able to recover 

their shape at the chosen level of strain, confirming a negligible energy loss between the different 
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cycles. To this end it is believed that an essential role is played by the covalent chemical bonding 

within the sol-gel, which guarantees a continuum among stacked layers (as shown in Figure 5.14): 

the absence of an interface among struts allowed the scaffold indeed to behave as a unique phase 

maintaining the hybrid bulk features. 

Another notable observation is seen in the anomalous first cycle, particularly in the two scaffolds 

with higher inorganic content (Figure 5.19a and b). It is hypothesised that it derives from the 

combination of two effects. The first is the effect of the rupture of single labile struts: this is 

something inherent in the not perfectly regular structure of the scaffold and it was shown to occur 

during the compressive test up to failure illustrated above (Figure 5.18a). These small defects 

were not detectable to the naked eye and were proven not to affect the mechanical behaviour 

significantly; however, they were irreversible and could not be recovered during unloading. This 

phenomenon was more noticeable for Si80-CL530 hybrid scaffolds, due to the higher inorganic 

content that makes single struts more brittle than those of Si70-CL530 scaffolds, which instead 

did not show steps in their - plot (Figure 5.18a). The second factor is ascribable to a 

characteristic featured by pure elastomers, with which SiO2/PTHF/PCL-diCOOH hybrid material 

shares its mechanical behaviour: the hybrid seemed to experience the Mullins Effect, which is 

mechanical stress softening due to the transformation of hard domains to soft domains, which 

determines a decrease in stress on unloading compared to loading, giving rise to hysteresis [286, 

287]. Studies have proven that this phenomenon occurs mostly in large strain cyclic loading tests 

in the first few cycles, particularly the first, and it is almost negligible in the subsequent cycles 

[286]. A possible explanation was given by Cantournet et al.: under mechanical stress, elastomers 

experience sliding between macromolecular chains, which causes the temporary elimination of 

hard domains present in the microstructure of the material by removing entanglements in its 

internal structure [287]. This effect is mostly recovered after the stress is removed, with the 

exception of some entanglements that cannot be recovered; all the unrecoverable entanglements 

are removed in the first few cycles, which appear consequently distinct from the following cycles, 

that almost perfectly overlap [287]. As result of the two cumulative phenomena, in this 

experiment the first cycle substantially served as preconditioning step to remove the effect of 

possible small defects in the scaffold structure and to soften the elastomeric phase. The need for 

a mechanical preconditioning of the material is not unusual in polymers [288, 289] and has to be 

taken into account when designing the final device. 

Lastly, the presence of the hysteresis in all the other nine cycles is an indication of a viscoelastic 

behaviour, because it means that the material has a phase lag (delay) in recovering the 

deformation. This is still very small for these scaffolds and can anyway be considered beneficial 

as it is similar to that exhibited to a greater extent by cartilage.  
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Comparison with the mechanical properties of cartilage  

Summarising the information collated in Section 1.2.2, articular cartilage shows a viscoelastic 

mechanical behaviour in compression, given by the combined effect of its graded structure, the 

distribution of the biological components and the exudation of fluids [15, 16]. The final result is 

an extraordinary material that, for a countless number of cycles, is able to deform under loading, 

with a non-linear response that depends on the load applied and on the speed of loading (i.e. strain 

rate), and to then recover with a phase lag typical of viscoelastic materials [24]. Taking this into 

account, a set of values of mechanical properties for cartilage was collated from literature and 

presented in Table 1.2. Articular cartilage shows compressive strength of 22-37 MPa [27, 35], with 

physiological activities applying stresses in the range 1-18 MPa [28, 29], and maximum 

compressive strain in the range 24-28 % [27, 35].  

All the investigated hybrid scaffolds successfully showed a non-linear elastomeric deformation 

with the ability to recover the deformation, mimicking the behaviour of native cartilage. Cartilage 

exhibits a more prominent phase lag in the recovery compared to the almost negligible delay 

shown by hybrid scaffolds, but this is not considered a limitation, which conversely would have 

been the case for too slow recovery.  

For scaffolds (Table 5.4), Si80-CL530_A provides the best match to cartilage properties, with a 

similar failure strain (c equal to 30.1 ± 5.5 % in dry conditions that reduced to 22.2 ± 3.4 % in 

solution) and was the strongest among the tested alternatives. However, the maximum c of 1.67 

± 0.23 MPa, that was maintained in wet environment (1.49 ± 0.31 MPa), is lower than the one 

reported for cartilage, being positioned at the lower limit of the range of physiological stresses. 

With a view to the in vivo implant, the low compressive strength may limit the patients in their 

initial activities, but the colonisation of the scaffold with newly formed cartilage would then add 

further support and guarantee enough mechanical properties.  

No comparison could be done on the compressive modulus, since it was not calculated for the 

hybrid scaffolds. The results of the previous characterisations strongly suggested that the 

inherent behaviour of the SiO2/PTHF/PCL-diCOOH hybrid materials was not affected by the 

printing process, and hence also the intrinsic stiffness of the material is believed to be unchanged 

but DMA testing would be recommended in order to evaluate the storage modulus when in porous 

shape. To this end it is worth recalling that the viscoelastic behaviour of cartilage makes it 

incredibly difficult to fairly evaluate its modulus, resulting in a broad range of values (from 0.24 

to 65 MPa, Table 1.2), that reduces the significance of a possible comparison. 

In conclusion, the mechanical characterisation indicated that the Si80-CL530_A scaffold, already 

used from the start as the baseline, was the most suitable for applications in cartilage repair.  
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5.3.5 IN VITRO CELL STUDIES 

The characterisation of SiO2/PTHF/PCL-diCOOH scaffolds in terms of architecture and mechanical 

properties led to the selection of Si80-CL530_A scaffolds as the most promising for the 

regeneration of articular cartilage. However, a comprehensive evaluation of the real potential of 

the hybrid scaffolds cannot leave the biological performance out of consideration. Therefore, the 

final part of this project focused on the investigation of the cell-material interactions in Si80-

CL530_A scaffolds, as described in Section 5.2.6. 

Analysis of cytotoxicity 

The initial test consisted in verifying the cytocompatibility of the hybrid material. Although silica, 

PCL and PTHF are known to be biocompatible [6, 222, 223], the possible release of cytotoxic 

dissolution products from the scaffold was a concern due to the use of many synthesis reagents 

that are potentially cytotoxic, in particular GPTMS (if the epoxide is not fully reacted) and BF3·OEt2 

(which requires a complete purification).  

In this test, ATDC5 cell viability was evaluated through MTT metabolic activity assay following 

exposure to the dissolution products of raw Si80-CL530 material. As shown in Figure 5.20, from 

day 1 to day 7 there was a continual survival and growth of cells demonstrating that the 

dissolution products of the Si80-CL530_A scaffold had no adverse effect on the viability of ATDC5 

cells. In conclusion, there was no cytotoxicity and the material is biocompatible at the used 

concentration [282]. 

 

Figure 5.20. Assessment of cell viability by MTT metabolic activity assay. The absorbance measured at 570 nm was 

proportional to the amount of metabolically active cells, which actively reduced tetrazolium MTT to formazan crystals. 

Error bars represent the standard deviation. 
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Cell adhesion and viability on 3D printed scaffolds  

After having verified that the material is not cytotoxic, the next step was the examination of cell 

attachment and the subsequent growth on Si80-CL530_A hybrid scaffolds. Cells can be seen 

occupying the pore structure within the scaffold (Figure 5.21a): the expression of two of the major 

cytoskeletal constituents, vimentin intermediate filament proteins and F-actin microfilaments, 

can be observed, evidence of functional cell adhesion [290, 291]. Proliferation was monitored 

quantitatively for up to 14 days using WST-1 assay, which served as an indication of cell growth 

on the scaffolds. The gradual increase in optical density of WST-1 solution at each time point, 

following incubation with cell-seeded constructs for 2 h, was evidence of continual cell growth on 

Si80-CL530_A scaffolds (Figure 5.21b).  

 

 

Figure 5.21. Cell attachment and growth on 3D printed Si80-CL530_A scaffolds. a) Representative image of 

immunohistochemical staining of cytoskeletal protein vimentin (green fluorescence), F-actin (red fluorescence) and 

cell nuclei (DAPI, blue fluorescence). Scale bar = 50 μm. b) WST-1 assay of ATDC5 seeded Si80-CL530_A scaffolds 

cultured for up to 14 days (n = 3). Error bars represent the standard deviation. 

 

Cartilaginous matrix formation on 3D printed scaffolds  

These observations suggested that the Si80-CL530_A scaffolds have the ability to support 

chondrocyte cell attachment and growth, hence the potential to be used in biological applications 

such as cartilage tissue repair and/or regeneration.  

Therefore, it was decided to conduct a preliminary check to determine whether the targeted type 

of cartilage, hyaline cartilage, would form on the scaffolds. This was done through 21-day studies 

to investigate chondrogenic differentiation and cartilaginous matrix formation of cells on the 3D 
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printed Si80-CL530_A scaffolds. The study was repeated with two different cell lines, ATDC5 and 

HBMSCs. In both cases the evaluation consisted of immunostaining of day-21 cell seeded Si80-

CL530_A 3D constructs with antibodies against phenotypic chondrogenic proteins. The positive 

markers were Sox9, a marker for chondrogenic differentiation, aggrecan, cartilage-specific 

proteoglycan, and collagen Type II, a constituent of hyaline cartilage: their presence would 

indicate the differentiation into hyaline cartilage. Furthermore, collagen Type I, a marker for 

fibrocartilage, and collagen Type X, a phenotypic marker for hypertrophic cartilage (ossification), 

were also used as negative markers that would be expressed in case of the formation of 

undesirable fibrocartilage. 

The first study involved the seeding of ATDC5 cells on Si80-CL530_A 3D constructs. The decision 

to start from the ATDC5 chondrocyte cell line was guided by the fact that, in the presence of a 

suitable environment, it is a readily available and established cell line for investigation of in vitro 

chondrogenesis [292]. Monolayer expanded chondrocytes undergo dedifferentiation, a transient 

phenotype during which cells assume fibroblastic characteristics and lose their capacity to form 

hyaline cartilaginous tissue [293, 294]. Conversely, 3D environment is of crucial importance to 

induce and maintain chondrocytic phenotype [284] and it was proved that highly porous scaffolds 

with interconnected pore networks can induce improved tissue formation due to more efficient 

infiltration of cells as well as nutrient and waste exchange [295]. Therefore, aim of this study was 

to verify if the architecture and the properties of Si80-CL530_A scaffolds represent a favourable 

substrate for ATDC5 differentiation into hyaline cartilage.  

The results of the immunostaining are reported in Figure 5.22 (left column). Sox9 was 

immunolocalised to the majority of the cells. The formation of hyaline cartilage-like matrix was 

also evident: in fact, the presence of aggrecan and collagen Type II was observed in chondrocytes 

as well as surrounding extracellular matrix. Further, there was negligible expression of collagen 

Type I and collagen Type X. These observations confirmed all positive markers to be expressed 

and all negative markers to be insignificant, highlighting the great potential of Si80-CL530_A 

scaffold as a platform for the repair of hyaline cartilage. Since the response of chondrocytes is 

influenced also by the mechanical behaviour of the substrate [296, 297], it is likely that the 

mechanical properties of the scaffold contributed to the good cell attachment and matrix 

formation.  

On the basis of these promising results, the same study of chondrogenic differentiation and 

cartilaginous matrix formation was repeated on 3D printed Si80-CL530_A scaffolds with HBMSCs, 

the cell type that scaffolds will likely encounter in surgical procedures such as marrow stimulation 

[298]. The immunostaining results are displayed in Figure 5.22 (central column). They show that 

the majority of HBMSCs seeded on Si80-CL530_A 3D constructs expressed Sox9, as well as the 



  
 

239 

 

presence of aggrecan and collagen Type II in both cells and surrounding extracellular matrix, 

demonstrating the formation of hyaline cartilage-like matrix on HBMSC-Si80-CL530_A constructs. 

However, there was also noticeable expression of collagen Type I and X, markers for fibrocartilage 

and hypertrophic cartilage respectively. This effect, that was not noticed in the study with ATDC5 

chondrocyte cells, is likely due to the nature of bone marrow-derived stromal cells. These cells, 

commonly referred to as mesenchymal stem cells (MSCs), contain not only multipotent skeletal 

stem cells but also lineage committed progenitor cells including osteogenic precursors [299, 300], 

which contributed to the expression of collagen Type I. It is also well recognised that bone 

marrow-derived cells indeed have the tendency to adopt a transient rather than stable hyaline 

articular chondrocyte phenotype and undergo terminal differentiation, i.e. hypertrophy [284, 

301]. In order to maximise the potential of adult stem cells and this unique Si80-CL530_A hybrid 

scaffold, culture of these cells should be complemented by improvements/modifications to 

existing protocols, however, this will not be discussed in detail here as the present thesis focuses 

on the manufacturing and characterisation of the hybrid material and the preliminary results 

confirmed again the potential of Si80-CL530_A hybrid scaffolds for the regeneration of hyaline 

cartilage.  

Lastly, the differentiation study with HBMSCs was repeated on 2D monoliths of the same hybrid 

composition (Si80-CL530). The results of the immunohistochemical analysis are visible in Figure 

5.22 (right column). In contrast to HBMSCs cultured on 3D printed scaffolds, those cultured as a 

monolayer on Si80-CL530 2D monoliths resulted in negligible expression of Sox9, aggrecan and 

collagen Type II. The elevated expression of collagen Type I could be the result of 

dedifferentiation, already described in literature for monolayers of expanded chondrocytes [293, 

294]. It is evident that HBMSCs cultured on 3D scaffolds demonstrated significantly improved 

chondrogenic differentiation and cartilaginous matrix formation in comparison to those cultured 

under 2D environments. This finding, in agreement with previously published studies [284], 

highlighted the importance of carefully designed highly porous and interconnected 3D 

environments for chondrogenic differentiation.  

In conclusion, the cell study not only proved that SiO2/PTHF/PCL-diCOOH hybrid material is 

biocompatible but also suggested that 3D printed Si80-CL530_A hybrid scaffolds are very 

promising devices for applications in articular cartilage regeneration. 
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Figure 5.22. Immunohistochemical analysis of day-21 ATDC5 seeded Si80-CL530_A 3D constructs (left column), day-

21 HBMSCs seeded Si80-CL530_A 3D constructs (central column) and day-21 HBMSCs seeded Si80-CL530 2D 

monoliths (right column). Green fluorescence indicates positive labelling of the protein of interest; cell nuclei was 

labelled with DAPI (blue fluorescence). All scale bars correspond to 100 μm. 
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5.4 CONCLUSIONS  

The feasibility of the 3D printing of SiO2/PTHF/PCL-diCOOH hybrid sol-gel scaffolds was 

confirmed for the Si80-CL530 and Si70-CL530 compositions, previously selected from the study 

on bulk samples. The printing process consisted of the direct extrusion of the viscous sol with a 

robocasting machine, followed by the traditional steps of ageing and drying, without the need for 

additional post-processing. This represents the first example of 3D printing of Class II-IV sol-gel 

hybrids, where the increase of viscosity is given not only by the condensation of silica network 

but also by the simultaneous polymerisation of THF. 

It was indeed demonstrated that the gelation process allowed a suitable viscosity to be achieved 

for use of the viscous sol as an ink for 3D printing. Since the gelation was continuous and 

irreversible, the printing could only be carried out within a limited time, defined as the “printing 

window”, in which the ink possessed the right rheology to simultaneously flow smoothly through 

the nozzle and hold the shape without collapsing on the previously deposited layer. Within the 

printing window, the combination of numerous printing parameters, including shape and size of 

the tip, strut separation, layer height, speed of printing, deposition rate and substrate material, 

was optimised to ensure the 3D printing of satisfactory hybrid scaffolds.  

The evaluation of the increasing viscosity and the determination of the start and end time of the 

printing window were done qualitatively by visual observation, which was a suitable method to 

3D print reproducible scaffolds in the present thesis. This was also made possible by the limited 

number of variations that were investigated. The parameters were optimised on Si80-CL530 

composition in order to print scaffolds following two designs, “aligned” (Si80-CL530_A) and 

“shifted” (Si80-CL530_S). Then, “aligned” Si70-CL530 hybrid scaffolds (Si70-CL530_A) were 

printed with the same setup in order to evaluate the effect of the composition and Si80-CL530_A 

scaffolds were soaked in PBS for 7 days for a preliminary assessment of the effect of the wet 

environment. Variables in the surrounding environment, such as temperature and humidity, play 

an important role and require finer control; for instance, it was noticed that a decrease in 

temperature may slow down the gelation rate allowing a longer printing window. When all these 

issues can be solved, it will be possible to tweak the 3D printing parameters and extend the range 

of investigated variations on the scaffold architecture. 

The robocasting of the sol-gel hybrid ink led to an acceleration of drying compared to the synthesis 

of monoliths. In fact, part of the THF was forced to evaporate prior to printing in order to achieve 

the right viscosity and a localised drying of the filament surface occurred upon extrusion. Despite 

that, the performed characterisations suggested that the final hybrid network was not affected. 

The I/O ratio measured via DSC/TGA and the changes in the relative absorptions in the ATR-FTIR 



  
 

242 

 

spectra were consistent with the ones observed on hybrid discs of the same composition. The 

same analysis also confirmed that a partial loss of PCL-diCOOH occurred during soaking in PBS 

for 7 days, leading to an increase in the I/O ratio. This supported the use of 3D printing directly 

from the sol-gel process as a functional technique to manufacture the SiO2/PTHF/PCL-diCOOH 

hybrid material in a porous shape without changing its unique features. 

On the other hand, the gelation and drying inherent in the sol-gel process determined important 

features in the morphology of final hybrid scaffolds. First, SEM imaging and µ-CT analysis 

highlighted that struts were not straight and smooth but presented an evidently irregular surface; 

however, this did not affect the scaffold architecture, which, after shrinkage, was found to 

maintain overall the regular strut arrangement of the designed pattern and was reproducible for 

a selected combination of composition and printing design. Furthermore, the continuance of 

gelation, and consequent hybrid network condensation, during ageing and drying provided strong 

chemical bonding between adjoining struts and hence continuity among layers, which is believed 

to improve the mechanical strength when compared to the presence of only physical interactions. 

The optimised printing setup allowed successful printing of Si80-CL530_A scaffolds with channels 

mainly below 140 µm, matching the targeted values (100-200 µm); channels were visible in both 

vertical and horizontal directions, as further demonstration of the appropriate ink viscosity that 

prevented the stacked layers from collapsing. Struts were generally larger (140-220 µm), 

resulting in ~40 vol.% porosity. No significant variations were generated on this scaffold 

architecture by the soaking in PBS for 7 days, as only a change in the surface morphology was 

detected, with the formation of small hackle-like features (few µm). This phenomenon was 

considered compatible with the partial polymer loss.  

The change in printing pattern (Si80-CL530_S) produced scaffolds with a higher percentage 

porosity (~50 vol.%) due to the slight shift of the channel size distribution towards larger values, 

consistent with the offset between layers; since the same composition was printed, no differences 

were observed in the strut morphology and size from Si80-CL530_A. Conversely, the use of a 

hybrid ink with lower silica content (Si70-CL530_A) caused a visible worsening in the morphology 

of the struts, which resulted in more irregular and averagely larger struts than for Si80-CL530. It 

is hypothesised that this was caused by a faster drying rate of the filament during the extrusion 

due to the higher percentage of THF compared to water and ethanol in the ink. This did not 

catastrophically affect the scaffold architecture, as the “aligned” pattern was overall maintained, 

but the general quality of the printing process and of the obtained scaffolds was clearly reduced.  

When mechanically tested in compression, Si80-CL530_A scaffolds preserved the elastomeric 

behaviour, typical of the bulk hybrid, with the ability to deform up to ~30 % of the initial height 

under a conventional stress of approximately 1.67 MPa. Scaffolds were proven to maintain their 
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mechanical properties over soaking in PBS, as a stiffening in agreement with the relative increase 

in the hybrid inorganic content was observed: particularly, post-soaking scaffolds showed a 

similar compressive strength to original Si80-CL530_A with a reduction in the maximum strain, 

which remained anyway above 20 %. Both the changes in printing design and in composition 

determined a softening effect on the mechanical properties of the scaffolds, as Si80-CL530_S and 

Si70-CL530_A resulted in more flexible but less strong scaffolds than for Si80-CL530_A. A 

preliminary cyclic loading test confirmed the ability of the scaffolds to recover the deformation, 

after being mechanically preconditioned to remove possible defective struts. 

The mechanical behaviour shown by the sol-gel SiO2/PTHF/PCL-diCOOH hybrid scaffolds was 

considered an excellent result because it is significantly comparable to the viscoelastic properties 

of hyaline cartilage, both for the non-linear response under loading and for the ability to recover 

the shape when unloaded. Among the three investigated alternatives, Si80-CL530_A showed the 

most similar compressive strength and strain at failure to native cartilage and was then used to 

perform in vitro cell studies. Cell viability and attachment studies proved that the material is not 

only biocompatible but is a suitable substrate to support functional chondrocyte adhesion and 

continual growth. Successive tests for cell differentiation and cartilaginous matrix formation gave 

very encouraging results showing promising chondrogenic differentiation and hyaline 

cartilaginous matrix formation with both chondrocytes and bone marrow-derived stromal cells. 

The same outcome was not observed when stromal cells were cultured on 2D monoliths of the 

same Si80-CL530 hybrid material, highlighting the crucial role of the 3D porous and 

interconnected environment for chondrogenic differentiation.  

It was demonstrated that the Si80-CL530_A scaffold, 23.8 wt.% SiO2 hybrid composition printed 

following the “aligned” design, possesses a channel architecture and mechanical properties that 

make it a very promising device to support the regeneration of articular cartilage. 
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Chapter 6 
 
CONCLUSIONS AND FUTURE WORK 
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6.1 CONCLUSIONS 

The main goal of the project was achieved: covalently-coupled sol-gel silica/PCL hybrids were 

developed as new biomaterial inks suitable for 3D printing of porous scaffolds, which showed 

great potential to support in situ regeneration of articular cartilage. This was the result of three 

principal steps. 

First, it was demonstrated that a hybrid sol-gel synthesis with fast gelation, compatible with 3D 

extrusion printing, could be achieved through the use of GPTMS as a coupling agent after having 

oxidised PCL diol into its corresponding dicarboxylic acid. The successful coupling was mainly due 

to the fact that the functionalisation of the polymer, involving THF as a solvent and BF3·OEt2 as a 

catalyst, led to an unexpected side reaction in which the activated epoxide ring caused the cationic 

ring-opening polymerisation of THF to PTHF at room temperature. Thus, the system resulted 

actually to be a tri-component SiO2/PTHF/PCL-diCOOH hybrid, where PCL-diCOOH was the 

preformed polymer introduced in the network (i.e. Class II) and PTHF was the in situ polymerised 

organic phase (i.e. Class IV). The role of PCL-diCOOH has not been fully understood yet but it is 

hypothesised that it may have a double role of chain-terminator of THF polymerisation and 

competitor of THF to covalently bond to GPTMS epoxide ring.  

Further investigations showed that the polymerisation mechanism belongs to an innovative 

general system of CROP reactions of cyclic monomers containing at least one heteroatom in the 

presence of an epoxide ring activated by a Lewis acid in mild conditions. Hence, the reaction can 

be ideally applied to other solvents/monomers in order to produce different hybrid materials. 

The innovative synthesis then allowed successful preparation of SiO2/PTHF/PCL-diCOOH hybrid 

monoliths in a wide range of compositions (SiO2 content varying between 2.5-63.4 wt.%). Their 

mechanical characterisation revealed that the in situ formation of PTHF provides the SiO2/PCL 

hybrid material with unprecedented properties: spanning from polymer-like to glass-like 

behaviour with increasing I/O ratio, all hybrids showed an elastomeric response characterised by 

a stiffening of the material under loading and the ability to recover the deformation if the load was 

released before fracture. Soaking for 7 days in PBS to simulate the human body environment 

confirmed the potential biodegradability of the hybrids, with the partial release of PCL-diCOOH, 

but also limited the range of compositions compatible with biomedical applications. The threshold 

was, in fact, identified at an inorganic content of ~40 wt.%; hybrids with a higher SiO2 fraction 

were not able to accommodate the internal tensions due to water uptake from the hydrophilic 

silica and to the PCL-diCOOH release during the immersion, resulting in the monoliths being 

irreversibly damaged. Since the remaining available compositions were too soft for bone tissue 

applications, the attention was focused on cartilage: comparing the mechanical requirements, 
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Si80-CL530 composition, synthesised by using a TEOS/PCL-diCOOH ratio of 80/20 wt.% with 

PCL-diCOOH of Mn = 530 Da, was identified as the most promising to replicate the functions of 

articular cartilage. 

Finally, 3D extrusion printing from the sol-gel process was successfully applied to the Si80-CL530 

composition to shape the hybrid material into porous scaffolds containing ~24 wt.% inorganic. 

The suitability of the additive manufacturing process was demonstrated by achieving 

reproducible scaffolds with controlled features and with porosity maintained along the three 

spatial directions. The printing parameters were optimised to obtain channels within the range 

100-200 µm: the target was achieved as final scaffolds showed modal channel width between 120-

140 µm, with strut size spanning the range 140-220 µm. With a view to the targeted application 

in articular cartilage regeneration, scaffolds made with Si80-CL530 ink in the form of 3D grid-like 

lattices with aligned 90° layers (i.e. Si80-CL530_A) resulted to be mechanically more suitable than 

the same material printed with an offset between layers or to the same design printed with a more 

polymeric composition. In fact, all types of scaffolds maintained the excellent mechanical 

properties observed in bulk form, showing, as in native cartilage, a non-linear response under 

loading and the ability to recover the shape when unloaded; however, Si80-CL530_A, both in dry 

conditions and after soaking in PBS for 7 days, exhibited the most similar compressive strength 

and strain at failure to articular cartilage (deformation above 20 % of the initial height under a 

conventional stress ≥ 1.5 MPa). The excellent potential of Si80-CL530_A scaffolds was also 

confirmed in cell culture: chondrocytes produced hyaline-like cartilaginous matrix, with the 

strong expression of collagen Type II on Si80-CL530_A scaffolds, whereas hyaline-like 

cartilaginous matrix was not observed in the culture on 2D dense samples of the same 

composition. This confirmed that the combination of the chemistry of the material with the 3D 

architecture of the device plays an essential role in guiding the tissue regeneration. 

A further unexpected discovery was made while characterising bulk samples: SiO2/PTHF/PCL-

diCOOH hybrids showed the potential for an intrinsic and autonomous self-healing of small 

defects. The self-repair ability was confirmed for compositions up to ~40 wt.% inorganic, with 

healing occurring faster and to a greater extent, the higher the organic content. However, the 

precise mechanism has still to be understood: it has been hypothesised that the self-repair derives 

from the non-bonding interactions among the organic chains, being hence related to the still 

unknown role of PCL-diCOOH.  

The synthesis process and the obtained hybrid materials were found to be novel. Therefore, given 

their great potential, they were patented as invention in the following patent: Tallia F, Jones JR, 

Cipolla LF, Russo L, “Hybrid materials and process for production thereof”, GB 1605446.2, 2016. 
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6.2 FUTURE WORK 

Material properties 

The unexpected THF cationic ring-opening polymerisation belongs to the category of living 

polymerisations. Over the course of this PhD, the specific CROP mechanism was explained and the 

reproducibility of the synthesis was ensured by fixing the relative ratios of the various reagents. 

However, a deeper study is needed in order to understand the factors that govern the termination 

of the polymerisation and the final molecular weight of the obtained PTHF. A starting point is 

deemed to be an extensive investigation of the hybrid network at the nanoscale with TEM imaging 

of different compositions, combined with 13C solid-state NMR to collect information on the 

bonding of the organic phases in the solid state. 

Understanding the THF polymerisation mechanism is very important because it has not only a 

significant impact on the mechanical properties of the hybrid material, but, in combination with 

the condensation of the inorganic network, also influences the gelation and the drying steps of the 

sol-gel synthesis. The gelation process is the key parameter that regulates the printing window to 

3D print porous scaffolds. To this end, a fine control of the variables in the surrounding 

environment, such as temperature and humidity, is required in order to quantitatively establish 

the printing window and, if possible, to enlarge it. The drying process determines the shrinkage 

in both monoliths and scaffolds: differences were found depending on the I/O ratio and the 

reproducibility was guaranteed again by fixing the relative ratios of the reagents, as well as the 

mould geometry/3D printing setup. A complete understanding of the drying mechanism is 

particularly important because it would allow for modelling the shrinkage of the samples, 

essential to predict the dimensions of the final hybrid object.  

With a view to the use the hybrid materials in the human body, further studies of the behaviour 

in wet conditions are needed; particularly, the attention should be focused on assessing the long-

term biodegradation and the mechanical properties in a biochamber that simulates the body 

temperature and fluids.   

Further experiments are envisaged to understand and control the self-healing behaviour, with a 

view to enhance the fatigue resistance of the hybrid material: this would be remarkably beneficial 

for a cartilage substitute, normally subjected to repeated loading during everyday activities. 

Design of a device for articular cartilage tissue regeneration  

SiO2/PTHF/PCL-diCOOH hybrid scaffolds showed very promising properties for articular 

cartilage regeneration, however numerous steps still have to be pursued in order to transform 

them into real biomedical devices. To this end, a grant proposal based on the registered patent 
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(GB 1605446.2) was submitted by a consortium of academics, clinicians and industries and was 

funded by EPSRC (“Additive manufacturing of advanced medical devices for cartilage 

regeneration: minimally invasive early intervention”, EP/N025059/1, Healthcare Impact 

Partnerships 2015). The new project aims to develop an innovative device for the treatment of 

chondral or osteochondral defects and to begin the technological transfer pathway. The designed 

device consists of a single component constituted by a 3D printed scaffold (i.e. Si80-CL530_A), that 

should be inserted in the joint defect, capped with a dense monolith layer, that should simulate 

the bearing surface. This device should be able to: (i) share load and immediately provide an 

articular surface; (ii) fix to the cartilage and underlying bone; (iii) be colonised by cells that should 

form articular (rather than fibrous) cartilage; (iv) biodegrade at a rate matching tissue regrowth 

without losing stability; (v) be delivered arthroscopically. 

Therefore, to achieve these goals, in addition to the better understanding of the material 

properties described above, several aspects will be investigated:  

- optimisation of the manufacturing process in order to join the 3D printed scaffold with the 

dense surface in a single component; 

- if needed, tailoring of the scaffold architecture to achieve a stiffness gradient through the 

thickness;  

- confined mechanical characterisation after implanting the device in cadaveric joints;  

- tribological properties of the bearing surface in order to mimic as close as possible the unique 

coefficient of friction of cartilage;  

- fixation of the scaffold into the defect and onto the underlying bone using digital volume 

correlation; 

- mechanical and wear testing during in vitro cell differentiation;  

- in vivo study in rabbits, to evaluate both the scaffold efficacy and the arthroscopic delivery 

technique.  

On-going collaborations 

Beside the further development of SiO2/PTHF/PCL-diCOOH scaffolds, collaborations with other 

two members of Jones’ group were started in order to investigate interesting variations of the 

hybrid material object of this thesis. 

First, the collaboration with Hung-Kai Ting was focused on the addition of calcium and 

phosphorus ions to the glass network in order to make it osteoinductive. During his PhD project, 

it was demonstrated that CME and TEP can be successfully used to incorporate respectively Ca 

and P in the glass component of the hybrid network at room temperature. This addition imparted 

bioactivity to the obtained hybrid materials, confirmed by the observation of HA formation after 
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soaking in PBS for 3 days. Mechanically, the samples resulted to be still tough but also stronger 

and stiffer than hybrids containing only SiO2 as inorganic phase, therefore being suitable for bone 

regeneration. The feasibility of 3D extrusion printing was also confirmed [302]. For these reasons, 

this evolution of the material could be potentially useful as interface with the subchondral bone 

in the above-described osteochondral device, in case the fixation of the SiO2/PTHF/PCL-diCOOH 

would not be sufficient.  

Secondly, the understanding of the THF polymerisation mechanism revealed that PCL is not 

necessary for CROP to occur. Therefore, it was decided to study whether Class IV SiO2/PTHF 

hybrids with GPTMS as coupling agent could be synthesised with the same method used in this 

thesis, modified by removing PCL-diCOOH from the organic precursor solution. This work was 

started by MEng student Enric Juan Alcocer under my direct supervision, demonstrating that 

monoliths can be produced. Preliminary compressive testing showed still an elastomeric 

behaviour but improved mechanical properties compared to the PCL-containing samples: for 

instance, hybrids containing ~17 wt.% SiO2 could be compressed up to more than 80 % of their 

initial height without breaking and they were then able to recover the deformation. Given the 

encouraging results, the project has been then carried on by PhD student Gloria Young: since 

SiO2/PTHF are foreseen to be not biodegradable and the mechanical properties seem suitable for 

shock adsorption, her final aim is to develop a suitable replacement for the intervertebral disc. 

Therefore, the main challenge is to replicate the strain gradient typical of the natural tissue. 

Moreover, the investigation of the PCL-free hybrid network and the comparison with the hybrids 

developed in this thesis could potentially provide information on the role of PCL-diCOOH and its 

bonding with SiO2 and PTHF. 
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