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Abstract 

 

Bioactive glasses have the ability to bond to bone in vivo, but they are brittle and cannot be used in 

load bearing applications.  In this thesis, a process was developed to toughen bioactive glasses by 

forming a hybrid material for bone tissue engineering using the sol-gel process.  As a first step, in 

preparation for polymer incorporation into the sol-gel process, the pH of the sol-gel synthesis had 

to be raised to milder pH conditions to prevent acid chain scission hydrolysis of the polymer.  Sol-

gel glasses were synthesised under the modified conditions and no adverse effects were found due 

to raising the pH of synthesis from pH < 1 to 5.5.  These mild pH conditions were then used to 

synthesise hybrids of silica and calcium salt poly(γ-glutamic acid) (γCaPGA).  γCaPGA was used 

as the toughening agent and as a low temperature calcium source with 3-glycidoxypropyl 

trimethoxysilane (GPTMS) providing covalent coupling between the inorganic and organic 

components.  Hybrids of 40 wt% γCaPGA of all molecular weights tested (120 to 30 kDa) had 

large strain to failure (> 26 %) which showed that γCaPGA hybrids successfully softened the 

brittle behaviour of sol-gel glasses.  However, the polymer dissolved preferentially due to its 

hydrophilic nature.  All γCaPGA hybrids were found to form hydroxycarbonate apatite (HCA) 

within one week in SBF, even though they contained a low calcium concentration of 5 wt% when 

compared with 17.5 wt% Ca in Bioglass


.  Formation of HCA is the first step in bonding to bone 

in vivo which is a fundamental requirement of materials for bone tissue engineering.  Calcium was 

not only important for bioactivity, but also for ionic crosslinking, which improved compressive 

strength and reduced strain to failure when compared with identical hybrids made without ionic 

crosslinking.  Although hybrids synthesised with γCaPGA dissolved too quickly for bone 

applications, calcium chelating polymers have been shown to offer great promise for bone tissue 

engineering.   
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1 Introduction 
 

 

 

 

 

A cheerful look brings joy to the heart,  

and good news gives health to the bones. 

     Proverbs 15:30 
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There is a clinical need for materials that can initiate repair of bone by assisting the body’s own 

healing mechanisms.  Bone can heal itself if the defect is small, but needs assistance if the defect is 

over a critical size.  It is widely accepted that a temporary template (scaffold) is needed that can 

act as a guide and stimulus for vascularised bone growth.
1-4

   However, no material exists which 

fulfils all of the criteria for a bone regeneration scaffold.  Although ceramics and glasses have been 

developed that have excellent biological properties, including pore structures that mimic porous 

bone, tailored degradation rates, the ability to bond to bone and stimulate new bone growth 

(bioactive),
5-8

 they are inherently brittle materials and cannot be used in applications that 

experience cyclic loads.  These current bioactive materials must be softened to introduce 

toughness and plasticity.  The obvious way to improve toughness is to make a composite material, 

containing a bioactive ceramic or glass as the inorganic phase within a biodegradable polymer as 

the organic matrix.  Unfortunately, the majority of bioactive particles or fibres are initially covered 

by the polymer matrix and are only exposed as the polymer degrades.  Cells will preferentially 

attach to any exposed bioactive particles, which can distort the cell morphology if the exposed 

particles are widely spread.  Another problem is that the bioactive particles are likely to degrade at 

a slower rate than the polymer, if conventional polyesters are used, which could cause 

inflammation as the particles are released after the polymer has degraded.  US Food and Drug 

Administration (FDA) approved polyesters can degrade catastrophically by self‒catalytic 

hydrolysis, causing the rapid loss of mechanical properties.  The degradation can be made more 

congruent by selection of alternative polymers and by developing specialised types of materials: 

hybrid materials.   

 

Hybrids materials have interpenetrating networks where the organic and inorganic components 

interact at the molecular level.  They can be formed by directly incorporating a polymer into the 

inorganic sol‒gel processes.  Interpenetrating networks form as the silica polymerises around the 

organic polymer chains.  The hypothesis is that the fine nanoscale interactions between the organic 

and inorganic chains cause the material to behave as a single phase, leading to controlled 

congruent degradation and tailored mechanical properties.  Intertwining at the molecular level and 

on the nanoscale provides a surface for cell attachment that permits simultaneous contact with the 

inorganic and organic components.  This allows the hybrid to retain the osteogenic properties of 

bioactive glass.  The molecular interactions can be further strengthened and tailored by covalent 

coupling between the components to form a Class II hybrid.  Thus hybrids fulfil the requirements 

for bone tissue engineering by improving the toughness of bioactive glass.  
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2 Literature Review 
 

 

 

 

 

Man, unlike any other thing organic or inorganic in the universe,  

goes beyond his work, walks up the stairs of his concepts, 

emerges ahead of his accomplishments.   

 John Ernst Steinbeck 
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This literature review focuses on the shift from brittle bioactive materials to durable, tough 

materials for bone scaffolds; specifically, the development of inorganic/organic hybrids 

synthesised through the sol–gel process.  Selected chemical and process challenges are described 

that must be overcome for hybrids to become a clinical success as described by the author of this 

thesis in a review paper published in 2011.
9
    

 

2.1  Bone grafting and the clinical need 

 

Bone is a commonly transplanted material with over 1.5 million bone graft procedures carried out 

in the USA in 2005.
10

  This makes it the most commonly grafted material, two orders of magnitude 

greater than skin grafts. The most common use of bone grafts is in spinal fusions, in which the 

surgeon fuses two or more vertebrae, in order to repair degeneration or herniation of the 

intervertebral disc (cartilage).  Other applications are the non‒union of fractures, segmental defects 

in long bones, facial reconstruction, dental applications and repair of defects resulting from tumour 

removal.  An often neglected bone defect is the Hills–Sachs defect in the shoulder that occurs in 

the top of the humerus during the repeated dislocation of an unstable joint.
11

  This defect can 

happen to anyone at any age.  Current procedures require either a bone graft or a metallic implant, 

neither of which are sufficient for long term success.  There are two types of bone grafts used for 

reconstruction: autograft and allograft.  An autograft is bone taken from another part of the 

patient’s body, usually from the top of the pelvis (iliac crest) although in spinal fusion operations, 

materials from bone spurs may be available locally.  In spinal fusion, the graft is packed into a 

titanium or polyetheretherketone (PEEK) cage, which supports the spine and maintains the 

intervertebral spacing.
12, 13

  

 

A second operation is required to harvest the autograft.  This additional surgery requires a longer 

operation or more surgeons present in theatre and also increases the risk of infection and 

haemorrhage.  The procedure is also extremely painful at the donor site and the recovery time is 

long.  A third of patients report pain in the iliac graft donor site even after 24 months and at least 

10 % require further surgery at this site.
14

  Furthermore, there is only a limited supply of bone that 

can be harvested; therefore, another material, either allograft or synthetic materials (bone graft 

extenders), have to be mixed with the autograft for large defects.  
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Allograft, bone from another person, is available through a bone bank and is usually from the 

femoral head removed during hip replacement operations.  To eliminate the risk of disease 

transmission and rejection by the patient, the allografts are irradiated to kill all cells, leaving only 

the bone matrix.  However, a risk of disease transmission still remains and the irradiation damages 

the collagen structure, resulting in a severe reduction in the work of fracture and fatigue loading 

(64 and 87 % respectively, but is dose dependent).
15

  Combined with the fact that bone densities 

are usually reduced as the grafts are commonly harvested from elderly patients, allografts have 

poor mechanical properties.
16

  Thus, there is a clinical need for artificial materials that can perform 

the role of autograft. 

 

2.2 Current artificial bone graft materials—hard materials 

 

There are currently many bone graft substitute materials on the market.  Calcium sulphate was one 

of the first, but suffers from rapid degradation, i.e. > 80 % within 3 weeks.
17

  Calcium phosphate 

based ceramics are very popular as they are similar to natural bone mineral which is a calcium 

deficient hydroxyapatite (CDHA, a type of a calcium phosphate based ceramic).  Tricalcium 

phosphate (TCP) and synthetic hydroxyapatite (Ca10(PO4)6(OH)2, sHA) have been used for bone 

repair for many years, in both particulate and porous granular form.
16

  Generally, TCP degrades 

too rapidly and sHA too slowly.
18

  A greater problem with sHA is that it is not an exact mimic of 

bone mineral which contains 4–5 wt% of carbonate ions as well as magnesium, strontium and 

floride.
19

  This means sHA cannot be remodelled as efficiently as natural bone mineral.  

Degradation rates and bioactivity of sHA have been increased through the incorporation of 

carbonate and silicon.  The silicon content of 0.8 wt% was found to be the optimal through in vitro 

and in vivo experimentation.
20

  Although it is not clear where the silicon is incorporated, 

silicon‒hydroxyapatite (Si‒HA) has improved bioactivity and degrades faster than sHA.  

Actifuse
TM

 (Apatech Ltd., UK) is a porous version of Si‒HA which is rapidly becoming the 

market leading bone graft substitute for use in spinal fusion operations.   One reason for the 

improved bioactivity of Si‒HA is more rapid degradation due to its disordered atomic structure.   

This results in more defects, such as grain boundaries, in Si‒HA than in sHA and thus faster 

degradation.
5
  A second reason that silicon was introduced was due to its biological properties and 

the findings of Carlisle, Hench and their co‒workers.  Carlisle found that a silicon deficient diet in 

chicks stunted skeletal development.
21

  Silica based glasses for bone repair were invented by 

Hench, the original composition of which was Bioglass
®

 (45S5, 45 wt% SiO2, 24.5 wt% Na2O, 

24.5 wt% CaO, 6 wt% P2O5).  When Bioglass
®
 was first implanted into a rat, it was found to bond 
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to bone so strongly that it was difficult to remove without breaking the bone.
22

  This bone bonding 

was attributed to an hydroxycarbonate apatite (HCA) layer, similar to biological apatite, which 

formed on the glass surface during contact with body fluid.  This then created a bond to bone via 

interaction with collagen fibrils.  Later, Bioglass
®
 was found to stimulate bone formation away 

from the bone–implant interface (osteoinduction). It was not until the 21
st
 century that the reason 

for this was discovered.  Soluble silica and calcium were found to cause up‒regulation of genes 

related to bone formation in human osteoblasts.
6
  Due to these special properties, bioactive glasses 

are attractive for bone graft materials provided they can be formed into suitable porous structures.   

 

Bioactive glasses have been used clinically as particulate bone grafts, (e.g. Novabone
®
, Fig. 2.1) 

but although in vivo data suggest they should be more efficient than calcium phosphates, their 

clinical use has been limited.
23, 24

  One of the reasons for this was the delay in commercialisation 

of the glass.  Another reason was that it was not initially possible to produce porous versions of the 

glass without crystallising during sintering.
25

  It was relatively trivial to produce porous 

hydroxyapatite, TCP and Si‒HA. These challenges have now been overcome as porous bioactive 

glasses have been developed and formed into scaffolds for bone tissue engineering. 

 

Fig. 2.1 - Novabone
®
 commercially available bioactive glass particles viewed under SEM a) 100 X and b) 20 kX 

magnification 

 

2.3 Porous artificial bone grafts and tissue engineering 

 

Porous artificial bone graft materials should contain interconnected pore networks so that cells, 

new bone and blood vessels can penetrate into the material.  The exact specifications required for 

the pore network have been the subject of much debate, but it is widely accepted that the diameter 

of the interconnects (windows) between the pores should be at least 100 µm to allow vascularised 

bone ingrowth.
1
  Blood vessels must grow into the centre of the graft if the newly formed bone is 

to survive, which is the start of a vicious circle as new bone requires blood vessels to survive, but 

blood vessels will only grow into a graft if there is bone cell metabolic activity there.
26

  Tissue 

engineering may help to overcome this paradox.   
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Tissue engineering strategies employ materials as temporary templates (scaffolds) that encourage 

and guide the body’s natural repair systems.  Cells are seeded onto the scaffolds in vivo, where 

they are cultivated to produce bone matrix.  Depending on the application, the time of matrix 

production in vivo can range from a few hours to weeks.  For example, in skin tissue engineering, 

cells are cultured on degradable polymer scaffolds until the scaffold degrades and a sheet of tissue 

remains.
27

  For bone, it is not possible to grow an entire bone in vivo.  However, one strategy is to 

expand adult stem cells taken from the bone marrow of a patient, and to seed them onto a scaffold 

prior to implantation.  The hypothesis is that the stem cells will provide the metabolic activity 

required to recruit blood vessels.
26

   

 

There are therefore many design criteria for synthetic bone grafts:
1-4

  

 

Biocompatibility - The scaffold must be tolerated in the body and it must not produce an adverse 

immune response.  This also means that the material must be sterile upon implantation.  

Sterilisation is not always trivial, depending on the material. 

 

Bioactivity - The scaffold must bond to the existing bone; specifically the material should undergo 

reaction in vivo to form a surface layer of hydroxycarbonate apatite which further bonds to host 

bone. 

 

Osteogenic - The scaffold must recruit adult stem cells and stimulate them to differentiate into 

bone producing cells; either active ions or other biological factors should be released that lead to 

cell differentiation. 

 

Vascularisation - The scaffold must allow for the development of blood vessels and the supply of 

nutrients and the removal of waste throughout the scaffold.  This can be achieved by a porous 

interconnected structure large enough to permit fluid flow.  The pore structure alone may not be 

enough.  Cell seeding (tissue engineering) or growth factor incorporation may be needed. 

 

Degradation - The scaffold must degrade at a rate compatible to tissue formation without toxic 

degradation products.  

 

Mechanical properties - The scaffold must have similar mechanical properties to the existing 

bone; including the compressive strength and toughness such that the scaffold can withstand the in 
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vivo conditions and share the load with the surrounding bone.  As well, orthopaedic surgeons 

require a material that can be cut to shape in the operating theatre and press‒fit into a defect. 

 

To be successfully implemented, scaffolds for bone tissue regeneration must fulfil all seven of the 

above criteria.  Actifuse
TM

 fulfils many of these criteria, although the degradation rate is very 

slow
5
 which makes it an excellent bone augmentation material, but unsuitable for active bone 

regeneration.  As bioactive glasses are more degradable and have been shown to be osteogenic and 

bond more rapidly to bone than synthetic hydroxyapatite, a porous scaffold of bioactive glass may 

be suitable for bone tissue engineering.  Scaffolds with suitable interconnected pore structures and 

with compressive strengths similar to cancellous bone were synthesised by foaming sol–gel 

derived bioactive glasses (Fig. 2.2).  Jones et al. used a one‒pot sol–gel method to form a porous 

material of 70 mol% SiO2 and 30 mol% CaO (70S30C).
7, 8

  These scaffolds were shown to 

stimulate primary human osteoblast cells to produce mineralised bone matrix without the addition 

of growth factors.
28

  Bioactive glass grafts can therefore be porous, bioactive, degradable and have 

compressive strengths similar to porous bone, but they are not tough and suffer brittle failure under 

cyclic loading.  Unfortunately, no material currently exists that can be used as a scaffold for load 

bearing bone regeneration.  Consequently, a change of strategy in material design is required to 

create a more durable material.  The criteria for scaffolds for bone regeneration and bone tissue 

engineering would be met by introducing toughness into bioactive glasses that could share the load 

with the host bone.  That is the focus of this chapter: strategies for making bioactive glasses softer 

and tougher. 

 

Fig. 2.2 - Porous structure of a) Actifuse
TM

 and b) 70S30C sol–gel scaffolds,
7
 viewed under SEM 

 

2.4 The future for bone regeneration 

 

The only criterion not fulfilled by sol‒gel bioactive glass foam scaffolds is toughness.  Toughness 

can be introduced by forming a composite material out of a degradable polymer and a bioactive 

glass or ceramic.  The most common polymers employed are poly(lactic acid) and poly(glycolic 

acid) (PLA and PGA) and their copolymers (PGLA), which have been used clinically for many 
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years, mainly as degradable sutures.
29

  To these polymers, bioactive phases have been incorporated 

including bioactive glasses and calcium phosphates, such as hydroxyapatite,
30, 31

 to create 

bioactive composites. 

 

Composites can result in improved mechanical properties: for example, increased strain at bending 

was observed for a composite of self‒reinforced poly(DL‒lactide) (PDLLA) and bioactive glass 

particles (diameters of 50–125 µm) of the 13–93 composition (53 wt% SiO2, 20 wt% CaO, 12 wt% 

K2O, 6 wt% Na2O, 5 wt% MgO, and 4 wt% P2O5).  Adding the glass decreased the bending, 

torsional and shear strength of the polymer.  These mechanical properties lessened as the glass 

content was increased.  Results were obtained up to a maximum glass content of 50 wt%.
31

  

Another potential advantage of composites is that they can be designed to be injectable and cure 

(set) in vivo; for example, injectable polyurethanes which can contain 20 wt% tricalcium 

phosphate.
32

 

 

Due to the exceptional bone bonding properties of 45S5 Bioglass
®
, there is special interest in 

incorporating it with a polymer to form a softer composite material.
33

  This has been shown to 

improve the mechanical properties, as in the case of composites of PLGA and 45S5 Bioglass
®
.
30, 

34, 35
  Composites with 75 wt% Bioglass

®
 formed by solvent evaporation have been found to have a 

Young’s modulus (51 ± 6 MPa), which is double that of PLGA, but the compressive strength was 

similar to the pure polymer (0.42 ± 0.05 MPa).
34

  This softer material was still bioactive.  Polymer 

coatings have also been applied to porous Bioglass
®
 scaffolds using PDLLA or 

poly(3‒hydroxybutyrate) (PHB).
36, 37

  Porous Bioglass
®

 scaffolds coated with a thin layer of 

PDLLA (coating 1–5 µm, struts 100–200 µm) had an improved work to fracture; however, there 

was no change in compressive strength with 0.3 MPa being the maximum achieved.
36

  Composites 

have also been designed for small non‒load bearing applications, including malleable putties of 

Bioglass
®
 in a dextran matrix.

38
  All of the above composites are successful in that they softened 

Bioglass
®
 through the incorporation of a polymer.  Unfortunately, all of these materials fall short 

of the required compressive strength for load bearing tissue regeneration applications. 

 

A critical issue for conventional composites is that the bioactive phase is encased in a polymer 

matrix; thus the cells only encounter the polymer, which is a non‒bioactive surface, except where 

particles protrude from the surface.  Precipitation of calcium phosphates only occurs on the 

bioactive glass particles exposed on the surface, creating islands that are favourable for cell 

attachment.
31

  It is difficult to control how many particles and how much of each particle protrudes 

from the polymer.  An example of a composite material is an extruded polyethylene with 
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embedded hydroxyapatite particles called HAPEX
TM

.  It has been successfully used in middle ear 

implants.
39, 40

  However, HAPEX
TM

 does not degrade
41

 and bone cells have been shown to 

preferentially attach to bioactive particles which could deform osteoblast morphology.
42

  This is an 

inherent problem for all composite materials where the bioactive phase is incorporated into a 

polymer matrix. 

 

Another area of concern is associated with the degradation rates of the two phases in a 

conventional composite.  Ideally, both of the phases should degrade congruently and at a rate that 

can be controlled depending on the application.  However, in current conventional types of 

composites, made with degradable polymers, the two phases degrade at different rates.  Thus 

particles become loose and might cause an immune response.  It is difficult to match the 

degradation rate of a polymer to a ceramic or glass particle that is encased in the polymer.  This 

can be worsened through an inappropriate choice of polymer.  Polyesters are often chosen because 

they are Food and Drug Administration (FDA) approved.  However, they degrade by hydrolytic 

chain scission, which creates carboxylic acid groups within the polymer that reduce the local pH 

and cause self‒catalysis of the degradation.
43

  Therefore, once degradation begins, it occurs 

rapidly, causing rapid loss of mechanical properties.  This can be partially buffered by an inorganic 

component.
30

  The dissolution ions, especially from bioactive glass, have a moderating effect on 

the pH, when present at 20 to 50 wt%.
30, 44, 45

  Balancing these effects is difficult and does not 

remove the risk of non‒homogeneous degradation and particle release. 

 

A strategy to overcome the problems associated with conventional materials would be to create a 

nanocomposite with an alternative polymer.  A fine distribution of the bioactive phases would 

mean that cells, which are typically of the order of 20–50 µm in length, would interact with the 

surface as if it were all a bioactive material. The structure of bone can be used as inspiration for 

the design of nanocomposites. 

 

2.4.1 Nanocomposites: mimicking the hierarchical structure of bone 

 

From a materials science point of view, bone is a nanocomposite consisting of an organic 

(collagen) and an inorganic component (hydroxycarbonate apatite).
46

  Collagen has a natural triple 

helix structure which contributes to its high toughness.
47

  At the site of crack initiation, mineralised 

collagen fibres bridge the gap, arresting the crack while non‒mineralised collagen acts like a ‘glue’ 

to heal the crack.
46, 48

  Bone is also constantly remodelled and can be further stimulated by load, 
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thus resulting in continual renewal of mechanical properties.
49

  A synthetic bone graft must 

replicate all these amazing properties of bone and mimic the natural healing process.
50

 

 

Nanocomposite materials are composite materials where at least one phase is at the nanoscale  

(< 100 nm).  The simplest strategy for producing a nanocomposite is to synthesise bioactive glass 

or ceramic nanoparticles and disperse them within a polymer matrix.  However, it is notoriously 

difficult to produce nanoparticles of a consistent size,
51

 and monodisperse nanoparticles would be 

needed to obtain a homogeneous composite. 

 

Alternatives to conventional nanocomposites are inorganic/organic sol‒gel hybrid materials where 

the two components interact at the molecular level.  However, the reaction synthesis is relatively 

complex compared with glasses and conventional composites and there are several chemistry 

challenges that must be overcome before hybrids will be successful in tissue regeneration.  The 

aim of this chapter is to identify these challenges, and the aim of the work in this thesis was to 

overcome these challenges. 

 

2.4.2 Inorganic/organic hybrid materials 

 

Polymer/glass hybrids may be synthesised by the sol–gel process, where the polymer is introduced 

early in the process so that inorganic (silica) chains form around the polymer molecules (Fig. 2.3), 

resulting in interactions at the molecular level between the two components.  The hypothesis is 

that the fine scale interactions between the organic and inorganic chains lead to the material 

behaving as a single phase, resulting in controlled congruent degradation and tailored mechanical 

properties.
52

  Interactions at the molecular level mean that when cells approach the surface of the 

hybrid, they will contact the inorganic and organic simultaneously and the hybrid will retain the 

biological properties of bioactive glass. 

 

Fig. 2.3 - Schematic of a silica/polymer Class II hybrid material 
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Sol‒gel hybrids can be classified into two types depending on the interactions between the 

inorganic and organic chains.  Class I hybrids contain molecular entanglements, hydrogen bonding 

and/or van der Waals forces.  Class II hybrids also have covalent bonding.
52

 

 

There are many challenges which must be overcome to form a successful hybrid.  The first is 

polymer choice.  A degradable polymer must be chosen that can be incorporated into the sol–gel 

process and degrade at a controlled rate.  A greater challenge is the incorporation of calcium into 

the hybrid, which must be present if the material is to bond to bone and be osteogenic (without the 

use of growth factors).  All this must be achieved while producing a material with controllable 

degradation, the required mechanical properties and a pore structure suitable for vascularised bone 

ingrowth.  Once all of these challenges have been overcome, steps must be taken to move the new 

materials to the clinic: i.e. process up‒scaling, FDA approval and clinical trials. 

 

Hybrid materials must be formed into a porous structure that will meet the design criteria for a 

scaffold used in bone tissue engineering.  Forming this porous structure is an important 

requirement as an interconnected porous structure allows for the passage and attachment of cells as 

well as a supply of nutrients and the removal of waste.  In addition to limiting ingrowth, densely 

packed materials have been found to limit cell attachment and differentiation.
4
  There are several 

methods that have been used to produce porous scaffolds.
53

  The methods suitable for composite or 

hybrid processing have been reviewed.  

 

2.4.3 Formation of porous scaffolds 

 

Freeze drying is a popular method for forming porous scaffolds.  Great benefits are the simplicity 

of the process and that foaming agents are not needed.  It uses ice crystals that form during 

freezing as templates for pore formation.  The ice is removed by sublimation, leaving a very open 

porous structure (up to 95 % porosity for chitosan materials).
54

  It has been widely used to create 

porous structures of chitosan and gelatin based materials.  The pore size can also be tailored by 

varying the freezing temperature, which changes how the ice crystals form, resulting in pores with 

diameters from 5 to 500 µm (reported for chitosan and gelatin materials).
55-57

  The pore size can 

also be controlled by additional templates such as paraffin spheres.
58

  One main disadvantage of 

freeze drying is the orientation of the pores and strut dimensions of the resulting porous structure.  

The struts are often thin and flat and form long angular pores which can limit scaffold mechanical 

properties. 
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Porous scaffolds may also be produced by the formation of gases during polymerisation.  The 

gases produced form bubbles which are trapped within the material creating void spaces.  Gas 

produced by the setting of injectable composites could be used to form porous scaffolds in situ.  

One example is a scaffold formed of pentaerythritol, glycolic acid and lactic acid which produced 

carbon dioxide during polymerisation resulting in 40–55 % porosity.
32

  Gas bubbles can also be 

produced by heating which causes solvent evaporation.  Removal of solvent by raising the 

temperature above its boiling temperature produces bubbles and was used to make a porous 

material of poly(methyl methacrylate) and sHA that had macropores of 1 mm in diameter.
59

  The 

interconnectivity of these porous structures was not reported.  Gas production must be sufficient to 

form an interconnected network which is required to allow the passage of cells, nutrients and 

eventually the ingrowth of blood vessels.  This required gas production results in an increase in 

volume, due to the phase change, which must be carefully considered if this technique is to be used 

for in vivo or in situ applications. 

 

Another popular technique is solvent casting‒particulate leaching, also known as the space‒holder 

method.  In this procedure, polymer is dissolved into a solvent along with particles which act as 

pore templates, usually salts.  The solvent evaporates and the material sets, then the resulting 

material is washed to dissolve the pore templating materials. However, with this process, it is very 

difficult to produce large connected pores.  Poly(lactic acid‒co‒glycolic acid) (PLGA) scaffolds 

containing 20 wt% Bioglass
®
 and sHA were formed through this method using NaCl as a space 

holder.  Although the porosity was 87–92 %, the mean interconnect diameter was 380 nm.
30, 35

  

 

Solid free‒form fabrication (SFF) builds materials layer‒by‒layer based on computer aided design 

files.  This rapid prototyping forms layers by either printing a chemical binder onto powder, laser 

based sintering or extrusion from a moving nozzle.
60

  Free‒form fabrication has the advantage that 

theoretically almost any morphology can be produced.  Scaffolds for tissue engineering have been 

formed by SFF extrusion with varying pore structures and sizes using polymers,
61

 bioactive 

ceramics
62

 and their composites.
63

  The pore size, strut diameter and pore network can be tailored 

to the application and all of the pores are interconnected which can lead to increased cell growth 

due to improved cell seeding and migration.
60

  Design can also lead to greater strength by using 

thicker continuous struts.  However, at the present time, the current technology can only be used to 

produce 3D grids with a tolerance of hundreds of micrometres.  Biological response, especially 

cell attachment, is triggered not only by the composition of the material but is also strongly 

dependent on the texture of the material.  It is hoped that as this technology develops, the surface 

morphology may be as finely controlled as the pore structure. 
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Interconnected porous structures were formed using the sol–gel foaming process.  Jones et al. 

developed this one‒pot sol–gel method, which can be modified and applied to a sol containing a 

degradable polymer (Fig. 2.4).
7, 8

  The surfactant and gelling agent are added to the sol and 

followed by vigorous mixing which entraps air.  The resulting foam is cast into air‒tight moulds to 

allow for the full condensation of the silica network.  The moulds are opened for drying.  This 

technique produces round interconnected pores with a modal diameter of 561 µm and modal 

interconnects of 98 µm for 70S30C glass stabilised at 800 ºC.
8
  Hybrids of silica/gelatin and 

silica/γPGA have also been formed.
64, 65

  The sol–gel foaming process is not limited to these 

materials, as the adaptability of the sol–gel process allows for a wide variety of polymers to be 

incorporated.  An aim of this work was therefore to modify this process for the hybrid systems 

developed in this thesis. 

 

Fig. 2.4 - Schematic of the sol–gel foaming process for hybrid scaffold synthesis 

 

2.4.4 Evolution of the silica network in hybrid synthesis 

 

With synthesis through the sol–gel route, it can be difficult to ensure that the polymer does not 

precipitate before the formation of the SiO2 network.  Formation of the silicate network using the 

sol–gel process follows a widely accepted two‒stage process:
2, 66-68

  

 

Hydrolysis:   Si(OR)4 + nH2O → (OH)nSi(OR)4-n + nROH 

Condensation:  2Si(OH)4 → (OH)3Si–O–Si(OH)3 + H2O 

Si(OR)4 + Si(OH)4 → (OH)3Si–O–Si(OR)3 + ROH 
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Hydrolysis and condensation may occur simultaneously as silanol groups on partially hydrolysed 

molecules undergo condensation.  In the first stage of the sol–gel route, the silica precursor 

(usually TEOS, tetraethyl orthosilicate) undergoes hydrolysis through reaction with water to form 

silanol groups.  Condensation then occurs where the silicon atoms become crosslinked through 

bridging oxygen bonds (Si–O–Si) with the loss of a water molecule, forming silica nanoparticles.
69

  

The sol–gel process can be either acid or base catalysed around the isoelectric point of silicic acid 

(pH 2).
70

 

 

Bioactive sol–gel glasses have traditionally been synthesised under acidic catalysis and are 

inherently mesoporous (pores with diameters between 2 and 50 nm).  The evolution of the 

nanostructure was examined for glass with a composition of 70 mol% SiO2 and 30 mol% CaO.
69

  

Hydrolysed TEOS forms nanoparticles through condensation, which coalesce and then coordinate 

together to form a gel.  The silica gel is then aged to encourage network formation and dried at 130 

ºC to remove the remaining pore liquid.  During this process, the primary particles retain their 

shape and only change their arrangement.  The clusters of particles then fuse together during 

stabilisation at 600 ºC as shown in Fig. 2.5, leaving nanoscale porosity as the interstices between 

the particles. Sintering causes further densification of the glass and thus reduces the mesoporosity.  

For hybrid synthesis, the process would finish by drying at a lower temperature to avoid damage to 

the organic phase. 

 

Fig. 2.5 - Network formation of sol–gel glasses, modified from Lin et al.
69

 

 

Although the two step process of hydrolysis and condensation of network formation is generally 

agreed upon,
2, 66-68, 71

 the exact mechanism of formation of the silica gel is not known and is the 

subject of some debate.  It is not a stepwise reaction as the hydrolysis and condensation happen 

simultaneously.  Wright and Sommerdijk suggested that the hydrolysis in both acidic and basic 

conditions follows an SN2 reaction pathway.
71

  The positively charged transition state for the acid 

catalysed process is stabilised by the alkoxy groups.  The partially hydrolysed molecules undergo 

condensation with each other forming a chain.  Electron donating effects cause the ends of the 
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chains to be the favoured reaction site as shown in Fig. 2.6.  Thus there are limited cross‒links and 

network densification between the long chains that are formed.
68, 71

 

 

Fig. 2.6 - Acid hydrolysis and condensation in the sol–gel process 

 

In hybrid synthesis, the polymer is incorporated during the condensation process (Fig. 2.6).  The 

chain‒like structure of the silicate phase can entangle with the polymer chains and the 

condensation reaction is the rate determining step.
52, 68

  

 

The time required for the gelation of silica sol–gel glass to occur is shown in Fig. 2.7 as a function 

of pH.
68

  The longest time is required at the isoelectric point (pH ~ 2).  The pH can also have an 

effect on the degradation of polymers in hybrid synthesis.  Polymers can be susceptible to acid and 

base hydrolysis and extreme pH values can degrade the polymer, so the effect of synthesis pH on 

gelation rate of the hybrid material must be examined. 

 

Fig. 2.7 - Gelation time for silicate sol–gel glasses as a function of pH, modified from Iler
68

 

 

To create a porous sol‒gel scaffold utilising the agitation method in Fig. 2.4, the sol must undergo 

a rapid viscosity increase and gel within a few minutes of foaming to stabilise the pores that form 

under agitation with the surfactant.  Hydrofluoric acid (HF) is used to catalyse the condensation 

reaction.
7
  For the acid catalysed reaction (pH < 2), the addition of low concentrations of HF was 

found to sharply decrease the gelling time.  However, the addition of HF had no effect at pH 7.  It 

is suggested that HF acts similarly to a basic catalyst by forming a complex with Si–O, expanding 

the coordination of silica from four to six.
68

  Thus hydrolysis occurs rapidly at low pH and is 

followed by condensation in simulated basic conditions.  
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The anionic sol–gel process (pH > 2) is particularly interesting for polymer incorporation.  

Polymers can be susceptible to acid and base hydrolysis, thus extreme pH values can degrade the 

polymer.  Therefore, sol preparation at pH > 2 and close to pH 7 may be necessary to maintain the 

molecular weight and the integrity of the desired polymer. 

 

For anionic hydrolysis, the transition state is negatively charged.  As each successive hydrolysis 

occurs, the electron sharing ability increases, which leads to greater stabilisation of the transition 

state (Fig. 2.8).  Thus the initial hydrolysis is the slowest rate‒determining step with each 

successive reaction becoming faster.
71

  This anionic pathway is interesting for hybrid synthesis, 

due to the moderate pH conditions, which allows polymers to be incorporated into the sol–gel 

process without fear of damage. 

 

Fig. 2.8 - Anionic hydrolysis and condensation in the silica sol–gel process 

 

2.4.5 Class I hybrids 

 

Class I composite materials are formed by incorporating a soluble polymer into the inorganic sol 

and mechanically entrapping a polymer into a silica glass network during condensation of the 

silica network.  The inorganic and organic chains are held together by mechanical and hydrogen 

bonding to the surface silanol (Si–OH) groups.  Proof of the principle that the sol–gel foaming 

process could be adapted for hybrid synthesis was demonstrated by the incorporation of polyvinyl 

alcohol (PVA) into the foaming process, prior to vigorous agitation (Fig. 2.4).
72

  PVA (Mw  

16 kDa) was chosen because it is soluble and biocompatible.  Porous polymer containing foam 

scaffolds were successfully produced and compression tests showed an improved extension to 

failure compared with glass foams.  One problem with Class I hybrids for tissue scaffold 

applications is that there are no chemical bonds between the inorganic and the organic phases.  
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This can lead to rapid dissolution on contact with water, rather like a sugar lump, due to water 

molecules separating the chains.  This chapter will therefore now focus on Class II hybrids. 

 

2.4.6 Class II hybrids 

 

Covalent coupling is the key feature of Class II hybrids.  A popular strategy for Class II hybrid 

synthesis is to use poly‒(dimethoxysilane) (PDMS).  PDMS has a silica backbone with organic 

side groups (Fig. 2.9).  The terminal methyl groups hydrolyse to form silanol groups, which can 

condense with other silanol groups from hydrolysed TEOS, bonding the silica network to the 

PDMS.
44-46

  The composition with 14 mol% PDMS : TEOS had an elastic modulus of 106 ± 15 

MPa and a bending strength of 4.5 ± 1.2 MPa.  Although excellent coupling can be achieved, 

PDMS is not a degradable polymer.  It is preferable to have a biodegradable polymer with 

non‒toxic degradation products which still has strong coupling to the inorganic component. 

 

Fig. 2.9 - Structure of poly(dimethoxysilane) (PDMS) 

 

A strategy for forming covalent bonds between a degradable polymer and the silicate network is 

the use of coupling agents.
53

  The polymer can be functionalised with the coupling agent before it 

is incorporated into the sol–gel process.  The coupling agents are usually short chain polymers 

containing three alkoxysilane groups on one end of a chain and another functional group on the 

other end.  The single functional group must react and bond to the polymer during the 

functionalisation procedure.  The type of functional group depends on the polymer.  The groups 

usually targeted for functionalisation are hydroxyl (–OH) groups or carboxylic (–COOH) groups.  

One technique is to use polymers that contain these reactive groups located as side groups rather 

than at the end of the polymer chains.  This allows the amount of coupling agent and molecular 

weight to be controlled independently.  Then, when the functionalised polymer is added to the sol–

gel process, the alkoxysilane groups on the polymer would undergo co‒hydrolysis, and then 

co‒condensation with the silica precursor to become incorporated into the silicate network.  

Independent control of these covalent couplings as well as the molecular weight of the polymer is 

important as both affect the mechanical properties and the degradation rate. 
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There are several criteria for a polymer to be used in biomedical hybrids including degradation 

behaviour and solubility in the sol‒gel process.  The hybrid must degrade congruently in a 

predictable and tailorable way.  The polymer and silica networks must therefore be 

interpenetrating.  The polymer must be well incorporated into the sol, which requires the polymer 

to be soluble in the silica precursor and preferably in water.  Additional solvents can be used, but 

these must be removed during the processing of the hybrid to prevent toxicity in vivo.  Polymers 

that are not initially soluble in water (e.g. PDMS) may be incorporated as they contain reactive 

silane groups that will hydrolyse in the sol, increasingly solubility.  During the hydrolysis of the 

sol–gel, alcohol is produced as a by‒product, so the polymer must also be soluble in alcohol to 

remain dissolved in the sol as it gels.  Novak states that polymers with basic functional groups are 

soluble (e.g. amines and pyridines).
52

  However, for Class II hybrid synthesis, the polymer must 

first be functionalised.  This actually broadens the types of polymers that can be used as solubility 

of a polymer, e.g. very insoluble polycaprolactone, can be improved after reaction with coupling 

agents.
66

  Furthermore, for this functionalisation to occur, the polymer must contain suitable 

reactive groups. 

 

If a polymer meets all of these requirements, the resulting hybrid must then degrade in vivo in a 

way and at a rate that is compatible for new bone growth.  There are two mechanisms for 

degradation: by enzymes (chain scission) and by water (hydrolysis). 

 

Class II hybrids containing polymers that degrade by hydrolysis. 

 

Synthetic polyesters are commonly used for medical devices, e.g. poly(glycolic acid) (PGA), 

poly(lactic acid) (PLA) and their copolymers are common synthetic biodegradable polymers that 

have been accepted for use in bone plates, screws and sutures by the FDA.
73-76

  They are popular 

choices not only because they have a track record of medical use, but also because they are 

synthetic.  Thus there is complete control and traceability of the material, which makes regulatory 

approval and marketing of a new device, such as a hybrid, easier than one containing a naturally 

derived component.  However, batch to batch reproducibility of the polymer is a challenge, 

especially consistency of the molecular weight.  Polyesters degrade by hydrolytic chain scission, 

where the water reacts with the ester bond, splitting the chain.
43

  This presents a challenge for 

creating Class II hybrids.  Most polyesters do not contain large numbers of functional groups 

which are available for reaction.  The number of terminal –COOH groups can be increased after 

chain scission, but this is only achieved with a reduction in molecular weight. 
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Although no Class II hybrid scaffolds have been produced with polylactides, poly(L‒lactic acid) 

has been successfully functionalised with silica,
77

 which could then be incorporated into the sol–

gel process (Fig. 2.10).  N‒(Hydroxyethyl)‒3‒aminopropyl trimethoxysilane (HEAPS) and  

N‒(triethoxysilylpropyl)‒O‒polyethylene oxide urethane (PEGS) were present during the 

ring‒opening polymerisation of L‒lactic acid in the presence of a catalyst tin(II) 2‒ethylhexanoate 

(Sn(Oct)2).
78, 79

  The resulting silica functionalised PLLA has only been combined with solid 

silica; however, this Si PLLA could be incorporated into an organic/inorganic hybrid material.   

N‒(triethoxysilylpropyl)‒O‒polyethylene oxide urethane has already been incorporated into thin 

films with TEOS.
80

 

 

Fig. 2.10 - PLLA functionalised with silica using N‒(hydroxyethyl)‒3‒aminopropyl trimethoxysilane 

 

Covalent bonding between α,ω‒hydroxyl poly(ε‒caprolactone) (PCL) and the silica network was 

achieved using isocyanatopropyl triethoxysilane (IPTS) as the coupling agent in the presence of 

1,4‒diazabicyclo[2,2,2,]octane (Fig. 2.11).  The coupling agent only reacts with the terminal 

hydroxyl groups; thus the amount of covalent coupling in the hybrid is controlled by the molecular 

weight of the polymer.  Increasing the covalent coupling in this PCL hybrid requires a reduction in 

the molecular weight of the polymer.  Experimentally, increasing the molecular weight of PCL 

(Mw from ~2.3 kDa to ~6.6 kDa) resulted in a material that suffered from faster degradation and 

more rapid weight loss despite the increased covalent coupling.
81

  It was proposed that the 

molecular weight of the polymer had a stronger effect than the covalent coupling.
82

  PCL hybrids 

with 60 wt% PCL (Mw 6693 Da) had a Young’s modulus of 582 ± 179 MPa and a tensile strength 

of 20.8 ± 0.7 MPa.
83

  These materials were shown to have tailorable mechanical properties, but the 

potential was limited by the coupling site which was only at the ends of the polymer chains. 

 

Fig. 2.11 - Functionalisation α,ω‒hydroxyl poly(ε‒caprolactone) (PCL) with isocyanatopropyl triethoxysilane 

(IPTS) modified from Rhee et al.
83
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It is therefore more beneficial to use polymers with the functional groups as side groups of a chain, 

which allows control of the degree of covalent coupling independent to molecular weight.  This is 

not possible for conventional polyesters. 

 

For polyesters, the onset of degradation depends largely on water uptake.
84

  Mass loss occurs once 

the molecular weight of the chain is below a critical value.  The common problem with using 

polyesters for tissue scaffolds is that once they begin to degrade, the degradation rate and the loss 

of mechanical properties can be extremely rapid.  This is because the hydrolysis is an 

autocatalysed reaction and acidic oligomers (e.g. lactic acid) produced from chain scission can 

catalyse further degradation due to a local decrease in pH.  The resulting accelerated degradation is 

hard to control and thus cannot be tailored to match the rate of new bone formation. 

 

Degradation of thicker sections can also be more rapid than thin sections.  This is because –COOH 

groups are formed during hydrolysis, and lower the pH within the material, leading to an 

unpredictable and sudden loss of mechanical properties.  This is fine for suture applications, as 

long as it happens after the wound has healed, but is undesirable in a scaffold for bone tissue 

engineering where the load should be gradually transferred to the new tissue. 

 

Class II hybrids containing polymers that degrade by enzyme action.  

 

Enzymatic degradation is due to enzymes in vivo which attack the polymer resulting in a reduced 

chain length.  These enzymes can be selective to the polymer.
85

  Enzymatic degradation usually 

occurs on the surface as the rate of water penetration is slower than the rate of degradation.  The 

bulk of the material is unaffected and retains its mechanical properties.  Thus enzymatic 

degradation is preferred as the polymer can be tailored to degrade at a known and desired rate 

while maintaining its mechanical properties. 

 

The molecular weight also has a role in the degradation properties of the material.
86, 87

  High 

molecular weight polymers are more resistant to degradation and have improved mechanical 

properties
84

 but molecules larger than 56 kDa should not be released into the body and molecular 

weight greater than 30 kDa may restrict the filtration through the kidneys.
88

  However, 

enzymatically degradable polymers may be an exception to this rule.  Yamaoka et al. found that 

gelatin had higher clearance than PVA and passes through the kidneys even at large molecular 

weights of 56 kDa.  It was proposed that the ionic charge and protein‒like structure of the polymer 
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aided the passage.
89

  Thus these enzymatically degradable polymers are desirable for tailorable 

degradation as well as improved mechanical properties due to their potential for higher molecular 

weight.  

 

Silica/Poly(γ-glutamic acid) 

 Poly(γ-glutamic acid), γPGA, is a biopolymer contained in many fruits and vegetables and is best 

known in Japan as a food called Natto.  High yields of γPGA can be produced by fermentation of 

the bacterium Bacillus subtilis and was ‘‘generally regarded as safe’’ by the FDA in 1999.
90

  

γPGA is used as a biological ‘glue’ in surgical procedures to seal lungs and defects that are not 

suitable for suturing.
91

  During fermentation, bacteria release γPGA into the fermentation broth as 

an extracellular product.  High yield fermentation reduces the cost of the polymer, which must be 

considered when selecting from the several types of bacteria that can be used to produce γPGA.
92-

94
  The genome sequence of B. subtilis is known, which allows for controlled production of 

γPGA.
95

  

 

γPGA is an anionic polymer and can be bound to a variety of cations through the –COOH group, 

so it is found in free acid form (hydrogen) or in salt forms, including sodium, calcium and tetra 

ammonium salts.  Ho et al. provide a summary of the Fourier transform infrared (FTIR) 

spectroscopy, nuclear magnetic resonance (NMR) and thermal analysis for several forms of the 

polymer.
96

  The polymer coil conformation changes in solution with ionic strength and pH, which 

affects the solubility, stability and degradation rate.
95

  The salt forms of γPGA are random coils 

and very soluble in water, and thus suitable for use in the sol–gel process.
97

  The free acid form of 

γPGA (γHPGA) cannot be used directly to make a hybrid as it is not soluble in water since it is a 

tightly compacted helix in aqueous solution and thus strongly hydrophobic and insoluble at pH  

< 2.
96

  γHPGA is soluble in the polar aprotic solvent dimethylsulfoxide (DMSO), which is a strong 

hydrogen bond acceptor.
96

  Therefore the γHPGA can be dissolved in DMSO prior to 

incorporation into the sol–gel process.  However, a solvent such as DMSO must be removed 

during processing, as the long‒term effects of DMSO in vivo are unknown.  Hence, the salt forms 

of γPGA are much more attractive for use in synthesising a hybrid material as an organic solvent is 

not required. 

 

One of the synthetic polymers used in the hybrids described previously was coupled to the silica 

network by IPTS, which cannot be used with γPGA as the polymer does not contain hydroxyl 

groups.  γPGA does contain –COOH groups, but they are sterically hindered which prevents 

functionalisation with IPTS.  However, if a different covalent coupling molecule contained a 
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functional group that could bond with the carboxylic group on the γPGA, the repeating unit could 

be functionalised along the polymer chain, allowing the degree of covalent coupling to be 

controlled independent of the molecular weight. 

 

Several trialkoxysilane groups were successfully incorporated into the sol–gel process by Hüsing 

and Schubert et al.
98

 Of particular interest for γPGA is 3‒glycidoxypropyl trimethoxysilane 

(GPTMS) as it has an epoxy ring which is susceptible to nucleophilic attack.  The proposed 

mechanisms for reaction between GPTMS and γPGA are shown as Fig. 2.12. 

 

Fig. 2.12 - Functionalisation of γPGA with GPTMS in acidic conditions a) reaction at the carboxylic group b) 

reaction at the amide group 

 

When GPTMS and γPGA are in solution, the –COOH or –NH groups on the polymer are 

hypothesised to open the epoxy ring (glycidol group) by nucleophilic attack and form a bond 

between the coupling agent and the polymer.  This leaves γPGA functionalised with a short chain 

molecule with a trimethoxysilane group on the end.  The –NH group is more reactive than the  

–COOH group, so it may be the preferred reaction pathway.
96

  When the functionalised polymer is 

added into the sol–gel process, the methoxysilane groups hydrolyse.  This forms three silanol 

groups, which can undergo condensation with silanol groups of the hydrolysed TEOS, resulting in 

Si–O–Si linkages between the functionalised polymer and the silica network.  Hybrids have been 

produced using the free‒acid form of γPGA, functionalised with GPTMS in DMSO.
65

  The 

coupling process has been followed by FTIR and solid state NMR, although the exact bonding 

mechanism could not be confirmed.  DMSO content and its removal were critical parameters in 

the process and had a significant effect on mechanical properties.  Scaffolds were also produced by 

introducing the functionalised polymer into the sol–gel foaming process (Fig. 2.4) with a similar 

pore structure to the bioactive glass scaffolds as shown in Fig. 2.13. 
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Fig. 2.13 - µCT image of a silica/γPGA hybrid foam scaffold, courtesy of S. Yue 

 

A potential barrier for regulatory approval of these promising scaffolds is whether the polymer 

produced by the fermentation process is reproducible in terms of molecular weight. A further 

enzymatic depolymerisation step may be required to tailor γPGA to the specific desired molecular 

weight.
97

 

 

Silica/Chitosan 

Chitosan is a polysaccharide that is commonly used to make biomedical hydrogels for numerous 

uses from wound healing to drug delivery.
99, 100

  The repeating unit of chitosan contains a ring 

structure with –OH and –NH2 functional groups.  Chitosan was successfully reacted with GPTMS 

to form flexible composite membranes (thickness 0.07 mm).
101

  The mechanical properties were 

tailored with the degree of covalent coupling, but it was too elastic for a bone scaffold.  Increasing 

the GPTMS content from 9 to 33 mol% caused the breaking stress to decrease from 95 MPa to  

2.4 MPa while the Young’s modulus increased from 2.7 MPa to 4.8 MPa.
101

  This modulus of 

elasticity is still at least three orders of magnitude less than that of bone (trabecular and cortical 

bone, 18–20 GPa), which is unsuitable for a bone scaffold but this material has the potential for 

incorporation into the sol–gel process.  GPTMS was used as the inorganic species in this system.  

The silica network could form when hydrolysed GPTMS creates Si–O–Si bonds with other 

hydrolysed GPMTS molecules.  Using this strategy, the amount of covalent coupling cannot be 

independently controlled from the proportion of inorganic present as the same reactant is 

responsible for both.  This means that there is no independent control of the degradation rate or 

mechanical properties from composition.  
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Porous scaffolds of chitosan have been formed through freeze drying (Fig. 2.14). Pure chitosan 

scaffolds have been developed with a mean pore size of 30–100 µm,
102

 and high molecular weight 

chitosan/GPTMS hybrids had successfully formed porous structures (50 to 100 µm pore 

diameter).
57

  These chitosan and chitosan/GPTMS hybrid materials have the required pore size of 

100 µm, for cell ingrowth and vascularisation, but these materials must be tailored to have similar 

mechanical properties to bone.  Class II hybrids have been formed with GPTMS providing 

covalent coupling between the chitosan and the silica network using TEOS as the silica 

precursor.
103

  An increase in silica content of these hybrids resulted in increase in human 

osteosarcoma stem cell proliferation due to the release of silica. 

 

Fig. 2.14 - SEM image of a silica/chitosan hybrid foam scaffold formed by freeze‒drying, courtesy of Louise 

Connell  

 

Silica/Collagen 

In terms of mimicking natural tissue, an ideal polymer for tissue scaffolds would be type I collagen 

as it has excellent mechanical properties and comprises over 90 % of the organic component of 

bone.
30

  The mechanical properties are due to its triple helix of polypeptide chains.
47, 104

  These 

polypeptide chains are composed of amino acids, which have many –NH2 and –COOH groups 

along the chains that are available for functionalisation.  Collagen can be remodelled by natural 

bone regeneration mechanisms as collagen is degraded by specific enzymes (collagenases), which 

attack the surface of the triple helix molecule.  Only after the triple helix comes apart can other 

enzymes in the body individually attack the amino acid strands.
104

 

 

However, there are some major drawbacks to the use of collagen including the potential for 

transfer of diseases.  The most common collagen sources are bovine and porcine.  Bovine type I 

collagen leads to a risk of infection with BSE (bovine spongiform encephalopathy).  As collagen is 

xenogenous (from another species), it can cause an immune response, as reported in 3–5 % of 

cases.
105

  However, compared with the transplantation of organs, immuno‒rejection is uncommon, 

as collagen is very similar between species.  Collagen also varies with each source, including the 
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molecular size and the degree of covalent coupling.
104

  Obtaining large amounts of collagen for 

mass production of a medical device would therefore be difficult.  Commercially, products 

containing collagen from porcine and bovine sources may have a limited market as patients may 

refuse them on religious or cultural grounds.  Any implant material containing animal products is 

difficult to obtain regulatory approval for its use.  Porcine derived products are preferred to bovine 

and ovine products by the regulatory authorities.  Alternatively, collagen can be produced by 

modifying other organisms including tobacco and Escherichia coli.  However, the recombinant 

collagens produced are shorter than the collagen found in human bone and yields are low.
105

  Costs 

are currently also prohibitively high. 

 

Collagen also presents a practical problem for scaffold synthesis.  It is very insoluble, which 

makes it difficult to process.  Although it can be dissolved in acetic acid, only low concentration 

solutions can be produced and the dissolved collagen is denatured.  Even though low density 

scaffolds can be produced by freeze drying,
106

 collagen is not suitable for hybrid synthesis. 

 

Silica/Gelatin 

Gelatin is derived from collagen using acid or base hydrolysis to break apart the triple helix 

molecule.
107

  Thus gelatin has a very similar chemical structure to collagen, retaining functional 

groups along its chains.  Like collagen, gelatin can be obtained from a variety of animal sources.
105

  

As it is sourced from animals, there is still difficulty with regulatory approval.   

 

Unlike collagen, gelatin is soluble in water, which is beneficial for hybrid synthesis.  In a strategy 

similar to that used for the chitosan hybrids, a Class II hybrid was formed using GPTMS and a 

porous scaffold was created by using freeze drying, creating pores from 5 to 500 µm.
55, 56

  Again, 

the silica was only present as part of the GPTMS, so covalent coupling could not be controlled 

independently.  The mechanical properties of these scaffolds have not yet been reported.  By using 

TEOS as the precursor for a silica network and GPTMS as a covalent coupling agent between the 

silica and the gelatin, the amount of polymer/inorganic can be varied independently of the degree 

of coupling.
64

  This strategy was employed by Mahony et al., who incorporated gelatin 

functionalised with GPTMS to produce porous scaffolds with a very open pore network through 

the sol‒gel foaming process (described in Fig. 2.4).  The coupling mechanism was confirmed by 

solid state NMR.  A key development to the foaming procedure was to add a new freeze drying 

step to remove the condensation by‒products.  A significant finding was that by using greater than 

a critical concentration of GPTMS, the hybrids underwent congruent dissolution.  As the amount 

of covalent coupling increased, the amount of gelatin released also decreased.  The important 
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discovery was that the rate of silica release also decreased and followed a similar profile to the 

gelatin release.  This implies that the hybrids degraded as one material and behaved as true 

hybrids.  The compressive strength also increased as the concentration of covalent coupling agent 

increased.  Scaffolds containing 60 wt% organic with low covalent coupling (500 moles of 

GPTMS per mole of gelatin) had the flexibility of thermoplastic polymers, but as covalent 

coupling increased, the stiffness and compressive strength increased.  Doubling the inorganic–

organic coupling caused a 360 % increase in stiffness.
64

  Furthermore, the porous scaffolds were 

found to obey the Gibson and Ashby theory of plastic collapse of cellular solids,
108

 which allows 

prediction of the compressive strength of the hybrid scaffolds for specified interconnect sizes.  For 

a modal interconnect diameter of 100 µm, a compressive strength of 2.6 MPa was achieved (53 

wt% gelatin and GPTMS : gelatin molar ratio of 750).  The ideal strength of 5 MPa can be 

achieved with a modal interconnect diameter of 80 µm.
64

 

 

A disadvantage of using a naturally derived polypeptide such as gelatin is that the amino acid 

chains are not necessarily uniform.  So it is difficult to exactly define how many covalent links 

will form between the gelatin and silica as it is not known how many functional groups each 

gelatin molecule will have.  A synthetic polymer with a consistent, repeating unit structure is 

desired that would allow for greater control over covalent coupling and subsequent degradation.  

Gelatin can be formed in the laboratory (recombinant gelatin) and has the advantage of 

homogeneity and reproducibility, which could be critical when it comes to regulatory approval of a 

medical device.  However, at the time of writing, the yields are low and the gelatin is prohibitively 

expensive.  Gelatin can also be formed from the hydrolysis of recombinant collagen.
105

 

 

2.4.7 Calcium source 

 

After cells attach to a scaffold, they must be encouraged to produce new tissue.  By incorporating 

calcium into the scaffold, calcium will be released slowly over the life of the hybrid material into 

the surrounding fluid, stimulating new bone formation.  The target concentration of calcium in the 

local body fluid is 88–100 ppm in order to encourage new bone formation.
6
  

 

Most hybrids that have been produced have not contained any calcium.  The reason for this is that 

it is not trivial to incorporate calcium effectively.  The traditional method for incorporation of 

calcium into the sol–gel process is to use calcium nitrate (Ca(NO3)2) as the calcium precursor as it 

is soluble in the sol.  However, calcium nitrate is not viable for hybrid materials.  The nitrate 
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by‒products are toxic to the body so sol–gel glasses are heated to a minimum stabilisation 

temperature of 600 ºC to remove the nitrates.
7
  Perhaps more importantly, although calcium nitrate 

is soluble in the sol and remains in solution throughout the formation of the silica network at room 

temperature, during the drying process, the calcium nitrate has been observed to concentrate on the 

surface of the gel (Fig. 2.15).  The calcium only diffused into the silica when a temperature of 450 

ºC was reached.
69

  Consequently, the minimum temperature associated with using calcium nitrate 

is too high for polymer incorporation through the sol–gel method as the polymer would be 

oxidised at such high temperatures. 

 

Fig. 2.15 - Calcium incorporation into the silica network from calcium nitrate in the sol‒gel process, modified 

from Lin et al. 
69

 

 

A different calcium source is required to make this material more suitable for use in a scaffold for 

bone tissue engineering.  Pereira et al. recognised the problem of nitrate toxicity and therefore 

used calcium chloride as the calcium source and HCl as the acid catalyst (traditionally nitric acid 

was used for glass synthesis) to produce silica–calcium/PVA hybrids.
72

  Calcium chloride has also 

been used in γPGA/silica–calcium hybrid synthesis.
65

  A maximum temperature of 60 ºC was used 

to age and dry the scaffolds.  Although toxic by‒products were avoided, calcium was not 

incorporated into the silica network as calcium chloride recrystallised on the surface during the 

ageing and drying process, and was released rapidly from the material after immersion into 

simulated body fluid.
65

  This is because the calcium chloride is a salt; therefore, high temperatures 

are still required to incorporate calcium into the silica network. 

 

Shirosaki et al. used calcium chloride in a chitosan/GPTMS hybrid material.  They claim that the 

salt helped in the hydrolysis of GPTMS as well as the condensation of silanol groups leading to 

more condensed Si–O–Si network.
109

  However, adding calcium reduced the cell attachment by 

half, probably due to a high dose exposure of calcium chloride released from the hybrid.  New 

calcium sources are needed if tough osteogenic scaffolds are to be produced. 
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2.5 Summary 

 

There is a need for synthetic materials to replace current bone grafting techniques.  Current hard 

materials, such as bioceramics or bioactive glasses, are not tough enough to withstand the 

repetitive strain in weight bearing bone repairs.  Softer composite materials can combine the 

bioactivity of a hard glass or ceramic with the durability of a polymer.  It is suggested that sol‒gel 

hybrids have the potential to fulfil all of the design criteria for an ideal bone scaffold for bone 

tissue regeneration.  This includes matching the mechanical properties of bone and the potential 

for controlled congruent degradation.  However, to produce porous hybrid scaffolds that have the 

ability to release calcium at a controlled rate involves complex chemistry, materials processing and 

regulatory approval.  The key to success is to use a suitable degradable polymer that can be 

incorporated with a bioactive component at the molecular level and then formed into a porous 

network which allows for cell ingrowth and nutrient transfer.  It is suggested that the sol–gel 

process is particularly suited to this application with recently reported promising developments.  

By softening bone tissue scaffolds, materials will be created that can be used throughout the body 

and no longer be limited to non‒load bearing applications and thus become a clinical success. 

 

2.6 Aims and objectives 

 

The aim of this work was to synthesise and characterise a bioactive Class II hybrid using the 

calcium salt form of poly(γ-glutamic acid) and silica for bone tissue engineering.  This new 

material must be tough to withstand cyclic loading and have controlled degradation in vivo.  

Tetraethyl orthosilicate (TEOS) was used as the silica precursor in the sol‒gel process with 

covalent coupling between the polymer and the silicate network by 3‒glycidoxypropyl 

trimethoxysilane (GPTMS).   

 

The specific objectives for this study were: 

• to assess the effect of increasing pH on calcium containing sol‒gel glasses at glass 

stabilisation temperature and at low temperatures suitable for polymer incorporation 

• to develop a method to incorporate γCaPGA into the sol‒gel method to form a hybrid 

material 

• to investigate the effect of covalent coupling agent (GPTMS) concentration on hybrid 

properties 

• to investigate the effect of polymer molecular weight on the hybrid properties 
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• to compare hybrids synthesised with γNaPGA with those made with γCaPGA and 

determine the contribution of ionic crosslinking to hybrid stability 

• to determine the optimum composition of the hybrid and assess its potential for use in bone 

tissue engineering 
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 Chapter 3 

 

3 Characterisation Methods 
 

 

 

 

 

 An idea, like a ghost,  

  must be spoken to a little before it will explain itself.    

   Charles Dickens  
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Sol‒gel glasses and hybrid materials were formed through the sol‒gel method.  The specific 

synthesis technique was presented in the appropriate chapter.  Analysis techniques common to all 

of these solid materials included characterisation by: atomic force microscopy (AFM), Fourier 

transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), Time‒of‒Flight 

secondary ion mass spectroscopy (SIMS), x‒ray diffraction (XRD) and compression testing.  The 

glasses and hybrids were also subjected to dissolution in SBF and TRIS buffer solution.  Solids 

resulting from these immersion tests were examined by FTIR, SEM and XRD and the solutions 

were analysed by the bicinchoninic acid (BCA) assay and inductively coupled plasma ‒ optical 

emission spectroscopy (ICP‒OES).  All reagents were purchased from Sigma‒Aldrich Company 

Ltd. (Dorset, UK) unless otherwise specified.  

 

3.1 Dissolution studies 

 

3.1.1 SBF test 

 

Simulated body fluid (SBF) has similar composition to blood plasma, but is completely synthetic.  

This in vitro test is used to predict the bone bonding ability of a material upon implantation in vivo 

and so reduces the number and extent of animal studies required.  Formation of hydroxycarbonate 

apatite (HCA) on the surface of a material upon immersion in SBF is a sign of bioactivity of a 

material as HCA is the first step to bonding with bone.
110

 

 

The method used to form SBF was first described by Kokubo and Takadama.
110

  A constant ratio 

of sample mass to SBF volume was used and agitated, as defined by Jones et al.
111

  0.15 g of 

hybrid was immersed in 100 mL of SBF and mixed at 120 rpm in an orbital shaker held at 37 ºC.  

A sample of 1 mL was removed at 1, 2, 4, 24, 72, 168 and 336 h and replaced by 1 mL fresh SBF.  

The final solids were collected using filter paper (particle retention 5‒13 µm), washed with 

acetone and dried overnight at 40 ºC.  The solids were then examined by FTIR and XRD and the 

solutions were analysed by ICP‒OES.  Each sample was measured in triplicate. 

 

3.1.2 Weight loss testing 

 

Tris(hydroxymethyl)aminomethane (TRIS) buffer solution is a physiological pH solution that is 

salt free.  The stability of a material in the body can be estimated from an in vitro test using TRIS 
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buffer solution.
112

  It cannot be used to predict the bioactivity of a material as there are no salts in 

solution which are required for the precipitation of HCA.  This means that weight loss of the 

sample over time can be accurately measured as there will be no HCA precipitation from the salt 

free solution.  The rate of dissolution can also be determined from the ion release profile in 

solution.    

 

0.062 M TRIS buffer was adjusted to pH 7.3 at 37 ºC with 2 N HCl (Fluka, Sigma‒Aldrich).
113

  

The ratio of mass of sample to solution volume was maintained from the SBF testing protocol, but 

in order to reduce the amount of sample required, the quantity of both the sample and solution 

were halved for the dissolution study in TRIS.  Hybrids of 0.075 g were immersed in 50 mL of 

TRIS and mixed at 120 rpm in an orbital shaker held at 37 ºC for 8, 24, 72, 168, 336 and 672 h.  

The solutions were passed through a filter paper (particle retention 5‒13 µm) and the solids were 

washed with acetone and dried overnight at 40 ºC.  The dry solids were weighed to determine 

mass lost.  Ca and Si concentrations in solution were determined by ICP‒OES and the γPGA 

concentration was measured using the bicinchoninic acid (BCA) assay.   

 

3.2 Instrument techniques 

 

3.2.1 AFM 

 

Atomic force microscopy (AFM) provides very precise information about the surface of a material 

at the nanometre scale.  These measurements are taken using a very fine tip on the end of a 

cantilever beam.  In AFM non‒contact measurements, the fine tip is held just over the surface of 

the material and oscillated.  The frequency of this oscillation is measured, using a laser, as the tip 

is traced over the surface of the material.  The amplitude of the oscillation varies based on 

attractive forces or distance between the tip and the surface (phase mode and z‒wavemode 

respectively).  This provides a two dimensional image of the surface topography or domains in a 

composite material.   

 

All AFM images were taken using a Q Scope Quescant Resolver by Ambios Technology fitted 

with a non‒contact Si cantilever tip model NSC 16.  Images were taken at scan rate 1 Hz with scan 

resolution of 400 and damping of 50 %.  Surface topography was measured in wavemode, a 

non‒contact deflection measurement, and also in the Z‒phase mode which took measurements 
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using the resonance of oscillation of the tip.  Phase mode was also used to map the attractive forces 

of the surface. 

 

3.2.2 BCA Assay 

 

The bicinchoninic acid (BCA) assay is based on the reduction of copper ions from Cu
+2

 to Cu
+
 by 

proteins at elevated pH.  The production of Cu
+
 is detected by the chelation of two bicinchoninic 

acid molecules to one Cu
+
 ion.  The starting working reagent of copper(II) sulphate is green, 

whereas the chelated BCA‒Cu
2+

 is purple which is measured from the light absorbance at 562 

nm.
114

  Certain amino acids (cysteine, cystine, tryptophan and tyrosine) reduce the copper ions 

more efficiently as the BCA assay is not specific to a particular protein or amino acid.
115

  Thus 

appropriate and accurate calibration solutions are required. 

 

A modified protocol for the Pierce
®
 BCA Protein Assay Kit (by Thermo Scientific, purchased 

from Sigma‒Aldrich) was used to determine the γPGA release profile.  Calibration solutions were 

made using γCaPGA in TRIS buffer solution at concentrations of 0, 50, 100, 200, 300, 500 and 

750 µg mL
‒1

 γPGA (Natto Biosciences Ltd., Canada).  150 µL of the filtered supernatant solutions 

from the TRIS weight loss test of sample was placed into each well of a 96 well microplate.  This 

was followed by 150 µL of working reagent (Reagent A : Reagent B, 1:20) then mixed.  The 

wellplate was sealed and placed in a water bath at 60 ºC for 30 min.  It was removed, cooled to 

room temperature and absorbance was immediately read using a Molecular Devices Spectra Max 

M5 plate reader at 562 nm.  The calibration standards were measured in triplicate and repeated for 

each analysis (Fig. 3.1).   

  

Fig. 3.1 - Calibration curve used in the modified BCA assay to determine γPGA concentration in TRIS buffer 

solution 
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3.2.3 Compression testing 

 

Initial testing on hybrid monoliths was carried out on a Zwick/Roell Z2.5 with a 2 kN load cell.  

Using small test samples (2 x 2 x 4 mm, n = 3‒6), the Young’s modulus was determined for 

hybrids of varying degrees of covalent coupling (Chapter 5.4).     

 

Following synthesis of higher strength hybrids, cylinder shaped monoliths (∅ = 7 mm, h = 2 mm) 

were compressed using a Zwick 1474 fitted with a 100 kN load cell at 0.5 mm min
‒1

 for γCaPGA 

hybrids and 10 mm min
‒1

 for γNaPGA hybrids.  The Young’s Modulus, maximum strength and 

strain to failure were determined.  This test was repeated 8 times and the mean and standard 

deviation were reported (mean ± SD, n = 8).  Maximum strain was determined as the difference 

between the strain at point of failure and the intercept of the best fit line of the linear region of the 

stress‒strain curve, which was used to calculate the Young’s modulus with the x‒axis (Fig. 3.2). 

 

Fig. 3.2  - Determination of strain to failure from a stress‒strain curve for a hybrid of 40 wt% γCaPGA 10 GC 

(γPGA Mw 80 kDa), where 10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS 

 

3.2.4 DSC/TGA 

 

Thermogravimetric analysis (TGA) accurately measures the mass of a sample as it is heated.  The 

plot of mass loss against temperature can provide information on water content, residual solvent 

and decomposition point of the sample.  Differential scanning calorimetry (DSC) simultaneously 

measures the energy required to raise the temperature of the sample.  Both an empty sample holder 

and the holder containing the sample are heated at the same rate.  The energy required for a 

constant temperature rise depends on the enthalpy and thermal heat capacity of the sample.  This 

can change due to crystallisation, glass transition and melting of the sample but will not change for 

the empty reference sample holder.  The difference in energy required to maintain a constant 
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heating rate between the empty and full sample holders is recorded.  Changes in enthalpy of the 

sample can be determined from a plot of the difference in energy required against temperature.   

 

A simultaneous thermal analyser (STA) was used to carry out DSC and TGA in collaboration with 

Hok Man Tang.  The samples were heated at 20 ºC min
‒1

 in a Netzsch 449 C Simultaneous 

Thermal Analyser and the weight loss and heat flux was measured with respect to temperature. 

 

3.2.5 FTIR 

 

Fourier transform infrared spectrometry (FTIR) detects the stretching and bending of asymmetric 

covalent bonds on exposure to infrared energy across a spectrum of wavelengths.  Radiation is 

absorbed by covalent bonds that have a dipole moment at a resonant frequency, resulting in 

amplified vibration.  These stretching or bending motions can be either symmetric or asymmetric.  

A single covalent bond may vibrate in more than one way, resulting in more than one absorbed 

frequency.  The spectra of the absorbed radiation bands is used to determine the types of covalent 

bonds and thus the composition of a sample.  The absorbed energy is reported as a wavenumber 

which is the inverse of the absorbed wavelength.
116

 

 

FTIR was carried out on hybrid samples from immersion in SBF and TRIS in Chapters 5 to 7 

using a Perkin Elmer Spectrum 100 Infrared Spectrometer fitted with a universal sample holder.  

Finely ground polymer powders were analysed over a wavenumber of 2000 to 550 cm
‒1

 and the 

absorbance spectra were reported. 

 

The solid samples from bioactivity testing of 70S30C sol‒gel glasses in Chapter 4 were examined 

with a Bruker Vector 22 thermal gravimetric‒infrared spectrometer (TGA‒IR).  Glass samples 

were finely ground with potassium bromide (KBr) in a 1 to 100 weight ratio.  The resulting 

powder was pressed into a pellet with 7 tonnes of pressure.  The sample was measured in 

transmission mode over wavenumbers from 4000 to 320 cm
‒1

. 

 

3.2.6 ICP‒OES 

 

Inductively coupled plasma (ICP) can accurately determine elemental concentrations in solution 

by turning them into plasma.  As to not overwhelm the detector, the samples are first diluted to the 

required concentration range before analysis.  An aerosol is formed by passing the sample through 
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a nebuliser using nitrogen as the carrying gas.  The resulting aerosol is then carried into the plasma 

flame where the sample is ionised.  As electrons in the ions relax to a lower energy state, they emit 

light which is measured by the optical emission spectrometer (OES).  Light emission is specific to 

each element which allows intensity to be measured at a specific wavelength for each element.  A 

linear calibration curve is used to assign concentrations to unknown samples. 

 

Solutions from SBF immersion and dissolution testing in TRIS were analysed using ICP.  A 

Thermo Scientific iCAP 6300 Duo inductively coupled plasma ‒ optical emission spectrometer 

(ICP‒OES) with auto sampler was used.  Solutions from the dissolution studies were prepared by 

diluting the samples by a factor of 10 with analytical grade 2 M HNO3, and by a factor of 100 to 

measure sodium in SBF.  Mixed standards of silicon, phosphorous and calcium were prepared at 0, 

2, 5 and 20 µg mL
‒1

 for the calibration curve.  An additional standard of 40 µg mL
‒1

 was used 

when sodium was added to the mixed standards for Na analysis (Fig. 3.3).  Calibration was carried 

out at the beginning of each sequence.  Silicon and phosphorous were measured in the axial 

direction of the plasma flame whereas calcium and sodium were measured in the radial direction. 

 

 

Fig. 3.3 - Sample calibration curve for ICP‒OES analysis of Si 

 

3.2.7 Mercury intrusion porosimetry 

 

Mercury porosimetry was used to obtain pore size distributions of the materials.  In this intrusion 

method, mercury is forced into porous materials as it is a non‒wetting liquid.  Mercury enters the 

large pores first and is then forced into smaller pores as pressure increases.  The volume of 

mercury that enters the sample at a given pressure is measured.  The relationship between pore 

diameter and pressure is defined by the Washburn equation (Equation 3.1) where the pressure 
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required to force the mercury into the pore is inversely proportional to the pore opening 

diameter.
117

  

Equation 3.1  
P

cosθ4σ
d −=   

where P is the applied pressure, d is the pore opening diameter, θ is the contact angle for mercury 

(141º) and σ is 474 mN m
‒1

.  This equation assumes a cylinder shaped pore, and no distortion due 

to the forcing of mercury at high pressure through soft samples.
117

   As the pressure increases, the 

increase in mercury volume intruded is a measure of the number of pores at that interconnect 

diameter.  The differential increase in volume is taken with respect to log of the interconnect 

diameter for the y‒axis when examining large pore sizes (> 2µm).   

 

Mercury intrusion porosimetry was used to measure macroporosity with a Quantachrome 

Poremaster 33.  Samples of one cubic centimetre were degassed for 15 min.  Nitrogen gas (1‒50 

psia) and hydraulic oil (30‒3000 psia) were used to force mercury into the porous sample.   

 

3.2.8 Molecular weight analysis 

 

Gel permeation chromatography differentiates polymers based on size.  Polymer is dissolved and 

passed through the column which is filled with porous beads.  Larger molecular weight polymer is 

eluded first as it cannot enter the pores and passes directly through the column.  The smaller 

molecular weight polymer is delayed as it enters the pores, requiring a longer time to go through 

the column.  The eleuant from the column is then measured and molecular weight is assigned by 

conventional GPC or triple detection.  Conventional GPC assigns molecular weight based on 

retention time, relative to a polymer of known molecular weight.  Triple detection measures light 

scattering, refractive index and differential pressure.  Light scattering directly measures the 

molecular weight.  Refractive index measures concentration and then molecular weight using the 

refractive index increment (dn/dc) which must be determined for each polymer.  Intrinsic viscosity 

provides information on polymer conformation and structure and is determined from differential 

pressure once the concentration is known.
118

  GPC is a reliable method for determining the relative 

molecular weight of several polymers and the polydispersion.  However, the values for molecular 

weight tend to be less reliable due to differences between the reference polymer and the sample.  

Triple detection gives a more accurate determination of the molecular weight, provided it is based 
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on an accurate determination of dn/dc, but is less reliable for polydispersion and relative molecular 

weights. 

 

Hybrids were synthesised with polymers of varying molecular weight from 120 ‒ 30 kDa.  Lower 

molecular weight polymers were obtained from chain scission of 120 kDa γPGA (Appendix A).  

Molecular weight analysis of these chain scission products was carried out by Smithers Rapra 

Technology Limited (Shawbury, UK) using conventional GPC and triple detection.  Triple 

detection means that the refractive index, differential pressure and light scattering of the eleuant 

were measured. 

 

Aqueous 

γCaPGA and γNaPGA polymer samples were prepared by dissolving 20 mg of sample in 10 mL of 

pH 7 buffer (0.2 M NaNO3, 0.01 M NaOH) overnight, then passed though a 0.45 µm membrane.  

The solution was forced though a Viscotek Triple Detector Array TDA301 fitted with a MZ Hema 

guard plus 2 x Hema Linear column (30 cm x 10 µm) at 1.0 mL min
‒1

 at 30 ºC.  Conventional 

GPC measurements were relative to sodium poly(acrylate) calibration standards and triple 

detection was calibrated with a Pullulan polysaccharide standard with a reported Mw of 150 kDa 

and an intrinsic viscosity of 0.54. 

 

Solvent 

γHPGA polymer samples were prepared by dissolving 30 mg of sample in 15 mL of 

dimethylsulfoxide with 0.01 M lithium bromide.  The samples were heated at 95 ºC for 30 min 

with stirring before passing through a 1 µm glass fibre pad.  The solution was forced through a 

Polymer Laboratories PL‒GPC 120 fitted with PL PolarGel guard plus 2 x PolarGel‒M column 

(30 cm x 8 µm).  The refractive index of the eleuant was measured relative to a Polymer 

Laboratories polymethyl methacrylate calibration standard.  

 

3.2.9 Nitrogen sorption 

 

In this technique, samples are dried and placed under vacuum to remove all moisture and air.  The 

samples are then held in liquid nitrogen.  Nitrogen gas is exposed to the sample at controlled and 

increasing pressure values.  Nitrogen condenses onto the surface of the material, and the amount 

absorbed is measured.  The volume of gas absorbed against pressure can be plotted to define the 

adsorption isotherm.  Initially nitrogen gas molecules are absorbed until they form a monolayer on 
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the surface of the material.  As pressure increases, more nitrogen is absorbed forming several 

layers on the surface until all of the pores in the sample have been filled, with the smaller pores 

filling first.  The physisorption curves have been grouped into six different types by the 

International Union of Pure and Applied Chemistry (IUPAC)
119

 as shown in Fig. 3.4.   

 

Fig. 3.4 - Schematic of the six physisorption curves, modified from IUPAC
119

 

 

Type I, II, III, and VI isotherms have overlapping absorption and desorption curves which are 

obtained from samples that have identical rates of nitrogen condensation and evaporation at a 

given pressure.  Type I isotherms have an initial high rate of absorption at low pressures, which is 

followed by no further absorption.  This is due to microporous materials where the absorption is 

limited by the number of accessible pores.  Type II isotherms show layer by layer nitrogen 

absorption.  The inflection point at low pressures is where the initial monolayer of nitrogen 

absorption is complete, which is then covered with additional layers of nitrogen atoms as pressure 

increases.  Type III isotherms have an initial slow rate of absorption which increases with pressure.  

It is not possible to determine the monolayer absorption point from these isotherms.  Type VI 

isotherms show steps which represent the individual absorbed layers of nitrogen on a non‒porous 

sample.  The adsorption and desorption curves of Type IV and V isotherms do not overlap, which 

creates a hysteresis loop.  This is an indication of pore shapes which delay desorption, due to 

non‒cylindrical shaped pores.  Type IV and V isotherms differ in their behaviour at low pressures 

as Type IV isotherms have monolayer nitrogen absorption which is indicated by the inflection 
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point at low pressures.  Type V isotherms are rare and the Type IV hysteresis loops can be further 

divided into four categories as specified by IUPAC in Fig. 3.5.
119

 

 
Fig. 3.5 - Schematic of the four types of hysteresis loops, modified from IUPAC

119
 

 

Both the adsorption and desorption curves for hysteresis loop type H1 are roughly parallel, having 

steep increases before reaching a plateau.  This is an indication of a narrow pore size distribution 

as all the pores fill with nitrogen at the same pressure, (the vertical section of the curve) and no 

further adsorption is possible.  In the type H2 hysteresis loop, the adsorption curve increases 

gradually before reaching a plateau whereas the desorption curve has a sharp decrease, leading to a 

large envelope.  The last two types are identified as they do not have a plateau at high relative 

pressure and the envelopes are narrow.  These hysteresis loops differ by the slope of the curves.  

H3 has increasing curves compared to H4 which is fairly flat.   

 

The Brunauer‒Emmett‒Teller (BET) method uses the monolayer formation section of the 

absorption branch to determine the surface area of the material.  The linear form of the equation is 

shown in Equation 3.2. 

Equation 3.2  
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where C is a constant that describes the shape of the isotherm, n
a
 is the volume absorbed, a

mn  is the 

number of moles absorbed and p/p
o
 is the relative pressure.

119
  Once the number of moles of 

nitrogen absorbed is determined, the specific surface area is calculated by using the distance 

between close packed nitrogen molecules, usually 0.162 nm
2
.  This equation is applied to the 

linear region of the isotherm, typically within a relative pressure of 0.05 to 0.30, to achieve an R
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value greater than 0.999.  Samples for surface area determination were repeated in triplicate.  The 

mean value and standard deviation were reported.    

 

The Barrett‒Joyner‒Halenda (BJH) method is applied to the desorption isotherm to determine the 

pore size distribution and assumes a cylinder pore geometry.  The Kelvin correlation (Equation 

3.3) is used to determine the pore size through the relative pressure combined with the surface 

tension of the liquid.
117

   

Equation 3.3  
)ln(RT

vσ2
r

p

p

llg

K o
=     

where rK is Kelvin’s radius, σ
lg

 is the surface tension of the condensate, v
l
 is the molar volume, T 

is temperature and R is the universal gas constant.  Samples for pore size distribution were 

repeated in triplicate.  The mean modal pore size and standard deviation were reported. 

 

Nitrogen sorption was carried out on sol‒gel glass samples using a Quantachrome Autosorb 6B 

Model AS6 KR to obtain specific surface areas and nanometre scale pore size distributions.  

Samples with weights between 0.015 and 0.10 g were degassed at room temperature for a 

minimum of 16 hours prior to analysis using a Quantachrome Autosorb degasser Model AD4.    

The technique was less suitable for hybrids as they were determined not to be mesoporous due to 

the low volume of adsorbed nitrogen.   

 

3.2.10 NMR spectroscopy 

 

Nuclear magnetic resonance (NMR) is used to detect the presence of certain atoms and their 

molecular environment.  Atoms with nuclear spin have different energy levels when exposed to a 

magnetic field.  The sample is placed in a strong magnetic field and then exposed to 

radiofrequency energy.  Some nuclei will absorb energy and become excited to the higher energy 

state.  As the nuclei realign in a preferred low‒energy orientation parallel to the magnetic field, the 

released energy is detected.  The frequency at which the nucleus absorbs energy is dependent upon 

the surrounding atoms in the molecule.  A nucleus can be shielded from the magnetic field by the 

electrons, yielding a small chemical shift.  An electronegative atom next to a nucleus causes a 

downfield shift due to a reduction in the electron density.  Chemical shift (δ) is reported in parts 

per million (ppm) which is normalised by the strength of the applied magnetic field and a standard, 

typically, tetramethylsilane (TMS) (Equation 3.4).
116
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Equation 3.4  
(MHz) TMSfrequency 

(Hz) TMSfrequency  - (Hz)frequency
=δ  

 
29

Si MAS NMR  

29
Si Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) spectra were collected in 

collaboration with the University of Warwick, on a Varian InfinityPlus 300 MHz spectrometer 

operating at 59.62 MHz.  A 5.0 µs (45º tip angle) pulse and 20 s recycle delays were used to 

produce relaxed spectra.  The spectra were referenced to tetramethylsilane (TMS) at 0 ppm. 

 

1
H NMR 

Proton NMR analysis was carried out in solution at Imperial College London using Bruker 

AV‒500 NMR Spectrometer at 500.046 MHz in both deuterated dimethylsulfoxide (d6‒DMSO) 

and deuterium oxide (D2O).  γCaPGA samples of 10 mg were diluted in 0.75 mL D2O (Merck ‒ 

deuteration degree min. 99.9 %) and 10 mg of each γHPGA sample was diluted in 0.6 mL 

d6‒DMSO (Merck ‒ deuteration degree min. 99.8 %) and then placed into a 5 mm borosilicate 

glass NMR tube.  The spectra were referenced to TMS at 0 ppm.  

 

3.2.11 SEM 

 

Scanning electron microscopy (SEM) uses a beam of electrons, to obtain high magnification 

images.
120

  Electrons bombard the surface and the emissions of secondary electrons are detected.  

SEM has the benefit of a large focus plane and magnification of up to 200 000 times.  Field 

emission gun scanning electron microscopy (FEG‒SEM) was preformed on a Leo 1525 with 

Gemini column fitted using a gun voltage of 5 kV and a working distance of 5 mm.  Samples for 

scanning electron microscopy were prepared by mounting a thin fracture surface with double sided 

carbon tape and coating with chromium.   

 

3.2.12 TOF‒SIMS 

 

Time‒of‒Flight Secondary Ion Mass Spectrometry (TOF‒SIMS) can map the composition of a 

sample in two dimensions and with depth.  This is achieved by two sputtering beams.  

Buckminsterfullerene particles of 60 carbon atoms (C60
+ 

beam) are used to remove a layer of 

atoms from the surface of the sample.  The Bi
+
 (primary ion beam) then bombards the exposed 

surface of the sample, causing atoms and fragments of molecules to be released (secondary ions).  
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These ions are identified by mass spectrometry and the intensity is plotted over surface area.  The 

C60
+
 beam then removes another layer of atoms and the newly exposed surface is again analysed 

using the Bi
+
 beam.  This dual beam process is repeated for analysis into the depth of the sample.   

 

SIMS analysis was carried out with a Time‒of‒Flight SIMS instrument (TOF‒SIMS, ION‒TOF 

GmbH) in collaboration with Daming Wang.  Hybrid samples were prepared by grinding and 

polishing to 1 µm.  The sample was sputtered for 1 second per scan with a C60
+
 beam at 10 keV 

(0.56 nA for 10 GC 60 kDa hybrid, 0.31 nA for no GC 120 kDa hybrid and 1.9 nA for 10 GC  

120 kDa hybrid) to form a 300 µm crater after which an image was taken with a 25 keV Bi
+
 

analysis beam (0.23 pA for 10 GC 60 kDa hybrid, 0.93 pA for no GC 120 kDa hybrid and 1.24 pA 

for 10 GC 120 kDa hybrid) on a 100 µm area to provide an image of 256 pixels for a total of 410 

scans for the hybrids of varying GC and 128 pixels and 107 scans for hybrids of varying Mw.  A 

low‒energy 20 eV pulsed electron flood gun was used for charge compensation.  These scans were 

combined to show the Ca, Na and Si distribution average by depth. 

 

3.2.13 XRD 

 

X‒ray diffraction (XRD) is used to identify the crystal phases in a sample.  The diffraction pattern 

of a crystalline material is based on Bragg’s Law (Equation 3.5).
121

 

Equation 3.5  nλ = 2d sinθ   

where λ is the wavelength of the x‒ray source (held constant), n is an integer, θ is the angle of 

incidence and d is the distance between atomic planes (d spacing).  As the angle of the detector 

changes, the reflected beam either has constructive or destructive interference based diffraction of 

the lattice sheets.  The diffraction pattern depends on the shape of the crystal unit cell, the spacing 

between the atomic planes and the type of atoms.   

 

XRD was performed on 70S30C glasses (Chapter 4) using a Philips PW1700 Automated Powder 

Diffractometer.  Diffraction was measured between 25 and 55º 2θ, with a 0.02º step size and a 

counting time of 30 s at each step.  For hybrids in Chapters 5 to 7, a PANalytical, X’Pert, Pro 

MPD with an X’Celerator detector was used.  The diffraction was measured between 5 and 70º 2θ, 

with a 0.03º step size and a counting time of 25 ms at each step.  For both instruments, the 

radiation source was a Ni filtered CuKα at 40 kV/40 mA.  Samples were ground and placed on an 

amorphous silicon disk.   
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 Chapter 4 

 

4 Role of pH and temperature on 70S30C 
 

 

 

 

 

 I was taught that the way of progress was neither swift nor easy.  

  Marie Curie 
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Bioactive glasses and inorganic/organic hybrids have great potential as implant materials.  A 

hybrid material can be formed by introducing a polymer into the sol‒gel process.
65

  For polymer 

incorporation, lower temperatures and milder pH conditions are required rather than the current 

silica sol‒gel method which uses pH < 1 and stabilisation at 600 ºC.
122

  However, increasing the 

pH too far will cause the formation of nanoparticles.  The impact of varying pH at low temperature 

processing (40 ºC) on the inorganic component is unknown and must be investigated as a 

fundamental examination for hybrid research.   

 

This work (published in the Journal of Materials Chemistry, 2012)
123

 combined pH control with a 

calcium source to examine the effect on mesoporosity and silica network connectivity to determine 

if raising the pH of synthesis can form a more highly connected glass without the need for high 

temperatures.   

 

4.1 Experimental methods 

 

4.1.1 Materials 

 

Tetraethyl orthosilicate (TEOS analytical grade 98 %), calcium hydroxide (Ca(OH)2 ACS Reagent 

≥ 95 %) and concentrated nitric acid were all purchased from Sigma‒Aldrich Company Ltd 

(Dorset, UK).  Sample moulds by Nalgene (60 mL polymethylpentene (PMP) bottom with 

polypropylene (PP) lids) were also purchased from Sigma. 

 

4.1.2 Preparation of elevated pH 70S30C sol‒gel glasses with calcium hydroxide 

 

Sol‒gel derived gels and glasses (70 mol% SiO2 and 30 mol% CaO) were synthesised from a 

range of sols with pH between 0.5 and 5.5, followed by ageing and drying of gels at 40 ºC and the 

glasses were further stabilised at 600 ºC (Fig. 4.1).  The silica precursor of 16.7 mol% TEOS was 

hydrolysed in 0.028 M HNO3 (pH 1.5) for 1 h.  The calcium precursor consisted of a 2:1 molar 

ratio of concentrated HNO3 to a slurry of Ca(OH)2 at 36.7 wt%.  The pH of the calcium solution 

was adjusted between pH 3 and 10.  The silica and calcium precursor solutions were combined in a 

2:1 volume ratio.  The pH of the final 70 mol% Si and 30 mol% Ca sol was measured and was 

then poured into moulds and sealed.  All samples were aged for 3 days at 40 ºC before drying at a 

low temperature (40 ºC for 5 days) or high temperature stabilisation (600 ºC).  To stabilise, the 
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samples were heated for 20 h at 60 ºC (0.1 ºC min
−1

), 24 h at 90 ºC followed by 130 ºC and held 

for 20 h followed by cooling to room temperature.  The temperature was then raised by 1 ºC min
−1

 

to 300 ºC and held for 3 h followed by 5 h at 600 ºC. 

    

Fig. 4.1 - Schematic for the formation of elevated pH 70S30C sol‒gel glasses 

 

4.2 Formation of 70S30C sol‒gel glasses  

 

A soluble calcium source is required to incorporate calcium into the sol‒gel process.  Calcium 

chloride simply recrystallises on the surface of hybrid materials during drying.
65

  Calcium nitrate is 

a common calcium precursor in the sol‒gel process as it is highly soluble in the sol.  Traditional 

70S30C glasses (70 mol% SiO2, 30 mol% CaO) using calcium nitrate tetrahydrate required heating 

to 600 °C to remove the toxic nitrates from the glass, which is too high for polymer incorporation.
7
  

Lin et al. showed that Ca
2+

 from calcium nitrate was not incorporated into the silicate network 

until the stabilisation temperature, i.e. above 400 °C.
69

  Ca(NO3)2 had been shown to cause 

inhomogeniety in sol‒gel glasses, even though stabilised at a high temperature.
124

  Raising the pH 

of the sol‒gel process could be used to encourage condensation of the silica network and possibly 

even incorporate calcium without the use of high temperatures.  Incorporation of calcium into the 

silica network will allow for slow sustained calcium release as the scaffold degrades, providing 

long term bioactivity.   

 

4.2.1 Composition testing 

 

Sol‒gel derived gels and glasses were successfully formed for a synthesis pH between 0.5 and 5.5 

and were then dried at 40 ºC or stabilised at 600 ºC.  The composition of the gels and glasses, as 

confirmed by lithium metaborate fusion, was 70 ± 4 mol% SiO2 and 30 ± 4 mol% CaO. 
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4.2.2 Mesoporosity characterisation 

 

In the sol‒gel process, nanoparticles of silica formed during the condensation step.  These primary 

particles agglomerated into a gel at room temperature and then continued to fuse together during 

the drying process, and as the temperature increased to 600 ºC, they formed quaternary particles.  

The spaces between the particles made the glasses mesoporous.
69

  When calcium was present in 

the sol‒gel process, its positive charge affected the way the particles agglomerated, thus the 

mesoporous structure of the glass was changed.  

 

All synthesised glasses were found to be mesoporous, except for gels synthesised at pH < 2 and 

dried at 40 ºC.  This threshold corresponds to the isoelectric point of silicic acid, pH 2.  Pore size 

distributions were obtained using nitrogen sorption and the Barrett‒Joyner‒Halenda (BJH) 

correlation
117

 (Fig. 4.2).   

 

Fig. 4.2 - Pore distribution over a range of sol pH for a) gels dried at 40 ºC and b) glasses stabilised at 600 ºC 
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Gels dried at 40 ºC had a fairly consistent modal pore diameter of 3‒6 nm when synthesised with a 

sol pH > 2 (Fig. 4.2a).  The gels synthesised with pH < 2 and dried at 40 ºC were not mesoporous.  

For glasses stabilised at 600 ºC, the modal pore diameter increased as pH increased (Fig. 4.2b), 

from 8 nm at pH 2.1 to 18 nm at pH 5.1.  The distributions were narrower for gels dried at 40 ºC 

than for glasses stabilised at 600 ºC, and the glasses at high temperature absorbed more nitrogen 

and thus had greater porosity.  

 

All gels and glasses that were mesoporous produced Type IV nitrogen sorption isotherms 

according to IUPAC classification
119

 (Fig. 4.3).  All gels synthesised at pH > 2 and dried at 40 ºC 

had H2 hysteresis loops,
119

 with a positive sloped absorption in advance of the hysteresis loop 

(Fig. 4.3a).  

 

H2 hysteresis loops are an indication of pores having an ‘ink bottle’ shape with pore throats being 

narrower than their diameter.
119

  However, SEM showed rounded and slightly agglomerated 

particles (25‒35 nm), the pores are the spaces between these particles.  The shape of the nitrogen 

isotherm varied with pH for the glasses stabilised at 600 ºC.  In Fig. 4.3b, the glass synthesised at 

pH 5.1 had an H1 hysteresis loop, which was an indication of pores between closely packed 

uniform spherical particles
119

 and was confirmed by SEM (diameter 50 nm).  As the synthesis pH 

decreased (pH < 5), an H2 hysteresis loop developed which was characteristic of ‘ink bottle’ 

shaped pores.  

 

The isotherm of the glass synthesised at pH 3.1 was typical of a Type H2 hysteresis loop (Fig. 

4.3c) but the particles were less well defined in SEM (diameter 35 nm).  Thus the sol pH had an 

effect on the modal pore size, pore shape and topography of the glass when stabilised at 600 ºC.  
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Fig. 4.3 - Isotherm and SEM image of 70S30C a) gel formed at pH 5.1 dried at 40 ºC, b) glass formed at pH 5.1 

stabilised at 600 ºC and c) glass formed at pH 3.1 stabilised at 600 ºC 

 

The surface area was related to the modal pore diameter (Fig. 4.4). The pore size of the gels dried 

at 40 °C increased slightly as the sol pH increased.  Surface area was expected to decrease as the 

pore size increased but remained fairly constant.  If the total porosity remained constant, then 
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several smaller pores have been replaced with fewer larger pores, resulting in a smaller surface 

area.  In this case, the pore size increased without a corresponding reduction in surface area, 

implying that the number of pores had only reduced slightly.  This increase in pore size was also 

noted visually as the opacity of the gels increased with pH, such that the gels at pH 4.7 looked and 

felt similar to glasses dried at 600 °C, due to lower water content and greater light diffraction from 

the larger pores. 

 

Fig. 4.4 - Dependence of surface area and pore size on pH determined using nitrogen sorption for gels dried at 

40 ºC and glasses stabilised at 600 ºC 

 

The glasses stabilised at 600 ºC followed a trend that can be described in two parts.  For glasses 

synthesised at pH ≤ 3, the pore size remained constant (12 nm) but the surface area increased (98 

to 216 m
2
 g

−1
) as pH increased from 1.4 to 3.2.  This implies that the number of pores and the total 

porosity of the material increased.  As the pH increased from 3.2 to 5.1, the pore size increased (12 

to 30 nm) and the surface area decreased (216 to 145 m
2
 g

−1
), as many small pores were replaced 

with fewer larger pores, resulting in a lower surface area. 

 

For glass synthesis at a pH below the isoelectric point (pH 2), the silica groups were protonated 

and thus the sol‒gel process was acid catalysed; whereas above pH 2, the mechanism changed as 

the silica species were anionic.  The lack of mesoporosity in gels dried at 40 ºC, following sol 

production at pH < 2, could be an indication of poorer network formation.  Thus the porosity 

measurements suggested that the conventional acid catalysed sol‒gel process (pH < 1) did not 

create a mesoporous network at low temperature conditions, but those synthesised with pH > 2 

did.  So there were no adverse effects and potential beneficial effects on the silica network by 

raising the pH of the sol‒gel synthesis.  These more neutral pH conditions offered some exciting 
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opportunities for hybrid development as such synthesis was compatible with polymer 

incorporation directly into the sol‒gel process. 

 

4.2.3 NMR of the silicate network 

 

Synthesis pH did affect the silica network and the formation of bridging oxygen bonds when 

examined using solid state 
29

Si NMR (Fig. 4.5).  There appeared to be a change in the NMR 

spectra for glasses synthesised about the isoelectric point (pH 2) which was consistent with the 

mesoporosity data.  All gels dried at 40 ºC had a greater proportion of Q
3
 and Q

4
 species than the 

glasses stabilised at 600 ºC (Table 4.1).  A Q
n
 species is a Si‒O tetrahedron with n bridging 

oxygen bonds to other tetrahedra in the silica glass network. The reduction in network connectivity 

(increase in the amount of lower Q
n
 species) noted in glasses at 600 ºC showed that the silica 

network had fewer bridging oxygen bonds.  This indicates that high temperature led to more 

successful incorporation of calcium into the glass network, where calcium ions (Ca
2+

) coordinated 

to silicate groups (Si‒O
−
), which resulted in the corresponding disruption of the silicate network.  

This was supported by the increase in Q
1
 and Q

2
 species.  Lin et al. found that calcium did not 

incorporate into the silica network until 450 ºC for 70S30C glasses formed at pH < 1,
69

 and the 

data in Table 4.1 shows this was true up until pH 5.5.  Thus there is no detrimental effect, or 

change in behaviour in the glass by raising the synthesis pH.  
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Fig. 4.5 - 
29

Si MAS NMR showing the silica speciation of the network for gels dried at 40 ºC and glasses 

stabilised at 600 ºC, courtesy of Claudia A. Turdean‒Ionescu, John V. Hanna and Mark E. Smith, University of 

Warwick, UK 

 

Table 4.1 - 
29

Si NMR showing the silica speciation as a relative intensity (I) for gels dried at 40 ºC and glasses 

stabilised at 600 ºC where average errors are ±±±± 1 ppm for the chemical shift (δ) and for I ±±±± 2 % for samples 

heated to 40 ºC and ±±±± 4 % for samples heated to 600 ºC, courtesy of Claudia A. Turdean‒Ionescu, John V. 

Hanna and Mark E. Smith, University of Warwick, UK 

Q
1
 Q

2
 Q

3
 Q

4
 

Sample 
δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) 

pH 1.4  40 ºC – – –93.4 4 –102.1 26 –111.6 70 

pH 2.1  40 ºC – – –92.3 3 –102.8 31 –111.9 66 

pH 4.7  40 ºC – – –93.3 4 –102.9 28 –111.9 68 

pH 1.4  600 ºC –80.9 8 –88.6 14 –99.4 34 –110.5 44 

pH 2.1  600 ºC –78.6 7 –89.8 24 –100.7 24 –111.2 45 

pH 4.7  600 ºC –78.8 4 –89.2 19 –101.3 26 –111.0 51 

 

The 
29

Si MAS NMR suggests that all gels dried at 40 ºC had very similar network connectivity 

(Q
n
) distribution, at the most local level, despite the very different reaction rates.  Glasses 
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synthesised at pH < 2 took up to a day to gel whereas for glasses synthesised at pH > 2, increases 

in pH increased the rate of gelation.  Gelation at pH 3 took 10 min, using pH 4.5 took 5 min and 

pH 5.1 took 30 s.  The gelation rates appear to have some effect on the degree of order in the 

network.  For a dilute spin‒½ nucleus (such as 
29

Si in this material), the residual linewidth under 

magic angle spinning is dominated by the range of isotropic chemical shifts which is termed 

chemical shift dispersion.
125

  This means that the samples that gelled faster showed more disorder 

as indicated by the greater linewidth.  This increase in linewidth for samples gelled at higher pH 

could be gauged by the relative resolution of the Q
3
 given its shift position did not change (Fig. 

4.5, Table 4.1).  Although this was not definitive evidence, it was certainly consistent with the 

potential greater disorder created by porosity, although the length scales were very different. 

 

The gelation rate also had an impact on the macrostructure of the glasses.  The faster‒gelling 

samples dried at 40 ºC and formed at pH > 2 were found to have a mesoporous network as 

confirmed by nitrogen sorption.  However, NMR indicates that the silica network was formed, but 

that calcium was not incorporated at 40 ºC.  This further reinforced the findings by Lin et al. that 

calcium nitrate is not a suitable calcium precursor at low temperatures as the calcium does not 

enter the silica network and should not be used when seeking polymer incorporation.
69

  For the 

glasses stabilised at 600 ºC with a synthesis pH of 4.7, the concentration of Q
4
 species was higher 

while the combined concentration of Q
1
, Q

2 
and Q

3
 species (i.e. with hydrogen or calcium charge 

compensating the non‒bridging oxygen) was lower than at pH 2.1 (Table 4.1).  This might suggest 

that at high pH, less calcium was incorporated in the silicate network, possibly due to the rapid and 

complete condensation of the silica network catalysed by the elevated pH causing the calcium to 

less readily enter the network.  

 

4.2.4 Immersion in SBF 

 

Gels and glasses synthesised at three pH conditions were chosen for bioactivity testing by 

immersion in SBF as they represented acid catalysed reaction (pH 1.7), gelation near the 

isoelectric point (pH 2.1) and anionic sol‒gel reaction (pH 4.7).  0.15 g of sample was immersed in 

SBF for up to one week and held at 37 ºC and agitated at 120 rpm.  The stabilised glasses (600 ºC) 

had different ion concentration profiles compared to the gels dried at 40 ºC (Fig. 4.6).  For gels 

dried at 40 ºC, sol pH had no effect on the ion concentrations in solution.  There was fast 

dissolution of the gel, as shown by the release of ~60 µg mL
−1

 of Si by 24 h and an initial spike in 
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the Ca concentration (8 h).  This was followed by a decrease in the calcium concentration and the 

phosphorus concentration approaching 0 after 24 h, which suggests the formation of HCA.   

 

Fig. 4.6 - Ion release profiles with varying sol pH of 70S30C a) gels dried at at 40 ºC and b) glasses stabilised at 

600 ºC 

 

HCA formation was confirmed with FTIR and XRD (Fig. 4.7 and Fig. 4.8).  Thus the gels are very 

bioactive as they formed HCA so quickly.  The NMR showed a more highly connected network 
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for the gels dried at 40 ºC than the glasses stabilised at 600 ºC; however, the dissolution indicated 

that the glass network was more resistant to dissolution at 600 ºC despite the lower Q
n
 speciation. 

This might indeed be the case as effective ionic cross‒linking by calcium could produce a stronger 

network. 

 

The concentrations of calcium and phosphorus in SBF solution followed similar trends in the 

glasses stabilised at 600 ºC for all sol pH values.  However the rate of silica release was slowest at 

the highest pH value (4.7), suggesting that a more durable network was formed at higher pH 

values.  The slow silica release at the highest synthesis pH indicates that the less acidic sol‒gel 

formation route was beneficial and is preferred to the conventional low pH sol‒gel route (pH < 1).   

 

The ion concentration profiles at low temperatures were the same for all of the synthesis pH 

values.  This was consistent with the NMR results, which showed greater differences due to drying 

temperature than synthesis pH.  In the case of the gels dried at 40 ºC, the similar local network 

connectivity over all pH values resulted in similar dissolution profiles, despite the significant 

differences in porosity indicating that the local structure was more important than the macroscopic 

property.  

 

Glass stabilisation at 600 ºC resulted in much lower Si and Ca dissolution compared to gels dried 

at 40 ºC, indicating a reduction in bioactivity due to a stronger network.  However after immersion 

in SBF, all gels and glasses were found to form HCA within 72 h, as shown by FTIR and 

confirmed with XRD (Fig. 4.7 and Fig. 4.8).  All glasses had a sharp band in the FTIR spectra at 

950 cm
−1

, which corresponded to the Si‒OH bond,
126

 due to mobile protons forming surface 

hydroxyl groups in the aqueous process.  This was consistent with the NMR which showed that 

the Q
3
 species were a major part of the silica network (26‒34 %).  The NMR also showed that the 

gels dried at 40 ºC had a more highly connected structure, yet faster silicon release rate in SBF.  

The samples dried at 40 ºC had much higher Si‒OH content which probably aided dissolution.  

Through stabilisation, it was possible that some of the chains changed their configuration to three‒ 

or four‒membered rings
127

 and this could explain the lower dissolution rates for silicon in these 

samples.  The silicon atoms in these rings were probably connected to Ca
2+

 cations as in Q
2

Ca and 

Q
3

Ca.  If Q
4
 species were present in the ring, a shoulder in the 

29
Si NMR at around –107 ppm 

would be expected.
127

  However, the linewidths of all Q
n
 species (n=2‒4) (not shown in the Table 

4.1, but can be very clearly seen in Fig. 4.5) increased substantially compared with those in 

xerogel samples, which suggested more disorder in the tetrahedral network and further support for 

calcium incorporation. 
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Fig. 4.7 - FTIR after SBF immersion from 1 to 72 h at synthesis pH 4.7 a) for gels dried at 40 ºC and b) glasses 

stabilised at 600 ºC 
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Fig. 4.8 - XRD following SBF immersion for 72 h at synthesis pH 4.7 for gels at 40 ºC and glasses stabilised at 

600 ºC  

 

4.3 Conclusion 

 

Sol‒gel glasses with a composition of 70 mol% SiO2 and 30 mol% CaO were successfully 

synthesised with sols over a pH range of 0.5 to 5.5.  Raising the synthesis pH resulted in larger 

pores when stabilised at 600 ºC and mesoporous gels for pH > 2 when dried at 40 ºC.  All gels 

dried at 40 ºC had faster ion release upon immersion in SBF than glasses stabilised at 600 ºC, 

which suggests that the higher temperatures created more durable glasses.  Also calcium was only 

in the silica network for glasses at 600 ºC whereas drying at low temperature (40 ºC), over the 

range of pH synthesis, was not able to incorporate calcium.  Varying the pH was a new method to 

change the pore size of a glass stabilised at 600 ºC and raising the pH of the condensation step did 

not have an adverse effect on the silica network at low temperatures.  Raising the pH of the 

condensation step may not be desirable for all sol‒gel applications as it reduces the gelation time, 

and requires the addition of a caustic agent, such as an alkali hydroxide, to raise the pH.  This laid 

a foundation for the creation of hybrids through the sol‒gel route.  A new method for calcium 

incorporation is still required, but this work has shown that the conventional highly acidic 

conditions (pH < 1) of the sol‒gel reaction were not required, and it was possible to raise the pH of 

synthesis to milder conditions which would protect the polymer from chain scission reactions. 
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 Chapter 5 

 

5 Development of silica/γCaPGA hybrids 
 

 

 

 

 

 I have not failed.  

  I've just found 10,000 ways that won't work. 

   Thomas A. Edison  
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The main focus of this research was the development of a method for the formation of organic/ 

inorganic hybrids of poly(γ-glutamic acid) (γPGA) and silica.  Previous work by 

Poologasundarampillai et al.
128

 created Class II hybrids of γPGA and silica with 

3‒glycidoxypropyl trimethoxysilane (GPTMS) as a coupling agent.  The synthesis was carried out 

in an organic solvent, DMSO, to dissolve γPGA.  The free acid form of γPGA (γHPGA) was 

highly crystalline, and was only soluble in DMSO at high temperatures.  In the work by 

Poologasundarampillai et al.,
128

 the solvent was never completely removed during the drying 

process, and a small amount remained in the final hybrid material.  This was of concern as the 

hybrid materials are designed for implantation into the human body and the effect of DMSO on 

osteogenesis is unknown.  The hybrids produced by Poologasundarampillai et al. also used 

calcium chloride as a calcium source to improve bioactivity; however, calcium was not 

incorporated into the inorganic silica network.  Instead, CaCl2 was shown to precipitate on the 

surface of the hybrids during the drying step of the sol‒gel process.  The surface calcium chloride 

would readily dissolve in vivo, but sustained calcium release is desired for new bone formation.  

The aim of this research was not only to create hybrids of γPGA and silica using a new calcium 

source but also to utilise an aqueous processing route with more integrated calcium incorporation. 

 

While the free acid form of γPGA is highly crystalline and thus insoluble in water, the salt forms 

of the polymer are known to be soluble.
96

  In this chapter, a hybrid was synthesised using the 

calcium salt form of the polymer (γCaPGA) where calcium ions were coordinated to the 

carboxylic group on each repeating unit, with the objective of hopefully providing a new method 

for calcium incorporation into a hybrid. 

 

5.1 Experimental methods 

 

5.1.1 Materials 

 

Poly(γ-glutamic acid) in the free acid form was purchased from Natto Biosciences, Canada 

(Cosmetic Grade: new batch no. HM08081223, original batch no. 70105).  Tetraethyl orthosilicate 

(TEOS analytical grade 98 %), 3‒glycidoxypropyl trimethoxysilane (GPTMS ≥ 98 %), calcium 

hydroxide (Ca(OH)2 ACS Reagent ≥ 95 %), dimethylsulfoxide (DMSO) and concentrated nitric 

acid were all purchased from Sigma‒Aldrich Company Ltd (Dorset, UK).  Nalgene sample moulds 

(60 mL polymethylpentene (PMP) with polypropylene (PP) lids) were also purchased from Sigma. 
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5.1.2 Method for preparation of γCaPGA/silica hybrids 

 

A hybrid material can be formed by introducing a polymer into the sol‒gel process.  Hybrids have 

interpenetrating networks of inorganic and organic components at the molecular level.  A Class II 

hybrid material also has covalent coupling between the two components which can be controlled 

to vary the mechanical and dissolution properties.  In forming a hybrid material, an alternative 

calcium source for the sol‒gel process was to incorporate calcium into the polymer rather than 

directly into the silica network.  Calcium salts of γPGA were synthesised and used to produce a 

uniform material through a series of experiments.  Hybrid materials were produced with 20 to 60 

wt% of the calcium salt form of poly(γ-glutamic acid) (γCaPGA) and 80 to 40 wt% silica.  The 

polymer was functionalised with 3‒glycidoxypropyl trimethoxysilane (GPTMS) to provide 

covalent coupling between the polymer and silica.  γCaPGA was synthesised by combining a 20 % 

slurry of free acid form of γPGA (γHPGA ‒ Natto Biosciences) with Ca(OH)2 (Sigma) to 45 mol% 

followed by mixing for 30 minutes at 260 rpm.  GPTMS (Aldrich) was then added to obtain the 

desired covalent coupling ratio between 1‒100 GC, where GC is the molar ratio of γPGA mer 

units to GPTMS.  The solution was covered and left to stir for 4 hours.  TEOS was then 

hydrolysed with an R ratio of 6 to 36 in 0.028 M nitric acid (catalyst) for 30 minutes at 550 rpm.  

A variety of hydrolysed TEOS solutions were compared in order to produce a uniform material 

upon addition to the functionalised γCaPGA.  Hydrolysed TEOS was added directly to the 

polymer solution or heat treated before addition.  Heat treated TEOS was prepared by heating with 

a Corning PC 420 D hotplate at 250 ºC for 30 minutes with water being added to keep the original 

volume.  The heat treated TEOS was left to cool for 20 minutes before being slowly added to the 

functionalised polymer at high rate of mixing for 5 minutes.  The samples were sealed and then 

aged for three days at 25 to 60 ºC followed by loosening of the lids for 4 days of drying at 25 to 60 

ºC.  Freeze drying was tested as an alternate drying technique and was carried out on Heto Power 

Dry LL1500 at a pressure of 0.17 mbar and a temperature of ‒108 ºC.  Samples were aged at 40 or 

60 ºC for three days followed by freeze drying for a minimum of three days until the samples were 

dry.   

 

5.2 Formation of γCaPGA 

 

The properties of various salts of γPGA were examined by Ho et al.
96

  However, only the free acid 

(γHPGA) and sodium salt forms (γNaPGA) of poly(γ-glutamic acid) were available to purchase 



 

Development of silica/γCaPGA hybrids  

84 Imperial College London Valliant  

commercially.  The first step of this research project was therefore to synthesise γCaPGA.  The 

process required some investigation. 

 

Initially, γHPGA was purchased (Natto Biosciences, Canada) and dissolved in DMSO at 80 ºC to 

ensure complete dissolution.  Calcium hydroxide (Ca(OH)2) was added to 45 mol% and left to 

react for 1 h.  Solvent‒solvent extraction was carried out to remove the water soluble γCaPGA 

from the organic phase and thus eliminate DMSO from incorporation into the hybrid material.  

Unfortunately, the solvent extraction was not possible.  Water was added to the DMSO solution in 

a volume ratio of 1:2 (water : DMSO) and mixed.  The organic and aqueous phases did not 

separate; instead they formed a stable emulsion, even after the water was increased to 1:1 (water : 

DMSO) and left to settle for 72 h.  Thus, solvent extraction was unacceptable.   

 

The formation of γCaPGA from the free acid form was an ion exchange reaction at the carboxylic 

group, where the proton was exchanged for a calcium ion.  The first test was carried out in DMSO 

as once in solution, the hydrogen bonding would be reduced and the proton would be available to 

react.  γHPGA has strong hydrogen bonding which forms a crystalline helical structure due to the 

bonds between the C=O and NH in the amide groups.
129

  It was unknown if the ion exchange 

process could occur in aqueous conditions as the polymer would still be in crystalline form. 

 

Calcium hydroxide was slowly added to a 5 wt% aqueous slurry of γHPGA (crystalline γHPGA 

suspended in water, not dissolved).  As Ca(OH)2 was added, the cloudy slurry became transparent 

and slightly tan coloured, indicating that the polymer had dissolved.  The amount of Ca(OH)2 

added was approximately a 2:1 molar ratio.  This stoichiometric ratio was confirmed using a mass 

balance calculation.  Calcium hydroxide was added at 200 % of the stoichiometric ratio to γHPGA 

in water, and left to react.  The mixture had a clear and lightly tan coloured solution with a pH of 

11.6.  The remaining solids were removed by vacuum filtration (particle retention 5‒13 µm).  

These solids were dried and the solution was evaporated at 60 ºC to determine the total mass in 

solution.  A mass balance was carried out, based on the assumption that the filtered solids were 

composed of unreacted Ca(OH)2.  The experimental results showed that in solution, one calcium 

ion coordinated to two polymer repeating units (error 6 %), confirming the successful formation of 

γCaPGA.   

 

However, this dry γCaPGA did not redissolve, for when it was placed in water, it yielded a slightly 

opaque grey solution.  This finding meant that for further experimentation, γCaPGA needed to be 

freshly made.   
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Calcium hydroxide was added to γHPGA at 45 mol% rather than the stoichiometric 50 mol%.  

This ensured that Ca(OH)2 was not in excess, leading to a rise in the pH (up to pH > 11), which 

could cause polymer chain scission and adversely affect the reaction.  Increasing the pH of the 

condensation step of the sol‒gel process affects the silica network as examined in Chapter 4.  At 

high pH values, pH > 8, nanoparticles of silica will form.  However, by ensuring that Ca(OH)2 was 

not in excess, the high pH conditions were avoided allowing a silica network to form.  Calcium 

addition at 45 mol% also left 10 % of the γPGA repeating units uncoordinated to Ca, and thus 

potentially favourable sites (free –COOH bonds) for covalent coupling to the silica network via 

GPTMS links.  The 45 mol% calcium was still sufficient to dissolve the polymer and successfully 

form water soluble γCaPGA that was homogeneous and transparent.  This method of γCaPGA 

formation was chosen for further experimentation. 

 

5.3 γCaPGA/Silica hybrids 

 

The calcium salt form of γPGA was especially well suited for use in sol‒gel hybrids, as it is both a 

calcium source and a toughening agent for the glass.  Initially, Class I hybrids were first produced.  

As γCaPGA was soluble in aqueous solution, it was added directly into the sol‒gel process (Fig. 

5.1) to form a Class I hybrid material (no covalent coupling). 

 

Fig. 5.1 - Proposed synthesis method for γCaPGA/silica hybrids 

 

Tetraethyl orthosilicate (TEOS) was hydrolysed with an R ratio of 6 in 0.028 M nitric acid 

(catalyst) for 30 minutes on a Corning PC‒420D stirring hot plate set to 550 rpm until clear (R 

ratio was the molar ratio of water : TEOS).  After hydrolysis, the pH of the TEOS solution was 

1.56, measured with an Oakton pH 11 meter fitted with a single junction pH probe with automatic 

temperature correction.  In another beaker, γHPGA in an 18 wt% slurry was mixed for 5 minutes 
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before the addition of Ca(OH)2 to 45 mol% to form γCaPGA.  The solution became transparent, 

tan coloured with a pH of 4.2.  The γPGA solution was added into the hydrolysed TEOS solution 

to form a 40 wt% organic sol.  Immediately upon addition, the polymer precipitated out of solution 

and became opaque and stringy.  The top liquid phase was a clear and colourless solution that 

contained the TEOS.   

 

Variations of this procedure were examined to isolate the cause of the separation.  Dropwise 

addition of small amounts of hydrolysed TEOS to γCaPGA induced the phase separation, 

confirming that the TEOS solution was the cause of separation.  One possibility is that the calcium 

may be removed from the polymer by the hydrolysed TEOS, which reverted the polymer to 

insoluble γHPGA and then the polymer precipitated out of solution.  This was checked by using 

70S30C sol instead of hydrolysed TEOS, as the silica would already be coordinated or saturated 

with calcium.  Upon addition of 70S30C sol to γCaPGA, the separation still occurred.  This 

indicated that the precipitation was not caused by an ion exchange of the soluble γCaPGA to the 

insoluble γHPGA because of to the removal of calcium ions from hydrolysed TEOS.   

 

An attempt to improve solubility was made by decreasing the concentrations of all solutions by a 

factor of three.  When mixing the polymer and silica solutions, the precipitation of γPGA was 

reduced, yielding a slightly cloudy but homogeneous mixture.  However, the opacity showed that 

the polymer was still precipitating and was no longer dissolved even in a dilute solution. 

 

Finding the cause of the precipitation of the γCaPGA was challenging as the calcium salt form of 

γPGA was soluble in water and the polymer does not precipitate when mixed with pure TEOS.  

Pure TEOS did not hydrolyse when added to a solution of γCaPGA, but when placed in contact 

with hydrolysed TEOS, the polymer quickly came out of solution.  This suggested that neither the 

silica precursor, nor the acid catalyst were the cause of the precipitation, but rather the hydrolysis 

process was the source of the polymer precipitation. 

 

The hydrolysis of TEOS occurred when water molecules attacked the silicon atom and produced 

ethanol as the leaving group through an SN2 nucleophilic substitution.
71

  Four moles of ethanol are 

produced for each mole of TEOS.  This by‒product of the hydrolysis reaction was thought to be 

the cause of the polymer precipitation.  When a solution of γCaPGA was mixed with ethanol, the 

polymer immediately precipitated.  Upon mixing a solution of γCaPGA with methanol, the phase 

separation also occurred, but was faster and more severe.  It was proposed that the ethanol 

produced during hydrolysis caused the polymer to precipitate.  This was further confirmed when it 
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was learned that Natto Biosciences used an ethanol precipitation step in the purification of 

γHPGA.  The hypothesis was that removing the ethanol from the hydrolysed TEOS would allow 

γCaPGA to be added and remain soluble.   

 

The next step was to determine the best method to eliminate the ethanol.  In hydrolysed TEOS, 

ethanol was the component with the lowest boiling temperature (ethanol 78 ºC, water 100 ºC and 

TEOS 165‒169 ºC).  Boiling the hydrolysed TEOS solution would cause the ethanol to evaporate 

preferentially.  Ethanol removal could be followed by monitoring the boiling temperature on the 

phase diagram (Fig. 5.2).  Once the boiling temperature was greater than 100 ºC, all of the ethanol 

would be removed. 

 

Fig. 5.2 - Phase diagram for an ethanol‒water solution, modified from Pavia
130

 

 

Hydrolysed TEOS was prepared as above with an R ratio of 6.  The solution was heated and began 

to boil at 72 ºC and this temperature slowly increased to 82 ºC over a period of 20 minutes using a 

Corning PC‒420D hotplate.  The solution gelled due to the accelerated formation of the silicate 

network by heating.  However, the maximum temperature of 82 ºC was below the boiling point of 

water, which indicated that ethanol was still present.  

 

To prevent premature gelation, the heating test was repeated with an R ratio of 24 for the TEOS 

solution.  The system was heated for 1.5 h and the maximum temperature was held at ~ 83 ºC and 

the initial solution volume was maintained using DI water.  A total of 68 % of the initial solution 

volume was replaced with fresh deionised water.  Heating was stopped when the first silica 

particles were visible.  This solution was cooled then mixed with 50 vol% γCaPGA solution to 

form a single phase, transparent solution.  This confirmed the hypothesis that the ethanol was 

causing the polymer to come out of solution and that ethanol could be successfully removed by 

evaporation.  Moreover, the heating of the hydrolysed TEOS solution had a secondary benefit.  In 
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addition to evaporating the ethanol, the heat treatment caused the rapid development of the silicate 

network.  This reduced the time the hybrid took to gel and decreased the free Si‒OH groups in the 

solution, which could have been a contributing cause of the polymer insolubility.  After further 

tests, a final evaporation volume of 40 % of initial aqueous volume was chosen as it removed the 

ethanol and would prevent gelation of the silica network caused by prolonged heating. 

 

Once Class I hybrids were successfully produced, a method for forming Class II hybrids was 

developed.  The successful coupling ability of GPTMS to the silica network in γPGA hybrids was 

proven by Poologasundarampillai et al.
128

 in the organic synthesis route.  As a result, GPTMS was 

used as a coupling molecule in the aqueous synthesis between γCaPGA and the silica network, 

thus forming a Class II hybrid.  For the hybrid materials in this report, the degree of covalent 

coupling was expressed as a ratio of repeating units of γPGA to molecules of GTPMS, 

(abbreviated as GC).  A functionalised polymer with 1 molecule of GPTMS for every 10 repeating 

units of γPGA would be denoted as 10 GC.  Class I hybrids with no covalent coupling are 

represented as no GC.  Thus a lower number indicated a higher level of covalent coupling. 

 

γCaPGA was functionalised with GPTMS for 4 h to encourage the ring opening reaction of the 

epoxide group on GPTMS by the polymer to go to completion.  The addition of the functional 

group was proposed to improve the solubility of the γCaPGA due to the alkoxysilane group in 

hydrolysed TEOS.  Functionalised γCaPGA solutions of 10 GC and 100 GC were combined with 

unheated hydrolysed TEOS with an R ratio of 12.  The solubility of the polymer was not improved 

as the polymer still separated.  Next, functionalised polymer was combined with heat treated 

TEOS with an R ratio of 24 and produced a transparent, homogeneous solution.  Thus, by 

removing the ethanol through heat treatment, a successful hybrid material was formed. 

 

All hybrids were formed using heat treated TEOS with an initial R ratio of 24 (evaporation 40 

vol%, replaced with fresh deionised water), γCaPGA was functionalised with up to 2 GC and 

added to the TEOS solution to form hybrids of 40 to 60 wt% γPGA. 

 

The drying process was found to affect the hybrids.  An initial 3 day aging followed by drying 

temperature of 60 ºC was chosen as it is used for sol‒gel glasses.
7
  When monolith gels of 40 and 

60 wt% γCaPGA with 10 GC and 2 GC were dried at 60 ºC, the resulting hybrids were brittle and 

cracked due to the rapid water evaporation.  γCaPGA is reported to have a hydrated water content 

of 20 wt%.
96

  Some of the hydrated water could have been replaced by coordination to the silica 

network; but if too much water was removed, this may have caused the polymer to become brittle.  
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Other hybrid gels were then aged and dried: at ambient temperature or 40 ºC or aged at 40 ºC 

followed by freeze drying.  All of the resulting freeze dried samples were opaque, of low density 

and had little structural integrity.  The hybrids dried at room temperature never fully dried as they 

remained soft and tacky.  All hybrids aged and dried at 40 ºC, were hard and dry, and those with 2 

GC were the most transparent. 

 

Thus, 40 ºC was chosen as the aging and drying temperature.  The drying process needed to be 

slow to ensure cracking did not occur, and the rate of air flow around the drying samples was 

controlled by not completely removing the lids to the moulds during the drying process.  This 

technique was used to successfully create hard hybrid materials.   

 

The silica network was examined to verify the incorporation of GTPMS into the silica network.  
 

29
Si NMR was carried out on the hybrids of 40 and 60 wt% with 2 GC (Table 5.1).  The total T 

species increased as the amount of polymer increased, but that was to be expected, as the 

proportion of polymer to silica increased.  Self‒condensation of the alkoxysilane groups on 

GPTMS does occur, but it is unlikely that a high proportion would have fully condensed.  The 

high proportion of T
3
 species and the lack of T

0
 and T

1
 species indicated that at least some 

GPTMS underwent co‒condensation and incorporation into the silica network. 

 

Table 5.1 - 
29

Si NMR on hybrids of 40 and 60 wt% γCaPGA with 2 GC, showing the silica speciation as a 

relative intensity (I) for hybrids of 40 wt% γCaPGA with varying GC (GC is the molar ratio of γPGA:GPTMS) 

where average errors are ±±±± 1 ppm for the chemical shift (δ) and for I ±±±± 2 %, courtesy of Claudia 

Turdean‒Ionescu, John V. Hanna and Mark E. Smith, University of Warwick, UK 

T
2 

 

T
3 

 

Q
2 

 

 

 

Q
3 

 

 

Q
4 

 

 

 

δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) 

60 wt% 

2 GC 
–58.7 11 –67.0 13 –92.5 4 –101.9 26 –110.9 46 

40 wt% 

2GC 
–59.0 5 

–67.1 

–63.0 

7 

1 
–93.3 5 –101.7 28 –110.7 54 
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5.3.1 First hybrid immersion in SBF  

 

From these initial tests, the preferred composition was: 60 wt% γCaPGA with 2 GC, because the 

higher polymer content combined with high covalent coupling produced a tougher hybrid that was 

difficult to break with a hammer.  This homogeneous hybrid was chosen for the first immersion 

studies.  0.15 g of hybrid was placed in 100 mL of SBF solution and the concentrations of ions in 

solution was measured up to one week (in triplicate).  The concentration profiles showed an initial 

increase in calcium followed by a decrease in calcium and phosphorous due to HCA formation 

(Fig. 5.3).  HCA precipitation was also suggested by the presence of phosphate bands with FTIR.  

Since HCA formation is the first step in bonding to bone in vivo, its formation in SBF was an 

important finding as these hybrids contained low levels of calcium (7 and 5 wt% calcium for 

hybrids of 60 and 40 wt% γPGA respectively).  The slow silica release observed in the 

concentration profile was also reflected in the total mass loss of the hybrid, which was only 11 % 

after one week.  This was a promising initial result as many orthopaedic surgeries require bone 

graft materials to last for several months and even up to a year, depending on the application.    

 

Fig. 5.3 - Hybrid of 60 wt% γCaPGA with 2 GC immersed in SBF for 1 week a) concentration profiles of Ca, P 

and Si b) FTIR spectra on solids showing the double band for PO4
3‒

 asymmetrical bend after 1 week immersion 

in SBF 

 

5.3.2 Foaming 

 

The hybrids in the initial testing showed that they were strong and had slow weight loss and also 

formed HCA in SBF.  However, for use as a bone tissue engineering scaffold, an interconnected 

porous network must be formed to allow for bone cell ingrowth and vascularisation.  These 

hybrids will have severely limited applications if they cannot be made into a porous network.  To 

make this porous structure, the sol‒gel foaming process was used, as developed by Jones et al.
7, 8

 

(Fig. 2.4). 
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To create the porous scaffolds, 50 mL of 40 wt% γCaPGA 10 GC hybrid sol was mixed with 0.35 

mL of Teepol.  Dilute hydrofluoric acid (5 % HF) was used to catalyse the gelling process of the 

silica network and ensured that the foam gelled completely and uniformly, which prevented 

settling of the foam.  The foam was aged and dried at 40 ºC.  An interconnected porous structure 

was achieved, with a modal pore interconnect diameter of 57 µm as determined from mercury 

intrusion porosimetry (Fig. 5.4).  To determine the modal pore interconnect diameter, the 

differential increase in volume is taken with respect to log of the interconnect diameter for the 

y‒axis when examining large pore sizes (> 2µm) (Fig. 5.4b).  The foaming process needed to be 

optimised to achieve a minimum interconnect of 100 µm in order to allow vascularisation and 

nutrient delivery; however, these initial tests show that it was possible to form a 3D bone scaffold 

using γCaPGA hybrid sol. 

        

Fig. 5.4 - 60 wt% γCaPGA 10 GC hybrid foam scaffold a) image and b) pore size distribution by mercury 

intrusion porosimetry 

 

5.3.3 Summary 

 

A method was developed for making γCaPGA/silica hybrids with covalent coupling.  It was 

discovered that ethanol produced by the hydrolysis of TEOS caused the precipitation of γPGA.  

This ethanol was removed by evaporation through a heat treatment, which allowed for the 

formation of homogeneous hybrid materials.  Successful incorporation of the coupling agent, 

GPTMS, into the silica network was confirmed by NMR.  These hybrids were sensitive to the 

drying conditions.  It was determined that the best results were achieved with 3 days of aging in a 

closed container followed by drying at 40 ºC.  These hybrids were shown to be bioactive in SBF 

and to have low weight loss (11 %) after one week of immersion.  Since these initial tests had 

promising results, further study of these hybrids was warranted. 

 

a) 
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5.4 Further developments 

 

The initial method development and proof of concept testing having been completed, the 

experimental plan was set out to examine the effect of synthesis and process variables on the final 

properties of the hybrid.  Poly(γ-glutamic acid) is the product of a bacterial fermentation, which 

inherently has variance batch to batch.  To eliminate a source of error and carry out this 

experimental program using the same batch of polymer, γHPGA was purchased from the same 

company (Natto Biosciences, Canada), with the same specifications, that was used in the initial 

testing. 

 

Unfortunately, the new polymer behaved differently from the previous batch that had been used 

for all of the initial testing.  Physically, the two batches of polymers appeared to be similar; the 

only visual difference was that the new polymer was a slightly larger particle size than the 

previous polymer.  The new polymer was more viscous and absorbed water more slowly when 

placed in water to form γCaPGA.  During hybrid synthesis, the new polymer did not tolerate high 

amounts of coupling agent.  When high GPTMS contents (GC > 2) were added to γCaPGA, the 

polymer precipitated, similar to the effect caused by ethanol.  Hybrids of 40 wt% γCaPGA had a 

fine uniform texture (Fig. 5.5).  The most unusual effect was found when the hybrids of 60 wt% 

γCaPGA were removed from the oven after drying.  This was the favoured composition from the 

initial testing; however, the new hybrids were white and porous.  Through mercury porosimetry, it 

was determined that the porosity was interconnected with a modal interconnect diameter of 2 µm 

(Fig. 5.6).  When examined by SEM, the porous structure was composed of chains of particles.  It 

appeared that the polymer prevented the shrinking of the silica network, and then the polymer 

coated the silica particles during drying.  However, the exact mechanism that would cause the 

hybrids with more polymer to become more brittle, with less structural integrity, was unknown. 



 

Development of silica/γCaPGA hybrids 

Valliant  Imperial College London 93 

    

 

Fig. 5.5 - SEM images of a) 40 wt% γCaPGA hybrids at 10 kX magnification, b) 60 wt% γCaPGA hybrids at 10  

kX magnification and c) 60 wt% γCaPGA hybrids at 1 kX magnification made with the newly purchased 

polymer 

 

 

Fig. 5.6 - Pore size distribution from mercury intrusion porosimetry for 60 wt% γCaPGA 10 GC hybrid discs 

made from the newly purchased polymer 

 

The poor structural integrity of the hybrids at 60 wt% was also reflected through their stability in 

solution.  Upon immersion in TRIS buffer solution, they had almost an instantaneous weight loss 

of 70 % within 8 h for the hybrid with 10 GC (Fig. 5.7).  This was in contrast with the initial test 

using the previous batch of polymer, where the mass loss was only 11 % after 1 week in SBF for a 

hybrid with 60 wt% γCaPGA and 10 GC (Fig. 5.3 a).  The dissolution rate was less for hybrids of 

40 wt% new polymer, but was still at least 30 % mass loss by one week.  The change in the batch 

of polymer clearly had a negative effect on the resulting hybrids.  To understand the cause of this 

difference, the new and old polymers were characterised. 
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Fig. 5.7 - Weight loss curve for 60 wt% γCaPGA 90 kDa and 10 GC, made from newly purchased polymer (10 

GC means every tenth repeating unit of γPGA was functionalised with GPTMS) 

 

The first characterisation of the polymer was the determination of the molecular weight.  

Molecular weight analysis was carried out on both old and new polymers in the as received 

γHPGA form and once converted into the water soluble γNaPGA and γCaPGA forms (Smithers 

Rapra Technology Limited, Shawbury, UK).  The molecular weight of the new batch of γHPGA 

stated on the certificate of analysis from Natto Biosciences of 1950 kDa was quickly dismissed 

based on the results of Table 5.2, as the analysis gave molecular weights that were orders of 

magnitude lower. The γHPGA polymers were dissolved in DMSO and run through GPC with 

poly(methyl methacrylate) (PMMA) as a calibration standard.  Smithers Rapra Technology Ltd. 

noted that the γPGA dissolved much better than the PMMA, which may give a larger molecular 

weight than the true molecular weight.  This appears to be true in this case, as the molecular 

weight of γHPGA in DMSO is 5‒10 times greater than the other measurements.  Also, the γHPGA 

measurements showed that both polymers had identical molecular weights, which was different 

from the rest of the analysis.  Thus the molecular weight values in DMSO were ignored.  γNaPGA 

and γCaPGA were measured in aqueous solution by GPC and triple detection.  It was suggested 

that GPC provided a good indication of equivalent molecular weight or good comparisons between 

molecular weights of many samples but it was relative to the polymer used for calibration, in this 

case, sodium polyacrylate.   Triple detection can be used to give a more accurate determination of 

the true value of molecular weight, based on the light scattering as it was independent of polymer 

agglomeration but the concentration of polymer in solution must be known accurately.  As 

γNaPGA and γCaPGA contain 10 and 20 wt% respectively of hydrated water, this could cause 

error in the precise concentration measurements, thus shifting the molecular weight determination.  

Even though there was variance in the specific value for the molecular weight of the polymers, the 

new polymer was consistently larger than the old polymer (Table 5.2 and Fig. 5.8).   
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Table 5.2 - Molecular weight analysis for new and old polymers by Smithers Rapra Technology Limited, 

Shawbury, UK 

Old γPGA New γPGA 
Form of γPGA Detection Method 

Mw (kDa) PDI M (kDa) PDI 

γHPGA GPC in DMSO 470 2.2 470 2.2 

γNaPGA GPC aqueous 
91.6 

84.2 

5.4 

6.4 

148.0 

141.5 

7.0 

9.5 

γNaPGA Triple Detection 
55.6 

55.9 

1.4 

1.5 

89.0 

93.4 

1.5 

1.7 

γCaPGA GPC aqueous 82.2 4.6 116 4.6 

γCaPGA Triple Detection 45 1.5 60.4 1.7 

 

 

Fig. 5.8 - Molecular weight distributions of new and old polymer by conventional GPC and triple detection 

 

In determining the value of the molecular weight to assign to the polymers, the means of the 

γNaPGA aqueous GPC and triple detection results were taken, as more measurements of the 

γNaPGA form of the polymer had been taken.  The mean value of the measured molecular weights 

for the new polymer was 118 kDa, so the new γPGA was assigned a molecular weight of 120 kDa.  

This was in good agreement with γCaPGA aqueous GPC measurement but differs from the 

γCaPGA triple detection value. The large hydrated water content in γCaPGA of 20 %
96

 affected 

the precise concentration calculation of the diffraction index increment needed for accurate 

analysis, so the molecular weight of γCaPGA by triple detection was regarded as less trustworthy.  
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The mean of the measured molecular weights for the old polymer in the γNaPGA form was  

72 kDa so the molecular weight was designated at 70 kDa.  Later, this will be proven as the ideal 

molecular weight as it allowed for successful covalent coupling and retention of strength in the 

polymer.  Thus this was why the initial testing with the new polymer produced hybrids with 

inferior properties to the old, as the old happened to be the optimum molecular weight.   

 

As the molecular weights of the polymers were quite different, the identity and structure of the 

polymers were verified with 
1
H NMR (Fig. 5.9).  Both the spectra of the γHPGA in DMSO and 

γCaPGA in D2O were identical and consistent with literature,
96

 which verified that the old and new 

polymers have the same structure of γPGA. 

 

Fig. 5.9 - 
1
H NMR spectra for the old and new polymers a) γHPGA in DMSO and b) γCaPGA in D2O 
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The covalent bonding structure of the polymer was confirmed but as γHPGA was highly 

crystalline, due to the hydrogen bonding between amide groups, the crystalline structure of the 

polymers were compared (Fig. 5.10).  The XRD patterns showed that all peak locations were 

identical, and the ratios of all the peak heights were identical, indicating that there was no 

difference in the degree of crystallinity between the two polymers. 

 
Fig. 5.10 - XRD pattern for old and new γHPGA, courtesy of Hok Man Tan 

 

The polymers were also analysed by DSC to determine the energy absorbance and the weight loss 

with temperature (Fig. 5.11).  From the plot of TGA, both polymers had no hydrated water (as 

expected for γHPGA).  The melting temperatures from DSC, (old 202 ºC and new 206 ºC) were 

similar to the literature value of 206 ºC.
96

  The decomposition temperatures were slightly higher at 

226 ºC and 230 ºC, for old and new respectively, than the reference value of 210 ºC.
96

  These 

findings verified that the old and new polymers had similar properties. 

 

Fig. 5.11 - DSC of old and new γHPGA, courtesy of Hok Man Tan 
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All of the characterisation techniques combined to show that the only measured difference 

between the two batches of polymer was the molecular weight.  This difference in molecular 

weight could explain the increased viscosity in solution and the different behaviour with the 

covalent coupling molecule.  In a longer polymer, the number of covalent coupling sites increased 

as the length of polymer increased.  The greater number of covalent couplings made the polymer 

tightly bound and no longer flexible, leading to poorer integration.  Another possibility for the 

cause of the polymer precipitation at high GC was an inability of all the GPTMS to react, due to 

steric hindrance in the larger polymer.   

 

The batch to batch variability in γPGA greatly impacts the resulting hybrids and poses problems 

for commercialisation and regulatory approval.  The differences between the new and old polymer 

were characterised and it was shown that the molecular weight of the polymer and the amount of 

covalent coupling have a large effect on the resulting hybrids.  These two factors were chosen for 

detailed study.   

 

5.4.1 Initial testing with new 40 wt% γPGA hybrids 

 

In preparing hybrids to study the effect of covalent coupling, it was found that the TEOS heating 

stage had a large effect on the resulting hybrids.  The hydrolysed TEOS must be heated to remove 

the ethanol, thus allowing the polymer to mix with the TEOS solution, but this heating process 

also catalysed the formation of the silica network.  This reduced the number of Si‒OH groups, 

which may also aid the polymer dissolution.  However, there was a fine balance between removing 

the ethanol, and overheating which caused the silica network to form a gel.  The first signs of 

gelation were particles or flakes of silica forming on the surface of the solution.  If overheated 

silica solution was added to the polymer, it caused rapid gelation, without allowing time for the 

proper covalent coupling to occur.  The resulting hybrids were white and opaque.  When these 

poorly synthesised hybrids were placed in TRIS buffer solution, all of the hybrids (from 10 to 100 

GC) had a weight loss of 52‒55 % within one week (Fig. 5.12).  Increasing the amount of GPTMS 

slightly changed the rate of weight loss (initial slope of the curve), but had no impact on the total 

mass loss.  This was very different than the weight loss curves for the hybrids with successful 

formation.  The weight loss of true hybrids with 20 GC was only 30 % whereas for 100 GC the 

loss was 50‒60 %.  This will be presented in the next chapter. 
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Fig. 5.12 - Weight loss curve of 10, 20 and 100 GC 40 wt% new γCaPGA, with poor synthesis due to overheated 

TEOS 

 

5.4.2 Summary 

 

After the development of the hybrid synthesis method and initial testing, a large amount of 

polymer was purchased to carry out the experimental regiment.  Unfortunately, the new batch of 

polymer behaved differently from the original polymer.  Both polymers were characterised and 

found to be identical by XRD, 
1
H NMR, DSC and TGA.  The only quantifiable difference was 

molecular weight which adversely affected the resulting hybrids.  The new polymer had a 

molecular weight of 120 kDa and the old of 70 kDa.  The batch to batch variability in the polymer 

is a concern for upscaling the process and for regulatory approval. 

 

5.5 Conclusion 

 

A method was developed to make γCaPGA/silica hybrids with covalent coupling.  The calcium 

salt form of poly(γ-glutamic acid) was attractive for use in the sol‒gel process as both a glass 

toughening agent and a calcium source.  It was not availably commercially, and it was found that it 

could be formed from an aqueous slurry of γHPGA to which calcium hydroxide was added at 45 

mol%.  This γCaPGA was incorporated into the sol‒gel process.  Ethanol produced as a 

by‒product of the hydrolysis of TEOS was found to cause precipitation of γPGA.  The ethanol was 

removed by evaporation, forming successful homogeneous hybrid materials with covalent 

coupling.  Initial testing of the hybrids showed that they were bioactive when placed in SBF 
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solution and had low weight loss (11 %) after one week of immersion.  In preparation for a series 

of experiments on these hybrids, additional polymer was purchased.  Unexpectedly, the new batch 

of polymer produced hybrids with different properties.  The cause of this difference was found to 

be due to the molecular weights, 120 and 70 kDa for the new and original batches of polymer 

respectively.  Through the initial testing and method development, the degree of covalent coupling 

as well as the molecular weight of the polymer was found to greatly affect the resulting hybrids.  

Thus these two factors were chosen for study in further detail. 
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 Chapter 6 

 

6 Evaluation of silica/γCaPGA hybrids 
 

 

 

 

 

  Supposing is good,  

   but finding out is better. 

    Mark Twain  
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In polymer/glass hybrids synthesised by the sol‒gel process, the silica network forms around the 

polymer chains.  The two components are intertwined at the molecular level forming 

interpenetrating networks leading to improved degradation and mechanical properties.  The 

proposed hypothesis is that the interactions can be further strengthened by varying the molecular 

weight and by covalently coupling the organic and inorganic components.  Hybrids with covalent 

coupling are denoted Class II and those without covalent coupling Class I.  The calcium salt form 

of γPGA is used both as the glass toughening agent and as a calcium source.  γCaPGA also has the 

advantage that additional solvents are not required when introducing the polymer into the sol‒gel 

process as γCaPGA is soluble in water, whereas γHPGA is insoluble. 

 

This chapter examines the γCaPGA hybrids to show that they are homogeneous and then evaluates 

the effect of covalent coupling and polymer molecular weight on the bioactivity, dissolution 

behaviour and mechanical properties.   

 

6.1 Experimental methods 

 

6.1.1 Materials 

 

Poly(γ-glutamic acid) in the free acid form was purchased from Natto Biosciences (cosmetic 

grade).  Tetraethyl orthosilicate (TEOS), 3‒glycidoxypropyl trimethoxysilane (GPTMS), calcium 

hydroxide (Ca(OH)2), sodium azide and concentrated nitric acid were all purchased from 

Sigma‒Aldrich Company Ltd (Dorset, UK).  Polystyrene sample moulds were also purchased 

from Sigma. 

 

6.1.2 Preparation of hybrids 

 

Class II hybrids of γPGA and silica (40 wt% γPGA and 60 wt% SiO2) were synthesised through 

the sol‒gel method developed in Chapter 5.  The Mw of γPGA and the amount of covalent 

coupling were varied (Fig. 6.1).  γCaPGA was synthesised by combining a 20 wt% slurry of 

γHPGA (Mw 120 kDa) with Ca(OH)2 to 45 mol% and mixed for 1 h (Ca added to a total of 5 wt% 

for a final composition of 44 wt% γCaPGA and 56 wt% SiO2).  GPTMS was added as desired, 

between 1 and 100 GC and mixed for 4 h (GC is the molar ratio of γPGA repeating units to 

GPTMS).  Meanwhile the silica precursor was prepared. TEOS was hydrolysed with an R ratio of 
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26 in 0.016 M nitric acid (catalyst) for 30 mins until clear.  The hydrolysed TEOS was heated at  

70 ºC for approximately 1 h until 40 % of the original aqueous volume had evaporated and was 

replaced with deionised water.  The silica solution was cooled to room temperature and added to 

the functionalised polymer solution.  Hybrid sol was placed in sealed polystyrene containers and 

aged for 3 days at 40 ºC followed by drying open to the atmosphere 40 ºC.   

 

Fig. 6.1 - Schematic for the formation of Class II hybrids of γCaPGA and silica through the sol‒gel method 

 

6.1.3 Polymer chain scission 

 

Alkaline pH and elevated temperatures were used to reduce the molecular weight of γPGA.  To a 

slurry of 50 g γHPGA in 140 mL deionised water at 90 ºC, calcium hydroxide was added to 45 

mol%.  After mixing for 1 h at 90 ºC, 1.86 g of sodium hydroxide was dissolved in 10 mL of 

deionised water containing 0.05 wt% sodium azide (antibacterialcide).  At each of 16, 20, 24, 42 

and 48 h, solution was removed and the pH was immediately reduced to pH 4.8 with 50 vol% 

HNO3.  The Mw of the unreacted polymer and chain scission products were 120, 100, 80, 60, 40 

and 30 kDa respectively (Smithers Rapra Technology Ltd, Shawbury, UK ‒ GPC analysis, reports 

in Appendix A).  These γCaPGA solutions were used directly in the hybrid synthesis process to 

which GPTMS was added. 

 

6.2 Effect of covalent coupling  

 

Class II hybrid materials have covalent coupling between the organic and inorganic components, 

in addition to molecular entanglement and Van der Waals forces.  It is proposed that these covalent 

bonds improve control over the degradation rate and mechanical properties of the hybrid compared 

to a Class I hybrid.  The effect of covalent coupling was examined. 
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Hybrids of 5 wt% calcium, 39 wt% organic and 56 wt% inorganic (120 kDa γPGA:SiO2 40:60) 

were successfully formed with covalent coupling ranging from no coupling (Class I hybrid), to 

coupling on every other repeating unit (2 GC).  The composition was confirmed with lithium 

metaborate fusion to have calcium 4.4 ± 0.8 wt%.  Upon functionalising the polymer at 2 GC, the 

solution became slightly opaque, while the rest of the functionalised polymers were transparent 

(Fig. 6.2).  This was also true for the resulting hybrid materials as those synthesised with covalent 

coupling of 2 GC were slightly cloudy while hybrids with lesser covalent coupling agent were 

visually transparent (Fig. 6.3).   

 

Fig. 6.2 - γCaPGA functionalised with 2 to 100 GC (10 GC means every tenth repeating unit of γPGA was 

functionalised with GPTMS) 

 

 

Fig. 6.3 - Hybrid of 40 wt% γCaPGA with 10 GC (10 GC means every tenth repeating unit of γPGA was 

functionalised with GPTMS) 

 

For all the degrees of coupling, the hybrids shrank by 85 ‒ 90 vol% during drying and were found 

to be amorphous by XRD (Fig. 6.4) and to have uniform texture at the nanoscale level (Fig. 6.5) 

which indicated homogeneity and fine integration of the organic and inorganic components.  SEM 

did not show any significant difference in texture with different degrees of covalent coupling. 
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Fig. 6.4 - XRD spectra for hybrid of 40 wt% γCaPGA 10 GC (10 GC means every tenth repeating unit of  

γPGA was functionalised with GPTMS) 

 

 

Fig. 6.5 - SEM images of hybrids of 40 wt% γCaPGA at (a‒c) 20 kX magnification with a) 2 GC, b) 10 GC and 

c) 20 GC and (d‒f) at 100 kX magnification with d) 2 GC, e) 10 GC and f) 20 GC (GC is the molar ratio of 

γPGA:GPTMS) 

 

The surface texture of the hybrids was examined by AFM to determine if the presence of covalent 

coupling made a difference to the polymer and silica domains.  An area of 5 µm x 5 µm was 

examined in phase mode and wavemode to map the topography and the attractive forces in the 

sample.  On the unpolished top of the hybrids, there was a rough texture that seemed to be 

composed of particles protruding from the surface (Fig. 6.6 a and c).  This could be the silica 

network emerging from the top as the structure was similar to 70S30C sol‒gel glass.  The hybrids 
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shrank by 80‒90 % during the aging and drying process; so as the hybrids dried and contracted, 

the polymer contracted more than the polycondensation of the silica particles leaving the silica 

network semi‒exposed on the top surface.  The Class I hybrid appears to have finer particle size 

and features in the topography (Fig. 6.6 a) than the Class II hybrid (Fig. 6.6 b).  This may be due to 

covalent coupling into the silica network during condensation.  However, when examined in phase 

mode, no separate polymer or silica domains were detected.  The topographical features affected 

the phase mode image and caused the difference in signal intensity between the particles and the 

space between them for the Class I hybrid (Fig. 6.6 c). 

 

Fig. 6.6 - AFM image of 40 wt% γCaPGA hybrids a) topography with no GPTMS, b) topography with 10 GC, 

c) in phase mode for no GPTMS and d) in phase mode for 10 GC (GC is the molar ratio of γPGA:GPTMS) 

 

Hybrids with covalent coupling had larger features in the topography, but all hybrids had a 

uniform appearance down to the nanometre scale.  This indicated that for all degrees of covalent 

coupling, the hybrids had fine integration of the components.  The SEM and AFM confirm that the 

materials produced were hybrids rather than composites, in that the organic and inorganic 

components were indistinguishable at the submicron scale and above. 

 

The fine integration of the organic and inorganic components was also confirmed by SIMS (Fig. 

6.7 ‒ Fig. 6.10).  Both the silicon and calcium distribution images showed fairly uniform 

distribution for both Class I and Class II hybrids (no GC and 10 GC) over the surface and at depth.  
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As calcium was coordinated to the polymer in the hybrids, the calcium distribution also showed 

the polymer distribution in the hybrid material.  Since there are no silica or polymer rich domains 

in the hybrids, these were true hybrid materials where the components interacted on a molecular 

level creating a material with a single phase. 

 

Fig. 6.7 - TOF‒SIMS imaging of calcium and silicon distribution for the sum of 410 scans over a 100 µm x 100 

µm area for a hybrid of 40 wt% γCaPGA 10 GC (10 GC means every tenth repeating unit of γPGA was 

functionalised with GPTMS), courtesy of Daming Wang 

 

 

Fig. 6.8 - SIMS concentration depth profile of Na, Ca and Si distribution for 410 scans over a 100 µm x 100 µm 

area for a hybrid of 40 wt% γCaPGA 10 GC (10 GC means every tenth repeating unit of γPGA was 

functionalised with GPTMS), courtesy of Daming Wang 



 

Evaluation of silica/γCaPGA hybrids 

108 Imperial College London Valliant  

 

 

Fig. 6.9 - TOF‒SIMS imaging of calcium and silicon distribution over a 100 µm x 100 µm area and the sum of 

410 scans for a hybrid of 40 wt% γCaPGA with no GPTMS, courtesy of Daming Wang 

 

Fig. 6.10 - SIMS concentration depth profile of Na, Ca and Si distribution for 410 scans over a 100 µm x 100 µm 

area for a hybrid of 40 wt% γCaPGA with no GPTMS, courtesy of Daming Wang 

 

The concentration profile with depth showed a constant Si:Ca ratio after the outer surface had been 

removed; therefore, the ratio of calcium to silica throughout the bulk of the hybrid was uniform 

(Fig. 6.8 and Fig. 6.10).  A clear, defined surface layer is visible in the first concentration depth 

profile in Fig. 6.8, indicated by the high sodium content.  After passing through this surface layer, 

there was a decrease in the Si:Ca ratio and sodium signal intensity.  Sodium contamination could 

be due to handling of the samples, polishing the samples to a smooth surface or preparation in the 

open atmosphere.  Sodium was an expected background contamination in SIMS analysis due to the 

high sensitivity of SIMS to the sodium ion.  Once this surface layer was removed, the Si:Ca ratio 

was constant, and a strong sodium signal was also detected throughout the depth of the hybrids.   
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The structure of the silica network in the γCaPGA hybrids was examined using solid state 
29

Si 

NMR. (Fig. 6.11 and Table 6.1).  All hybrids had a similar network structure with most of the 

silica atoms having three or four bridging oxygen bonds (Fig. 6.11, Q
3
 and Q

4
 respectively).  Q 

species come from the silica precursor, TEOS, where a Q
n
 species is a Si‒O tetrahedron with n 

bridging oxygen bonds to other tetrahedra in the silica glass network, whereas T species come 

from the coupling agent or covalent bonds between the organic and inorganic components.  A T
n
 

species is a carbon chain bonded to a silica tetrahedron with n bridging oxygen bonds to other 

tetrahedra in the silica glass network.  The NMR spectra were very similar for hybrids with no 

GPTMS and covalent coupling up to 20 GC, where the majority of the silica network was fully 

condensed having four bridging oxygen bonds (Q
4
).  Low intensities of T species were detected 

for hybrids with the largest amounts of covalent coupling agent (10 GC and 2 GC). 

 

 

Fig. 6.11 - 
29

Si MAS NMR showing the silica speciation for hybrids of 40 wt% γCaPGA with varying GC (GC is 

the molar ratio of γPGA:GPTMS), courtesy of Frederick Romer, John V. Hanna and Mark E. Smith, 

University of Warwick, UK 
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Table 6.1 - 
29

Si MAS NMR showing the silica speciation as a relative intensity (I) for hybrids of 40 wt% 

γCaPGA with varying GC (GC is the molar ratio of γPGA:GPTMS) where average errors are ±±±± 1.5 ppm for 

the chemical shift (δ) and for I ±±±± 0.7 %, courtesy of Frederick Romer, John V. Hanna and Mark E. Smith, 

University of Warwick, UK 

T
2
 T

3
 Q

2
 Q

3
 Q

4
 Covalent 

Coupling 
δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) 

no GPTMS – – – – –92.2 7.2 –102.1 37.8 –111.5 55.0 

100 GC – – – – –92.5 6.8 –102.0 32.4 –111.7 60.8 

50 GC – – – – –92.5 5.4 –102.2 35.2 –111.6 59.4 

20 GC – – – – –92.5 5.6 –102.1 36.7 –111.6 57.7 

10 GC –52.2 2.4 –62.0 0.8 –92.2 9.1 –101.5 32.4 –111.3 54.6 

2 GC –58.1 7.3 –66.3 6.3 –93.6 4.8 –101.9 28.9 –111.0 52.7 

 

 

The low levels of covalent coupling used for hybrids up to 20 GC was not detected by NMR as it 

was outside the sensitivity of the instrument.  The theoretical proportion of T and Q species for 

each degree of covalent coupling was calculated from the molar concentrations of TEOS and 

GPTMS used during synthesis (Table 6.2).  This calculation was based on the assumption that 

each GPTMS molecule would yield a T species and each TEOS molecule would yield a Q species, 

which predicted that the theoretical T species to have an intensity less than 1.5 % for covalent 

couplings at and below 20 GC.  No T species were detected by NMR for these hybrids as that is 

close to the error of measurement for the instrument.  The hybrid with 10 GC was predicted to 

have T species of 3 %, which was confirmed by the NMR experiment.  The sample with the 

greatest degree of covalent coupling (2 GC) was predicted to have total T species intensity of 13.4 

%, and the NMR experiment again confirmed this prediction measuring 13.6 %.  This composition 

(40 wt% γCaPGA 2 GC) was previously examined by NMR in a hybrid made with the original 

polymer (Table 5.1), where the T species were found to have an intensity of 13 %, as predicted.  

The batch‒to‒batch variations in the polymer did not affect the intensity of the T species, as this 

would require breaking the bond between the silicon atom and the carbon chain on the coupling 

agent.  These NMR results imply incorporation of the coupling agent into the silica network as the 

majority of silicon atoms are highly condensed (Q
3
, Q

4
 and T

2
, T

3
).  The effect of this 

incorporation on the bulk properties of the hybrid was examined. 
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Table 6.2 - Calculated theoretical and experimental values of the total T and Q species for hybrids of 40 wt% 

γCaPGA with varying GC (GC is the molar ratio of γPGA:GPTMS) 

Theoretical T Theoretical Q Experimental T Experimental Q Covalent 

Coupling 
total I (%) total I (%) total I (%) total I (%) 

no GPTMS 0 100.0 0 100.0 

100 GC 0.3 99.7 0 100.0 

50 GC 0.6 99.4 0 100.0 

20 GC 1.5 98.5 0 100.0 

10 GC 3.0 97.0 3.2 96.1 

2 GC 13.4 86.6 13.6 86.4 

 

All hybrids were confirmed to be homogeneous and to have similar structures by AFM, SIMS and 

SEM over the range of covalent coupling.  However, 
29

Si NMR suggested that the degree of 

covalent coupling did affect the hybrid network.  This was further examined by subjecting the 

hybrids to an initial compression test.  The Young’s modulus was determined in compression 

using small test samples (2 x 2 x 4 mm, n = 3‒6, Fig. 6.12).  Due to the small quantity of material 

available, there were a low number of repeats.  This was used only as an initial test, and only the 

Young’s Modulus was reported.  The modulus of elasticity was similar for all values of covalent 

coupling, from 2 to 100 GC at 1.4 GPa, except for hybrid with 10 GC which had a Young’s 

modulus of 2.0 GPa.  To examine the optimum amount GPTMS, the effect of covalent coupling on 

the dissolution of the hybrids was examined by immersion in TRIS buffer. 

 

Fig. 6.12 - Young's modulus in compression for hybrids of 40 wt% γCaPGA with varying GC (GC is the molar 

ratio of γPGA:GPTMS) 
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6.2.1 Immersion in TRIS buffer solution 

 

Class II hybrid materials have covalent coupling in addition to interactions at the molecular level.  

The effect of these covalent bonds between the polymer and the silica components was examined 

by adding varying amounts of GPTMS into the hybrids, from no coupling agent to potential 

coupling at every other repeating unit of the polymer (2 GC).  The stability of these samples in 

solution was examined by immersion in TRIS buffer solution (pH 7.3) and the weight loss was 

measured for up to four weeks (Fig. 6.13).  As the amount of covalent coupling increased (from 

100 to 10 GC), there was less weight lost after four weeks (from 65 to 35 %), suggesting that 

covalent coupling was stabilising the hybrid.  This could be due to a reduction in the swelling of 

the polymer as it was more highly crosslinked or it could also be due to a finer integration of the 

silica and the polymer components.  However, when the coupling was increased further, to every 

other repeating unit of the polymer (2 GC), there was an increase in the weight loss (60 %).  This 

suggested that there was a threshold value, beyond which additional coupling agent actually 

reduced the stability of the hybrid.   

 

Fig. 6.13 - Weight loss profile in TRIS buffer solution up to four weeks for hybrids of 40 wt% γCaPGA with 

varying GC (GC is the molar ratio of γPGA:GPTMS) 

 

The cause of this threshold effect may be due to GPTMS reacting with itself, when at elevated 

concentrations during the functionalisation of γPGA.  Two possible reactions are the 

polymerisation of the epoxide rings to form a polyethylene oxide chain (Fig. 6.14a)
131

 or the 

self‒condensation of the silane groups on GPTMS (Fig. 6.14b). 
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Fig. 6.14 - Two potential self‒reactions of GPTMS a) polymerisation of the epoxide ring to form a PEO chain 

and b) self‒condensation of the silane groups 

 

It is desired that the GPTMS bonds the silica network and polymer together.  The covalent 

coupling was proposed to occur when the epoxy ring on GPTMS was opened by the nucleophilic 

attack of the carboxylic group on γPGA and formed an ester linkage (Fig. 2.12).  The secondary 

amide (‒NH) may also have been involved as it was a weak base and a more reactive functional 

group.  The alkoxysilane groups on GPTMS then underwent co‒condensation with the silica 

network, forming the link between the organic and inorganic components of the hybrid. 

 

Hüsing et al. have shown that the epoxy ring in GPTMS survives incorporation into the silica 

sol‒gel process and did not react with the alkoxysilane or water (basic conditions).
98

  In the 

γCaPGA hybrid formation, the functionalisation occurred at the natural pKa of the polymer (pKa 

of the carboxylic group in γPGA is 4.09)
96

 experimentally found to be pH 3.5‒4.  The alkoxysilane 

groups on GPTMS were in the anion form as the functionalisation occurred above the pKa of 

silicic acid (pH ~ 2).
68

  Hydrolysis was slowed, reducing the probability for self‒condensation to 

occur.  Thus as the GPTMS content increased (from 100 to 10 GC), it provided more coupling 

between the organic and inorganic components, tightly binding the hybrid together and thus 

reducing the weight loss in solution. 

 

As the amount of GPTMS increased further from 10 to 2 GC, its behaviour in solution changed.  

In the basic silica sol‒gel process, GPTMS was regarded as a co‒solvent, and only attached to the 

surface after the silica particles formed.
132

  At high GPTMS concentrations, this reaction shifted 

which caused GPTMS to react with itself.  The alkoxysilane groups reacted with each other, 

undergoing self‒condensation, and effectively tightly crosslinking the polymer.  Although Hüsing 

et al. carried out their work under basic conditions (NH4OH 0.01 N),
98

 similar results were found 

a) 

b) 
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here during the formation of γCaPGA hybrids at pH ~ 4.  In initial tests to functionalise every 

repeating unit of the polymer (1 GC), the polymer precipitated from solution shortly after the 

GPTMS addition. This occurred for all GPTMS concentrations greater than 2 GC.  There are two 

possible reasons for this precipitation.  First, the GPTMS could be reacting with the polymer 

through the ring opening reaction, but not all of the high amounts of GPTMS could react due to 

steric hindrance.  This would leave an excess of GPTMS in solution which could then undergo 

self‒condensation and highly crosslinked the polymer causing it to precipitate.  Alternatively, 

based on the work by Hüsing et al., the high concentration of GPTMS would cause the 

self‒condensation of GPTMS and the ring opening reaction would also occur.  This also results in 

a highly crosslinked polymer which precipitates.  In either case, high concentrations of GPTMS 

lead to undesirable results (precipitation). 

 

This mechanism can also explain the threshold effect and greater weight loss for the hybrids of 2 

GC (Fig. 6.13).  Although it did not cause precipitation, at the elevated concentration of 2 GC, 

some GPTMS underwent self‒condensation which resulted in partial crosslinking of the polymer 

and thus poor integration between the organic and inorganic components.  This integration was 

limited because the molecular entanglement of the silica and polymer chains was hindered due to 

greater domain size.  The covalent bonding between the organic and inorganic components was 

also reduced or eliminated as the alkoxysilane group of the coupling molecule had already 

undergone condensation and was sterically hindered by the crosslinked polymer chains.   

 

These effects of covalent coupling on the hybrid materials could also be seen in the shape of the 

weight loss curve (Fig. 6.13).  As the amount of GPTMS in the hybrids was increased, the time to 

reach the equilibrium plateau, or the initial rate of weight loss was reduced.  The Class I hybrid 

with no GPTMS and the hybrid with 100 GC had very rapid weight loss that began to plateau at  

24 h, whereas the weight loss from the hybrid with the greatest crosslinking (2 GC) plateaued after 

one week.  Such behaviour suggests that as the polymer becomes more highly covalently coupled, 

there was a reduction or slowing in the swelling and water penetration.  This slowed the 

dissolution of polymer, resulting in a slower weight loss.  However, the total weight loss was 

governed by other factors as previously discussed. 

 

The solutions from these weight loss tests were further examined to determine how the weight was 

lost, specifically the proportion of organic to inorganic.  The concentration of γPGA in the 

supernatant from the TRIS weight loss test was determined using a modified protocol of the BCA 

assay (Fig. 6.15) and the calcium and silicon release were measured using ICP (Fig. 6.16).  These 
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polymer release profiles followed a similar trend to the weight loss profiles.  Hybrids with the 

most and the least covalent coupling had the greatest release of polymer in solution, reaching a 

maximum of 839 and 915 µg mL
‒1

 respectively after two weeks before decreasing by 65 and 170 

µg mL
‒1

 respectively at four weeks.  This decrease was due to polymer precipitation on the 

reaction container (as suggested by FTIR of the container, not shown).  The Class I hybrid with no 

GPTMS had a slightly lower maximum release of 725 µg mL
‒1

.  Thus the hybrids with the most 

and least covalent coupling had the greatest polymer release. 

 

Fig. 6.15 - γPGA concentration profile in TRIS buffer solution up to four weeks for hybrids of 40 wt% γCaPGA 

with varying GC (GC is the molar ratio of γPGA:GPTMS) 

 

The covalent coupling also affected the rate of polymer release.  This was most clearly identified 

by examining the first 72 hours of the dissolution profiles for hybrids with no GC, 100 GC and 2 

GC.  These hybrids all had similar concentrations of γPGA at one week, but the initial slope and 

the points at 24 and 72 hours showed that the hybrid with 2 GC initially had much lower γPGA 

release, and the hybrid with no GPTMS released polymer most rapidly, achieving almost 

maximum release after only 72 hours.  Hybrids of 10 and 20 GC had a slow release rate, as the 

concentration profile reached a plateau about 2 weeks, comparable to 2 GC, but with much lower 

total release overall.  This again showed the GPTMS threshold behaviour, as increased covalent 

coupling above 10 GC resulted in poorer hybrid stability. 

 

Calcium and silicon were released into solution upon immersion in TRIS buffer and were 

measured by ICP.  The calcium release profiles were very similar to the polymer release profiles as 

the 10 and 20 GC had the lowest total calcium release as well as the slowest release kinetics (Fig. 
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6.16).  The release rate of calcium (initial slope) was affected by the amount of covalent coupling, 

which was again quite apparent when the calcium release profiles of hybrids with no GPTMS, 100 

GC and 2 GC were compared.  Hybrids with 2 GC reached a plateau around 2 weeks whereas the 

hybrids with 100 GC and no GC reached a maximum calcium release at 72 hours.  However, the 

hybrid with no GPTMS had the highest amount of calcium release, whereas in the polymer release 

profile; it had lower polymer release than the 100 and 2 GC hybrids.  This suggests that the 

calcium was coordinating to the γPGA even after functionalisation and incorporation into the 

hybrid.  It also confirmed the reliability of the BCA assay.  In the calcium release profile, 20‒70 

µg mL
‒1

 of Ca was released within one week of immersion in TRIS buffer solution which suggests 

these hybrids had sufficient calcium release to form HCA in vivo even though they were only 5 

wt% Ca.  Calcium will probably be released as free calcium ions no longer coordinated to the 

polymer in SBF solution, but the dissolution of the cation may be counter balanced by the anionic 

polymer.   

 

Fig. 6.16 - Calcium and silicon concentration profiles in TRIS buffer solution up to four weeks for hybrids of 40 

wt% γCaPGA with varying GC (GC is the molar ratio of γPGA:GPTMS) 

 

The silicon release profile showed a slightly different trend (Fig. 6.16).  As the degree of coupling 

increased up to 10 GC, increasing GPTMS resulted in a slower release of silicon, taking from 3 

days (no GC) to two weeks (10 and 20 GC) to plateau at a maximum silicon concentration of 
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around 70 µg mL
‒1

.  However, at the highest GPTMS content, 2 GC, the silicon rapidly went into 

solution, almost hitting the maximum concentration within 24 h (Fig. 6.16).  For this same hybrid, 

there was little polymer release by 24 h, which suggested that the polymer was coupled to itself 

forming polymer and silica domains.  This prevented a highly continuous silica network, instead 

forming several separate silica networks and even forming small particles.  These dissolved 

quickly, releasing large amounts of silicon which was an unfavourable behaviour for a bone 

scaffold.  The final silicon concentrations after four weeks in TRIS followed an interesting trend.  

They were arranged in order of coupling, with the hybrid with the most GPTMS having the highest 

final silicon release of 91 µg mL
‒1

 and the Class I hybrid with no GPTMS having the lowest final 

silicon concentration of 59 µg mL
‒1

.  The purpose of the covalent coupling was to tightly bind the 

hybrid together, to improve integration and to prevent swelling of the hybrid in water, and thus be 

more stable in solution.  The release profiles showed that increasing GPTMS content in the 

hybrids from 100 GC to 10 GC resulted in a slower rate of silicon release, which indicated that the 

covalent coupling was controlling the silicon dissolution.  However, after four weeks, the hybrids 

with the most GPTMS had the highest silicon release.  This suggests that as the covalent coupling 

increased, a larger proportion of silicon was compelled to enter the solution with the polymer as it 

was more highly coupled to the silica network. 

 

Increasing the covalent coupling agent was shown to reduce the dissolution of the polymer and 

calcium, until a threshold covalent coupling value of 10 GC.  This was in contrast to the silicon 

dissolution, which increased with greater covalent coupling.  It is suggested that the covalent 

coupling reduced the water uptake of the hybrid, resulting in lower polymer and calcium 

dissolution.  However, the reduced water uptake did not affect the silicon release, as increasing 

covalent coupling agent caused greater disruption to the silica network resulting in greater 

dissolution.  

 

The hybrids were examined by SEM before and after immersion in TRIS buffer solution to 

understand the structure and the dissolution mechanism.  The initial hybrids had a fine texture at 

the fracture surface when examined by SEM at high magnification (Fig. 6.5) which was similar to 

the AFM images (Fig. 6.6).  The appearance of the fracture surface changed after immersion in 

TRIS (Fig. 6.17).  After removal from TRIS, the hybrids had a surface texture, as if they were 

composed of small particles, similar to 70S30C sol‒gel glass (Fig. 6.17a), indicating that much of 

the polymer had left the hybrid.  This is consistent with the dissolution profiles.  At two weeks, the 

hybrid with no GPTMS had released 64 µg mL
‒1

 of silicon and 725 µg mL
‒1

 of γPGA, a ratio of 
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1:11.  In the starting hybrid, the weight ratio of Si:γPGA was 0.7:1 (SiO2:γPGA 60:40).  Thus 

γPGA was released almost 8 times more rapidly than if the hybrid had degraded uniformly.  The 

preferential release of polymer was slightly less for hybrid of 10 GC as ratio of Si:γPGA released 

was 1:6.5 and visually there were areas of the hybrid that still contained polymer after 3 days in 

TRIS buffer (Fig. 6.17).  The polymer dissolved preferentially, which exposed the silica network 

which was visible in the SEM images.  

 

Fig. 6.17 - SEM images at 100 kX magnification of a) 70 mol% SiO2 and 30 mol% CaO sol‒gel glass and 

hybrids of 40 wt% γCaPGA after immersion in TRIS buffer solution for 3 days with b) 10 GC and c) 20 GC 

and after 2 weeks with d) no GPTMS, e) 10 GC and f) 20 GC (GC is the molar ratio of γPGA:GPTMS) 

 

FTIR also showed the preferential polymer dissolution in the solids after immersion in TRIS 

solution (Fig. 6.18).  In the starting hybrid, the carbonyl band (C=O) was at 1404 cm
‒1

 and the 

amide I and amide II bands were located at 1614 and 1671 cm
‒1

 respectively.  These bands come 

from the γPGA.  The Si‒OH stretch and Si‒NBO were the bands with the greatest intensity located 

at 1031 and 945 cm
‒1

.   From 8 to 336 h, the amide bands and carbonyl band decreased relative to 

the Si‒OH band, until the amide bands were barely visible after 2 weeks in TRIS, confirming that 

most of the polymer had dissolved.  All solids were amorphous by XRD, confirming that the 

texture surface shown by SEM was the silica network and not a precipitate (Fig. 6.19). 
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Fig. 6.18 - FTIR spectra of solids after immersion in TRIS buffer solution up to two weeks for hybrid of  

40 wt% γPGA with 10 GC (10 GC means every tenth repeating unit of  γPGA was functionalised with GPTMS)  

 

 

Fig. 6.19 - XRD spectra of solids after 4 weeks in TRIS buffer solution for hybrid of 40 wt% γPGA with 10 GC 

(10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS) 

 

This preferential dissolution of the polymer is not desirable in a hybrid for bone tissue engineering 

and may be due to the hydrophilicity of the polymer and less effective covalent coupling than 

expected.  The high water solubility of the salt forms of γPGA is known, and they have been used 

to change the surface properties of composite materials.  In the case of chitosan materials 

synthesised by Hsieh et al., 20 mol% γPGA was added to form a composite (80 mol% chitosan, 20 

mol% γPGA) which resulted in a more hydrophilic surface.
102

  The contact angle decreased by 

20‒30º and the protein adsorption increased by 50 % over pure chitosan.  Thus the hydrophilicity 

of γPGA is important for protein attachment, but on its own, it is unstable.  Combining or 

replacing γPGA with a different, less hydrophilic calcium chelating polymer may result in 

improved properties.  This could be used to produce a material that was more stable in solution, 
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allowing both components to degrade at a similar rate in vivo, and to preserve the mechanical 

properties upon implantation. 

 

6.2.2 Immersion in SBF 

 

The bioactivity of these hybrids was examined by immersion in SBF solution (Fig. 6.20).  As in 

the TRIS study, at the end time point (2 weeks), the silicon concentrations in SBF increased as the 

amount of GPTMS increased.  The hybrid with the most GPTMS (2 GC) had the highest silicon 

release and the Class I hybrid with no GPTMS had the lowest silicon release at 76 and 39 µg mL
‒1

 

respectively.  However, all of the Class II hybrids containing GPTMS had similar release profiles 

which plateau at 60‒76 µg mL
‒1

 and the Class I hybrid plateaued at half that value (39 µg mL
‒1

).  

Covalent coupling to form a Class II hybrid material was used in order to have tighter 

incorporation between the components, to provide improved stability in solution and better 

mechanical properties.  As in the TRIS study, this did not appear to be the case.  Due to the 

hydrophilic nature of this polymer and the covalent coupling between γPGA and the silica 

network, as γPGA dissolves, silica is drawn into solution with it.  The greater the covalent 

coupling, the greater the amount of silica that will dissolve with the polymer causing a greater 

disruption of the silica network.  The total silicon release was lower in SBF (39‒76 µg mL
‒1

) than 

in TRIS (59‒91 µg mL
‒1

).  The limited dissolution of the hybrids was due to SBF being a saturated 

solution of apatite whereas TRIS is a simple buffer solution. 

 

From examining the calcium concentration profiles, the hybrids with more coupling released less 

calcium into SBF.  The hybrid with 2 GC achieved a maximum calcium concentration of 110 µg 

mL
‒1

 whereas both hybrids of 100 GC and no GC had 154 µg mL
‒1

.  Despite this, the phosphorous 

concentration profile showed that the 10 GC and 2 GC had the greatest decrease in phosphorus 

concentration at 72 h, after which all concentration profiles overlapped by 1 week with 

phosphorous concentration of 8‒10 µg mL
‒1

.  This decline in the phosphorous concentration was 

due to precipitation of phosphorous from solution, suggesting the formation of HCA by 1 week.  

This was desirable as HCA is the first step in bonding to bone in vivo, and typically must form 

within a week for a material to be considered bioactive.  HCA formation was confirmed with FTIR 

and SEM (Fig. 6.21 and Fig. 6.22).  This indicated that the hybrids were bioactive even though 

they only contained 5 wt% calcium, which was much lower than conventional bioactive glasses 

(17.5 wt% Ca in Bioglass


).  HCA was formed within 72 h for gels and glasses of 70 mol% SiO2 

and 30 mol% CaO synthesised in Chapter 4.  Bioactive 70S30C (20 wt% Ca) glasses by Jones et 
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al. were found to form HCA within 8 h when stabilised at 600 ºC and 72 h when sintered at 800 

ºC.
7
  Thus the hybrids form HCA one timepoint slower than several bioactive glasses, which 

suggests that the hybrids form HCA at a rate compatible for use as in bone tissue engineering. 

 

 

Fig. 6.20 - Si, Ca and P concentration profiles in SBF solution up to two weeks for hybrids of 40 wt% γCaPGA 

with varying GC (GC is the molar ratio of γPGA:GPTMS) 
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Fig. 6.21 - FTIR spectra for immersion in SBF solution at 0, 72 and 168 h for hybrid of 40 wt% γCaPGA with 

10 GC (10 GC means every tenth repeating unit of  γPGA was functionalised with GPTMS) 

 

 

Fig. 6.22 - SEM image after two weeks immersion in SBF for a Class I hybrid of 40 wt% γCaPGA without 

GPTMS at a) 10 kX and b) 100 kX magnification 

 

6.2.3 Summary 

 

The degree of covalent coupling affected the behaviour of the silica/γPGA hybrids.  Increasing 

covalent coupling from 100 to 10 GC resulted in a greater Young’s Modulus, and reduced the 

weight loss as well as calcium and polymer release when in TRIS buffer solution.  However, 

increasing the covalent coupling further resulted in a lower Young’s Modulus, increased weight 

loss, calcium loss and polymer release.  The covalent coupling had an opposite effect on the 

silicon release in TRIS buffer solution as greater covalent coupling resulted in greater silicon 

dissolution.  As the polymer dissolved preferentially, greater disruption was caused when the 

polymer was more highly coupled to the silica network, forcing more silicon into solution.  This 
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was also true for immersion in SBF, where all hybrids were shown to form HCA within one week, 

even though they contained a relatively low concentration of calcium at 5 wt%.   

 

Thus the threshold value of 10 GC (every tenth repeating unit of the polymer covalently coupled to 

the silica network) was chosen for further study to determine the effect of molecular weight of 

γPGA on the hybrids. 

 

6.3 Effect of Mw 

 

The properties of the hybrid materials are also governed by the molecular weight of the polymer.  

Generally, polymers with large molecular weights have higher strengths and slower dissolution.  

However, for incorporation into a hybrid material, the hypothesis was that lower molecular weight 

polymers would allow for better mixing and integration of the organic and inorganic components.  

Covalent coupling may also be improved at low molecular weight as the GPTMS better 

functionalised the polymer.  At lower molecular weight, steric hindrance was reduced and the 

smaller polymer molecules were more easily available for functionalisation.  Smaller polymers 

were also preferred for use in implanted medical devices as molecules larger than 50 kDa should 

not be released into the body as they inhibit extravascular permeability.
89

  Polymers with 

molecular weights greater than 30 kDa may restrict the filtration through the kidneys.
89

  Thus a 

range of molecular weights of γPGA from 120 to 30 kDa were used in hybrid synthesis.  Due to 

the results of the coupling experiments (Section 6.2), every tenth repeating unit was functionalised 

(10 GC) for the further experimentation on molecular weight.  

 

All hybrids made from γPGA with molecular weight of 120 to 30 kDa were transparent and 

amorphous (Fig. 6.23).  During drying, the hybrids shrank by 85 ‒ 90 vol% and the composition 

was confirmed with lithium metaborate fusion to have calcium content 4.4 ± 0.8 wt%, compared to 

the theoretical value of 5 wt%.   Under SEM, these hybrids appeared to have some difference in 

texture, with a wrinkle like appearance after drying (Fig. 6.24).  
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Fig. 6.23 - XRD spectra for hybrids of 40 wt% γCaPGA 100 kDa and 10 GC (10 GC means every tenth 

repeating unit of γPGA was functionalised with GPTMS) 

 

 

Fig. 6.24 - SEM images for hybrids of 40 wt% γCaPGA hybrids with 10 GC at 20 kX magnification for γPGA 

Mw of a) 120 kDa, b) 100 kDa and c) 60 kDa and at 100 kX magnification for Mw of d) 120 kDa, e) 100 kDa and 

f) 60 kDa (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS) 

 

The hypothesis that integration in the hybrids improves due to lower molecular weight was 

examined by SIMS (Fig. 6.25 and Fig. 6.26).  As in the hybrids investigated in Chapter 6.2, both 

the silicon and calcium distribution images showed uniform element concentrations at depth.  

γCaPGA was used as the calcium source for these hybrids, thus the calcium distribution also 

represented the polymer distribution in the hybrids.  The constant Si:Ca ratio indicated that there 

were no silica or polymer rich domains in the hybrids.  This suggested that these were true hybrid 

materials where the components interacted on a molecular level creating a material with a single 
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phase.  However, there no was evidence provided by SIMS that the lower molecular weight 

polymer resulted in finer integration in the hybrid. 

 

 

Fig. 6.25 - TOF‒SIMS dual beam imaging for a hybrid of 40 wt% γPGA 60 kDa and 10 GC (10 GC means 

every tenth repeating unit of γPGA was functionalised with GPTMS), courtesy of Daming Wang 

 

 

Fig. 6.26 - SIMS concentration depth profile for 100 scans over a 100 µm x 100 µm area for a hybrid of 40 wt% 

γCaPGA 60 kDa and 10 GC (10 GC means every tenth repeating unit of γPGA was functionalised with 

GPTMS), courtesy of Daming Wang 

 

γCaPGA hybrids were also examined using solid state 
29

Si NMR to determine if molecular weight 

affected the structure of the silica network (Fig. 6.27).  The proportion of Q and T species was 

very similar over the entire range of polymer molecular weights used in the hybrid synthesis 

(Table 6.3).  Thus the NMR suggests that the molecular weight does not affect the silica structure 

of the resulting hybrids. 
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Fig. 6.27 - 

29
Si MAS NMR showing the silica speciation for hybrids with 40 wt% γCaPGA of varying Mw, 

courtesy of Frederick Romer, John V. Hanna and Mark E. Smith, University of Warwick, UK 

 

Table 6.3 - 
29

Si MAS NMR showing the silica speciation as a relative intensity (I) for hybrids made with 40 wt% 

γCaPGA of varying Mw where average errors are ± 1.5 ppm for the chemical shift (δ) and for I ± 0.5 %, 

courtesy of Frederick Romer, John V. Hanna and Mark E. Smith, University of Warwick, UK 

T
2
 T

3
 Q

2
 Q

3
 Q

4
 

Molecular 

weight δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) δ (ppm) I (%) 

120 kDa –52.2 2.4 –62.0 0.8 –92.2 9.2 –101.5 32.6 –111.3 55.0 

100 kDa –55.1 1.5 –63.5 1.1 –92.4 8.2 –101.6 35.1 –111.0 54.1 

80 kDa –53.1 1.9 –62.6 1.2 –91.8 7.1 –101.4 34.6 –111.2 55.2 

60 kDa –53.3 2.5 –62.0 1.3 –92.6 11.1 –101.5 31.0 –111.1 54.1 

40 kDa –56.2 2.1 –64.1 1.6 –92.5 8.6 –101.6 33.6 –111.0 54.1 

30 kDa –55.9 1.7 –63.6 0.8 –92.0 6.0 –101.6 35.2 –111.3 56.3 

 

 

As all hybrids were found to be uniform and homogeneous over the entire range of molecular 

weights, it could not be determined whether or not the integration of the components was affected 
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by molecular weight.  The hybrids were subjected to a dissolution study in TRIS buffer solution to 

determine the effect of molecular weight on hybrid stability. 

 

6.3.1 Immersion in TRIS buffer solution 

 

Upon immersion in TRIS buffer solution, all of the hybrids (γPGA Mw 120‒30 kDa) had positive 

sloped weight loss profiles that levelled off to a plateau.  Weight loss was not proportional to 

molecular weight as the hybrids synthesised with mid‒range molecular weight γPGA of 60 and 80 

kDa had the highest weight losses at 63 and 57 % respectively after four weeks (Fig. 6.28).  These 

two hybrids also had the highest calcium release at 54 and 56 µg mL
‒1

.  The polymer release 

profiles were similar for all of the hybrids up to three days, with 35 % of the γPGA dissolving in 8 

hours.  At one week, the concentration of γPGA released into solution remained at 204 µg mL
‒1

 

for hybrids made from γPGA with Mw of 100 kDa and 120 kDa.  Polymer concentration increased 

by ~300 µg mL
‒1

 for all other hybrids (Fig. 6.29).  Hybrids made with polymer of 100 kDa and 

120 kDa also had different silicon concentration profiles compared to the other hybrids (Fig. 6.30).  

All of the other Mw hybrids had similar silicon release rates and reached the maximum silicon 

release of ~75 µg mL
‒1

 by 3 days whereas the hybrids with 120 and 100 kDa took two weeks to 

reach this value.  Thus hybrids synthesised from polymers of 120 and 100 kDa had the slowest 

dissolution in TRIS and hybrids with 80 and 60 kDa had the fastest.
 

 

Fig. 6.28 - Weight loss profile in TRIS buffer solution up to four weeks for hybrids of 40 wt% γCaPGA 10 GC 

with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS)
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Fig. 6.29 - γPGA concentration profile in TRIS buffer solution up to four weeks for hybrids of 40 wt% γCaPGA 

10 GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS)
 

 

 

Fig. 6.30 - Calcium and silicon concentration profile in TRIS buffer solution up to four weeks for hybrids of 40 

wt% γCaPGA 10 GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised 

with GPTMS) 
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The slower release of polymer by the 120 kDa hybrids was also noted in SEM images of the solids 

from TRIS immersion.  Polymer was visible in the hybrids after 3 days of immersion when 

synthesised with polymer of 120 kDa but by 2 weeks (Section 6.2.1, Fig. 6.17), it was not visible.  

For all hybrids synthesised with lower molecular weights, there was no polymer visible after 3 

days in TRIS buffer (Fig. 6.31).  Thus, the hybrid made with the largest molecular weight (120 

kDa) was the most stable in TRIS buffer solution; it had the lowest total γPGA release, the slowest 

Si release and one of the slowest Ca release and rate of mass loss.  This was in contrast to the 

behaviour of the hybrids produced with mid‒range Mw polymer of 80 and 60 kDa which had the 

highest weight loss, the most γPGA release and one of the highest Si and Ca releases.  Thus 

decreasing molecular weight did not cause a corresponding increase in mass loss in TRIS.  

 

Fig. 6.31 - SEM images at a) 10 kX and b) 100 kX times magnification after 2 weeks of immersion in TRIS 

buffer for hybrids of 40 wt% γCaPGA 60 kDa and 10 GC (10 GC means every tenth repeating unit of γPGA 

was functionalised with GPTMS) 

 

6.3.2 Immersion in SBF 

 

The effect of polymer molecular weight on the hybrid bioactivity was examined by immersion in 

SBF solution (Fig. 6.32).  Most of the molecular weights followed similar concentration profiles 

with silicon release, phosphorous concentration decrease and an initial calcium release followed by 

a decrease in calcium concentration.  Of particular note, the hybrid synthesised with polymer of 

the lowest Mw (30 kDa) had the slowest kinetics of silicon release whereas the hybrid formed from 

the polymer with the highest Mw (120 kDa) had the fastest kinetics.  In the calcium profile, the 

hybrid containing the polymer with the lowest Mw (30 kDa) has the lowest final calcium 

concentration of 88 µg mL
‒1

 at 336 h and the hybrid made with the highest Mw polymer (120 kDa) 

has the highest calcium concentration of 107 µg mL
‒1

 at 336 h.  This could be due to finer 

integration between the inorganic and organic components as the molecular weight decreased.  
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The hybrid synthesised from the polymer with the highest Mw (120 kDa) also had the fastest 

silicon release rate and the hybrid formed from the polymer with the lowest Mw (30 kDa) had the 

slowest.  As the degree of coupling remained constant (every tenth repeating unit of the polymer), 

the total number of coupling units per polymer was larger on the larger molecular weight 

polymers.  This could lead to a more rigid structure that was more likely to fracture due to the 

stress of water absorption, and thus led to faster silicon release.  However, this trend differed from 

the dissolution behaviour in TRIS buffer solution where the hybrids made from γPGA with 

molecular weights of 60 and 80 kDa had the fastest silicon release. 

 
Fig. 6.32 - Si, Ca and P concentration profiles in SBF solution up to two weeks for hybrids of 40 wt% γCaPGA 

10 GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS) 
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All hybrids had a reduction in phosphorous concentration from 33 µg mL
‒1

 in the initial SBF to ~8 

µg mL
‒1

 after 1 week immersion in SBF.  When combined with a corresponding decrease in the 

calcium concentration, the decrease in phosphorous concentration indicated the precipitation of 

calcium phosphate in the form of HCA.  This was confirmed with XRD and SEM (Fig. 6.33 and 

Fig. 6.34).  This again showed the bioactivity of the hybrids even though they had low calcium 

content. 

 

Fig. 6.33 - XRD diffraction pattern for immersion in SBF solution for 0, 72 and 168 h for hybrid of 40 wt% 

γCaPGA 60 kDa and 10 GC (10 GC means every tenth repeating unit of γPGA was functionalised with 

GPTMS) 

 

 

Fig. 6.34 - SEM image after 2 weeks in SBF solution at a) 10 kX and b) 100 kX magnification for hybrid of  

40 wt% γCaPGA 60 kDa and 10 GC (10 GC means every tenth repeating unit of γPGA was functionalised with 

GPTMS) 
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6.3.3 Compression testing 

 

Fine integration at the molecular level and a single phase material was desirable in order to have 

improved mechanical properties over conventional composites.  Composite materials tend to fail at 

the interface between components.  Thus removing this interface and having covalent coupling 

between the components should lead to improved mechanical properties.  In compression, the 

hybrids synthesised with all molecular weights of γPGA displayed stress‒strain curves 

characteristic of composite materials.  All hybrids had a linear elastic region followed by slight 

plastic behaviour before failure, reaching compressive strengths greater than 300 MPa and strain to 

failure greater than 30 % (Fig. 6.35).  This was a large improvement over just sol‒gel glass which 

was quite brittle with strain to failure of 4 % and compressive strength of 66 MPa (70S30C 

sintered to 800 ºC).  When comparing the stress‒strain curves of a hybrid and sol‒gel glass (Fig. 

6.35a), there was a difference in the shapes of the curves as well as the ultimate stress and strain 

values.  The hybrid had a gradually increasing slope at low strain values and a gradual decrease in 

slope just before failure, whereas the sol‒gel glass only underwent linear elastic behaviour before 

failure.  This deformation of the hybrids showed that incorporation of γPGA into the sol‒gel 

process had eliminated the brittle nature of the sol‒gel glass.  

 

Fig. 6.35 - Compression testing for hybrids of 40 wt% γCaPGA 10 GC with varying Mw a) sample stress‒strain 

curve for 30 kDa and 70S30C glass b) Young’s Modulus c) maximum compressive strength and d) strain to 

failure (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS) 
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The maximum compressive strength of the γCaPGA hybrids was 540 MPa for a hybrid 

synthesised with γCaPGA of 80 kDa.  This was a greater compressive strength than that of 

trabecular bone at 2.6‒6.0 MPa and that of cortical bone of 152 ± 25 MPa.  This same hybrid had a 

Young’s modulus of 1.9 GPa which was an order of magnitude lower than that of trabecular and 

cortical bone at 18.0 ± 2.8 GPa and 19.9 ± 1.8 GPa, respectively (measured at the femoral 

neck).
133-135

  However, it was hybrid monoliths that were subjected to compression testing, and not 

porous scaffolds.  Once the hybrid materials have been formed into a porous scaffold, the 

compressive strength is likely to decrease, so that the scaffold will have similar compressive 

strength to that of the host bone. 

 

From examining the mechanical properties for hybrids made from polymer with varying molecular 

weight, the strength of the hybrids generally increased as molecular weight increased (Fig. 6.35c).  

This left the hybrids made from 100 kDa γPGA as an erroneous data point.  To confirm this, the 

hybrid of 40 wt% γCaPGA 10 GC made with polymer of 100 kDa was synthesised again and 

subjected to compression testing.  The repeated testing yielded the same mechanical properties that 

were equal within error (maximum compressive strength: 377 ± 57 MPa vs. 371 ± 59 MPa), which 

confirmed this as a true value and not just synthesis error.  Further examination suggested that the 

mechanical properties as a function of polymer molecular weight form an arch shape with a 

maximum at 80 kDa.  If this was the trend, then the hybrid made with polymer of 120 kDa did not 

conform to the arch shape.  This hybrid was synthesised with the polymer as received from Natto 

Biosciences (120 kDa) but all of the lower molecular weights are the products of the chain scission 

reaction.  The high pH, elevated temperature and 100 % calcium coordination in the chain scission 

may affect the polymer, resulting in a step change in mechanical properties between the hybrids 

synthesised with polymer of 120 kDa and 100 kDa.  The arch shape of the compressive strength 

curve supports the hypothesis that lower polymer molecular weights encouraged finer integration 

of the components in the hybrid; however, this was counter balanced by the lower strength of the 

polymer as the molecular weights decrease.  These opposing effects result in the greatest 

mechanical properties when the hybrid was synthesised with polymer of 80 kDa. 

 

A similar trend was found in the immersion studies, when the hybrid formed with 120 kDa γPGA 

was excluded.  Hybrids with polymer Mw of 80 and 60 kDa had the greatest weight loss as well as 

the fastest dissolution in TRIS and SBF.  Unfortunately, high weight loss was undesirable, yet the 

hybrids synthesised with 60 and 80 kDa γPGA had the best mechanical properties.  These seemed 

to be opposite trends.  The high compressive strength appeared to indicate the optimum balance of 
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polymer chain length for polymer strength and integration.  However, the dissolution showed this 

was not the case. 

 

6.3.4 Effect of heating the polymer  

 

The reduction in hybrid mechanical and dissolution properties when synthesised with the 

as‒received polymer (120 kDa) and the lower molecular weight polymers (100‒30 kDa) may be 

traced to the chain scission reaction.  Lower molecular weight γPGA was obtained by using high 

pH and temperature to cause chain scission.  These conditions caused an unfavourable effect on 

the polymer, resulting in hybrids with poorer properties.   

 

One possibility was that the lower molecular weight polymers may have a broad distribution of 

molecular weights due to the chain scission process.  The small polymer chains may be lost 

rapidly, speeding up the degradation process.  However, from the molecular weight data, the 

polydispersity (distribution of molecular weight, Mw/Mn) of the polymer decreased with the chain 

scission reaction.  In the case of the γCaPGA, the starting polymer (120 kDa) had the greatest 

polydispersity of 9.1.  The polydispersity decreased as the polymer underwent the chain scission 

reaction with time, until the last polymer (30 kDa) had the smallest polydispersity of 3.5.  Thus an 

increased distribution of molecular weights was not the cause of the reduced mechanical and 

dissolution behaviour. 

 

This change in the hybrid properties could be caused by several other factors.  First, the polymer 

was held at high temperature, and calcium was added to 100 % so that every carboxylic group on 

γPGA was coordinated to a calcium ion.  Varying the pH was known to have an effect on the 

polymer as it caused the chain scission, but it might also have affected the behaviour of the 

polymer.  As pH cannot be uncoupled from molecular weight, the effect of high temperature was 

chosen for further study. 

 

The synthesis of γPGA with varying degrees of covalent coupling was repeated.  After γCaPGA 

was formed, it was usually mixed for one hour at room temperature.  Instead, temperature was 

increased to 90 ºC and held there for 48 hours to simulate the stress of temperature on the polymer 

from the chain scission reaction.  This polymer was functionalised with varying degrees of 
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covalent coupling, and then immersed in TRIS buffer solution to determine the weight loss (Fig. 

6.36).  All of the hybrids had similar calcium and silicon release profiles in solution (Fig. 6.37). 

 

Fig. 6.36 - Weight loss profile in TRIS buffer solution up to four weeks for hybrids of 40 wt% γCaPGA heated 

at 90 ºC for 48 h 

 

 

Fig. 6.37 - Calcium and silicon concentration profile in TRIS buffer solution up to four weeks for hybrids of 40 

wt% γCaPGA heated at 90 ºC for 48 h 
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All of the hybrids made with polymer that was treated at high temperature had identical mass loss 

after 1 week, with a total mass loss of 59 % by 4 weeks in TRIS.  The hybrids with the greatest 

amount of covalent coupling had a slower rate of calcium release, but all hybrids had a total 

calcium release of 56 to 60 µg mL
‒1

.  After four weeks in TRIS, the silicon release reached 63 to 

74 µg mL
‒1

.   

 

When placed in SBF solution, there was a slight variance in ion release with covalent coupling.  

The hybrids with the most covalent coupling had the highest silicon release, the lowest calcium 

concentrations and the fastest phosphorous deposition (Fig. 6.38).  

 

Fig. 6.38 - Si, Ca and P concentration profiles in SBF solution up to four weeks for hybrids of 40 wt% γCaPGA 

heated at 90 ºC for 48 h 
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But when comparing these concentration profiles to the work done in Section 6.2, it was evident 

that the covalent coupling had a smaller effect on the properties of the hybrids when the polymer 

had been heated.  This was especially clear when comparing the weight loss curves (Fig. 6.13 and 

Fig. 6.36).  All heated polymer hybrids had a final mass loss of 59 % which was similar to the 

hybrid (made with unheated polymer) with no covalent coupling (54 % weight loss).  From the 

hybrids that were made with unheated polymer, only the hybrid that was found to have too much 

covalent coupling (2 GC) had greater mass loss (62 %) than hybrids made with the heated 

polymer.  The lowest weight loss for the untreated polymer was at 10 GC with 37 %; thus the 

heating caused an additional 20 % weight loss.  Therefore the heating process adversely affected 

the polymer resulting in less successful coupling, producing hybrids with dissolution properties 

similar to hybrids with no covalent coupling.  

 

A similar trend appears in the compression testing results (Fig. 6.39).  There was a difference in 

compressive strength between the hybrids made from polymers with and without heating (465 and 

660 MPa respectively), yet the shape of the stress/strain curve was similar.  The hybrids that were 

made from heated polymer all had similar Young’s moduli, strain to failures and compressive 

strengths.  This suggests that the heating step of the chain scission reaction had a detrimental effect 

on the polymer.  Being held at high temperature in solution may increase the hydrogen bonding in 

the polymer which would inhibit the covalent coupling reaction.  High temperature may also 

change the structure of the polymer, although this was unlikely as γCaPGA has a decomposition 

temperature of 336 ºC.
96

  A change in the hydrogen bonding or conformation in solution may have 

inhibited the covalent coupling from occurring. 
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Fig. 6.39 - Compression testing data for hybrids of 40 wt% γCaPGA heated at 90 ºC for 48 h a) sample 

stress‒strain curve for 10 GC hybrids made from heated and unheated polymer b) Young’s Modulus c) 

maximum compressive strength and d) strain to failure (10 GC means every tenth repeating unit of γPGA was 

functionalised with GPTMS) 

 

Thus the properties of the hybrids may be improved by removing high temperature from the chain 

scission reaction through the use of an alternative method.  This would lead to hybrids synthesised 

with 80 kDa γPGA having the best mechanical properties.  Through a different chain scission 

technique, the compressive strength of the hybrids made with lower molecular weight polymer 

would increase, bringing hybrids of 120 kDa γPGA into the arch trend (Fig. 6.35).  This would 

eliminate the step change between the hybrids made from polymer of 120 kDa (no chain scission) 

and 100 kDa (chain scission product).   

 

Richard and Margaritis have studied one such method.  γPGA was depolymerised in a cell‒free 

fermentation broth, using extracellularly produced polyglutamyl hydrolase enzymes (pH 7.0, 37 

ºC).
91

  The initial molecular weight of 3900 kDa was reduced to a molecular weight of 66 kDa 

after 144 hours.  It was observed that depolymerisation followed a linear trend and that 

polydispersity decreased as the depolymerisation occurred.  This allows γPGA to be produced 

bacterially and then tailored to a desired specific molecular weight.  It was unlikely these 

depolymerisation conditions would damage the polymer as the depolymerisation environment was 

very similar to the fermentation conditions of B. subtilis for the production of γPGA.
136

  Ultrasonic 
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chain scission is another low temperature method for reducing the molecular weight of γPGA but 

it has only been shown to reduce the molecular weight by a factor of 10.
137

  This may not be 

sufficient if the desired molecular weight is several orders of magnitude smaller than the starting 

molecular weight of the polymer produced by fermentation. 

 

These alternative chain scission methods at low temperature could also improve the degradation 

resistance, as the hybrids made with the products of the chain scission reaction suffered more rapid 

dissolution than polymer with no chain scission.  At high temperature, polymer chain scission 

changed the mechanical properties of the hybrids; it may also have affected the dissolution 

behaviour.  Thus both the mechanical and dissolution properties of the hybrids may be improved 

by using a different chain scission process.   

 

The difference between the new and old batches of polymer was found to be the molecular weight.  

However, in this chapter, all hybrids synthesised with the 40 wt% of new polymer (Mw 120 to 30 

kDa) with 10 GC had weight loss of 30 to 55 wt% after one week in TRIS buffer.  This was much 

greater than the initial dissolution test using hybrids made with 60 wt% of the original polymer 

and 2 GC where there was only 11 % weight loss (Section 5.3.1).  Although these two tests are not 

directly comparable due to a difference in the organic/inorganic ratio and a difference in covalent 

coupling, a change in the nature of the hybrids can be seen in the increase rate of weight loss.  It 

was expected that weight loss should have been greater for hybrids with larger polymer content as 

γPGA was shown to dissolve preferentially over silica in hybrids made with the new polymer 

(Section 6.2.1).  However, hybrids synthesised with the old polymer had lower weight loss, despite 

the greater polymer content (60 and 40 wt % γPGA respectively).  This suggests that there is 

another difference between the purchased batches of polymer besides the molecular weight.  One 

possible difference is the conformation of the polymer.  The repeating unit of γPGA is a chiral 

molecule and may be either the D or L conformation.  The conformation of the polymer does 

affect the enzymatic degradation of the polymer as certain enzymes selectively break the L 

enantiomer.
86, 87

  It is difficult to see how the conformation would aid or inhibit the hybrid network 

formation.  However these batch to batch variations in polymer produced by the same company 

make it difficult for upscalling and commercial applications.  Regulatory approval is also difficult 

to obtain when there is large variance in the starting materials. 
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6.3.5 Summary 

 

The molecular weight of polymer affected the behaviour of the silica/γPGA hybrids.  The chain 

scission reaction negatively impacted the polymer resulting in hybrids with lower compressive 

strengths and more rapid dissolution than those that were synthesised with as‒received polymer.  

The high temperature of the chain scission reaction was found to negatively impact the hybrid 

properties, specifically reducing the effectiveness of the covalent coupling.  This could indicate 

that the polymer was damaged at the elevated temperature of 90 ºC, although this was below its 

melting temperature of 206 ºC.
96

  A different, low temperature method for chain scission may 

result in improved mechanical properties and dissolution behaviour.  However, the polymer 

properties depend on the batch to batch variations.  This causes difficulties for upscaling the 

process and regulatory approval.  For hybrids made with the chain scission polymers (100 to  

30 kDa), compressive strength followed an arch trend, while the hybrids synthesised with polymer 

of 80 kDa had the highest compressive strength of 540 MPa and a strain to failure at 40 %.  

Unexpectedly, this hybrid was also found to have the most rapid weight loss and dissolution, so 

the effectiveness of the covalent coupling was undetermined.  The mechanical testing suggested 

γPGA of 80 kDa was the optimum balance between inherent strength in the polymer and finer 

integration of the components; however the immersion data suggested poor integration of the 

components.  Hybrids formed of polymers of all molecular weights (120 to 30 kDa) had large 

strain to failure (> 26 %) which showed that γCaPGA hybrids have successfully softened sol‒gel 

glasses from their brittle behaviour. 

 

6.4 Conclusion 

 

Hybrids of 40 wt% γCaPGA were formed and the effect of covalent coupling and polymer 

molecular weight was examined.  All hybrids were found to form HCA within one week in SBF, 

even though they contain a low calcium concentration at 5 wt% when compared to 17.5 wt% Ca in 

Bioglass


.  It was found that there was a covalent coupling threshold value of 10 GC (every tenth 

repeating unit of the polymer covalently coupled to the silica network) beyond which further 

covalent coupling agent resulted in greater weight loss and also increased calcium and polymer 

release into solution.  Polymer was found to dissolve preferentially, and the hybrid with more 

covalent coupling agent caused greater disruption forcing more silica into solution.  Molecular 

weight caused an arch trend on the hybrid properties with the maximum compressive strength of 

540 kDa and a strain to failure at 40 % for hybrids synthesised with γPGA of 80 kDa.  However, 
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these hybrids also had the greatest weight loss and dissolution rates.  The chain scission reaction 

was found to negatively impact the polymer resulting in a step change in properties between 

hybrids synthesised with 120 kDa (no chain scission) and 100 kDa (product of chain scission).  

This was found to be at least partially caused by the high temperature of reaction.  A different 

chain scission technique may lead to improved hybrid properties.  Hybrids made with γPGA of all 

molecular weights (120 to 30 kDa) had large strain to failure (> 26 %) which showed that γCaPGA 

hybrids have successfully softened the brittle behaviour of sol‒gel glasses making them suitable 

for use in bone tissue engineering. 
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7 Evaluation of silica/γNaPGA hybrids 
 

 

 

 

 

  All would live long,  

   but none would be old. 

    Benjamin Franklin  
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In inorganic/organic hybrids synthesised by the sol‒gel process, the organic and inorganic 

components were intertwined at the molecular level.  Class II hybrids of γCaPGA have ionic 

crosslinking of the polymer due to the calcium ion in addition to covalent coupling between the 

organic and inorganic components.  To remove the effect of the ionic crosslinking, identical 

hybrids were formed using the sodium salt form of the polymer.   

 

This chapter examined γNaPGA hybrids to show that they were homogeneous and then evaluated 

the effect of polymer molecular weight on the bioactivity, dissolution behaviour and mechanical 

properties.  The experimental work was carried out with Punyavee Kerativitanyanan as part of her 

MSc project in Bioengineering at Imperial College London in 2011, under the supervision of the 

author of this thesis. 

 

7.1 Experimental methods 

 

7.1.1 Materials 

 

Poly(γ-glutamic acid) in the free acid form was purchased from Natto Biosciences, Canada.  

Tetraethyl orthosilicate (TEOS analytical grade 98 %), 3‒glycidoxypropyl trimethoxysilane 

(GPTMS ≥ 98 %), sodium hydroxide (NaOH ACS Reagent ≥ 95 %), sodium bicarbonate 

(NaHCO3), sodium azide (99.99 %) and concentrated nitric acid were all purchased from 

Sigma‒Aldrich Company Ltd (Dorset, UK).  Polystyrene sample moulds were also purchased 

from Sigma. 

 

7.1.2 Preparation of hybrids 

 

Class II hybrids of γNaPGA and silica were synthesised to be identical to the γCaPGA hybrids but 

without ionic crosslinking.  γNaPGA hybrids (40 wt% γPGA and 60 wt% SiO2), were synthesised 

through the sol‒gel method described in Section 6.1.2, where NaOH was added instead of 

Ca(OH)2 to the slurry of γHPGA.  The Mw of γNaPGA was varied. 
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7.1.3 Polymer chain scission 

 

Alkaline pH and elevated temperatures were used to reduce the molecular weight of γPGA, as 

described in Section 6.1.3.  Sodium bicarbonate instead of calcium hydroxide was added to 45 

mol% to a slurry of γHPGA.  At each of 1, 10, 24 and 80 h, solution was removed and the pH was 

immediately reduced to pH 4.8 with 50 vol% HNO3.  The Mw of the unreacted polymer and chain 

scission products were 120, 100, 80, 60 and 30 kDa respectively (Smithers Rapra ‒ reports in 

Appendix A).  These γNaPGA solutions were used directly in the hybrid synthesis process to 

which GPTMS was added. 

 

7.2 Effect of Mw 

 

Molecular weight of the polymers used in synthesis was found to have an effect on the resulting 

γCaPGA hybrid properties (Section 6.3).  Hybrids made with γCaPGA of mid‒range molecular 

weight (80 kDa) were found to have the greatest mechanical strength.  This was unusual as high 

molecular weight polymers tend to have higher strengths and slower dissolution.  The increased 

strength of hybrids at mid‒range molecular weight may have been the optimum combination of 

inherent polymer strength and finer scale integration.  Hybrids synthesised with γNaPGA did not 

have ionic crosslinking and allowed for further study by simplifying the bonding structure and 

interactions in the hybrid.  γNaPGA hybrids (40:60 wt% γPGA:SiO2) were formed with polymer 

molecular weight of 120 to 30 kDa and every tenth repeating unit was functionalised (10 GC) 

following the synthesis method for γCaPGA hybrids in Section 6.1. 

 

Gelling time was found to be inversely proportional to polymer molecular weight for the synthesis 

of γNaPGA hybrids (Fig. 7.1).  The measurements of the gelling times were not repeated, so the 

standard deviation and exact value for the gelling time may not be reliable, but the trend of gelling 

time against molecular weight seems quite strong.  Gelation occurred when the silica and polymer 

networks had undergone sufficient condensation to maintain their shape.  Higher molecular weight 

polymers helped to build the hybrid network and thus decreased gelling time.     
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Fig. 7.1 - Gelling time as a function of polymer molecular weight for hybrids of 40 wt% γNaPGA 10 GC (10 GC 

means every tenth repeating unit of γPGA was functionalised with GPTMS) 

 

All hybrids synthesised with γNaPGA from 120 to 30 kDa were transparent and amorphous (Fig. 

7.2 and Fig. 7.3) and shrank during the drying by 75‒80 vol%.  Each hybrid had a uniform fine 

texture under SEM (Fig. 7.4).  The surface roughness became more pronounced as the molecular 

weight of the polymer used in synthesis increased.  This could be an indication of a difference in 

polymer/silica domain size in the hybrid or a slight difference in the drying behaviour due to the 

molecular weight of the polymer. 

 

Fig. 7.2 - Hybrid of 40 wt% γNaPGA with 10 GC (10 GC means every tenth repeating unit of γPGA was 

functionalised with GPTMS) 

 

Fig. 7.3 - XRD pattern for 40 wt% γNaPGA 120 kDa and 10 GC (10 GC means every tenth repeating unit of 

γPGA was functionalised with GPTMS) 
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Fig. 7.4 - SEM images of 40 wt% γNaPGA hybrids with 10 GC at 50 kX magnification for Mw of a) 120 kDa, b) 

80 kDa and c) 30 kDa (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS) 

 

As all hybrids were found to be uniform and homogeneous over the entire range of molecular 

weights, they were subjected to dissolution study in TRIS buffer solution to determine the effect of 

molecular weight on the stability of the hybrids.  

 

7.2.1 Immersion in TRIS buffer solution 

 

γNaPGA hybrids of all molecular weights (Mw 120‒30 kDa) were visibly seen to break apart and 

dissolve upon immersion in TRIS buffer solution.  Fine particles and precipitate was found in the 

bottom of all the reaction containers by four weeks (Fig. 7.5). 

 

All of the weight loss profiles for hybrids of γNaPGA followed an increasing trend before 

levelling off.  The shapes of the weight loss curves were fairly similar; however, the initial rate of 

weight loss increased as the molecular weight of the polymer used in synthesis decreased (Fig. 

7.6).  There was an initial weight gain for the hybrid made with the largest molecular weight 

polymer due to hydration by water adsorption.  However, the hybrids synthesised with the largest 

molecular weight γNaPGA had the highest total weight loss of 69 % at 672 h and weight loss 

decreased as molecular weight decreased until the hybrid made with the smallest molecular weight 

polymer had the lowest total weight loss of 49 % at 672 h.   
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Fig. 7.5 - Photographs of monoliths after dissolution in TRIS buffer solution up to four weeks for 40 wt% 

γNaPGA 10 GC and varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with 

GPTMS), courtesy of Punyavee Kerativitanyanan 

 

 

Fig. 7.6 - Weight loss profile in TRIS buffer solution up to four weeks for hybrids of 40 wt% γNaPGA 10 GC 

with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS)
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The solutions from the weight loss study were also examined.  γPGA was released fairly quickly 

into solution from all hybrids reaching plateau values within 24 h (Fig. 7.7).  Hybrids synthesised 

with the smallest and largest molecular weight polymers had the greatest amount of γPGA released 

after 4 weeks.  Further analysis of the rate of polymer release cannot be determined due to the 

noise in the data which was probably due to the sensitive nature of the BCA assay.  The silicon 

release profile followed a very similar trend to the total weigh loss (Fig. 7.8).  Soluble silica 

release from all hybrids reached a plateau of 85‒90 µg mL
‒1

 by 24 h except for the hybrid made 

with the largest molecular weight polymer (120 kDa) which took 1 week to reach this plateau, and 

had further silicon release at 672 h.  At this final time point, the silica dissolution was proportional 

to the molecular weight of polymer used for synthesis.  All hybrids had a burst release of sodium 

upon immersion in TRIS buffer solution, reaching the plateau value within 24 h that was 

unchanged up to 672 h (Fig. 7.8).  The amount of sodium in solution was proportional to the 

molecular weight of the polymer used to make the hybrids.   

 

 

Fig. 7.7 - γPGA concentration profile in TRIS buffer solution up to four weeks for hybrids of 40 wt% γNaPGA 

10 GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS)
 



 

Evaluation of silica/γNaPGA hybrids 

150 Imperial College London Valliant  

 

Fig. 7.8 - Sodium and silicon concentration profile in TRIS buffer solution up to four weeks for hybrids of 40 

wt% γNaPGA 10 GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised 

with GPTMS) 

 

γNaPGA hybrids synthesised with the largest molecular weight polymers had the slowest rate of 

dissolution; however, they also had the greatest total dissolution at four weeks.  This provided 

information on the polymer component of the hybrid.  Initially, the polymers with high molecular 

weight were more resistant to dissolution as each polymer chain had more covalent couplings to 

the silica network as seen by the low weight loss.  Over time, these hydrophilic polymers did 

swell.  The swelling was greater due to their larger molecular weight which caused greater 

disruption to the silica network resulting in the greatest mass loss at 4 weeks.  Thus increasing the 

molecular weight of polymer used in hybrid synthesis reduced the rate of dissolution but resulted 

in the higher mass loss after 4 weeks immersion in TRIS. 

   

7.2.2 Immersion in SBF 

 

The effect of polymer molecular weight on the hybrid bioactivity was examined by immersion in 

SBF solution.  All of the hybrids were visually found to break apart and dissolve over two weeks 

in solution.  Many small pieces of transparent hybrid were visible at the bottom of the reaction 



 

Evaluation of silica/γNaPGA hybrids 

Valliant  Imperial College London 151 

container, as early as 1 h after immersion in SBF (Fig. 7.9).  The hybrid synthesised with the 

highest molecular weight polymer (120 kDa) was the most stable in solution as it remained intact 

until 3 days of immersion. 

 

Fig. 7.9 - Photographs of hybrids in SBF solution up to two weeks for hybrids of 40 wt% γNaPGA 10 GC with 

varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS), courtesy of 

Punyavee Kerativitanyanan 

 

The concentrations of ions in SBF solution were measured with time (Fig. 7.10).  All hybrids had 

silicon release reaching a plateau value within one week.  Unlike dissolution in TRIS buffer, 

hybrids synthesised with mid‒range molecular weight polymer (100‒60 kDa) had the fastest rate 

of silicon release reaching 75‒80 µg mL
‒1

 by 24 h.  The hybrid made with 120 kDa γNaPGA still 

had the slowest rate of silicon dissolution, reaching the plateau by 336 h, but the hybrid made with 

the lowest molecular weight polymer (30 kDa) had the second slowest rate, reaching the plateau at 

168 h.   

 

An initial sharp decrease in calcium concentration was noted in all samples.  Calcium 

concentration in the starting SBF solution was 105 µg mL
‒1

 and this decreased to 83‒94 µg mL
‒1

 

by 4 h.  During this same time period, there were large fluctuations in the sodium concentration in 

solution.  These effects could have been caused by the calcium coordinating to the γPGA and 
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displacing the sodium.  This would be a favourable reaction as calcium is more electronegative 

than sodium at 1.00 and 0.93 Pauling’s units respectively.  

 

Fig. 7.10 - Si, Na, Ca and P concentration profiles in SBF solution up to two weeks for hybrids of 40 wt% 

γNaPGA 10 GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with 

GPTMS) 
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All hybrids had a reduction in phosphorous concentration from 32 µg mL
‒1

 in the initial SBF to 

~15‒20 µg mL
‒1

 after 1 week immersion in SBF.  The calcium concentration also gradually 

decreased over the two weeks by 20 µg mL
‒1

 (from 4 h to 336 h), after the initial sharp drop in 

calcium concentration.  The similar decreasing trends of calcium and phosphorous concentrations 

may have been caused by the formation of HCA.  This was unexpected for these materials as they 

did not contain calcium, and were not expected to be bioactive, but formation of HCA was 

desirable as it is the first step in bonding to bone in vivo and is required for a bone tissue 

engineering scaffold.  

 

Examination of the solids from the SBF study by FTIR was inconclusive as to the formation of 

HCA.  The double bands at 550‒590 cm
‒1

 of phosphate asymmetric stretch were not clearly visible 

(FITR results not shown).  Further examination was carried out by XRD and SEM (Fig. 7.11 and 

Fig. 7.12) to determine whether or not HCA was formed. 

 

Fig. 7.11 - XRD diffraction pattern of solids after 2 weeks immersion in SBF solution for hybrids of 40 wt% 

γNaPGA 10 GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with 

GPTMS) 

 

A peak corresponding to HCA was visible in the XRD pattern from the solids after 2 weeks of 

immersion in SBF, for hybrids made with γNaPGA of 60‒100 kDa.  The rest of the solids were 

amorphous (Fig. 7.11).  This was consistent with the SEM images as the hybrid surface was 

covered with crystals for hybrids made from 80 and 60 kDa γPGA (Fig. 7.12a and b) but the 

surface of the hybrid synthesised with 30 kDa γNaPGA had very few crystals (Fig. 7.12c).  The 
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crystals had to be in sufficient quantity for the diffraction pattern to be detected by XRD, which 

explains why HCA was only detected for some of the hybrids after immersion in SBF.  At higher 

magnification, the crystals were found to form cauliflower clumps characteristic of HCA (Fig. 

7.12d and e), and an additional cubic crystal was found on the surface of the hybrid made with 

polymer of 80 kDa.  Its shape suggested that this second crystal phase was sodium chloride.  The 

high sodium content of the samples may have helped the nucleation of NaCl after the removal of 

the hybrid from solution during drying.  This second crystal was not detected by XRD despite its 

highly crystalline structure confirming that it was only present in trace amounts. 

 

Fig. 7.12 - SEM image after 2 weeks in SBF for hybrid of 40 wt% γPGA 60 kDa and 10 GC (10 GC means 

every tenth repeating unit of γPGA was functionalised with GPTMS) 

 

The formation of HCA for γNaPGA hybrids, made with mid‒range molecular weight polymer, 

was indicated by both the XRD pattern and the SEM images of the solids from SBF immersion 

and suggested by ICP concentration profiles.  This was unexpected as the hybrids did not contain 

calcium and were not expected to be bioactive.  However, the hybrids with mid‒range molecular 

weight did have the greatest weight loss (Fig. 7.6), and the greater dissolution may have aided the 

HCA precipitation.  HCA formation on hybrids in SBF does not prove that the samples are 

bioactive, but it does show that the hybrids were able to nucleate HCA formation from a saturated 

solution of apatite.  An ion‒exchange of Ca for Na on the polymer upon immersion in SBF was 
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suggested from the concentration profiles, which may have been sufficient to change the surface of 

the hybrid to be calcium rich and encourage HCA deposition.  Thus the hybrids synthesised with 

γNaPGA ‘become’ calcium chelating and formed HCA by mimicking the γCaPGA hybrids.  

 

7.2.3 Compression testing 

 

Fine integration at the molecular level was desirable in order to have improved mechanical 

properties as shown with hybrids of γCaPGA.  Hybrids of γNaPGA did not have ionic crosslinking 

of the polymer component, so only the covalent coupling and molecular interactions were 

involved.  In compression, the hybrids of all molecular weight γNaPGA displayed a linear elastic 

region in the stress‒strain curve, with compressive strengths greater than 300 MPa and strain to 

failure 12‒20 % (Fig. 7.13).  Hybrids of γCaPGA had superior mechanical properties to the 

hybrids of γNaPGA but the shapes of the stress‒strain curves were similar. 

  

Fig. 7.13 - Compression testing for hybrids of 40 wt% γNaPGA 10 GC with varying Mw a) sample stress‒strain 

curve for γCaPGA and γNaPGA hybrid made with polymer of 60 kDa, b) Young’s Modulus c) maximum 

compressive strength and d) strain to failure (10 GC means every tenth repeating unit of γPGA was 

functionalised with GPTMS) 

 

The mechanical properties of γCaPGA hybrids were found to be adversely affected by the chain 

scission reaction (Section 6.3.4).  This was also true for the γNaPGA hybrids.  The compressive 



 

Evaluation of silica/γNaPGA hybrids 

156 Imperial College London Valliant  

strength and Young’s modulus formed an arch trend with a maximum of 230 MPa and 1.43 GPa 

respectively for the hybrid made with polymer of 60 kDa.  The hybrid synthesised with 

as‒received polymer (120 kDa) did not conform to the trend and had the greatest compressive 

strength and Young’s modulus of 355 MPa and 1.58 GPa respectively.  A reduction in 

compressive strength was also found for the γCaPGA hybrids made with the products of chain 

scission (Fig. 7.14).  This confirmed the importance of a new technique to reduce the molecular 

weight without damaging the polymer.  Such a technique would raise the compressive strengths of 

the hybrids synthesised with polymer of 100‒30 kDa in Fig. 7.13b), and eliminate the step 

decrease between hybrids synthesised with γPGA of 120 and 100 kDa.  The finer integration of the 

hybrid components due to lower molecular weight of 80 kDa can be used to improve hybrid 

properties.   

 

Fig. 7.14 - Comparison of compressive strength and strain to failure for hybrids of γCaPGA and γNaPGA 10 

GC with varying Mw (10 GC means every tenth repeating unit of γPGA was functionalised with GPTMS) 

 

The strain to failure of the γNaPGA hybrids of 12‒28 % was an improvement over the brittle 

nature of sol‒gel glass.  However, there was a significant decrease in compressive strength and 

strain to failure of the γNaPGA hybrids when compared to the γCaPGA hybrids (Fig. 7.14).  It was 

expected that removing the ionic crosslinking in the γNaPGA hybrids would produce a more 

flexible hybrid material.  This was not the case.  One hypothesis is that the mechanical properties 

of the γCaPGA hybrids may have been improved by varying the amount of ionic crosslinking.  

This could provide a range of mechanical properties if a mixture of sodium and calcium salt γPGA 

is used in the hybrid synthesis.  It was shown that there was no advantage in reducing the ionic 

crosslinking of the γCaPGA hybrids, which confirms that calcium was an important component of 
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the hybrid material.  Calcium was not only desirable for its bioactive properties, but the ionic 

crosslinking greatly increased the mechanical properties of the hybrid. 

 

7.3 Conclusion 

 

Hybrids of 40 wt% γNaPGA were produced and the effect of polymer molecular weight was 

examined.  The hybrid synthesised with the largest molecular weight polymer had the slowest rate 

of weight loss but the greatest total weight loss after 4 weeks in TRIS buffer solution.  Upon 

immersion in SBF, it was suggested that there was an immediate exchange of Ca ions from 

solution with the Na ions coordinated to the polymer in the hybrid.  HCA was found on the surface 

of these hybrids after 2 weeks of immersion in SBF, which may have been aided by the newly 

chelated calcium ions.  A decrease in mechanical properties during compression was found for 

hybrids made with polymers that were products of the chain scission reaction, confirming the 

findings from the γCaPGA hybrids.  It was expected that removing the ionic crosslinking in the 

γNaPGA hybrids would produce more flexible and tougher hybrid materials.  However, the 

compressive strength and the strain to failure were lower for the γNaPGA hybrids than the 

γCaPGA hybrids.  Ionic crosslinking helped to strengthen the hybrid material.  In this thesis, 

calcium was shown to improve the bioactivity of the hybrids as well as the mechanical properties.  

Thus the γCaPGA hybrids offer greater promise for bone tissue engineering and their mechanical 

properties cannot be improved by varying the degree of ionic crosslinking by partial sodium 

substitution.   
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 Now this is not the end.  It is not even the beginning of the end 

  But it is, perhaps, the end of the beginning. 

   Winston Churchill  
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The aim of this thesis was to toughen bioactive sol‒gel glasses by developing a silica/polymer 

sol‒gel hybrid material for use in bone tissue engineering.  Bioactive glasses are bioactive because 

they bond to bone and release soluble silica and calcium ions into the body, stimulating new bone 

growth.  The sol‒gel process has been used to make bioactive glasses, but the stabilisation 

temperature of 600 ºC is too high for direct polymer addition and the acidic conditions of pH < 1 

may cause chain scission hydrolysis of the polymer.  This work focused on the development of 

silica/poly(γ-glutamic acid) hybrids that contain calcium, requiring low processing temperatures 

with an understanding and manipulation of sol‒gel chemistry.  Several steps had to be taken for 

the work to succeed.  

 

Before adding polymer to the sol‒gel process, the effect of lowering the drying temperature and 

raising the pH to milder conditions on the inorganic network was examined.  The effect of 

synthesis pH on the inorganic component was examined with calcium containing sol‒gel glass (70 

mol% SiO2 and 30 mol% CaO).  The bioactivity, ion release, pore size and silica network (
29

Si 

NMR) were examined.  There were no adverse effects from raising the pH of synthesis to 5.5 from 

the traditional pH < 1, which means that milder pH conditions could be used.  Such pH conditions 

allow for a wide range of polymers to be incorporated into the sol‒gel process, as the milder pH 

conditions prevent acid chain scission hydrolysis.  When sol‒gel glasses are synthesised under 

acidic catalysis, calcium from the calcium nitrate precursor is not incorporated until the material is 

heated to 450 ºC.  The hypothesis was that calcium ions might integrate into the silica network at 

room temperature under the milder pH conditions.  However, increased synthesis pH did not aid 

calcium incorporation from calcium nitrate, as calcium did not enter the silica network at low 

temperatures (40 ºC).  A new, low temperature calcium source is required for synthesising hybrid 

materials. 

 

Calcium chelation to the polymer was a new way to incorporate calcium at mild pH conditions and 

low temperatures.  Calcium salt poly(γ-glutamic acid) (γCaPGA) was used as the calcium source 

and as the glass toughening agent by directly adding γCaPGA into the inorganic sol to form a 

hybrid.  A hybrid is a material where the components interact at the molecular level.  This 

integration at the nanoscale leads to improved properties by combining the bioactive properties of 

the glass with the flexibility of the polymer.  GPTMS was used to covalently couple the inorganic 

and organic components to make Class II hybrids.  Covalent coupling was found to improve the 

mechanical properties of the hybrids with a maximum of one mole of coupling agent (GPTMS) to 

ten repeating units of polymer, beyond which additional coupling had a detrimental effect.  
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Hybrids of 40 wt% γCaPGA of all molecular weights (120 to 30 kDa) had large strain to failure  

(> 26 %) which showed that γCaPGA hybrids have successfully softened the brittle behaviour of 

sol‒gel glasses making them suitable for use in bone tissue engineering.  Compressive strength 

was the greatest, at 539 MPa, for hybrids made with polymer of mid‒range molecular weight (80 

kDa) as it was the optimum balance of the inherent strength of the polymer and fine integration 

between the components.  However, the hybrid with the best mechanical properties had the 

greatest dissolution rates and weight loss (57 wt% at four weeks).  The polymer was found to 

dissolve preferentially, as 35 % of the polymer was released in the first 8 hours of immersion in 

TRIS buffer solution, due to the hydrophilic nature of the polymer.  This would reduce the 

mechanical properties of the implanted scaffold.  It would also release the majority of calcium 

with the fast and preferential polymer dissolution as the calcium is chelated to the polymer.  All 

γCaPGA hybrids were found to form hydroxycarbonate apatite (HCA) within one week in SBF, 

even though they contain a low calcium concentration of 5 wt% when compared to 17.5 wt% Ca in 

Bioglass


.  This is necessary as the formation of HCA is the first step in bonding to bone in vivo 

which is a fundamental requirement of materials for bone tissue engineering.  However, sustained 

release of calcium and silicon ions is required to stimulate osteogenesis and is required over long 

periods for long‒term bone engineering situations.  γCaPGA hybrids were shown to form HCA 

within one week, but their bioactivity over the long term or in vivo is unknown.  Calcium was 

released quickly, almost to completion, with the preferential polymer dissolution as it was chelated 

to the polymer.  It is unlikely that there would be sufficient long‒term release of calcium from the 

hybrid materials required to stimulate bone formation over time.  

 

Calcium release is required for bone regeneration but is not required for other tissue regeneration 

applications, such as cartilage tissue regeneration.  Materials that do not contain calcium are not 

usually bioactive.  Hybrids containing γNaPGA in place of γCaPGA were produced with a view to 

cartilage regeneration applications and to investigate the effect on mechanical properties of 

hybrids when they are synthesised with polymers that have a monovalent cation compared to a 

divalent cation.  Upon immersion of γNaPGA hybrids in SBF, it appeared that there was an 

immediate exchange of Ca ions from solution with the Na ions coordinated to the polymer in the 

hybrid.  The newly chelated calcium ions may have aided the formation of hydroxycarbonate 

apatite on the surface for hybrids which was found for γNaPGA hybrids after 2 weeks of 

immersion in SBF.  This showed that the hybrids do not have to contain calcium to stimulate HCA 

formation.  Eliminating calcium from the hybrids also removes the ionic crosslinking provided by 

the divalent ion when replaced with sodium.  It was hoped that by forming identical hybrids with 

γNaPGA, there would be more flexibility in the materials due to the lack of ionic crosslinking.  
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Unexpectedly, γNaPGA hybrids had lower compressive strength and inferior strain to failure 

compared to γCaPGA hybrids over all molecular weights.  Ionic crosslinking due to calcium 

helped to strengthen and improve the flexibility of hybrid materials.   

 

Hybrid materials were successfully synthesised through the sol‒gel process at moderate pH and 

lower temperature.  Furthermore, it was shown that calcium can improve the bioactivity and the 

mechanical properties of hybrids by ionic crosslinking of the polymer.  γCaPGA dissolves too 

quickly for bone applications, but the low temperature and moderate pH conditions have been 

proven to successfully form hybrids.  This process is promising to form a hybrid using a less 

hydrophilic polymer, creating a stable material for bone tissue engineering.  
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One never notices what has been done; 

 one can only see what remains to be done. 

  Marie Curie  
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In looking forward to using hybrid materials for bone tissue engineering, they must be made to last 

longer in vivo in order to provide support until the new bone has developed.  γCaPGA hybrids 

developed in this thesis dissolved too rapidly in solution making them unsuitable for bone tissue 

engineering.  This dissolution may be slowed by using a less hydrophilic polymer.  It has been 

shown that this polymer should be calcium chelating so that the resulting hybrid will contain 

calcium and ionic crosslinking that can improve hybrid materials. 

 

While optimising the molecular weight of the new polymer, a low temperature chain scission 

technique should be used, such as enzymatic degradation.  In this thesis, chain scission of γPGA 

was carried out using high pH at elevated temperature.  The elevated temperature was found to 

have an adverse effect on the polymer as hybrids made with the products of the chain scission 

reaction had reduced compressive strengths.  Optimising the molecular weight of the polymer used 

in synthesis of the new hybrids and the degree of covalent coupling will produce hybrids with a 

range of mechanical and dissolution properties. 

 

Bone tissue engineering scaffolds must have an interconnected porous structure.  Once a new 

hybrid material has been optimised using solid monolith samples, it must then be formed into a 

porous structure.  Preliminary testing carried out in this thesis showed that inorganic/organic 

hybrids can be made into porous structures using the sol‒gel foaming method.  But these 

conditions must be optimised to produce stable materials with pore interconnects > 100 µm.   

 

These porous networks must be evaluated by in vitro cell culture.  The hybrids containing calcium 

chelated to the polymer have been shown to nucleate hydroxycarbonate apatite on the surface upon 

immersion in SBF, which is important as it is the first step to bonding to bone in vivo.  However, 

cell culture studies are the next step to show that the cells will attach to the hybrids and be 

signalled to become osteoblasts and start to produce bone.  This further testing will determine 

whether these materials are suited for use as bone tissue engineering scaffolds. 
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"And people laugh at me because I use big words. But if you have big 

ideas you have to use big words to express them, haven't you?" 

 Lucy Maud Montgomery, Anne of Green Gables 
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 Appendix A 

 

  Molecular weight analysis of chain scission reaction products 

 

 

Calvin: Isn't it strange that evolution would give us a sense of humor? 

When you think about it, it's weird that we have a physiological response 

to absurdity. We laugh at nonsense. We like it. We think it's funny. Don't 

you think it's odd that we appreciate absurdity? Why would we develop 

that way? How does it benefit us? 

 

Hobbes: I suppose if we couldn't laugh at things that don't make sense, 

we couldn't react to a lot of life. 

 

Calvin: (after a long pause) I can't tell if that's funny or really scary. 

  Bill Patterson  
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The products of polymer chain scission using high pH at elevated temperature were analysed by 

Smithers Rapra Technology Limited, Shawbury, UK.  Initially the as-received γPGA from Natto 

Biosciences (Canada) was measured to determine the original molecular weight by triple detection 

and conventional GPC analysis.  The initial polymer was assigned a molecular weight of 120 kDa 

as discussed in Section 5.4.  During this process, it was determined that the water soluble polymers 

produced more reliable molecular weight data, and that γCaPGA was not suitable for analysis by 

triple detection, probably due to the high hydrated water content (20 %), which prevented an 

accurate refractive index increment (dn/dc) determination. 

 

γCaPGA underwent chain scission (as described in Section 6.1.3) and aliquots taken at various 

time points.  These polymer solutions were immediately brought to neutral pH, dried and the 

molecular weight was determined by conventional GPC (Table A 1).  

  

Table A 1 - Molecular weight of the products from γCaPGA chain scission determined by conventional GPC 

analysis, courtesy of Smithers Rapra Technology Limited, Shawbury, UK 

Chain Scission 

Time 
Conventional GPC 

(h) Mw (kDa) PDI (Mw/Mn) 

0 122.0 9.1 

18 89.6 8.2 

24 57.4 7.8 

42 39.4 7.4 

48 27.0 6.4 

72 18.4 5.6 

96 10.2 4.8 

120 8.0 4.3 

144 5.6 3.7 

168 4.7 3.5 
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The molecular weight of γCaPGA and the polydispersity decreased as the chain scission reaction 

progressed.  Polydispersity (PDI) is an indication of the distribution of molecular weight and is the 

ratio of the weight average molecular weight (Mw) and the number average molecular weight (Mn).  

The reduction of polydispersity with time was also found in the plot of molecular weight 

distribution (Fig. A 1).  Initially the starting polymer had a tail of low molecular weight polymer.  

As the chain scission proceeded, the molecular weight distributions became more symmetrical.  

However, the low end of the molecular weight distributions was cut off, due to the limit of the 

GPC column, which might also affect the determination of polydispersity.  

 

Fig. A 1 - Molecular weight distributions for γCaPGA chain scission reaction from conventional GPC, courtesy 

of Smithers Rapra Technology Limited, Shawbury, UK 

 

To predict the required chain scission time for a desired molecular weight, molecular weight was 

plotted against chain scission reaction time (Fig. A 2).  The effect of polymer molecular weight on 

hybrid properties γCaPGA with molecular weights of 120, 100, 80, 60, 40 and 30 kDa were 

desired for experimentation.  This corresponded to chain scission reaction times of 0, 16, 20, 24, 

42 and 48 h respectively. 
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Fig. A 2 - Molecular weight of γCaPGA with chain scission reaction time measured by conventional GPC, 

courtesy of Smithers Rapra Technology Limited, Shawbury, UK 

  

 γNaPGA was used to study the effect of polymer molecular weight on hybrid properties without 

ionic crosslinking.  A range of molecular weights were again synthesised using the chain scission 

reaction.  Fewer time points were taken as the chain scission reaction had already been shown to 

follow a curved trend for the scission of γCaPGA.  For molecular weight analysis, triple detection 

was a better indication of the ‘true’ molecular weight, and conventional GPC provided more 

accurate relative molecular weights and polydispersity values.  Both of these factors were 

important so an average was taken of the triple detection and conventional GPC values for the 

γNaPGA chain scission products (Table A 2). 

 

Table A 2 - Molecular weight of the products from γNaPGA chain scission determined by triple detection and 

conventional GPC analysis, courtesy of Smithers Rapra Technology Limited, Shawbury, UK 

Detection Method Chain 

Scission 

Time Triple Detection Conventional GPC 

Average Triple 

Detection and 

GPC 

(h) Mw (kDa) Mw (kDa) PDI (Mw /Mn) Mw (kDa) 

0 93.5 141.5 9.5 117.5 

1 91.5 135.0 8.8 113.2 

2 77.3 120.5 8.8 98.9 

6 74.6 114.5 9.8 94.6 

24 43.1 66.6 8.0 54.9 

120 12.9 15.7 7.1 14.3 
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As with the γCaPGA chain scission, the γNaPGA molecular weight distributions were found to 

become more symmetrical as the reaction time increased in both conventional GPC and triple 

detection (Fig. A 3).   

 

Fig. A 3 - Molecular weight distributions for γNaPGA from the chain scission reaction, using triple detection, 

courtesy of Smithers Rapra Technology Limited, Shawbury, UK 

 

The average value of both the triple detection and conventional GPC molecular weights (Table A 

2) was plotted against chain scission reaction time (blue diamonds).  This data was used to 

determine a curve to predict the molecular weight from reaction time (Fig. A 4).  For further 

experimentation, molecular weights of 120, 100, 80, 60 and 30 kDa were desired, which 

corresponded to chain scission of 0, 1, 10, 24 and 80 h respectively (red squares). 
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Fig. A 4 - Molecular weight of γNaPGA with chain scission reaction time measured and predicted from the 

average of triple detection and conventional GPC, courtesy of Smithers Rapra Technology Limited, Shawbury, 

UK 

 

 

 

 


