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ABSTRACT 

The thesis aim is to develop composite cement with (1) optimized curing time/ high reaction 

rate to prevent cement leakage (1) high conversion to provide good strength, (2) water-sorption 

to compensate shrinkage and promote anti-bacterial release, (3) release of ions and 

antimicrobial to remineralise the bone structure and prevent infection (4) antibacterial efficacy 

against various strains of Staphylococcus aureus. 

Curing time, reaction rate, monomer conversion/ shrinkage was assessed using FTIR. Water-

sorption and anti-bacterial (polylysine and gentamicin) release into deionized water (DW) and 

simulated body fluid (SBF) were assessed using gravimetrical studies, and UV/ HPLC 

spectroscopy respectively. Flexural strength, modulus and compressive strength were assessed 

up to 1 months of SBF storage. Antibacterial efficacy was assessed via bacterial growth in 

suspension and biofilm formation on disc. One way Anova, Two way Anova, Kruskal–Wallis 

one-way analysis of variance, regression analysis, factorial analysis were used to analyze the 

data.  

Increasing initiator and activator concentrations decreased curing time. Furthermore, they 

enhanced monomer conversion and strength. Addition of calcium phosphate fillers and 

antimicrobials decreased the curing time and monomer conversion. The major factors 

enhancing water-sorption were calcium filler and antimicrobial level. Calcium ion and 

gentamicin (Gen) release was enhanced by the use of deionized water instead of SBF, calcium 

fillers and polylysine.  Higher polylysine (PLS) release was seen with low levels of 

antibacterial in the filler phase. Flexural strength, modulus and compressive strength were 

decreased with the addition of calcium fillers and antimicrobials. Lastly, PLS showed reduced 

bacterial growth in surrounding medium and on set material discs.  
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These materials are therefore promising antibacterial injectable bone composites that could 

remineralise the bone structure and may prevent postoperative infection. These cements can be 

used for load bearing areas (vertebroplasty) and non-load bearing areas (bone augmentation). 
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1 Introduction 

This section will outline the different orthopaedic bone cements with their potential problems 

and shortfalls.  Moreover, a brief literature review of the experiment material components will 

be described. At the end of the literature review, aims and objective of this project will be 

presented.  

The risk of bone fractures increases with age. The major causes of bone fractures are injury or 

certain medical conditions that weaken the bones, such as osteoporosis or bone cancer. 

Importantly, hip and vertebral fractures are life threatening leading to high morbidity and 

mortality rates in patients. These fractures are often a hallmark of osteoporosis (1, 2).  

1.1 Osteoporosis   

Osteoporosis is a systemic progressive skeletal bone disease characterized by low bone mineral 

density and micro-architectural deterioration resulting in increased susceptibility to bone 

fracture.  Osteoporosis is a generalized skeletal disorder of low bone mass (thinning of the 

bone) and deterioration in its architecture (3). This alteration in bone microstructure would 

weaken the bone structure and results in increased probability of osteoporotic fracture.  It rarely 

causes symptoms until fracture occurs (1, 4).  

Osteoporosis is the second biggest global healthcare problem, after cardiovascular disease. Its 

incidence increases with age (3, 5). Currently about 200 million adults worldwide are affected 

by osteoporosis and it is estimated to impact approximately 400 million adults by the year 2020 

(3, 6). According to the recent osteoporosis WHO reports, osteoporosis is solely responsible 

for more than 8.8 million fractures worldwide annually and is considered to be an economic 

burden (7). Half of these fractures occur in America and Europe alone. The risk of having a hip 

or vertebral osteoporotic fracture in developed countries is approximately 30- 40 %(8).  The 

most location of osteoporotic fracture are hip (femoral neck), vertebral fracture (spine) and 
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wrist fracture  (4). 1 in 3 women or 1 in 5 men over 50 years will experience osteoporotic 

fractures (9) (10). Prevalence of osteoporotic vertebral facture, however, is difficult to estimate 

as not all fractures come to clinical attention and are recognized (11).  Breaks in the hip and 

spine are of special concern because they almost always require hospitalization and major 

surgery, and may lead to other serious consequences, including severe pain, permanent 

disability and even death (12-14).  

1.2 Treatment of osteoporotic vertebral compression fractures (VCF) 

Most orthopaedic fractures are treated by orthopaedic surgery. This can be particularly stressful 

for elderly patients as the pain is significant and prolonged immobilization is required. In 

addition, most patients require extensive post-op rehabilitation such as occupational therapy 

and physiotherapy  (15). 

Osteoporosis causes weakening of the vertebral bone.  Stresses beyond the vertebra's strength 

can subsequently result in “osteoporosis-induced” vertebral compression fractures (VCF)  (16). 

Vertebroplasty and kyphoplasty are minimally invasive surgical procedures that have been 

introduced for the medical management of osteoporosis induced VCFs.  Both these procedures 

result in instant pain relief and functional improvement in the majority of cases (17). They are 

currently indicated for VCF, vertebral traumatic fracture and cancerous vertebral body lesions 

(18, 19).  

Vertebroplasty was first introduced by Gakibert and Deramond in 1984 (20). Surgery is 

performed under local or general anesthesia whereby, surgeons inject the cement (typically 

poly-methyl methacrylate) via a cannula into the porous structure of cancellous bone under 

fluoroscopy control (21). The primary aim of this procedure is to relieve the pain and restore 

the height of collapsed vertebra.  In addition, it prevent further misalignment of the spine (22-

24). On the other hand, in kyphoplasty, a balloon tamp is inflated from within the collapsed 
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vertebra.  After creating the space, balloon tamp is removed and bone cement is injected. 

Kyphoplasty is usually performed in more severe vertebral compression fractures  (25, 26).   

1.2.1 Clinical Randomized trials with vertebroplasty and kyphoplasty 

Several studies have shown that patients treated with vertebroplasty showed better pain relief, 

compared to patients who were conservatively treated (27-30). In a randomized clinical trial, 

Klazen et al reported that vertebroplasty significantly improved the mean pain visual analogue 

scale score compared to conservative treatment (31). Pain was significantly reduced at 1 week, 

and 1, 3, 6 and 12 months, compared to conservative treatment group. In addition, no serious 

complication or adverse effects were reported with vertebroplasty. Wardlaw et al, in his clinical 

randomized trial showed a significant improvement in pain score at 1 week and 1, 3, 6 and 12 

months, compared to conservative treatment group (32).  Some adverse effects, however, were 

reported in 2 cases due to cement leakage. In other clinical randomized trials, Rousing et al, 

reported the same positive effect of vertebroplasty on pain management at 1 month  but no 

significant effect was seen at 3 and 12 months (33). The probable explanation might be 

continuing bone fractures or adjacent fractures after vertebroplasty procedure .  In a 2 year 

clinical randomized trial, Diamond et al, showed a significant 60% reduction in pain 

immediately after vertebroplasty procedure (34). In addition, there was a 29% improvement in 

physical function with a 43 % reduction in hospitalization. There was, however, no significant 

difference of pain score at 12 months or 24 months, compared to conservative treatment group. 

Conversely to the above mentioned trials, Kallmes et al and Buchbinder et al in their respective 

randomized trials, found no significant effect of vertebroplasty on pain management (35, 36). 

A possible reason for that could be the inclusion of vertebral fractures that are one to twelve 

months old. Therefore they might have included delayed union or non-union fractures, along 

with acute fractures. Moreover, vertebroplasty cannot reduce the joint and secondary soft tissue 
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pain arising due to fracture deformity. Furthermore, in one trial, local anaesthesia was used as 

a control group which could affect the joint and secondary soft tissue pain arising due to 

fracture deformity. All the above factors might have contributed towards non-significant pain 

values between the two groups (30).  

1.2.2 Disadvantages of Vertebroplasty (VP) and Kyphoplasty (KP) 

One of the major problems regarding VP and KP is cement leakage or extravasation into the 

circulatory system. It has been reported to be around  9% and 40% for VP and KP, respectively 

(37). In majority of the cases, cement extravasation is symptom less, but, in some cases it can 

lead to severe complications. The main complications that have been reported include 

pulmonary embolism and cardiovascular distress due to cement leakage into the blood (38, 39). 

In addition, cement leakage into the neural foramen of the spinal cord has been reported to 

cause various neurological symptoms such as worsening of pain (spinal cord compression) and 

radiculopathy etc  (40).  

In addition to the cement leakage, high incidence of adjacent vertebral fractures have been 

reported after the procedure (~10 %) (41). The majority of these fractures happen within a year 

or so. A possible explanation could be progressive osteoporosis that further weakens the bone 

or mismatch of rigidity between the bone and bone cement (31, 42).  

 

Infection has also been reported in literature after the procedure. A post-operative infection can 

develop into life threatening complications (43).  In one study, infections after the procedure 

have caused the death (44).  
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1.3 Bone cements used in VP and KP 

Bone cements are a class of synthetic materials that are employed in dental and orthopaedics 

applications to repair the damaged bone. They can be used as an anchoring agent or load 

distributor between a prosthesis and bone or they can be used as a filling material etc. Bone 

cements can either remain in the body for many years (non-degradable) or they can be broken 

down via biological systems of the body and replaced by new tissue (degradable bone cements). 

In this thesis, bone cements are defined as paste-like systems that are implanted into the body 

to repair and fill the damaged bone tissue. There are different types of bone cements that are 

currently used in VP and KP. Some of the main bone cement types are described below.  

1.3.1 Poly-methyl methacrylate (PMMA) bone cements 

Poly-methyl-meth-acrylate (PMMA) is an acrylic based-polymer that has been used since the 

1950’s in orthopaedic and dental fields.  It was first reported to be used in World War II as an 

“acrylic glass” in war-crafts. In the following years, Charnley noticed the biological inertness 

of PMMA as it did not show any adverse biological reactions when used for wounded soldiers 

(45, 46). In 1958, Charnley used the PMMA as an anchoring agent for femoral head prosthesis 

in the femur (47).  Since then, it has been in many medical applications such as blood pumps, 

denture base, contact lenses due to its excellent biocompatibility and ease of manipulation (48). 

1.3.1.1 Composition 

Traditionally poly-methyl-meth-acrylate (PMMA) is a two phase, self-curing system. There 

are several commercial formulations of PMMA containing different components and additives. 

However, typical PMMA cement is principally composed of a powder consisting of 

polymethylmethacrylate beads or polystyrene co-polymer and a liquid phase of methyl-

methacrylate monomer (49). The additives that added into the powder and liquid phases include 

barium sulphate, zirconium dioxide, initiator (benzoyl peroxide; BP), activator (Dimethyl-
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para-toluidine; DMPT) and inhibitor (hydroquinone; HQ) etc. Benzoyl peroxide (BP) is 

generally added into powder phase to catalyse or provide free radicals for polymerization (50). 

On the other hand, DMPT (accelerator) and HQ (inhibitor; to prevent premature 

polymerization) are added into liquid phase (50). There are different parameters that can affect 

the thermal, mechanical and biological properties of the resultant polymer. These parameters 

include;  

 Molecular weight, concentration and particle size of the co-polymer or homo-polymer. 

 Powder to liquid ratio 

 Concentration and type of initiator, activator and inhibitor. 

 Addition of radio-pacifiers (e.g. Barium sulphate and zirconium dioxide). 

In the majority of studies and commercial materials, BP is used as a free radical generator, 

whereas DMPT is used as a stabilizer of the free radicals (51, 52).  

Inclusion of radio-pacifiers (e.g. barium sulphate) have been reported to decrease the 

mechanical properties (49). In addition, radio-pacifiers have been shown to decrease osteoblast 

proliferation and induce a foreign body reaction at the interface. This whole mechanism can 

also lead to bone resorption and implant loosening (50, 53, 54).  

Other additives such as antibiotics have also been used to prevent deep infection in prosthesis 

related orthopaedic surgeries.  The addition of antibiotics above a certain level, however, has 

been shown to have detrimental effect on the curing and mechanical properties of the bone 

cements (55, 56). In addition, bacterial resistance has been reported with the use of antibiotic 

loaded bone cement (57, 58). 
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1.3.1.2 Mixing 

Commercial PMMA cements are mostly supplied as a powder and liquid components that 

are mixed at the operating table before usage. 

Previous studies have shown that hand mixed cements have shown poorer mechanical 

properties and varying porosity than vacuum mixed cements (59, 60). Moreover, hand 

mixing can lead to decreased sterility and exposure of surgical staff and patient to toxic effects 

of MMA and DMPT (Contact dermatitis etc.) (61-64).  

If too much pressure is applied during insertion of the material, cement can leak into 

surrounding tissues before curing is complete (65). Previous studies have shown a high 

percentage of PMMA cement leakage (40 %) in vertebroplasty (41). The complication of 

cement leakage has already been described above (60, 66).    

PMMA viscosity is very important during insertion. If the viscosity is too low, it can leak 

into the surrounding fluid and can cause the above mentioned leakage complications. On 

the other hand, if the viscosity is too high, micro-mechanical interlocking with bone and 

bone bonding may be jeopardized (45).    

1.3.1.3 Reaction kinetics  

Upon curing, bone cement transforms from a viscous paste into a solid state structure (67). 

PMMA and composite bone cements are polymerized by a mechanism know as addition or 

free radical polymerization. This type of polymerization starts from an active centre, adding 

one monomer at a time to form a long chain. This chain continues to grow until all of the 

monomer is exhausted. In methacrylate bone cement, the carbon-carbon double bonds (vinyl 

groups) open up and form single polymer bonds either with a free radical or another monomer 

free radical. This type of polymerization is common in methacrylate’s (C=C-(CH3)-COOR (For 

PMMA; R = CH3).  
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1.3.1.3.1 Reaction Mechanism 

There are three main stages of free radical polymerization; initiation, propagation and 

termination (Figure 1.1). Initiation stage occurs when an initiator is activated by an activator, 

producing free radicals (I*). The radicals attack the carbon-carbon double bond of the vinyl 

groups in the monomer molecule, creating a monomer free radical (M*). This monomer free 

radical can bond to another monomer molecule (M) and the process can continue (propagation 

stage). In the inhibition step, the inhibitors binds the free radicals and neutralizes the free 

radicals, preventing them from initiating a polymerization reaction. In the termination stage, it 

is assumed theoretically that chain radicals are consumed in pairs producing dead polymers.  

 

 

 

 

 

 

 

 

Figure 1.1 Mechanism of free radical or addition polymerization.  kd, kp, kx, kc kt are the  rate constants for 

initiation, propagation, inhibition, crosslinking and termination. (*) = free radical. Mn
*
 = monomer free radical, 

M = monomer, X = Inhibitor, I*= initiator free radical, P= dead polymer. This mechanism is based on the fact 

that all monomer molecules have the same polymerization rate and they can co-polymerize with each other.  For 

mono-methacrylates, crosslinking step does not apply. 

In PMMA cement, polymerization reaction is initiated by free radical formation after the 

homolytic decomposition of BP. The free radicals are stabilized/accelerated by the DMPT in 

the liquid. The BP and DMPT forms a complex producing amine radicals and benzoate (68). 
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The two free radicals initiate the polymerization mechanism (69). The free radical combine 

with the double bond of the MMA producing an N-methylene monomer free radical (68, 70). 

This monomer free radical (M*) can react with another monomer molecule to propagate the 

reaction. Propagation continues unless monomer concentration/supply is exhausted. Near the 

end of propagation, diffusion of the free radicals become difficult due to formation of rigid 

polymers. The propagation is followed by termination. Termination occur in three ways. 

Combination of Mn* with another chain (Mm) or with free radical (I*) or with oxygen (O*). 

The levels of initiator and activator have been reported to show a power law effect on the curing 

time of PMMA cements (71). In addition, they have been shown to significantly affect the 

monomer conversion (ratio of reacted monomer to initial level of unreacted monomer) (72). 

Therefore, it directly affects the residual monomer left at the end of the reaction. PMMA 

cements have long working and setting time (46). In addition, monomer conversion is never 

100% (64). Previous studies have shown  monomers  can leak out from PMMA bone cement 

during and after curing (73, 74). Moreover, porosity or trapped air bubble/ oxygen 

incorporation can indirectly prolong the setting time and reduce the mechanical properties (75).  

The source of the pores include; initial air entrapment in the powder and liquid, entrapped air 

during mixing, fast evaporation of volatile monomer and incorporation of air during transfer of 

dough etc.   

1.3.1.4 Polymerization shrinkage and heat generation 

During a polymerization reaction, double bonds of MMA are converted into polymer bonds. 

This exothermic process causes heat generation and shrinkage (volume decrease). This heat 

generation can cause a rise in temperature leading to tissue necrosis of the tissues surrounding 

the bone cement (74). In addition polymerization shrinkage can damage the interface between 

PMMA based bone cement and bone itself. Shrinkage may potentially cause aseptic loosening 

or failure of prosthesis (50, 76).  
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Due to the use of low molecular weight and high volume fraction of MMA monomer in the 

PMMA cement, it undergoes high heat generation and shrinkage upon setting (64, 77, 78). 

Previous studies have shown that polymerization shrinkage of PMMA is around 7-8 % (78, 

79). As previously described, polymerization shrinkage can be detrimental to the cement-bone/ 

implant interface especially in osteoporotic bone (54). In addition, it can induce high residual 

stresses in the polymer structure that can cause cracking in the cement (79).  

1.3.1.5 Mechanical properties 

Compressive, elastic modulus, fracture toughness, fatigue resistance and tensile strength are 

the main mechanical properties that are used for assessing the mechanical properties of 

biomaterials (80). PMMA bone cements are weaker in tension and shear (81). In addition, they 

have low resistance to fracture toughness and fatigue resistance. Due to this low resistance, 

PMMA applications are limited to areas which are not subjected to high cyclic/ repetitive 

loading patterns (82). Most of the commercial PMMA bone cements have a higher modulus 

than that of the cancellous bone (46, 83). Due to differences in modulus, the central deflection 

on loading will be different. This can potentially damage the weakened bone structure. 

Moreover, porosity can induce micro-crack formation in the cements (84). The mechanical 

properties of PMMA bone cements are affected by porosity, size and molecular weight of 

powder constituent, type and amount of additives added (49).   
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1.3.2 Current developments in VP bone cements related to this project 

1.3.2.1 Antibiotics loaded bone cements 

Biomaterial related infections rarely occur in orthopaedic surgery. Infection, however, do occur 

at a rate of 2-5% (85). The most common way of developing a biomaterial related infection is 

via bacterial adhesion and biofilm formation on the surface of biomaterial (86-88).  As a matter 

of fact, it has been shown that bacteria have the ability to bind to the surface of biomaterials 

(89). This process depends upon several factors. These factors include physico-chemical 

properties of biomaterials, cell surface receptors and structure of bacteria (88, 90-92). Most 

common bacteria that are involved in orthopaedic bone infections are Staphylococcus species 

(55-65 %) particularly Staphylococcus aureus (33-43 %) and Staphylococcus epidermidis (15-

30 %) (93-95).  

Nearly 30 years ago, Bulchoz et al added antibiotics (gentamicin, erythromycin) into bone 

cements and achieved a high local concentration of antibiotics along with good hip stability 

(96). Since then, antibiotic loaded bone cements have been extensively used for the prevention 

of biomaterial related infections (49).  Furthermore, it has been widely used to fight peri-

prosthetic infection especially, in the case of arthroplasty1 revision and septic failure of 

arthroplasties (96, 97). Antibiotic addition must be considered as an important strategy for the 

prevention of onset of infection, not the solution of infection. Antibiotics effectiveness in terms 

of the reduction of biofilms is considered a multifactorial phenomenon. 

The choice of antibiotic is an important fundamental issue. The most common antibiotics that 

are used in antibiotic loaded bone cements are gentamicin and tobramycin. In vitro studies have 

shown that bacterial activity is related to the release kinetic of antibiotics (98). Numerous 

researchers have studied the elution kinetics of different antibiotics used in PMMA bone 

cements. PMMA bone cement containing gentamicin can have higher and faster elution rate of 

                                                 
1 Arthroplasty is a surgical procedure to restore the integrity and function of a joint. 
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antibiotics than bone cements with tobramycin and vancomycin (99, 100). Moreover, 

gentamicin showed more effective antibacterial efficacy in the above study (99). The lower 

diffusion of tobramycin and vancomycin might be related to several factors such as 

physicochemical structure of the antibiotic, stability of the antibiotic molecules at high 

temperature and in release medium, morphology and hydrophilicity of the bone cements etc. 

(100, 101). Despite gentamicin effectiveness, bacterial resistance to gentamicin has been found 

in 88% of cases of arthroplasty related infections, when antibiotic loaded bone cements were 

used (102, 103). Furthermore, methicillin resistant bacteria have shown multi resistance to 

several antibiotics classes such as macrolides, aminoglycosides, lincosamides, tetracycline and 

sulphonamide (104). 

Bacteria produces extracellular matrix (glycocalyx) that help the bacteria to adhere to each 

other, and to the biomaterial surface. Additionally, it causes physiological changes in the 

bacteria itself, making it less permeable to different antibiotics (105, 106). It has been reported 

that biomaterial hydrophobicity and surface roughness could also contribute to the biofilm 

formation (107, 108).  Furthermore, bacteria forming biofilms on implants or bone cements are 

particularly resistant to antimicrobials (109, 110).  

To improve the efficacy of antibiotics loaded bone cements, two or more antibiotics have also 

been used in bone cements. The rationale for using combination antibiotic therapy arose after 

the emergence of bacterial resistance and possible synergistic effect of antibiotics on each 

other’s release (101). Previous studies have shown superior effectiveness of gentamicin and 

vancomycin together, compared to gentamicin alone in a clinical trial of 20 patients with 

different orthopaedic related infections (111). Similar effects of combined gentamicin and 

vancomycin was seen in other clinical trials (112). The higher effectiveness in these patients 

was due to higher / improved elution kinetics upon combining two or more antibiotics (113).  
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Release of antibiotics from bone cement is a complex process. It depends upon the cement 

type, exposed surface, medium of release, type and amount of antibiotic added (101) (56, 92, 

114-116). Most of the release occurs from the cement surface, voids and cracks in the cements 

(101). In PMMA bone cements, release is mainly influenced by the inherent properties of the 

bone cements such as porosity and hydrophilicity of the polymer matrix (117).  For instance, 

higher release of antibiotic was observed from Palacos compared to Simplex bone cements 

(115). This was due to the higher porosity of Palacos bone cement.  Hydrophobic nature of 

PMMA cements, however, allows only < 8 % of antibiotics to be eluted (117, 118). The low 

release of antibiotics is one of the major concern regarding antibiotic use that could potentially 

encourage development of more antibiotic resistant strains. Alternative antibiotics will 

therefore be of great interest. 

 

1.3.2.2 Calcium phosphate cements (CPC) 

Calcium phosphate bone cements (CPC’s) have been studied due to their similarity in 

composition with bone. Example of CPC cement includes HA and Brushite cements. Both 

cements have been used as a synthetic bone substitute in osseous surgery in recent years (119, 

120). Hydroxyapatite is a naturally occurring calcium apatite and the mineral phase of bone. 

(Ca5(PO4)3(OH)) (121). On the other hand, brushite (dicalcium phosphate dihydrate) 

(CaHPO4.2H2O) is an acidic calcium phosphate cement that is made upon mixing of MCPM 

(mono calcium phosphate mono hydrate) and TCP (β-tri-calcium phosphate) (122) with water. 

These cements are highly osteoconductive and more biocompatible than PMMA bone cements 

(123, 124). Unlike PMMA bone cements, they do not cure exothermically and can resorb with 

time (125, 126). In addition, these cements can also act as carrier for controlled release of drugs 

and growth factors (127). Major concerns of calcium phosphate cements are their low 

mechanical properties for high load bearing situations when compared with PMMA (121, 128) 
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which limit their clinical application. Hence use of these cements are generally not 

recommended for VP (129). They are mostly used in non-load bearing applications such as a 

coating material for different prosthesis, cranioplasty or alveolar ridge augmentation etc.   

Calcium phosphate cements have lower flexural properties and longer setting time (~88 

minutes) compared to PMMA cements (8-15 minutes) (130). In addition, they are known to be 

friable when exposed to blood (131, 132).  Moreover, they can possess high viscosities leading 

to low volume of cement injection (133, 134).   

To overcome the problems of calcium phosphates, researchers have included additives into 

them. Citric acid addition at a concentration of 800 mM has been shown to decrease the setting 

time of a brushite cement to ~4.5 minutes and increase  compressive strength to around 40 MPa 

(135, 136).  In another study, di-sodium hydrogen phosphate addition  increased the 

compressive strength to ~25 MPa with a setting time of ~13 minutes (137).  

Commercial orthopaedic bone cements are already in the market. Some of the main commercial 

cements are Calcibon Biomet® (Germany), Graftys HBS® (Fance) and Norian SRS® (USA) 

etc. Their compressive strength was around ~9.8 ±3, ~5.8 ±2 and ~4 ±1 MPa respectively (138). 

Moreover, their flexural strength was around ~4.4 ±3, ~3.2 ±2 and ~2 ±1 MPa respectively 

(138). Both their compressive strength and flexural strength were much lower than commercial 

PMMA bone cements (Simplex-P) (139) but were similar to that of lumber vertebrae (~5 ±3) 

(140). The rapid resorption rates of these cement, however, may lead to the rapid decline of 

strength and may result in further weakening of the vertebral bone (141). 

Calcium phosphate bone cements were assessed for their long term stability in a clinical 

randomized trial (142).  A total of 86 patients were followed up to 4 years. All patients showed 

significantly improvement of Visual analogue scale (VAS). The same effect was seen in 
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another randomized trial. These studies, however, also discovered that nearly half of the 

patients had cement leakage into the spinal cord or blood (142, 143).  

1.3.3 Composite bone cements 

To compensate for some of the actual or perceived drawbacks of PMMA, bioactive bone 

cements, including polymeric cements with bioactive fillers, have been reported as alternatives 

(144-146). The rationale for inclusion of a bioactive phase in a polymeric matrix to form a 

composite is attractive due to its bone bonding ability and better biocompatibility compare to 

PMMA (147, 148). Other modifications that have been attempted include: 

 Reinforcement with ceramic particles to stimulate bone apposition at the interface, This 

may improve interfacial bond strengths between implant and bone (149), (150, 151).  

 Use of high molecular weight dimethacrylate monomers such as BisGMA etc. which 

result in a cross-linked polymers. Furthermore, in combination with high powder liquid 

ratio (PLR),  low polymerization heat (exotherm) is produced (for 10 ml, 62°C for the 

commercial composite Cortoss) as compared to PMMA cement (for 10 ml, 75-110°C 

using Simplex P) (152).  

 Silane treatment of glass particles improves the bond between the polymer and 

radiopaque glass particles.  

1.3.3.1 Cortoss (BisGMA based) 

One of the commercial composite based bone cements is Cortoss. It is based on reinforced 

glass particles dispersed in a BisGMA based polymer network (153).   

1.3.3.1.1 Composition 

Cortoss is a commercial two paste chemically cured composite cement  that is very 

similar to dental composites. This composite cement contains a mixture of 
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dimethacrylate monomers (BisGMA, BisEMA and TegDMA) and silica fillers (154). In 

addition, it has a calcium containing phase (Combeite) (152).  

1.3.3.1.2 Mixing 

Cortoss is available as pre-mixed in double barrel syringe with mixing tips. Due to the 

low viscosity of the paste, it can be easily extruded from the syringe. The advantage of 

using double barrel syringe is that it reduces mixing time. In addition, as no surgical staff 

comes in contact with the material itself, it may potentially maintain its sterility (enabling 

lowering of infection incidence).  Unlike PMMA cements, the filler particles of 

composites do not swell with time after mixing. Therefore, viscosity of the composite 

bone cement remains similar/stable until the start of dimethacrylate monomer 

conversion. Moreover, salination of the glass particles (silane coated) can improve the 

handling properties and decrease the viscosity of the bone cement (155).   

1.3.3.1.3 Reaction kinetics 

Working time (inhibition time) and setting time of Cortoss are much shorter than PMMA 

bone cement. Cortoss working time and setting time is around ~2 and ~4 minutes 

respectively (139). The polymerization reaction mechanism has been described in free 

radical polymerization section (Figure 1.1).  Cortoss monomer conversion has been 

reported to be around 50-60 %. Presence of aromatic rings in BisGMA increases the glass 

transition temperature (Tg= -7.8 °C) of the monomer leading to lower mobility of the 

monomer molecule within the polymer structure and hence lower monomer conversion 

(156, 157). Low monomer conversion can potentially lead to release of unreacted 

monomer. This unreacted BisGMA and BisEMA leakage can cause allergic reactions 

(158) (152, 153). In addition, it has been shown to stimulate bacterial growth (159).   
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1.3.3.1.4 Polymerization shrinkage 

Due to the use of high molecular weight dimethacrylate monomer and low monomer content, 

polymerization shrinkage was found to be around ~5 vol%, compared to that of PMMA which 

is ~8 vol% (139). Polymerization shrinkage is proportional to the number of double bond 

reacted. Due to the hydrophilic nature of the monomers, some water-sorption can potentially 

compensate for the polymerization shrinkage (122). 

1.3.3.1.5 Mechanical properties 

Composite bone cements have shown high compressive strength compare to PMMA bone 

cement. Cortoss, however, has lower or comparable flexural strength. In addition, it has higher 

stiffness that can easily damage the osteoporotic bone structure. Moreover, its strength declines 

rapidly with time (60% in 4 weeks) (152). 

 

 

 

 

 

 

 

 



Muhammad Adnan Khan  PhD Thesis 

58 

 

1.4 Experimental Modification of composite bone cements 

As seen in the previous section, there are several problems associated with PMMA, calcium 

phosphate cements and composite bone cements. In this section, the literature surrounding the 

components used in the commercial and new materials described in this thesis will be 

discussed. 

Composite materials contain a mixture of components that are chemically or physically distinct 

from each other. When combined, they give properties that are much superior to those of the 

individual components (160). In this thesis, composite bone cements consisting of reinforcing 

glass particles and fibres dispersed in a cross-linked polymer phase are described. In addition, 

new additives (such as calcium fillers, antimicrobials etc.) are added to further improve 

composite characteristics.  

1.4.1 Organic matrix 

The organic matrix is the main body of the composite. As mentioned above, the polymer 

network is formed by free radical polymerization of dimethacrylates. Orthopaedic commercial 

material (Cortoss) is based on BisGMA as their base monomer. In addition, diluent monomer 

such as TegDMA are added to improve the viscosity/handling properties of these composites.  

1.4.1.1 Base Monomers 

1.4.1.1.1 Bisphenol-a-diglycidyl methacrylate (BisGMA) 

Bisphenol-a-diglycidyl methacrylate is a viscous dimethacrylate monomer that is commonly 

used as a base monomer in most commercial dental and orthopaedic composite cements. It has 

a molecular weight of 512 g. mol-1. The chemical structure of BisGMA is shown in Figure 1.2. 

Its structure is composed of two aromatic rings with pendant hydroxyl group (OH). The 

presence of strong inter-molecular hydrogen bonding arising from the hydroxyl groups (OH) 

and double aromatic rings in its structure are accountable for high rigidity and glass transition 
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temperature (Tg= -9.7 °C) (161) (162). This high glass transition temperature (Tg) decreases 

the mobility of the monomer and is responsible for low monomer conversion. The two pendant 

hydroxyl groups (OH) gives BisGMA a slightly hydrophilic nature. The presence of hydroxyl 

groups induces water-sorption upon immersion of cured BisGMA in water.  

 

Figure 1.2 Chemical structure of Bisphenol-a-diglycidyl methacrylate (molecular weight of 512 g.mol-1) (163).  

 

Previous studies have shown that the monomer conversion of BisGMA based composite ranges 

from 50 – 65 % (139, 164). This low monomer conversion can be attributed to the complex 

diffusion controlled process. As the propagation reaction continues, the glass transition 

temperature increases leading to solidification and more limited diffusion of free radicals. This 

limited diffusion results in high level of uncured monomer left in the polymer network. These 

high levels of unreacted C=C in the polymer can react with propagating free radicals of its own 

molecule and forms primary cycles. This cyclization can create micro-gels leading to 

agglomeration and increase heterogeneity in the polymer network (165, 166). Furthermore, 

cyclization can lead to a reduction in cross-linking density. A reduction in cross-linked density 

of cured resins can lead to lower mechanical properties and glass transition temperature (164-

166).  

As previously described, the uncured monomer left at the end of the reaction can be eluted into 

the body fluid leading to serious consequences. For instance it has been shown to induce 

allergic reactions and promote bacterial growth (159). Low concentration of BisGMA release 

was associated with fibroblast cell death and delayed healing of tissues (167). In addition, 
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BisGMA has been shown to have estrogenic hormone mimicking properties which can 

lead to further safety concerns (159, 168, 169).  

1.4.1.1.2 Urethane dimethacrylate (UDMA) 

In recent years, urethane dimethacrylate (UDMA) has become an alternative base monomer, 

compared to BisGMA. UDMA has a molecular weight, comparable to BisGMA, however, its 

chemical structure is different.  Urethane dimethacrylate is an aliphatic high molecular weight 

monomer (470 g mol-1) with two imine groups (-NH). The imine groups (-NH) interact with 

the C=O group via intermolecular hydrogen bonds.  This intermolecular hydrogen bond, 

however, is weaker than the inter molecular hydrogen bonding in BisGMA (168, 170). 

Therefore UDMA has a lower viscosity and lower glass transition temperature (Tg= -41.7 

°C) than BisGMA (156, 157).  

This lower viscosity of UDMA allows it to be used with the minimum amount of diluent 

monomer. Moroever, it has been shown that reducing the level of low molecular weight 

diluent monomer, reduces the polymerization shrinkage (171).  

Due to its low glass transition temperature, monomer conversion of UDMA is higher than 

BisGMA in composites. Furthermore, its flexible structure allows more crosslinking and 

lower leakage of unreacted monomer than BisGMA based composites (170).  Moreover, 

its high crosslinking and flexible urethane linkage can lead to improved mechanical 

properties (172).  

The urethane linkage (-NHCOO-) of UDMA forms hydrogen bonds with water molecules 

to give UDMA its hydrophilic nature. The hydrogen bonds formed with water, however, 

are weaker than with hydroxyl groups of BisGMA (173). This weaker interaction leads to 

a lower hydrophilic nature of the UDMA, compared to BisGMA.  

In addition, previous studies have shown that UDMA is less cytotoxic compared to 

BisGMA (174-177). 
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Figure 1.3 Chemical structure of UDMA (Molecular weight = 471 g. mol-1) (178). 

 

1.4.1.2 Diluent Monomers 

Diluent monomers are added to improve the viscosity and handling properties of 

composite cements. In addition, they enhance the crosslinking and monomer conversion. 

The diluent monomers used in this thesis are tri-ethylene glycol dimethacrylate 

(TegDMA), poly-propylene-glycol diemthacrylate (PPGDMA) and 2-hydroxyethyl 

methacrylate (HEMA). 

1.4.1.2.1 Tri-ethylene glycol dimethacrylate (TegDMA) 

Tri-ethylene glycol dimethacrylate (TegDMA) is the most common commercial diluent 

monomer used in dental and orthopaedic composites. It is an aliphatic hydrophilic 

monomer characterized by presence of ester linkages (C-O-C). Presence of ester linkages 

is mainly responsible for TegDMA hydrophilicity. Furthermore, ester linkages in its 

structure enables little steric hindrance to rotation (179). TegDMA is a low viscosity, low 

glass transition temperature (Tg = - 81.7 °C) monomer with high monomer conversion 

compared to above mentioned base monomers (180). Addition of TegDMA improves 

monomer conversion, but it adversely affects the polymerization shrinkage and increases 

water-sorption (181). 

 

Figure 1.4 Chemical structure of TegDMA (Molecular weight = 286 g. mol-1) (163). 
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1.4.1.2.2 Polypropylene glycol dimethacrylate (PPGDMA) 

Polypropylene glycol dimethacrylate (PPGDMA) is an alternative high molecular weight 

aliphatic diluent monomer. Previous studies have reported  higher monomer conversion in 

PPGDMA based composites, compared to TegDMA based composite (139, 182). Furthermore, 

in the above studies, PPGDMA showed lower toxicity compared to TegDMA based 

formulations (182). Due to PPGDMA high flexibility, PPGDMA based composites have been 

reported to show lower modulus than the TegDMA based composite (139).  

In addition, higher molecular weight of PPGDMA will result in a lower polymerization 

shrinkage compared to TegDMA (182). 

 

Figure 1.5 Chemical structure of PPGDMA (molecular weight = 600 g. mol -1) (163).  

 

1.4.1.2.3 2-Hydroxyethyl Methacrylate (HEMA) 

HEMA is a low molecular weight aliphatic diluent monomer. It has been used in many dental 

materials as an adhesion promoting monomer and solvent (183). Studies have shown that 

HEMA improves the elution kinetics of antimicrobials and ion from a dental remineralising 

composite materials (122). Due to presence of the hydroxyl group in its structure, it can 

promote high water-sorption (183). Therefore, in the following studies it is added only in small 

amounts to avoid high water-sorption and polymerization shrinkage.  

 
Figure 1.6 Chemical structure of HEMA (molecular weight = 130 g. mol-1) (163). 
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1.4.1.3 Activator and Initiator 

Many of the dental and orthopaedic composite bone cements are cured via free radical 

polymerization. Free radical polymerization in these systems is initiated either via 

chemical or external source (light, heat etc.).   

In chemical cured composites, BP is used as an initiator to generate free radicals. The 

initiator is activated by an activator DMPT (122, 184). This section will introduce the 

literature surrounding the BP, DMPT and an alternative activator NTGGMA.  

In many of the commercial and composite bone cements, BP is used as a free radical generator, 

whereas DMPT is used a stabilizer of free radicals (51, 52). BP levels can influence the 

mechanical properties, shade, color stability and biocompatibility (68). In addition, BP levels  

do not cause any skin irritation up to a level of 6000 mg. kg-1 (185). Many amines have been 

studied for their use as accelerators. Their biocompatibility, however, has limited the number 

of compounds that can be used in dental and orthopaedic bone cements. For more than 60 years, 

DMPT has been used as an activator in most of the dental and orthopaedic composite and 

acrylic cements (186). There are, however, several disadvantages of using DMPT in bone 

cements. It has been suggested that DMPT might be carcinogenic but it is not as yet proven 

(187). In addition, DMPT toxicity has been reported to cause blood disorders such as methe-

moglobinemia (188). Moreover, allergic reactions (contact dermatitis) and gastrointestinal 

disorders have also been reported (189). To avoid the toxicity and adverse effects, new amines 

should be developed and evaluated.  

NTGGMA (N-tolylglycine-glycidyl methacrylate) is a surface active tertiary aromatic amine. 

It has been traditionally used as a dental adhesive and tertiary activator (190-192).  In addition, 

it has also been added to a number of dental adhesive systems as an adhesion promoting 

monomer (193-195). In addition to this, NTGGMA based formulations were found to be less 
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toxic than DMPT based formulations (183). This might be due to the ability of NTGGMA to 

bind with the polymerizable monomer.    

(a)               (b)             (c)                        

Figure 1.7 Chemical structure of (a) BP (Molecular weight = 242 g. mol-1) (b) DMPT (Molecular weight = 134 

g. mol-1) (c) NTGGMA (Molecular weight = 329 g. mol-1) (163). 

 

1.4.2 Inorganic fillers/ powder phase 

The filler phase forms the reinforcement phase in the composite material and is trapped within 

the polymer network. The type, amount, size and distribution of filler particles affect the 

properties of the composite material. Commonly used fillers are fused silica, quartz and glass 

(alumina silicate, barium silicate etc.) (179). In addition to glass particles, several other 

components have been added as fillers in the experimental formulations. These include fibres, 

calcium phosphate compounds (mono-calcium-monophosphate (MCPM), β-tricalcium 

phosphate (TCP), tri-strontium phosphate (TSP), and antimicrobials (polylysine (PLS) and 

gentamicin (Gen).  

1.4.2.1 Glass fibres and Coupling agents 

Various different fibres have been added in order to improve the fracture toughness and fatigue 

properties of bone cements such as PMMA and calcium phosphate cements (196-199). 

Different types of fibres have been added into acrylic resin, ranging from micro-scale quartz, 

silicate glasses to a nano-scale carbon tube (82, 200-204). Glass fibres have been favored over 

other fibre material due to their ease of silane surface treatment, higher fatigue properties, 

improved toughness and flexural strength (205). Kane et al, has shown that addition of relative 
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small concentrations of fibres improves the fatigue resistance and fracture toughness of acrylic 

bone cement without drastically affecting the strength and handling characteristics (82). 

Coupling agent provide bonding between the organic matrix and the inorganic fillers phase of 

the composite to allow stress transfer from the resin matrix to higher modulus filler particles 

(206). The most common coupling agents are organosilanes such as γ-methacryloxypropyl 

trimethoxysilane (207). Silane treatment improves the composite resistance to hydrolytic 

degradation and mechanical properties via better distribution and stress transmission from 

flexible resin matrix to the stronger and stiffer inorganic filler particles (208). Silane are 

chemically bifunctional. The silanol groups (Si-OH) on both the filler phase and silane can 

bond together to form siloxane bond (Si-O-Si). On the other hand, bonding between silane and 

resin phase is achived via the reaction of the carbon carbon double bond C=C bone on silane 

molecule and dimethacrylate monomers during polymerization (209).   

 

1.4.2.2 Calcium phosphate compounds 

PMMA cements show limited osseointegration with bone. In fact, a fibrous layer can be formed 

at the PMMA bone interface (50). This may impair the load transfer between the bone and 

implants and may result in failure of bone cement/implant (210).   

Calcium phosphate bone cements have been shown to bond well with bone. Extensive research 

has been done on the addition of calcium phosphate as a filler material into PMMA and 

composite bone cement to improve its osseointegration properties (211). In addition, they will 

also release calcium ions to improve remineralisation of the weakened bone structure.  Addition 

of components such as βTCP, bio-glass, and hydroxyapatite (HA) has been added to acrylic 

bone cements (211-213). These bone cements have been shown to improve osseointegration 

with bone (214). Mechanical properties, however, of these bone cements have been shown to 

be low and it deteriorate with time (215). This may be due to the addition of large amount of 
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the bioactive components. If the bioactive components were added in lower concentrations, the 

modified cement showed limited or no osseointegration (215). Moreover, the modulus of HA-

acrylic bone cement have been shown to be around 4 GPa, which is considerably higher than 

the cancellous bone (0.1-0.9 GPa) (213).   Moreover, calcium ion release has been low due to 

low solubility of HA.  

Generally a low ratio of calcium to phosphate correlates with higher aqueous solubility. At 

physiological pH, solubility increases in the following order; hydroxyapatite, Ca10(PO4)6OH2 

< tricalcium phosphate Ca3(PO4)2 < brushite (dicalcium phosphate dihydrate), CaHPO4.2H2O 

< monocalcium phosphate monohydrate, CaH2PO4.H2O (216) (217). 

β-tricalcium phosphate (Ca3(PO4)2 (TCP) has previously been used as a filling material in bone 

cavities for several decades (121). It is slightly more soluble than HA, therefore preferred over 

HA for bone tissue regeneration (120). Furthermore, the dissolution of other calcium 

compounds may be higher than the rate of bone tissue regeneration. Therefore TCP is preferred 

over other calcium compounds as a filling material for bone cavities (120). TCP particles have 

been added to acrylic bone cement (G2B1®). It has shown bone bonding ability, similar to HA 

(218). In addition, it also degrades with time and releases calcium and phosphate ions that can 

be useful for bone remineralisation (219).  

Mono calcium phosphate mono hydrate (Ca(H2PO4). H2O) is another inorganic calcium 

compound that has been extensively used as a source of calcium ions for promotion of 

remineralisation (122). Moreover, MCPM addition has been shown to cause high water-

sorption and improve elution kinetics of antimicrobials (220). The disadvantage regarding 

MCPM is it’s higher water solubility that can lead to rapid degradation (217). To control the 

solubility of MCPM, reactive MCPM and TCP have been added together to form brushite 

(CaHPO4. 2H2O)  (122). Brushite has been used as an artificial bone substitute and has the 



Muhammad Adnan Khan  PhD Thesis 

67 

 

advantage of being more resorbable than HA. Brushite cements, however, have shown low 

mechanical properties which limit their use in load bearing areas (121, 128). 

More recently, TCP and MCPM has been added to a dental composite material to provide 

controlled release of calcium ions without adversely affecting the mechanical properties (221). 

The TCP addition to form brushite within the composite cements enabled more control over 

MCPM dissolution and composite water-sorption (122). The advantage of using MCPM and 

TCP in a composite is that the highly soluble MCPM dissolves from the surface of the material 

providing burst release of calcium and phosphate ions. Furthermore, MCPM in the core reacts 

with TCP to from less soluble brushite (di-calcium phosphate dihydrate crystals), thus 

controlling the solubility of the material without adversely affecting the mechanical properties 

(222). The calcium and phosphate ions that are released can supersaturate the medium and form 

apatite layer on the surface of composite (223). 

Strontium ions have been found to be useful in osteoporosis treatment (224). In vivo and in 

vitro studies have shown that strontium ions stimulate new bone formation and inhibit bone 

resorption, leading to improved bone structure and bone mechanical properties (225-227). Due 

to the advantages of strontium over calcium in bone formation, TCP has been replaced by tri-

strontium phosphate (TSP) in the later part of this thesis. In addition, strontium incorporation 

in calcium compounds could enhance osseointegration (228, 229). Furthermore, strontium 

containing bone repair material is of increasing interest due to their positive role in bone 

formation.   

(a)       (b)         (c)  

Figure 1.8 Chemical structure of (a) MCPM (Molecular weight = 234 g. mol-1) (b) TCP (Molecular weight = 310 

g. mol-1) (c) TSP (Molecular weight = 452 g. mol-1). 
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1.4.2.3 Antimicrobials 

The different problems regarding the antibiotic bone cements have already been mentioned 

under the antibiotics loaded bone cements section 1.3.1.2. Antibiotic use in bone cements has 

been shown to decrease the deep infection rate in orthopaedic related biomaterials (106, 230). 

Despite its effectiveness, there are concerns regarding its low release (<8%) and bacterial 

resistance (92, 117, 118, 231).  

Given the above mentioned problem with slow release of antibiotics and bacterial resistance to 

antibiotic loaded bone cement, alternative antimicrobial agents should be developed and 

evaluated.  Polylysine (PLS) is a homo-polymer of an essential amino acid (Lysine) linked by 

peptide bonds between the carbonyl and Є-amino groups of L-lysine (232). It belongs to the 

natural substance group of antimicrobial peptides.  This peptide is industrially produced by 

fermentation using Streptomyces albulus spp. (233). It is stable at high temperature and under 

both acidic and alkaline conditions.  It shows high water solubility, stability and no degradation 

on boiling at 100°C for 30 minutes or autoclaving at 121°C for 20 minutes (234). Due to its 

positively charged amino group, it is a cationic surface active agent. Hence, it shows a wide 

antimicrobial activity against bacteria, and fungi. Its mechanism of action involves electrostatic 

adsorption on to the cell surface of bacteria, followed by stripping of outer cell membrane. This 

can lead to change in membrane permeability along with abnormal distribution of the 

cytoplasm (235, 236). Minimum inhibitory concentration (MIC) of polylysine against different 

Staphylococcus aureus strains has been shown to be around 12 -16 µg. ml-1 (237, 238). 

Based on its antimicrobial activity, heat stability and low toxicity, PLS is utilized as a food 

additive for meat, fish, rice, and other food (1-5 mg. g-1) (239). Furthermore, it can be used as 

a carrier in the membrane transport for drugs such as methotrexate in cancer therapy etc. (240). 

Due to its wide antimicrobial efficacy and low toxicity, its addition into bone cement will be 

of clinical interest. 
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(a)                (b)  

Figure 1.9 Chemical structure of (a) Gentamicin (b) Polylysine (234, 241). 
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1.5 Null hypothesis 

 From the literature review, it is believed that type and amount of monomer will affect 

the different properties of the composite bone cements. These properties may include; 

inhibition time, monomer conversion, polymerization shrinkage, elution kinetics and 

mechanical properties.   

 UDMA based composites will have higher monomer conversion than BisGMA based 

composites due to lower viscosity and low glass transition temperature. 

 Addition of flexible diluent monomers such as TegDMA, PPGDMA, HEMA should 

improve the handling properties. In addition, they will enable higher monomer 

conversion but also enhance polymerization shrinkage and heat generation. Therefore 

they should be added in lower concentrations. Furthermore, PPGDMA will have lower 

polymerization shrinkage per percentage conversion than TegDMA due to its higher 

molecular weight.   

 Monomer can be toxic in unreacted state.  Therefore higher monomer conversion is 

essential. Higher monomer conversion will mean more cross-linked chains and 

improved mechanical properties in addition to lower elution of unreacted/ uncured toxic 

monomer.   

 Use of high molecular weight monomers and high powder liquid ratio (low monomer 

content) will result in lower polymerization shrinkage. Additionally, it was 

hypothesized that polymerization shrinkage can be compensated by the water-sorption 

induced by various components such as HEMA, PLS, MCPM.   

 Initiator (BP) and activators (DMPT and NTGGMA) will influence the inhibition time, 

half-life and monomer conversion. Inhibition time will decrease upon raising BP and 

DMPT or NTGGMA. On the other hand, reaction rate will increase upon raising BP 
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and DMPT or NTGGMA. In addition to this, the initiator and activator will enhance 

the monomer conversion and improve the mechanical properties of the bone cements. 

 It was hypothesized that the fillers such as MCPM and PLS will encourage water-

sorption upon immersion. This high water-sorption will induce the release of ions and 

antimicrobials from the set composite material. 

 It was hypothesized that the release of components and high water-sorption will decline 

the strength and modulus with time. Fibre addition will improve the fracture behaviour/ 

pattern of the set composites. 
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1.6 Aims and Objective 

The aim of this thesis is to develop antibacterial and remineralising composite bone cements 

for potential use in load bearing areas (arthroplasty, vertebroplasty) and non-load bearing areas 

(bone augmentation).  

The properties that are characterized include inhibition time, monomer conversion, 

polymerization shrinkage, mass and volume change, elution kinetics (ions and antimicrobials), 

biaxial flexural strength, modulus, compressive strength and antibacterial activity. Moreover, 

this thesis also addresses any correlations between the different properties in an effort to better 

understand the material properties.  

1.6.1 Objectives 

 Determine and characterize the current commercial PMMA and composite bone 

cements (Chapter 3). In addition to this, control experimental formulations with varying 

levels of initiator level, monomer content, and fibre level will be tested and compared 

with commercial material.  

 Assess the properties of composites with an alternative activator (NTGGMA) instead 

of DMPT and diluent monomer (PPGDMA) instead of TegDMA (chapter 4). The 

properties that will be assessed include reaction kinetics, and mechanical properties. 

The properties of the set composites will be compared with experimental and 

commercial formulations of chapter 3.  

 To assess the properties of set composites with varied level of calcium phosphate or 

strontium phosphate in terms of reaction kinetics, water-sorption and mechanical 

properties (chapter 5). The properties will be compared with formulations in chapter 4. 

 To assess the properties of set composites with varied levels of strontium phosphate, 

polylysine and gentamicin in terms of reaction kinetics, water-sorption, antimicrobial 
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release, ion release and mechanical properties (chapter 6). The properties will be 

compared with formulations from chapter 5. 

 To assess the antimicrobial efficacy of a range of compounds via MIC and MBC 

determination. In addition to this, selected experimental and commercial materials, with 

or without antimicrobials will be assessed for their antimicrobial activity by assessing 

bacterial growth in surrounding medium and bacterial attachment onto composite 

cement discs.  
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CHAPTER 2  

MATERIAL AND METHODS 
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2 Material and Methods 

This section outlines all the commercial and experimental materials that are used in this project. 

Furthermore, at the start of each result chapter, a brief summary of materials and methods are 

provided. 

2.1 Materials 

2.1.1 Commercial materials 

Two commercial materials were investigated to provide bench mark properties for the 

development of composite bone cement (see Table 2.1).  

Table 2.1 Summary of the major components and description of commercial PMMA (SimplexP) and composite 

bone cements (Cortoss). Description and component information were supplied by manufacturers (184, 242). 

 

Name Supplier Components Description 

  Monomers Fillers  

 

Simplex P 

 

Stryker, 

USA 

 

MMA 

 

PMMA, 

Barium sulphate 

 

Powder and liquid form. 

Chemical cure 

 

Cortoss 

 

Orthovita, 

USA 

 

BisGMA, 

BisEMA, 

TegDMA 

 

Silica, 

Silane treated Boro-

silicate glass, 

Combeite 

 

 

Pre-mixed in syringe, 

Chemical cure 
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2.1.2 Experimental materials 

2.1.2.1 Monomers 

Table 2.2 shows a list of monomers that are used in the preparation of experimental 

formulations throughout the thesis.  

Table 2.2  Details of the monomers that are used for the preparation of experimental formulations.  Molecular 

weight (MW) of the monomers were provided by the manufacturer. The structure and literature review of each 

monomer has been described in Chapter 1.  

Acronym 

(Code) 

Chemical name Manufacturer Product 

code 

MW 

(g.mol-1) 

UDMA Urethane dimethacrylate DMG Dental, GER 100112 470 

TegDMA Tri-ethylene-glycol 

dimethacrylate 

DMG Dental, GER 100102 228 

PPGDMA Poly-propylene glycol 

dimethacrylate 

Polyscience, USA 04380-250 600 

HEMA Hydroxy-ethyl 

methacrylate 

DMG Dental, GER 100220 130 

 

2.1.2.2 Initiator and Activators 

Table 2.3 shows details of initiator (BP) and activator (DMPT and NTGGMA) that are used 

for the preparation of experimental formations.  

Table 2.3 list of activator and initiator that are used in the experimental formulations. Molecular weight (MW) 

information was provided by the manufacturer. The structure and literature review of each monomer has been 

described in Chapter 1. 

Acronym 

 (Code) 

Name Manufacturer Product 

Code 

MW 

(g.mol-1) 

BP Benzoyl peroxide Aldrich, UK 228877 242 

 

DMPT 

N,N - Dimethyl-p- 

toluidine 

Aldrich, UK 15205BH 135 

 

NTGGMA 

 N-tolyl-glycine 

glycidyl methacrylate 

 

Essche, UK 

 

133736-31-9 

 

330 
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2.1.2.3 Fillers 

Table 2.4 shows the different filler materials that are used for the preparation of experimental 

formulations.  

Table 2.4 Details of the filler/ powder materials as provided by the manufacturer. Their structure and literature 

review of filler materials have been described in Chapter 1. 

 

Acronym 

 (Code) 

 

Name 

 

Manufacturer 

 

Product 

Code 

 

Size 

(μm) 

 

Silane 

treated 

 

GP 

 

Barium-boro-

alumino-silicate 

glass particles  

 

DMG Dental, 

GER 

 

680326 

 

~ 7 

 

Yes 

 

GF 

Silane coated 

borosilicate glass 

fibre  

 

MO-Science, 

USA 

 

 

0322201-S 

 

~ 15 x 

300 

 

Yes 

 

MCPM 

Mono calcium 

phosphate 

monohydrate 

 

Himed, UK 

 

MCP-B26 

 

~ 53 

 

No 

 

TCP 

β – tri -calcium 

Phosphate 

 

Plasma Biotal, 

UK 

 

SSB210907 

 

~ 53 

 

No 

 

TSP 

Tri-strontium 

phosphate 

Sigma Aldrich, 

UK 

 

773948 

 

~ 43 

 

No 

 

Gen 

 

Gentamicin sulphate  

Sigma-Aldrich, 

UK 

 

G1264 

 

~ 34 

 

No 

 

PLS 

 

ε-Polylysine 

Handary SA, 

BEL 

 

28211-04-3 

 

~ 70 

 

No 

 

CHX 

 

Chlorhexidine di-

acetate salt 

 

Sigma-aldrich, 

UK 

 

1001447866 

 

~44 

 

No 
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2.2 Methods 

In this section, a brief description of the methods that are employed in this thesis are described. 

2.2.1 Apparatus for the preparation of experimental formulations 

During monomer handling and formulation preparations, latex gloves were worn at all times, 

to prevent skin allergies (contact dermatitis). Gloves were changed in case of glove 

contamination or before leaving the laboratory. For prevention of clothing contamination, a 

white coat was worn at all times in the laboratory. Furthermore, a mask was worn at all times 

in the laboratory to prevent contamination of composite preparations. 

Monomers and fillers were handled using a glass pipette and metal spatula. Amber glass bottles 

(Sigma Aldrich, UK) were used for monomer preparation and storage. Monomers were stored 

at 1-4 °C. A four figure analytical balance (AG 205 Mettler Toledo, UK) was used for weighing 

all monomers and fillers.  After weighing, monomer and filler phases were mixed in disposable 

jars (with lid) using a centrifugal operated Mixer™ DAC 140.0 FVZ (Synergy Ltd, UK). All 

procedures were carried out at room temperature. 

2.2.2 Commercial material preparation 

2.2.2.1 Simplex P (S) 

PMMA bone cement was prepared according to the manufacturer’s instructions by weighing 

the powder and liquid components on a mixing rubber blue pad (3M, UK) in 2:1 powder liquid 

ratio. Mixing was done with a metal spatula for 1 minute. The resulting paste was then used 

for various experiments.   

2.2.2.2 Cortoss (C) 

Composite bone cement (Cortoss) was available as a pre-mixed paste in double barrel syringes. 

Before use, Cortoss was removed from the refrigerator to allow the material to warm up to 
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room temperature (20 minutes). A mixing tip (tip Ø=4 mm) was then put onto the nozzle of 

double barrel syringe. With the help of a syringe gun, the material was extruded from the double 

barrel syringe.  The paste was then used for various experiments. 

2.2.3 Experimental material preparations 

2.2.3.1 Monomer mixture preparations (Prior to composite preparation) 

Monomer mixture (20 g) was prepared in 30 ml amber bottles. Diluent monomer (25 wt% 

TegDMA and 5 wt% HEMA) were added first in the amber bottle, followed by the base 

monomer (70w% UDMA).  Monomer mixture was then mixed on an electronic stirrer (Stuart, 

UK) using a sterile magnetic stirrer. Mixing was done at 300 rpm for 15 minutes. This gave a 

stock monomer mix that could be stored in refrigerator at 4 °C for up to 2 month with no effect 

on the curing kinetics of the composites (139). Magnetic stirrer was removed from monomer 

stock before storage. 

Prior to the addition of initiator/ activator, stock monomer mixture were removed from the 

refrigerator and kept for 15-20 minutes at room temperature. Desired stock monomer mix (5-7 

gram) was added first, followed by initiator and activator. In one amber bottle, initiator was 

added, while in the other amber bottle, activator was added. The monomer mixture was then 

mixed on an electronic stirrer, in the same way as above to form initiator and activator 

monomer mixture. The activator and initiator monomers mixture were labelled and could be 

stored at 4 °C for up to 4 weeks without any noticeable effect on curing kinetics (132).  

2.2.3.2 Filler preparation 

Fillers were stored in amber bottles either at room temperature or in a fridge depending on the    

manufacture instructions. All the fillers were put into small jars for daily use.  All the fillers 

were in dry state and were capped after use to prevent introduction of moisture into the fillers. 
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2.2.3.3 Paste mixing and syringe filling 

Depending on the formulation, each specific powder was weighed in a disposable jar. Weighing 

of the components was done in the order of smallest to largest amount. Afterward, monomer 

mixture was weighed in the disposable jar at the specified powder to liquid ratio (monomer 

content). The disposable jar was capped with a lid and placed into a mixing machine (Mixer™ 

DAC 140.0 FVZ). This was run at 2000 rpm for 1 minute. After mixing, a paste was formed. 

Activator and initiator pastes were made for each formulation. Each paste was added into one 

of the two sides of the double barrel syringe. Care was taken to avoid air bubbles. At the end, 

a rubber stopper was inserted into each opening of the double barrel syringe. The syringe was 

then placed in an upright position with the tip pointing upward for 5 minutes (mins) so as to 

allow the paste to settle against the rubber stopper. Any air bubbles were then expelled.  

Prior to use, a mixing tip (tip Ø=1.5 mm) was inserted onto the tip of the double barrel syringe. 

With the help of a mixing gun, material was extruded ready to be used for various experiments. 

 

 

Figure 2.1 Double barrel syringe with its mixing tip and rubber stopper. RS; rubber stopper, DBS; double barrel 

syringe, MT; mixing tip. 

 

RS 

DBS 

MT 
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2.2.3.4 Disc preparation  

Following the above mixing procedure, mixed paste was either used directly for an experiment 

(reaction kinetics properties) or used to make discs of various dimensions. Two types of disc 

were prepared; Biaxial flexural discs and compressive discs. Biaxial flexural discs were made 

using brass rings moulds. The diameter and height of biaxial flexural discs was 10 mm and 1 

mm respectively. The discs were used for biaxial flexural strength, modulus, water-sorption, 

release kinetics and antibacterial study. On the other hand, Compressive discs were made using 

stainless steel spilt ring moulds. The diameter and height of compressive disc was 4 mm and 6 

mm respectively. The biaxial flexural and compressive discs each required 0.2 g and 0.44 g of 

paste respectively. Compressive disc were only used for compressive strength. 

After mixing, each material was pressed into their respective moulds. The discs were covered 

immediately with acetate sheet. All the discs were allowed to set for 24 hours before testing. 

Following de-moulding, flash around the edges of the discs was smoothed using a 1200 grit 

silicon carbide paper (Sigma, UK) at grinding speed of 100 rpm.  

 

 

Figure 2.2 (a) Paste is extruded via mixing tip (b) Biaxial and compressive disc with their moulds. BFM; biaxial 

flexural mould, CTM; compressive test mould.  
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2.2.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Fourier Transform Infrared spectroscopy (FTIR) is an analytical technique that has been used 

as a tool for assessing the polymerization rate and degree of monomer conversion. It gives the 

intensity of infrared absorption by a specimen as a function of wavenumber. When infra-red 

radiation passes through a specimen, the molecules absorb radiation, resulting in a change in 

molecular bond vibration (243). This change of absorbance provides information regarding the 

molecular structure present in the cement/ material.   

In this project, FTIR has been used to assess the curing time and monomer conversion. This 

section will give information regarding why FTIR was used for the determination of reaction 

kinetic properties. Furthermore, the limitations of FTIR compared to Raman spectroscopy and 

differential scanning calorimetry (DSC) are discussed.  

FTIR allows real time monitoring to measure the rate of polymerization and degree of 

monomer conversion at any time point. Based on real time monitoring, various authors have 

assessed the curing kinetics of methacrylate’s via FTIR (139, 182, 244). These have shown the 

advantages of real time monitoring of curing time and monomer conversion via FTIR over 

Raman (245). In case of DSC, there is a delay between sample mixing and actual monitoring 

of the polymerization reaction. This delay is due to mixing, placing the specimen and sealing 

the DSC lid. Conversely in FTIR, the specimen is directly placed on the diamond of the FTIR 

without any delays.  Thus FTIR can easily monitor the different spectra of polymerization 

within a few seconds from start of mixing. 

Peak selection for assessing the curing time and monomer conversion are important in 

determination of the curing time and monomer conversion. Furthermore, Peaks that are 

stronger in Raman are often weak in FTIR. For instance, 1638 cm-1 (C=C) peak is stronger in 

Raman and weaker in FTIR. Therefore this peak can result in poor sensitivity to residual 
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monomer left when the monomer conversion is high (246). Therefore, in this thesis the 1320 

cm-1 peak was used for assessing the curing time and monomer conversion (139).  Further 

details are described later. 

2.2.4.1 Infra-red spectroscopy mechanism 

When molecules absorb energy, they cause the bond to oscillate and vibrate at specific 

frequencies (247). On absorption, the vibrational energy of the bond increases resulting in 

increased bond stretching or bending. Furthermore, IR absorption causes change in the dipole 

moment (electron distribution) of the bond (248).  

When infrared (IR) radiation passes through a material the molecules absorb energy and 

undergo transition from one energy level (Ei) to another level (Ef). Planck’s law describes the 

relationship between the frequency of energy absorbed (f) and energy of transition (Et = Ei-Ef) 

(122) and is shown by Equation 2.1.  

𝐸𝑡 = ℎf                                          Equation 2.1 

Where h is Planck’s constant. Since f = vc, where ṽ and v are the wavenumbers (cm-1) and 

velocity of light (8 x 108 m. s-1). Putting the value of “f” into Equation 2.1. 

𝐸𝑡 = ℎṽ𝑣                                                 Equation 2.2 

The wavelength (λ) (nm) is related to frequency (f) by the following equation; 

𝜆 =  
𝑣

𝑓
                                                  Equation 2.3 

Therefore Equation 2.1 can also be written as (122); 

𝐸𝑡 =  
ℎ𝑣

𝜆
                                               Equation 2.4 
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FTIR spectra are by tradition shown as IR transmittance versus the wavenumber (cm-1).   In 

this study transmittance is converted to absorbance as absorbance is proportional to the 

concentration of components and is therefore more suitable for quantitative analysis. 

2.2.4.2 Cure profile and degree of monomer conversion  

For determination of curing time and monomer conversion, FTIR spectra were obtained at 24 

°C and 37 °C using FTIR (Perkin-Elmer 2000, UK) with a temperature controlled golden gate 

diamond attenuated total reflection (ATR) attachment. A metal mould (Ø =10 mm, h = 1 mm) 

was placed around the diamond of the ATR-FTIR. All commercial and experimental materials 

were then loaded from either double barrel syringe or after 1 minute of mixing (PMMA 

cements) into the metal mould.  An acetate sheet was placed on the top surface of the material 

to prevent inhibition of polymerization via oxygen.  Using time base software, FTIR spectra of 

the lower surface were obtained every 4 seconds (s) for 45 minutes with a resolution of 4 cm-

1. Spectral wavenumber ranged from 1200 to 1800 cm-1. Difference spectra were obtained to 

ensure that the spectral changes were due to polymerization. Furthermore, FTIR spectra were 

compared with the literature (139, 244).  

Inhibition time, half-life, reaction rate and monomer conversion were calculated via change in 

the height of absorbance at peak 1319 cm-1 (C-O). Monomer conversion (MC) was estimated 

using Equation 2.5 (139)  

𝑀𝐶 =  
100 (ℎ𝑜−ℎ𝑡)

ℎ𝑜
                              Equation 2.5 

Where ho and ht were taken as peak absorbance at 1319 cm-1 wavenumber at initial time and 

after time “t” (220).   

If a single reaction is occurring, then the fractional reaction extent (ξ) can be estimated using 

Equation 2.6 (249). 
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𝜉 =  
(𝐴0−𝐴𝑡)

(𝐴0−𝐴𝑓)
                                        Equation 2.6 

Where A0, At and Af  were the absorbance of the 1319 cm-1 peak at initial time, at time t, and at 

final time above that at 1352 cm-1 (249). An example of reaction extent is shown Figure 2.4. 

The inhibition time (ti) and half-life (t50) can subsequently be calculated from the reaction 

extent plot.  Inhibition time is the time taken before any polymerization starts. The time to 50 

% reaction (half-life) was taken as the time when the reaction extent reached 50 % of its final 

level.  

 

Figure 2.3 An example of FTIR spectra of curing experimental material (I50) as a function of time (s). The change 

in absorbance at 1319 cm-1 was used to estimate the monomer conversion (relative to base at 1355 cm-1). 

 

 

Figure 2.4 Plot of reaction extent (ξ) versus time (s) to calculate the inhibition time and half-life.  
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The reaction rate (Rr) was calculated by obtaining the slope of monomer fraction remaining 

versus time over a set of 3 time points and is given by Equation 2.7 

𝑅𝑟 =  
𝑑[𝑀𝑓]

𝑑𝑡
                                                Equation 2.7 

Where Mf; fraction of monomer remaining. t; time. The highest point of the reaction rate 

peak represents the maximum reaction rate and is calculated from the reaction rate profile. 

2.2.4.3 Polymerization equations 

Different stages of free radical polymerization for methacrylates have already been described 

in chapter 1. An equation for the rate of initiation can be given by assuming initiation rate is 

dependent on the concentration of initiator components and a rate initiation constant. Initiation 

rate is defined by Equation 2.8 (52, 250).  

𝑅𝑖 = 2§𝑘𝑑 [𝐼][𝐴]                                   Equation 2.8 

Where, § is the initiator efficiency (number of collisions between radicals and monomer 

molecules resulting in successful polymerization). [I] and [A] are the concentration of initiator 

and activator in the monomer respectively. kd is the initiation rate constant. Rate of propagation 

(Rp), rate of inhibition (Rx) and rate of termination (Rt) can also be derived from the reaction 

mechanism. They are given in Equation 2.9, Equation 2.10 and Equation 2.11 respectively. 

𝑅𝑝 = 𝑘𝑝 [𝑀][𝑀𝑛
∗]                                  Equation 2.9 

𝑅𝑥 = 𝑘𝑥 [𝑋][𝑀𝑛
∗]                                   Equation 2.10 

𝑅𝑡 = 2𝑘𝑡[𝑀𝑛
∗]2                                      Equation 2.11 

Where   𝑘𝑝, 𝑘𝑥 and 𝑘𝑡 are reaction rate constants for propagation, inhibition and termination 

respectively. [𝑀𝑛
∗] is the total concentration of polymer and monomer radicals, whereas [X] 

and [M] are the concentration of inhibitor and monomer respectively. 
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Using the stationary state/ steady state assumption, the rate of change of monomer and polymer 

free radicals (Mn*) is 0 and is given by Equation 2.12. 

−
𝑑[𝑀𝑛

∗ ]

𝑑𝑡
= −𝑅𝑖 + 𝑅𝑡 + 𝑅𝑥 = 0                                                             Equation 2.12 

 

Putting rates of termination and inhibition into Equation 2.12 gives.  

                           𝐴              𝐵                       𝐶 

−
𝑑[𝑀𝑛

∗ ]

𝑑𝑡
= −𝑅𝑖 + 2𝑘𝑡[𝑀𝑛

∗]2  + 𝑘𝑥 [𝑋][𝑀𝑛
∗] = 0                                               Equation 2.13 

 

Where A = rate of initiation, B = rate of termination. C = rate of inhibition. 

From the inhibition step, the rate of change of inhibitor will be: 

−
𝑑[𝑋]

𝑑𝑡
= 𝑘𝑥 [𝑋][𝑀𝑛

∗]                            Equation 2.14 

 

At early time points when the inhibition period is going on, rate of termination can be neglected 

(Term B-Equation 2.13). Equation 2.13 and Equation 2.14 can then be combined to give rate 

of change of inhibitor concentration (251). 

−
𝑑[𝑋]

𝑑𝑡
= 𝑘𝑥 [𝑋]

𝑅𝑖

𝑘𝑥[𝑋]
                       Equation 2.15 

 

Rate of initiation would remain constant if it was assumed that the concentration of initiators 

would remain high enough. Therefore, integration of Equation 2.15 gives; 

[𝑋] = [𝑋0] −  𝑅𝑖𝑡                                  Equation 2.16 

 

Where, Xo is the initial concentration of inhibitors.  

Setting [X] = 0 at the inhibition time (ti).  
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Hence inhibition time can be given by Equation 2.17. 

𝑡𝑖 =
[𝑋0]

𝑅𝑖
=  

[𝑋0]

2§𝑘𝑑[𝐼][𝐴]
                            Equation 2.17 

Where ti; inhibition time 

Rearranging Equation 2.13 (neglecting term C) gives 𝑅𝑖 = 𝑅𝑡. Putting Ri and Rt values gives; 

2§𝑘𝑑[𝐼][𝐴] = 2𝑘𝑡[𝑀𝑛
∗]2                          Equation 2.18 

 

Or it can also be presented as[𝑀𝑛
∗]; 

[𝑀𝑛
∗] = √

§𝑘𝑑[𝐼][𝐴]

𝑘𝑡
                                Equation 2.19 

 

Putting [𝑀𝑛
∗] from Equation 2.19 into rate of propagation Equation 2.9. 

𝑅𝑝 = 𝑘𝑝[𝑀][𝑀𝑛
∗] = 𝑘𝑝[𝑀]√

§𝑘𝑑[𝐼][𝐴]

𝑘𝑡
                                                         Equation 2.20 

 

Rate of reaction at half-life or half-life reaction rate (Rt50) is calculated from the reaction extent 

(139) and is given by  

𝑅𝑡50 =  
𝑑[𝑀]

𝑑𝑡
=

𝑑𝜉𝐶𝑓

𝑑𝑡
=

0.5 𝐶𝑓

(𝑡50−𝑡𝑖)
         Equation 2.21 

 

Where Rt50 is the rate of reaction at half-life, Cf is the fraction of monomer conversion, 𝜉 is 

the reaction extent. ti and t50 are the inhibition time and half-life. Half-life can be calculated 

from the above reaction extent and inhibition time. It is given by Equation 2.22. 

 

𝑡50 =
0.5𝐶𝑓

𝑅𝑟
+ 𝑡𝑖 =

0.5𝐶𝑓√2𝑘𝑡 

𝑘𝑝[𝑀] √2§𝑘𝑑[𝐼][𝐴]
+ 

[𝑋𝑜]

2§𝑘𝑑[𝐼][𝐴]
                                     Equation 2.22 
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2.2.4.4 Polymerization Shrinkage (PS) 

Calculated polymerization shrinkage is proportional to the level of monomer conversion (252). 

One mole of polymerizing C=C produces typically 57 kJ of heat (64) and  gives a volumetric 

shrinkage of 23 cm3 (253). The calculated polymerization shrinkage can be estimated using 

Equation 2.23 (139). 

𝑃𝑆 (%) = 23 ∗ 𝑌 ∗ 100                           Equation 2.23 

Where Y is the number of moles of reacted double bonds per unit volume. Y can be calculated 

using Equation 2.24.  

𝑌 = [𝑀𝑓]𝐶𝑓𝜌𝑐𝑜𝑚𝑝 (∑
𝑛𝑖𝑥𝑖

𝑀𝑊𝑖 )                   Equation 2.24 

Where [Mf]; monomer mass fraction. [Cf]; fraction of monomer conversion. 𝜌𝑐𝑜𝑚𝑝; density of 

the composite, ni ; the number of double (C=C) bonds per methacrylate molecule, MW ; 

molecular weight (g. mol-1) of each monomer and xi ;  mass fraction of each monomer. Σ 

indicates the sum of all the monomers that are added in the monomer phase.  

It should be noted that material density was calculated from mixture of monomers and it doesn’t 

take account of volume changes occurring due to voids formation. Assuming the material 

behaves “ideally”, and is non-porous, density (ρcomp g. cm-3) can be estimated using a simple 

rule of mixtures (Equation 2.25). 

1

𝜌𝑐𝑜𝑚𝑝
=

𝑓𝑚

𝜌𝑚𝑜𝑛𝑜𝑚𝑒𝑟
+

1−𝑓𝑚

𝜌𝑓𝑖𝑙𝑙𝑒𝑟
                 Equation 2.25 

Where ρfiller and ρmonomer are the densities of the filler and monomer mixture. fm is the mass 

fraction of monomer. 
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2.2.5 Raman Spectroscopy 

Raman spectroscopy is a type of vibrational spectroscopy that is used to determine molecular 

groups present within a material by measuring the intensity of inelastic scattering of laser light 

(633 nm)(254). Raman scattering requires a change in molecule polarizability. It is particularly 

sensitive to homo-nuclear molecular bonds. On the other hand, FTIR is sensitive to changes in 

dipole moment of molecules and is more sensitive to hetero-nuclear functional groups (139). 

2.2.5.1 Raman spectroscopy mechanism 

In Raman, electron clouds of the molecules interact with high energy radiation. The electrons 

in the molecules are excited to a virtual energy level higher than any of their vibrational 

resonance modes. When the electron in the molecules relaxes, they release energy in the form 

of photons which is either equal or higher or lower than the absorbed energy. Rayleigh (elastic) 

scattering occurs, when the photonic energy release is similar to energy absorbed. Sometimes, 

the electrons in the molecules relax to lower or higher states producing anti-stokes or stokes 

shifts respectively. Furthermore, the anti-stokes and stokes shifts produce different photonic 

energy with respect to incident absorbed energy and is termed as Raman (inelastic) scattered 

shifts.  

The Raman spectrum of a material is obtained by plotting the intensity of the scattered radiation 

as a function of wavenumber (cm-1). Furthermore, the position and intensity of the peak gives 

information regarding the type and concentration of the bond in the molecule respectively.  

2.2.5.2 Raman Mapping 

Biaxial flexural specimens were used for Raman mapping after 24 hours of mixing. All 

specimens were secured on glass slides with adhesive putty.  The area of interest (40 µm2) was 

illuminated and focused using visible light under 50x magnification. All spectra were taken 

using a Lab Raman spectrometer (Horiba, France). The surface of the specimen was excited 
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using a He-Ne laser at 633 nm. All spectra were generated over wavenumber ranges from 600- 

1800 cm-1 at a resolution of 2 cm-1. Each spectrum was recorded at every 4 µm2 in an area of 

40 µm2. At the end, each specimen spectra (n=5) was normalized using data between 1000 and 

1800 cm-1. To aid in the peak assignment, component spectra were also recorded for pure glass, 

polymerized monomer, MCPM, brushite and TSP.  

2.2.6 Gravimetric and volumetric analysis 

Mass and volume change were gravimetrically evaluated using a four digital balance with a 

density kit (OHAUS Pioneer, UK). Each composite disc was immersed in 10 ml of deionized 

water (DW) or simulated body fluid (SBF) within a sterile tube. SBF was prepared according 

to ISO 23317-2012. The tubes were incubated at 37 °C for various time points up to 6-8 weeks 

(2, 4, 6, 24, 48, 168, 336, 672, 1008 and 1344 hours). At each time point, the discs were 

removed from the original solution, blotted dry, re-weighed and placed into new tubes 

containing a fresh solution. The percentage mass (M) and volume change (V) were determined 

using Equation 2.26 and Equation 2.27 (221). Furthermore, density (𝜌𝑡)of each disc was 

determined using specimen mass in air and in water (Archimedes principle) (Equation 2.28) 

(122). 

𝑀 =  
100[𝑀𝑡−𝑀0]

𝑀0
                                Equation 2.26 

𝑉 =  
100[𝑉𝑡−𝑉0]

𝑉0
                                  Equation 2.27 

 𝜌𝑡    = [
𝑀𝑡

𝑀𝑡−𝑀𝑤
] ∗  𝜌𝑤                       Equation 2.28 

 

Where M0 ; initial mass, V0 ; initial volume,  Mt and Vt ; mass and volume at time t after 

immersion,  ρw (g/cm3) ; density of the water, Mt and Mw are the sample mass in gram at time t 

in air and DW. 
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2.2.7 Elution kinetics of antimicrobial and ions 

Antimicrobial (polylysine, chlorhexidine and gentamicin) concentrations in sample storage 

solutions were assessed via Ultraviolet-visible spectroscopy (UV) and Reverse Phase-High-

performance liquid chromatography (HPLC). Furthermore, ion release (calcium and strontium) 

was assessed via inductively coupled plasma mass spectroscopy (ICP-MS).  

2.2.7.1 Ultraviolet-visible spectroscopy (UV) 

In this thesis, UV was used for the detection and quantification of polylysine (PLS) and 

chlorhexidine (CHX) 

2.2.7.1.1 UV spectroscopy 

Upon interaction with UV light, electron transitions occur from ground state to higher energy 

level state. UV-visible light has a wavelength range of 200- 800 nm and energy values of   150-

600 kJ. mol-1 (255). Furthermore, ultra-violet is in the region of 200- 380 nm and visible region 

is in the range of 380-800 nm. 

The relationship between intensity of incident light (Ii) and transmitted light (It) at a given 

mono-chromatic wavelength can be given by Beer-Lambert law (256). 

𝐴𝑏 =  −𝐿𝑜𝑔 (
𝐼𝑖

𝐼𝑡
) = Є𝑐𝑏                             Equation 2.29 

Where Ab ; absorbance, b; light path length (cm), c; concentration of absorbing species  (mol. 

L-1) in either deionized water (DW) or simulated body fluid (SBF) and Є ; molar absorptivity 

(L. cm-1. mol-1). The molar absorptivity (molar extinction coefficient) for any absorbing species 

is a constant at a given wavelength. 

2.2.7.1.2 Chlorhexidine release in DW and SBF 

Similar discs prepared as above for biaxial flexural strength testing were also used for drug 

release investigations. Discs (n=5) of 1 mm in thickness and 10 mm in diameter were weighed 
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and immersed in 10 ml of deionized water (DW) or simulated body fluid (SBF) within sterile 

tubes. The tubes were then incubated at 37°C for various time points up to 8 weeks (2, 4, 6 , 

24, 48, 168, 336, 672, 1008 and 1344 hours). At each time point, the discs were removed from 

the solution and placed into fresh medium. UV spectra of each storage solution were obtained 

between 200 and 400 nm using a UV 500 spectrometer (Thermo scientific, UK).  Calibration 

curves for CHX were obtained using standard CHX solutions of 20, 10, 5, 2.5, and 1.25 µg. 

ml-1 in DW or SBF. Maximum absorption for the CHX standards was found at 231 and 255 

nm.  A calibration curve and gradient was obtained by plotting concentration vs absorbance. 

There was no difference between calibration curves using DW versus SBF. 

 

Figure 2.5 CHX calibration curve in DW. 

The concentration (Ct) of CHX release in DW was calculated using Equation 2.30 (122); 

𝐶𝑡 =
𝐴𝑏 

𝐺
 𝑉𝑠                                             Equation 2.30 

Where Ab; absorbance at 255 nm, Vs; storage solution volume (10ml) and G; gradient of the 

calibration curve. The cumulative percentage release of the CHX (%Rt) at time (t) can be 

calculated using Equation 2.31 (122). 

%𝑅𝑡 =  
100[∑ 𝐶𝑡

𝑡
0 ]

𝑤𝑐
                                 Equation 2.31 

 Where wc is the CHX weight in gram added into the disc. 

y = 0.0463x

R² = 0.9995
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2.2.7.1.3 Polylysine (PLS) release 

Polylysine does not absorb UV light above 250 nm so its release cannot be directly quantified 

easily via UV without interference due to presence of other components. However, it can be 

indirectly quantified using a Trypan Blue (TB) assay (257).  

TB is a large oligoanionic dye (872 g. mol-1) consisting of two azo groups (R–N=N–R’) and 

four sulfonate groups. It shows absorption at  580 nm (257). The mechanism of action involves 

binding of poly-cationic PLS to anionic TB leading to the precipitation of the dye. The 

precipitation of dye leads to decreased intensity of dye in the solution. Grotzky et al., 2010 

showed a linear inverse relationship between PLS concentration (1-9 µg. ml-1) and absorbance 

(580 nm). Reagent solution was made of TB (40 µg. ml-1) mixed with MES buffer (0.01M 

MES and 0.0015M NaCl).   

For PLS calibration, 100 µg. ml-1 stock solution was made and diluted to 10, 8, 6, 4 and 2 µg. 

ml-1. The diluted PLS solutions (1250 µl) were mixed with 50 µl of reagent solution in 

Eppendorf tubes.  After mixing, the final solution was incubated for 1 hour at 37°C, after which 

it was cooled down to room temperature for another 3 hours to allow for precipitation.  The 

solutions were then centrifuged at 13000 rpm for 25 minutes to sediment the precipitate.  After 

centrifugation, the solutions were carefully transferred into disposable cuvettes and the spectra 

recorded between 200 – 800 nm.  Maximum absorption for the standards was found at 580 nm.  

A calibration curve and gradient was obtained by plotting concentration vs absorbance. There 

was no difference between calibration curves in DW and SBF. Calculations of percentage 

release were subsequently calculated as with CHX release studies.  
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Figure 2.6 Calibration curve for polylysine.  

 

2.2.7.2 Reverse phase High-performance liquid chromatography (RP-HPLC) 

High-performance liquid chromatography is an analytic technique, generally used for 

separation, identification and quantification of different components in a mixture. Reverse 

phase HPLC is commonly used to separate and quantify hydrophilic drugs. In this thesis, 

reverse phase HPLC was used for the determination of gentamicin concentration.  

2.2.7.2.1 RP-HPLC Mechanism  

HPLC is based on mechanisms of adsorption, partition and ion exchange, depending on the 

type of stationary phase used. It has a solid stationary phase and a liquid mobile phase. 

Separation of the components occurs as a result of difference in the relative distribution ratios 

of the solutes between the two phases.  

In Reverse Phase HPLC (RP-HPLC), the stationary phase is non-polar and the mobile phase is 

a polar aqueous solution. The most common non-polar stationary phase used is silica which is 

often modified using long chain alkyl groups such as C18H37 or C8H17 to make it non-polar. 

With non-polar stationary phases, less polar molecules have longer retention time, whereas 

polar molecules elute much more readily. Retention time is the time taken by a compound to 

travel through the column.  It depends upon the flow rate, nature of stationary phase, 

y = -0.109x + 1.1141

R² = 0.9974
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composition of solvent and temperature of column. Retention time is noted when the separated 

components passes through the UV detector at the end of the column. Each component gives 

UV absorbance at specific wavelengths. Component levels are quantified using area or height 

of the absorbance peak which are proportional to the amount of component present in the 

injected volume.  

2.2.7.2.2 Gentamicin release in DW and SBF 

Gentamicin is not a single molecule but a combination of three major and several minor 

components. The three major components are gentamicin C1, gentamicin C1a and gentamicin 

C2. Generally gentamicin is separated and quantified using HPLC, however, the 

chromatographic methods lack sufficient sensitivity to measure the concentration of the 

individual components (258). Kuehl et al developed and validated a method to quantify 

gentamicin in a solution with an accuracy of 99.9% (259).  

Gentamicin does not absorb UV light strongly.  It was therefore derivatized to enable ultraviolet 

detection (258) via RP-HPLC analysis using the following method; Reagent 1 solution was 

prepared by making 0.4 M boric acid, adjusted to pH 10.4 using 8N potassium hydroxide. 

Reagent 2 was prepared by dissolving 1.0 g phthaldialdehyde in mixed solution of 5 mL 

methanol, 95 mL of Reagent 1 and 2 mL of thioglycolic acid. The resulting reagent solution 

was adjusted to pH 10.4 using 8N Potassium hydroxide.  All the components of reagent solution 

were obtained from Sigma Aldrich, UK. The resultant reagent solution 3 was prepared by 

mixing 440 µL of isopropanol with 160 µL of Reagent 2. Final gentamicin reagent solution 

was prepared by mixing 0.6 ml of reagent 3 with 0.4 ml of gentamicin solution. Each 

gentamicin reagent solution was vortexed (Vortex-Genie-2, UK) for 15 seconds and then 

heated in an oven at 60°C ± 3°C for 15 minutes. Afterward, the solutions were cooled down to 

room temperature before HPLC analysis.  
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Analysis of solutions were performed using HPLC (SPECTRA 2000, Dionex HPLC, UK). 

Stationary phase of HPLC was C18, 5µm, 4.5 x 140 mm. Mobile phase (1 Litre) was made of 

5.0 g of sodium 1-heptane-sulfonate mono-hydrate mixed in 250 ml HPLC grade water, 50 ml 

glacial acetic acid and 650 ml HPLC grade methanol. The flow rate was ~2.0 ml/ minute with 

an average run time of ~20 minutes. Gentamicin was detected at 330 nm.  

For Gentamicin calibration, 1000 µg. ml-1 stock solution was made and diluted to 500, 250, 

125, 62, 32, 16, 8, 4, 2 and 1 µg. ml-1. The retention time for C1, C1a and C2 was found to be 

around at ~3.2, ~6.6 and ~9.8 minutes (259). For calibration of gentamicin, retention time of 

C1a was used. Calibration curve was made by plotting the Gentamicin concentration (µg. ml-1) 

vs UV response (mV). Estimations of percentage release were subsequently calculated as with 

CHX release studies.   

 

Figure 2.7 Calibration curve of gentamicin. 

 

2.2.7.3 Inductively coupled plasma Mass spectrometry (ICP-MS) 

Inductively coupled plasma mass spectroscopy (ICP-MS) is an analytical technique that is 

capable of detecting metals and non-metals at a low concentration in a solution. In this thesis, 

it was used to quantify calcium and strontium ions.  
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2.2.7.3.1 ICP-MS Mechanism  

Detection is achieved by ionizing the sample with inductively coupled plasma and separating 

those ions by their mass to charge ratio using mass spectrometer. Upon exiting the mass 

spectrometer, the ions cause release of electrons and measurable pulses. The software compares 

the intensities of measured pulses with those from standards to determine the concentration of 

ions. ICP-MS offers unique advantages, compared to other chromatography techniques, such 

as element specificity and low detection limits. 

2.2.7.3.2 Calcium and strontium ion release in DW and SBF 

Biaxial flexural discs (n=5) were weighed and immersed in 10 ml of DW or SBF in sterile 

tubes. The tubes were the incubated at 37 °C for various time points up to 8 weeks (2, 4, 6, 24, 

48, 168, 336, 672, 1008 and 1344 hours). At each time point, the discs were removed from the 

original solution and placed into a fresh solution. The original solution was mixed with 3% 

nitric acid.  Calcium and strontium concentrations in storage solutions were determined using 

inductively coupled plasma mass spectroscopy (ICP-MS) (Spectro-Mass 2000, Germany). 

Before running the samples, the ICP-MS was calibrated with standard solutions. Calcium and 

strontium calibration standards were prepared from the ICP Multi Element Standard Solution 

XVI (Certipur ®, Germany) at concentrations of 4000, 2000, 1000, 500. 250, 125, 62, 32, 16, 

8, 4, 2 and 1 µg. L-1 respectively). Percentage release of calcium and strontium ions were 

subsequently calculated as with CHX release studies.  

 

 

 

http://en.wikipedia.org/wiki/Ionization
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2.2.8 Mechanical testing 

In this this thesis, biaxial flexural strength (BFS), Young’s modulus (YM) and compressive 

strength were used to assess the mechanical properties of the composite bone cements.  

2.2.8.1 Biaxial Flexural testing 

Composite materials are quasi-brittle in nature, therefore, their compressive strength will be 

higher than tensile strength (260). When subject to bending, the lower surface will be in tension 

and the upper surface will be in compression. Therefore, failure is governed by the tensile 

forces rather than the compressive forces (139).  

Various flexural strengths have been used to characterize the maximum tensile stress in a 

material at failure. They include three, four and biaxial flexural strength test. Four point 

bending has been employed under ISO 5833-2008 for the determination of flexural strength of 

acrylic bone cements. Furthermore, biaxial flexural strength and three point bending test have 

been employed for the determination of flexural strength in many bone and dental cements 

(260). There are, however, several disadvantages of three and four point bending test, compared 

to biaxial flexural strength.  Three and four point bending tests often require larger dimension 

specimens. Hence, more material is required per specimen. In addition to this, larger 

rectangular specimens for 3 and 4 point bending test can be difficult to manufacture without 

possibility of major flaws or defects.  Moreover, due to their rectangular shape, three and four 

point bend tests are subjected to edge failures. In addition, the volume over which maximum 

stress occurs is much larger in three and four point bend test than in biaxial flexural test. The 

larger volume will contain more flaws, making the three and four point bend test less 

reproducible.  Biaxial flexural method provides the benefit of better reproducibility and 

reliability. Moreover, biaxial discs are easier to make and can be used for other tests such as 

drug release, mass and volume change etc.  
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2.2.8.1.1 Biaxial flexural strength, Young’s modulus and fracture behavior 

Biaxial flexural strength, Young’s modulus and fracture behaviour of the specimens were 

evaluated using ball-on-ring method of biaxial flexural test. BFS specimen preparations have 

already been described above. Prior to testing, each set discs was stored in 10 ml of DW and 

were incubated at 37 °C for 24 hours, 1 month and 3 months. At each time point, 8 discs were 

used for each formulation to determine the BFS, Young’s modulus and fracture behaviour. In 

this method, the disk specimen was placed on a knife edge ring support (4 mm) and then loaded 

by a spherical tip using a 10 kN Instron cell (Instron 4503 Universal testing machine, USA) at 

a cross head speed of 1 mm min-1. Upon loading, load and central deflection were recorded and 

plotted against each other (261). From the plotting, pre-fracture slope and maximum load at 

fracture was used to determine Young’s modulus (YM) and biaxial flexural strength (BFS) 

using  Equation 2.32 and Equation 2.33 respectively (261), (262, 263).  

𝑌𝑀 = 0.502
𝑑𝐹

𝑑𝑤
(

𝑟2

ℎ3
)                                                                                             Equation 2.32 

𝐵𝐹𝑆 =  
𝑃𝑚𝑎𝑥

ℎ2
 [(1 + ʊ) (0.485 ln (

𝑟

ℎ
) + 0.52) + 0.48]                                    Equation 2.33 

Where Pmax ; maximum load (N), r; support radius (mm), ℎ; average diamteter (mm). ʊ; 

Poisson ratio  (for polymer based composite = 0.3) (264), dF/dw is the gradient of load versus 

central deflection. 

2.2.8.2 Compressive strength (CS) 

Compressive strength of each formulation was determined using a protocol in ISO-5833 for 

acrylic bone cements. CS specimen preparation is described previously. Prior to testing, each 

disc was stored in 10 ml of DW and incubated at 37 °C for 24 hours, 1 month and 3 months. 

After each incubation period, discs (n = 8) were loaded on to an Instron testing machine using 
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a load cell of 50 kN at a crosshead speed of 1 mm min−1. Compressive strength was calculated 

using Equation 2.34 (152). 

𝐶𝑆 =  
𝑃𝑚𝑎𝑥

𝜋ℎ2
                                     Equation 2.34 

Where Pmax; maximum load (N), h; average diameter (mm). 

 

2.2.9 Antibacterial studies 

The antimicrobials used in this thesis, were first evaluated for their minimum inhibitory and 

minimum bactericidal concentration against various strains of Staphylococcus aureus and 

Staphylococcus epidermidis. In addition to this, an E-Test (BioMerieux, UK) was used to 

determine the methicillin resistance of different strains of S. aureus (MRSA). Moreover, the 

antimicrobial efficacy of various formulations was performed using a simple biofilm model. 

For more detail see Material and Method section of Chapter 7.  

2.2.10 Scanning Electron Microscope (SEM) 

In this thesis, SEM was used for image analysis of commercial and experimental materials.  

2.2.10.1 SEM mechanism 

SEM uses a focused beam of electrons to generate images of the surfaces of the specimens. An 

electron beam generated and accelerated using high voltage is passed via a series of apertures 

and electromagnetic lenses to produce a thin beam of electrons. These primary electron beams 

interact with the atoms on or near the surface resulting in the release of secondary electrons 

that are detected by a detector. These secondary electrons are used create images on the output 

computer. 

2.2.10.2 Specimen preparation 

Biaxial flexural discs were used for image analysis of the top surface and fracture surface of 

commercial and experimental materials. Each disc was mounted onto aluminium stubs with 
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fast setting epoxy adhesive. The discs were then sputter coated using palladium gold alloy 

(Polaron E5000, UK).  

For microbiology specimens, each disc was fixed in 3 % glutaraldehyde (Agar Scientific, UK) 

in 0.1M cacodylate buffer (CAB) for 24 hours at 3˚C. The discs were then dehydrated at room 

temperature in a series of graded ethyl alcohol solutions for 10 minutes each. Afterward, the 

discs were immersed in hexamethyldisilazane (TAAB Ltd, UK) for 2 minutes and then gold 

sputtered.  

After sputtering, discs were loaded into the SEM (Philip, XL-30, Netherland) and images were 

taken at 5 kV. 
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2.2.11 Statistical Methods 

Analysis of the results was undertaken via three methods; Factorial analysis, linear regression 

Analysis, One-way ANOVA, Two-way ANOVA and Kruskal–Wallis one-way analysis of 

variance. Factorial analysis was used only in chapter 4 and 6. One way ANOVA, Two way 

ANOVA and Kruskal–Wallis one-way analysis of variance were only employed in chapter 7.  

2.2.11.1 Factorial Analysis 

Factorial analysis is the main method of analysis for investigating the effect of variables in 

chapters 4 and 6. Factorial analysis allows investigation of the effects of more than one 

independent variable at one time (221).  Furthermore, it enables study of interaction effects 

between the different variables. Moreover, it allows greater confidence in the level of each 

variable effect with small number of samples (122).  

In this study, three variable two level factorial design (23) and two variable two level factorial 

design (22) has been used (122). In three variable, two level factorial design, three variables are 

employed with high and low values.  For a three variable two level full factorial design, there 

can be a total of 8 combinations or formulations (see Table 2.5). Each variable will be high in 

4 high samples and low in the other 4. For instance, variable 1 “a1” has a high value in samples 

E1 to E4 and low values in E5 to E8 (see Table 2.5). The effect of the first variable can be 

calculated by comparing the average outcome for formulations E1, E2, E3 and E4 with that of 

E5, E6, E7 and E8. Similarly, the effect of variable 2 “a2” can be determined by comparing the 

average value for formulation E1, E2, E5 and E6 with that of E3, E4, E7 and E8. Variable 3 (a3) 

effect is assessed by comparing averages for odd versus even numbered samples. 

A full factorial equation for a two level and three variable factorial design can be described 

using Equation 2.35 (122, 246);   

𝑙𝑛 𝑃 =< 𝑙𝑛𝑃 > + 𝐹1𝑎1 + 𝐹1𝑎2 + 𝐹1𝑎3 + 𝐹1𝐹2𝑎1,2 + 𝐹2𝐹3𝑎2,3 + 𝐹1𝐹3𝑎1,3 + 𝐹1𝐹2𝐹3𝑎1,2,3               Equation 2.35 
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Where <lnP> is the arithmetic mean of “ln P” for all the possible formulations. F1, F2 and F3 

takes the value of +1 and -1, when the variable is high and low respectively.  The magnitude 

of interaction effects for 3 variable factorial design are given by a1,3, a2,3, a1,3 and a1,2,3. 

Table 2.5 Two level, three variable factorial design showing 8 different combinations ( E1 to E8). Each variable 

(a) has a high value ( +1) and low value (-1). These integers are the F terms in equation 1-32.  The a terms 

indicate the level of effect of changing the variable from its low to high value. 

Formulation Variable 1 (a1) Variable 2 (a2) Variable 3 (a3) 

E1 +1 +1 +1 

E2 +1 +1 –1 

E3 +1 –1 +1 

E4 +1 –1 –1 

E5 –1 +1 +1 

E6 –1 +1 –1 

E7 –1 –1 +1 

E8 –1 –1 –1 

 

“ai ” quantifies the average effect of changing variable ‘i' and was determined using  Equation 

2.36. 

𝑎𝑖 (𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒) = < 𝑙𝑛 𝑃 >𝐹𝑖= +1 − < 𝑙𝑛 𝑃 >𝐹𝑖= −1                                 Equation 2.36 

Where <lnP> is the arithmetic mean of ln P for all 8 samples. Fi equals to +1 and -1 for high 

and low values of the variables respectively. ai,j and ai,j,k are two and three variable interaction 

terms and were calculated using Equation 2.37 and Equation 2.38 

𝑎𝑖,𝑗 (𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑝𝑎𝑖𝑟) = < 𝑙𝑛 𝑃 >𝐹𝑖𝐹𝑗= +1 − < 𝑙𝑛 𝑃 >𝐹𝑖𝐹𝑗= −1              Equation 2.37 

𝑎𝑖,𝑗,𝑘 (𝑓𝑜𝑟 𝑒𝑎𝑐ℎ 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑝𝑎𝑖𝑟) = < 𝑙𝑛 𝑃 >𝐹𝑖𝐹𝑗𝐹𝑘= +1 − < 𝑙𝑛 𝑃 >𝐹𝑖𝐹𝑗𝐹𝑘= −1   Equation 2.38 
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Confidence interval was calculated by assuming 95%CI= 1.96 x SD/√n, where SD; standard 

deviation, n; number of specimen tested for each formulation. If the variables are significant, 

the “a” value can be converted into average percentage changes (Q) using Equation 2.39. 

𝑄 = 100(𝑒𝑥𝑝 (±𝑎𝑖) − 1)                      Equation 2.39 

If the error bars for a term crosses zero, the variable has no significant effect. In addition to 3 

variable factorial, 2 variable factorial has also been used. It has a single interaction (ai,j).  

2.2.11.2 Linear regression analysis 

The function Linest in Microsoft excel was used to fit equations to average property versus 

variable values. Linest uses a “least square” method to provide a straight line that best fits the 

data (265).  This function can also be used to calculate statistics for a line in other complex 

models that are linear in unknown parameters (power series, exponential, polynomial and 

logarithmic etc.). Moreover it can also be used to return additional regression statistics. The 

equation for the line can be describe as (265, 266). 

𝑦 = 𝐺𝑥 + 𝐵                                       Equation 2.40 

Where dependant y-values are a function of the independent x-values, G is the gradient of y 

versus x and B is a constant value equal to the intercept on the y axis.   

Linest function can provide the gradient, intercept and R2 values. It also provides a standard 

error for the gradient and intercept which in the following was multiplied by 2 to provide a 

95% confidence interval. The intercept was set to zero if not stated.  

2.2.11.3 SPSS Analysis 

Antibacterial results (chapter 7) were analysed using a SPSS statistical software program 

(SPSS v21 for Windows, IBM USA). After the data was checked for normality, One way and 

Two way analysis of variance (ANOVA) test was applied to compare the bacterial colony 
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forming unit per ml for all formulations. p-value was set at 0.05. This was followed by a 

Bonferroni post hoc multiple comparisons test to assess the colony forming unit by analysing 

inter-group comparison. Furthermore, Kruskal–Wallis one-way analysis of variance was used 

to compare specific formulations, when the data was not normally distributed.  
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3  Commercial and Experimental Control Materials 

3.1 Abstract 

The aim of this chapter was to evaluate the reaction kinetics, water-sorption and 

mechanical properties of commercial PMMA and composite bone cement so as to 

provide benchmark properties for the experimental formulations. In addition, reaction 

kinetics, water-sorption and mechanical properties of experimental formulations with 

varying levels of BP/ DMPT, monomer content and fibres were evaluated and compared 

with commercial materials.  

Raman analysis was undertaken to provide information regarding the chemistry of the 

set commercial and experimental materials. Curing time, reaction rate and monomer 

conversion were investigated for each material via FTIR. Mass and volume change was 

assessed gravimetrically. Biaxial flexural strength, Young’s modulus and compressive 

strength were determined at 1 day and 1 month. SEM analysis was undertaken to assess 

the fracture surface of all materials.  

Raman mapping of Simplex showed a mixture of large round particles of poly (MMA) 

styrene co-polymer surrounded by PMMA and barium sulphate. Furthermore, large 

unreacted poly (MMA)-styrene co-polymer particles were seen as a consequence of 

poor solubility of poly (MMA) styrene co-polymer particle in MMA monomer. 

Cortoss Raman mapping showed a mixture of glass fillers and combeite glass phase mixed 

in a polymer mixture of dimethacrylate monomers (BisGMA based). Raman mapping of 

I50 showed a mixture of glass powder particles mixed in a polymer mixture of 

dimethacrylate monomers (UDMA based). 
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Simplex had a longer inhibition time (262 s) and half-life (441 s), than Cortoss (136 and 

288 s). In experimental formulations, inhibition time and half-life were inversely 

proportional to the inverse square root of BP and DMPT wt%. On the other hand, reaction 

rate of experimental formulations was proportional to the square root of BP and DMPT 

wt%. There was no significant effect of fibre on curing kinetics. On average, monomer 

conversions of Simplex, Cortoss and experimental formulations were ~ 81, ~ 58 and ~73 

% respectively. On average, polymerization shrinkage of Simplex, Cortoss and 

experimental formulations were ~ 7.1, ~ 5.1 and ~ 4.2 % respectively. On average, mass 

change of Simplex and Cortoss was 1.2 and 2.5 % respectively. On the other hand, volume 

change of Simplex and Cortoss was 1.6 and 4.1 % respectively. On average, mass and 

volume change of all experimental formulation was ~1.1 and ~1.9 % respectively. On 

average, BFS of Simplex, Cortoss and experimental formulations were ~ 128, ~ 93 and ~ 

141 MPa respectively. On average, Young’s modulus of Simplex, Cortoss and 

experimental formulations were ~ 1.7, ~ 3.3 and ~ 3.4 GPa respectively. Simplex and fibre 

reinforced composites showed more ductile fracture behaviour, compared to Cortoss and 

experimental formulations without any fibres. 

In conclusion, reaction kinetics were dependent on the concentration of initiator system 

and predictable from polymerisation mechanisms. Higher monomer conversion and 

lower polymerization shrinkage was achieved in experimental formulations compared 

to Cortoss. All experimental formulations had higher flexural and compressive strength 

than commercial material (Cortoss and Simplex). Use of silane treated glass fibre 

improved the fracture behaviour of the cements. 
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3.2 Introduction 

The potential side effects of PMMA based bone cement has already been discussed in 

chapter 1. Use of low molecular weight mono-methyl methacrylate (MMA) and high 

monomer content in PMMA bone cements can result in long working time, high 

polymerization shrinkage, no crosslinking ability and potential release of uncured 

monomers into the body fluids. To avoid the problems associated with MMA monomer, 

bi-functional high molecular weight dimethacrylate monomers were introduced.  

Use of high molecular dimethacrylate monomers can potentially enhance the 

mechanical properties and lowers the polymerization shrinkage. Theoretically, 

monomer conversion only need to be 50 % to stop the potential release of monomers as 

only one of the two double bonds of each dimethacrylate molecules have to be reacted to 

be bound. An example of a commercial bone cement that is based on high molecular 

dimethacrylate monomers is Cortoss (BisGMA based). There are, however, certain 

drawbacks with Cortoss, including low monomer conversion, high polymerization 

shrinkage and poor mechanical properties. Most of the problems with Cortoss are 

associated with type of monomers, monomer content and filler phase. In the following 

experimental materials, a more flexible bulk monomer UDMA was used instead of 

traditional BisGMA. The advantage of UDMA over BisGMA has been already described 

in chapter 1.  
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3.3 Aims and Objectives 

In this chapter, material chemistry, reaction kinetics, water-sorption and mechanical 

properties of two commercial bone cements (Simplex and Cortoss) were evaluated to 

provide bench mark properties for the development of novel bone cements. In addition to 

this, experimental formulations with varying levels of BP/ DMPT, monomer content and 

fibres were evaluated for the above mentioned properties and compared with commercial 

materials. 

Chemical components in the commercial materials will be determined using information 

from manufacturers and Raman mapping. Scanning electron microscopy (SEM) will be 

used to assess the fracture surface of these materials. Raman mapping will provide 

information regarding the chemistry in addition to size and dispersion of filler particles 

in the polymer phase. Reaction kinetics will be assessed via FTIR analysis at 24 °C. 

Information obtained will include; inhibition time, half-life, reaction rate and monomer 

conversion. Calculated polymerization shrinkage will be calculated from manufacture 

information, number of double bond per dimethacrylate monomer and monomer 

conversion. Mass and volume change were measured gravimetrically using balance with 

density kit. Biaxial flexural strength (BFS), Young’s modulus (YM), compressive 

strength (CS) and fracture behaviour were determined using an Instron testing machine 

at 1 day and 1 month. 

 

 

 



Muhammad Adnan Khan  PhD Thesis 

112 

 

3.4 Null hypothesis 

It was anticipated that material mapping via Raman will be sufficiently variable across an 

area to enable the determination of shape, size and dispersion of different components 

within the set polymer matrix at a micron level. One question being addressed was do the 

Simplex beads dissolve into the monomer phase or remain separate. Also poor interaction 

between barium sulphate and polymer phase might be responsible for the low strength of 

PMMA.  

It was envisaged that curing time (inhibition time and half-life) and monomer conversion 

will be affected by concentration of BP/DMPT wt%, monomer type and monomer content 

(%). From polymerization equations (see chapter 2), it was expected that inhibition time 

will be proportional to the inverse square root of BP and DMPT wt% (Equation 2.17). 

Moreover, reaction rate will be proportional to the square root of BP and DMPT wt% 

(Equation 2.20).  

It was hypothesized that monomer conversion of dimethacrylate will be lower than PMMA 

based bone cements. Furthermore, BisGMA based cements will have lower monomer 

conversion than UDMA based cements due to higher glass transition temperature of 

BisGMA. Moreover, polymerization shrinkage will be lower in formulations with large 

dimethacrylate monomers, compared to mono-methacrylate MMA monomers (Simplex). It 

was hypothesized that Cortoss mass and volume change will be higher than Simplex and 

experimental formulations mainly due to presence of calcium fillers.  

It has been suggested in the literature that dimethacrylate based composite cements will 

have higher compressive strength than flexural strength. In addition to this, monomer 

conversion will improve the mechanical properties in experimental formulations. Modulus 

of dimethacrylate composite cements will be higher than PMMA based cement (Simplex). 
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Moreover, BFS, YM and CS will decrease with time upon immersion in DW. As suggested 

in the literature, fibre addition should improve the fracture behaviour of the cement leading 

to a more ductile fracture behaviour. 
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3.5 Material and Methods 

A summary of the composition of commercial formulations tested in this chapter are given in 

Table 3.1. Simplex is a commercial PMMA based bone cement, whereas Cortoss is 

dimethacrylate composite based bone cement. Both contain BP and DMPT as initiator and 

activator respectively. Table 3.1 shows the various experimental formulations investigated in 

this study. Experimental formulations were based on varying levels of BP/ DMPT (Group I), 

monomer content (Group M) and fibre (Group F). Experimental formulations were prepared 

by mixing filler phase with monomer phase.  Monomer phase was prepared by mixing 70 wt% 

UDMA with 25 wt% TegDMA and 5 wt% HEMA. Monomer mixture was then mixed with 

either BP or DMPT to form activator and initiator monomers. The filler phase consists of only 

glass powder (GP) or glass powder (GP) with varying levels of fibres (0-30 wt%). The 

monomer content was varied from 20 to 30 wt% of the total. The filler phase was then 

combined with initiator/ activator monomer phase and put into double barrel syringes (for more 

detail, see Chapter 2). All thesis commercial and experimental formulation are shown in 

Appendix 1. 

SEM and Raman analysis was undertaken to characterize the structure and composition of 

cured commercial formulations. Reaction kinetics was assessed via FTIR data analysis. FTIR 

analysis was done at 24 °C. FTIR analysis includes inhibition time, half-life, reaction rate and 

monomer conversion. Polymerisation shrinkage was determined theoretically from molecular 

weight of monomers, number of double bond per dimethacrylate monomer and monomer 

conversion (%). Water-sorption was assessed gravimetrically using a balance with its density 

kit. Biaxial flexural strength, Young’s modulus and compressive strength were determined 

using an Instron testing machine after 1 day or 1 month in DW. Fracture behaviour was 

assessed via BFS load versus strain plot and SEM images. 



Muhammad Adnan Khan  PhD Thesis 

115 

 

Table 3.1: Summary of composition and powder liquid ratio (monomer content) of commercial bone cements. All 

information is from manufacturer’s usage instructions (51, 184, 242). 

Commercial  

Product    
Monomers Powder components 

Initiators &  

Inhibitors 

Filler  

content  

(wt%) 

Monomer 

Content 

(wt%) 

Simplex (S) MMA 
MMA-Styrene 

copolymer, PMMA 

Beads,  Barium sulphate 

(BaSO4) 

~ 2.3 wt% BP, 

~2.5 wt% DMPT, 

~77 ppm HQ 

 

 

   ~ 63 

 

        ~ 34 

Cortoss (C) 

BisGMA,  

BisEMA,  

TegDMA 

Glass ceramic,  

Combeite,  

(3-methylacryloxy-

propyltrimethoxy silane) 

BP 

DMPT 

HQ 

 

   ~ 68 

 

        ~ 32 

 
 

Table 3.2: Composition of experimental formulations with varying levels of BP/ DMPT wt% (I75, I50, I25), 

monomer content (%) (M20, M25, M30) and glass fibre (F0, F1, F2, F3).  BP and DMPT wt% was varied from 

0.25 wt% to 0.75 wt% in the monomer phase (Group I). Monomer content was varied from 20 to 30 wt%  of the 

total (Group M). Glass fibres were added at 0-30 wt% in the filler phase (Group F).  Monomer was prepared by 

mixing 70 wt% UDMA, 25 wt% TegDMA and 5 wt% HEMA. 

 

Code 

Initiator 

(BP) 

(wt% of 

monomer) 

Activator 

(DMPT) 

(wt% of 

monomer) 

 

Monomer content 

 (wt% of the 

composite) 

 

Glass fibre (GF)  

(wt% of filler 

phase) 

Initiator/ Activator variation 

I75 0.75 0.75 20 0 

I50/ M20 / F0 0.50 0.50 20 0 

I25 0.25 0.25 20 0 

Monomer content variation 

M25  0.50 0.50 25 0 

M30 0.50 0.50 30 0 

Fibre variation 

F10 0.50 0.50 20 10 

F20 0.50 0.50 20 20 

F30 0.50 0.50 20 30 
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3.6 Results 

 

3.6.1 Raman and SEM Analysis of Commercial material 

3.6.1.1  Simplex P 

A SEM image of Simplex powder is shown in Figure 3.1 (a). SEM image of Simplex 

powder showed ~30 µm round beads with ~ 2 µm smaller beads. According to the 

literature and Simplex manufacturer information, the large round beads (~25 µm) are poly 

(MMA) styrene co-polymer (PSP), whereas smaller beadlets consist of both PMMA and 

barium sulphate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 (a) SEM image of Simplex Powder. (b) SEM images of facture surface of Simplex discs after 1 day 

BFS testing. Numerous Pores can be seen in between the polymer network. (c) Undissolved polymer styrene co 

polymer can be seen through the polymer network. (d) Small beadlets and pores are observed interspersed 

between the polymer networks (PN). 
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Figure 3.1 (b), (c) and (d) shows the fracture surface of a cured Simplex specimen after 1 

day BFS testing. SEM images in Figure 2 (b) and (c) shows fracture surface with ~ 30 µm 

circular beads interspersed between polymer network. These beads are undissolved pre-

polymerized poly (MMA)-styrene co-polymer beads (PSP) (confirmed by Raman below). 

These images suggest that large number of PSP beads had not dissolved in the monomer 

phase. At a higher magnification, SEM image (d) shows polymer network with smaller 

pores and aggregated beads (~2 µm). The smaller beadlets are in poor contact with the 

polymer network. These beads might be barium sulphate.  

The Raman spectra of components after setting and surface mapping of cured Simplex is 

shown in Figure 3.2. Average Raman spectra of Simplex gave peaks at 810 cm-1 (C-H 

bend), 985 cm-1 (S𝑂4
−2 stretch), 1002 cm-1 (CH deformation), 1457 cm-1 (CH2 

deformation), 1608 cm-1 (C=C stretch), 1731 cm-1 (C=O stretch). Styrene gave the 

peaks at 1002 cm-1 and 1608 cm-1. PMMA gave peaks at 810 cm-1, 1640 cm-1 (due to 

incomplete methacrylate C=C conversion) and 1731 cm -1. Barium sulphate gave a 

peak at 985 cm-1. The Raman map shows beads of ~30 µm circular poly (MMA) 

styrene co-polymer (green areas) surrounded by polymethylmethacrylate (PMMA)  

(represented by red areas). The results suggested the PSP beads have not fully 

dissolved into the monomer phase. The barium sulphate was also observed well 

dispersed in the polymer phase (blue beadlets of ~3 µm). 
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Figure 3.2 Raman spectra of major components after curing and Raman map of the fracture surface of Simplex 

after 1 day BFS testing. Red, green and blue areas indicate PMMA, poly (MMA) styrene co polymer and barium 

sulphate respectively.  
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3.6.1.2 Cortoss 

Figure 3.3 shows the fracture surface of Cortoss at different magnifications. At low 

magnification, cracks propagating through the middle of the fracture surface are seen. 

Higher magnification of the fracture surface showed large angular particles (10-30 µm) 

and smaller irregular particles (~5 µm) surrounded by polymer network. From EDX, the 

larger angular particles and smaller particles both contain calcium and silicon. Large 

angular particles contain calcium, sodium, silicon and oxygen, which suggest, it might be 

combeite (267, 268). Around the angular particles, smaller glass particles containing 

barium, boron, aluminium and silicon were observed. These are most likely to be a barium 

containing glass.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 SEM images of fracture surface of Cortoss after 1 day BFS testing. At higher magnification, angular 

particles and smaller irregular particles are scattered through out the polymer network. The angular particles 

are lossely attached in the polymer phase.  
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A Raman spectrum of components after curing and surface mapping for cured Cortoss is shown 

in Figure 3.4. Glass phase gave strong peaks at 1371 cm-1 and 1400 cm-1 (BO3 deformation). 

The polymer phase gave a peak at 1612 cm-1 due to the carbon aromatic ring in both BisGMA 

and BisEMA, whereas peak at 1115 cm-1 represents the C-O-C group of these monomers (269). 

The strong peaks at 1400 cm-1 and 1455 cm-1 are due to the C-H group of TegDMA, BisEMA 

and BisGMA. Combeite phase gave a strong peak at 984 cm-1 (P-O stretch) (270, 271).  

     

 

Figure 3.4 Raman spectra of components of cured Cortoss. Glass fillers are represented by green spectrum. 

Polymer phase was represented by red spectrum. Combeite phase was represented by blue spectrum.  

Raman mapping of the cured Cortoss is shown in Figure 3.5. Raman Mapping showed a 

mixture of glass particles and combeite phase mixed in a polymer phase. Glass particles (green 

areas) are well dispersed in the polymer phase (Red areas), with a particle size of around ~10 
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µm.  Combeite phase (blue areas) consists of larger triangular irregular particles dispersed in 

the polymer phase. The area of glass particle to combeite phase was approximately 3:1.  

 

Figure 3.5 Raman mapping of fracture surface of Cortoss. Green areas correspond to glass particles, blue areas 

to combeite phase, whereas red areas correspond to a polymer phase.  

 

3.6.2 Raman Analysis of I50/ M20 / F0 experimental formulation:  

The Raman spectra of components after curing and surface mapping of cured I50 

experimental formulation is shown in Figure 3.6. The glass phase gave strong peaks at 

1371 cm-1 and 1400 cm-1 (BO3 deformation). The polymer phase gave peaks at 1639 cm-1 

and 1721 cm-1, due to the C=C in residual un-polymerized monomer and carbonyl groups 

(C=O) in UDMA, TegDMA, and HEMA (272). The strong peaks at 1400cm-1 and 1455 

cm-1 are due to the C-H group of TegDMA, HEMA and UDMA. Glass particles (green 

areas) are well dispersed in the polymer phase (red areas), with a particle size of around ~ 8 

µm. 
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Figure 3.6 (a) Raman spectrum of components of cured I50 experimental formulation.  (b) Raman mapping of 

fracture surface of cured I50 formulation containing 0.50 wt% BP and DMPT.  Monomer phase consists of 70 

wt% UDMA, 25 wt% TegDMA and 5 wt% HEMA. Monomer content was 20 wt%. Green areas correspond to 

glass, whereas red areas correspond to polymer phase.  
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3.6.3 Reaction Kinetics 

3.6.3.1 FTIR Spectra 

Example FTIR spectra of commercial and experimental formulations before and after 

polymerization are shown in Figure 3.7. FTIR peaks of formulations are found at 1244 cm-1 

(C-O), 1319 cm-1 (C-O stretch), 1452 cm-1 (C-O stretch), 1480 cm-1, 1528 cm-1 (N-H 

deformation), 1609 cm-1 (aromatic C=C stretch), 1636 cm-1 (methacrylate C=C stretch), 1708 

cm-1 (C=O stretch). Polymerization causes reduction in absorbance at 1319 cm-1 and 1636 cm-

1 but increase at 1244 cm-1. Cortoss contains an additional peak at 1609 cm-1 due to presence 

of an aromatic ring in BisGMA. This was absent in the I50 formulation due to absence of 

aromatic ring in UDMA.  

 

Figure 3.7 Representative FTIR spectra of commercial and experimental formulations before and after 

polymerization. Peak at 1319 cm-1 was used for determination of polymerization rate and evaluation of monomer 

conversion.. 
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3.6.3.2 Curing time 

Figure 3.8 shows the inhibition time and half-life for commercial and experimental 

formulations (Group I).  Cortoss had approximately half the inhibition time and half-life of 

Simplex. Increasing the level of BP and DMPT decreased the inhibition time and half-life. 

Experimental formulations I50 and I75 had shorter inhibition time and half-life than the 

commercial formulations but for I25 these times were longer. According to the polymerization 

reaction equations (see chapter 2), inhibition time should be inversely proportional to BP and 

DMPT concentration. Upon plotting the inhibition time or half-life versus inverse of BP and 

DMPT wt%, straight lines were obtained with high R2 values (Table 3.3). The ratio of 

inhibition / half-life was 0.43 ±0.01 irrespective of BP and DMPT wt% (Table 3.3).  

 

Figure 3.8 Inhibition time and half-life of two commercial and Group I experimental formulations (I75, I50, I25). 

Experimental formulations were based on varying levels of BP and DMPT wt% (Group I Formulations= I75, I50, 

I25). (Error bars = 95%CI, n=5). 

 

Figure 3.9 Linear regression analysis of inhibition time and half-life versus inverse of BP and DMPT wt%. 
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Table 3.3: Gradient of inhibition time and half-life versus one over square root of BP times DMPT wt%, obtained 

by linear regression analysis. According to polymerization reaction, inhibition time is inversely proportional to 

inverse square root of initiator times the activator concentration (See chapter 2) (Error bars = 95%CI, n=5). 

 

On average, half-life of Simplex and Cortoss was 1.7 and ~2.2 times higher than their 

respective inhibtion time. On average, half-life of all experimental formulations was ~2.4 

times higher than their respective inhibtion time. 

The effect of monomer content (Group M) and fibre addition (Group F) on inhibition time 

and half-life at 0.50 wt% BP and DMPT is shown in Figure 3.10. On average, inhibition 

time and half-life decreased by ~ 20 s and ~ 30 s, when monomer content was increased 

from 20 to 25 wt% and 25 to 30 wt% respectively. Fibre had no significant effect on 

inhibition time and half-life.  The average inhibition time and half-life with 20 wt% 

monomer and varying level of fibre was 90 ±7 s and 223 ±7 s respectively.  

 

Figure 3.10 Inhibition time and half-life of group M and F experimental formulations at 0.5 wt% BP/ DMPT. 

(From Left- right formulations = M30, M25, M20/ F0, F10, F20, F30). (Error bars = 95%CI, n=5). 
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3.6.3.3 Reaction Rate 

Reaction rate profiles, maximum reaction rate (Rmax) and half-time reaction rate (Rt50) is 

shown in Figure 3.11. Among all formulations, I75 had the steepest and sharpest reaction 

rate profile. On the other hand, I25 had the most prolonged reaction rate profile. In 

experimental formulations, steepness/ sharpness of reaction rate profile decreased upon 

raising the level of BP and DMPT (Group I).  The behaviour of Cortoss was between that 

of I50 and I25.  That of Simplex was quite different.  It had similar profile to that of I50 

but it was shifted to later times. 

Maximum Reaction rate (Rmax) and half-life reaction rate (Rt50) of all formulations was 

between 1.1 and 7.2 E-03 s-1. In all formulations except Cortoss, maximum reaction rate 

was ~1.3 times longer than the half-life reaction rate. Maximum reaction rate of Simplex 

was 50% higher than Cortoss.  However, Simplex half-life reaction rate was similar to 

Cortoss. Maximum and half-life reaction rate of I75 and I50 were found higher than 

Simplex and Cortoss. Moreover, I25 reaction rate was lower than for both Cortoss and 

Simplex.  

According to the polymerization reaction equation (see chapter 2), reaction rate should be 

proportional to the square root of BP times DMPT concentrations. When reaction rate was 

plotted against square root of initiator and activator concentrations, straight lines were obtained 

with high R2 values (Table 3.4). The gradient obtained using half-life reaction rate was 33 % 

higher than that obtained using the maximum reaction gradient. 

There was no significant effect of fibre and monomer content on Rmax and Rt50 (Figure 

3.11). On average, maximum reaction rate and half-life reaction rate of Group M and F 

formulations were ~3.4 and ~4.1 E-03 s-1 respectively. 
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Figure 3.11 (a) Reaction rate profiles of commercial and group I experimental formulations. The highest point of 

the reaction rate peak represents the maximum reaction rate (b) Maximum and half-life  reaction rate of 

commercial and group I experimental formulations containing varying levels of BP and DMPT (Group I 

Formulations= I75, I50, I25). (c) Effect of monomer content and fibre wt% on maximum (Rmax) and half-life (t50) 

reaction rate (Rt50). BP/ DMPT level was 0.5 wt%. Monomer content was 20 wt%.(From Left- right formulations 

= M30, M25, M20, (or F0), F10, F20, F30). (Error bars = 95%CI, n=5). 
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Figure 3.12 Linear regression analysis of reaction rate versus square root of BP and DMPT wt%. 

Table 3.4 Gradient of maximum reaction rate (Rmax) and half-life reaction rate (Rt50) versus the square root of BP 

and DMPT wt%, obtained by linear regression analysis (Error bars = 95%CI, n=5). 

 

3.6.3.4 Monomer conversion 

Figure 3.13 shows the monomer conversion of commercial and group I experimental 

formulations. Monomer conversion of all formulations were between 58 and 81 %. Among 

all formulations in Figure 3.13, Simplex and Cortoss had the highest (81%) and lowest 

(58%) monomer conversion respectively. There was no significant difference of monomer 

conversion between I75 and I50 (~74 %). Both formulations had 6 % higher monomer 

conversion than I25 formulation. Moreover, I25 had 10% higher monomer conversion than 

Cortoss. There was no significant effect of monomer content (wt%) and fibre (wt%) on 

monomer conversion (Average = ~73 %).  

  

0.E+00

2.E-03

4.E-03

6.E-03

8.E-03

1.E-02

0 0.2 0.4 0.6 0.8

R
ea

ct
io

n
 r

at
e 

(s
-1

)

[BP]0.5[DMPT]0.5 (wt%)

Half-life reaction rate Maximum reaction rate

y(s-1) x(wt%) Gradient (s-1.wt%-1) Intercept (s-1) R2 

Rmax [BP]0.5[DMPT]0.5  5.6 E-03 ±4 E-04 0 0.98 

Rt50 [BP]0.5[DMPT]0.5 8.7 E-03 ±7 E-04 0 0.97 



Muhammad Adnan Khan  PhD Thesis 

129 

 

 

 

Figure 3.13 (a) Monomer conversion of commercial materials and group I experimental formulations containing 

varying levels of BP and DMPT (Group I Formulations= I75, I50, I25). (b) Effect of monomer content (wt%) and 

fibres (wt%) on monomer conversion. (From Left- right formulations = M30, M25, M20/ F0/I50, F10, F20, F30). 

(Error bars = 95%CI, n=5). 

 

3.6.3.5 Calculated polymerization shrinkage 

Figure 3.14 shows the calculated polymerization shrinkage of commercial and 

experimental formulations. Commercial formulations had higher polymerization 

shrinkage than group I and group F experimental formulations. For all experimental 

formulations (Group I, M and F), average polymerization shrinkage was between 4.9 and 

3.9 %. Polymerization shrinkage increased, when monomer content increased by 5 wt%. 

Addition of fibre had no significant effect on polymerization shrinkage.  
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Figure 3.14 Calculated polymerization shrinkage of commercial and group I experimental formulation with 

varying levels of BP and DMPT wt% (Group I Formulations= I75, I50, I25). (b) Effect of varying levels of 

monomer content and fibre (wt%) on polymerization shrinkage (From Left- right formulations = M30, M25, M20, 

F0, F10, F20, F30). (Error bar = 95%CI, n=5). 

 

3.6.4 Mass and Volume change 

Mass and volume change of chapter 3 formulations versus the square root of time in hours over 

8 weeks is shown in Figure 3.15. Initial mass and volume plots were linear up to 1 week (t0.5  

(hr) = 13 hr0.5) for all formulations. This linear relationship was expected for diffusion 
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among all formulations. Maximum volume change in Simplex and Cortoss was ~1.2 and 1.6 

times higher than their mass change respectively. 
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small. Although, maximum value of mass change increased upon raising fibres level, volume 

change was similar.  

 

 

Figure 3.15 (a) Mass change and (b) Volume change versus square root of time in hours (hrs) for commercial 

and experimental I, M and F formulations. All specimens were immersed in DW. (Error bars = 95%CI, n=5). 
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Table 3.5 Initial gradient (Gi) versus SQRT time and maximum value (m) of mass (M) and volume change (V) for 

commercial and experimental formulations. Discs were stored in DW for up to 8 weeks.   Initial gradient of mass 

and volume change versus square root of time, were calculated using data up to 1 week for all formulations. 

Maximum value of mass and volume change were obtained at 8 weeks. (Error bars = 95%CI, n=5). 

Code Initial gradient of 

mass vs SQRT of 

time in hours 

 (M-Gi) 

(wt% / hr0.5) 

Maximum 

mass 

change      

(Mm)  

(%) 

Initial gradient of 

volume vs SQRT 

of time in hours 

(V-Gi)  

(vol% / hr0.5) 

Maximum 

volume  

change       

(Vm)  

(%) 

C 0.16 ±0.02  1.4 ±0.1 0.18 ±0.03 1.5 ±0.1 

S 0.24 ±0.07 2.6 ±0.1 0.27 ±0.04  4.1 ±0.1 

I75 0.09 ±0.02  0.9 ±0.1 0.18 ±0.03 1.7 ±0.1 

I50/ M20/ F0 0.09 ±0.03 0.9 ±0.1 0.18 ±0.04 1.7 ±0.1 

I25 0.09 ±0.04 1.0 ±0.1 0.18 ±0.05 1.8 ±0.1 

M25 0.10 ±0.02 1.1 ±0.1 0.21 ±0.03 1.9 ±0.1 

M30 0.12 ±0.02 1.4 ±0.1 0.24 ±0.05 2.1 ±0.1 

F10 0.09 ±0.02 1.1 ±0.1 0.18 ±0.04 1.9 ±0.1 

F20 0.11 ±0.03 1.2 ±0.1 0.18 ±0.05 1.9 ±0.1 

F30 0.15 ±0.04 1.5 ±0.1 0.18 ±0.06 1.9 ±0.1 

 

 

3.6.5 Mechanical Properties 

3.6.5.1 Biaxial Flexural Strength (BFS) 

Figure 3.16 shows the BFS of commercial and group I experimental formulations at 1 day 

and 1 month. On average, Simplex and Cortoss had an early BFS of 128 and 93 MPa 

respectively (1 day).  On average, I75 and I50 had the highest BFS, whereas Cortoss had 

the lowest BFS among all commercial and group I experimental formulations. On average, 

there was no significant difference of BFS between I75 and I50. However, BFS of the I25 

was ~45 MPa lower than I75 and I50. In all formulations except Cortoss, BFS decreased 

by an average of ~15 MPa when stored for 1 month, compared with 1 day. 
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Figure 3.16 BFS of commercial and group I experimental formulations at 1 day and 1 month respectively. Cortoss 

BFS declined by half in 1 month. (Group I Formulations= I75, I50, I25). (Error bars = 95%CI, n=8). 

 

Cortoss BFS declined, on average by ~48 MPa (50%), when stored for 1 month in DW, 

compared to 1 day. There was negative correlation between monomer content or fibre and 

BFS. BFS decreased upon raising the level of fibres and monomer content (Figure 3.17). 

On average, BFS decreased by ~14 MPa after storing for 1 month, compared to 1 day.  

   

Figure 3.17 Effect of varying levels of monomer content and fibres on BFS at 1 day and 1 month. (From Left- 

right formulations = M30, M25, M20, F0, F10, F20, F30). (Error bar = 95%CI, n=8). 
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3.6.5.2 Young’s modulus (YM) 

Figure 3.18 shows the Young’s modulus (YM) of commercial and group I experimental 

formulations at 1 day and 1 month. On average, YM of all the formulations except 

Simplex, was 3.2 and 2.8 GPa, at 1 day and 1 month respectively. Simplex had the lowest 

YM among all formulations with an average modulus of ~1.7 GPa. Cortoss modulus 

declined by ~33 % when stored for 1 month.  Within group I experimental formulations, 

YM declined by ~13 % within this time.  

 

Figure 3.18 Young’s modulus of commercial and group I experimental formulations. (Group I Formulations= 

I75, I50, I25) (Error bar = 95%CI, n=8). 

 

There was no significant effect of monomer content and fibres on Young’s modulus (Figure 

3.19). YM of group M and F formulations was ~3.1 and ~2.8 GPa at 1 day and 1 month 

respectively. 
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Figure 3.19 Effect of varying levels of monomer content and fibres on YM at 1 day and 1 month. (From Left- right 

formulations = M30, M25, M20, F0, F10, F20, F30) (Error bar = 95%CI, n=8). 

 

3.6.5.3 Compressive strength (CS) 

Figure 3.20 shows the compressive strength (CS) of commercial and group I experimental 

formulations at 1 day and 1 month. On average, compressive strength of group I formulations 

was ~180 and ~173 MPa at 1 day and 1 month respectively. Among all formulations in Figure 

3.20, I75 and I50 had the highest CS, whereas Cortoss had the lowest CS. On average, 

compressive strength of group I formulation was higher than the commercial formulations at 

any time point.   

For all formulations; except Cortoss, compressive strength decreased by an average of ~15 

MPa, when stored for 1 month, compared to 1 day. Cortoss compressive strength decreased by 

65 MPa (~50 %) when stored for 1 month, compared to 1 day.  

There was no significant difference in compressive strength between I75 and I25. However, 

compressive strength of I25 was ~13 % lower than I75 and I50. 
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Figure 3.20 Compressive strength of commercial and group I experimental formulations at 1 day and 1 month. 

Cortoss strength declined, by 50% when stored in SBF for 1 month compared to 1 day CS. (Group I 

Formulations= I75, I50, I25) (Error bar = 95%CI, n=8). 

There was no effect of monomer content on compressive strength (Figure 3.21).  Compressive 

strength decreased much more upon addition of fibres. 

 

 

Figure 3.21 Effect of monomer content (%) and fibre (%) on compressive strength at 1 day and 1 month. (From 

Left- right formulations = M30, M25, M20, F0, F10, F20, F30). (Error bar = 95%CI, n=8). 
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3.6.5.4 Fracture behaviour 

Figure 3.22 shows representative load/ deflection graph of commercial and group F 

experimental formulations. Simplex and fibre reinforced formulations (F20 and F30) 

showed more ductile fracture behaviour, compared to Cortoss and I50/ M20/ F0 

experimental formulations. Cortoss and experimental formulations without fibres showed 

brittle shape fracture behaviour.  

 

 

Figure 3.22: Representative load/deflection plot of commercial and group F experimental formulations during 

biaxial flexural testing. Simplex, F20 and F30 exhibit a more quasi-ductile fracture behaviour, whereas Cortoss 

and experimental formulation without fibres exhibit more quasi-brittle fracture. Moreover, 20 wt% and 30 wt% 

fibre reinforced formulations had similar load /deflection pattern.  
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3.6.6 SEM images of fracture surface of fibre and non-fibre formulations 

SEM images of fracture surface of fibre reinforced experimental formations (group F) after 

1 day BFS testing is shown in Figure 3.23. Crack propagation is inhibited with the addition 

of fibres. Figure 3.23 (a, b, c) shows that crack/ fracture propagation occurs in a zigzag 

manner rather than in a straight line in fibre added formulations. In Figure 3.23 (c, d) fibres 

were protruding into the other side of the fracture, holding the two sides of the fractured 

surface. This holding together of surfaces by the fibres prevents the complete fracture of 

the specimen. In Figure 3.23 (e) fibres were visibly well bonded to the polymer phase. It 

might indicate that fibres are silane treated. In Figure 3.23 (f), length of the fibres 

protruding from the complete fracture surface showed that the fibres didn’t fracture along 

the fracture line.  

 

 

 

 

 

 

 

Figure 3.23 SEM images of fracture surfaces of fibre reinforced composite. (a)(b)(c) Effect of fibre on crack 

propagation. (d) Fibre holding the polymer structure acting like a holding rope (e) Fibre bonding to the polymer, 

improving the mechanical properties (f) Fibre protruding out of the fracture surface. 
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3.7 Discussion 

3.7.1 Raman and SEM of Commercial material 

Raman mapping spectroscopy is a useful tool to characterize the different phases within 

the set composite material (273). Peaks of PMMA, styrene co-polymer, barium sulphate 

were found to be similar to those described in the literature (274, 275) (276) (277, 278) (279). 

Raman mapping of Simplex showed large undissolved-poly-MMA-styrene co-polymer 

particles (green area). A possible explanation for finding large round polystyrene co-

polymer particle in the map might be a consequent of insufficient MMA (monomer phase) 

wetting of the polystyrene particles or low solubility of copolymer in MMA liquid (276). 

Overlapping of the barium sulphate spectra with PMMA spectra might suggest that either 

barium sulphate was coated on the PMMA particle or the resolution of Raman was not 

good enough to distinguish small particles from the surrounding polymerised monomer. 

This study also showed that barium sulphate particles were not well dispersed in the 

polymer phase suggesting a weak interphase between the polymer and barium sulphate 

resulting in poor mechanical properties. Previous studies have shown that barium sulphate 

inclusion decreases the polymer strength (50). 

Previous studies have shown that Cortoss consists of a mixture of reinforcing particles of 

barium boro-alumino silicate glass and combeite glass phase mixed in a polymer matrix (280, 

281). Glass peaks of Cortoss were similar to experimental glass peaks and other studies in the 

literature (282). However, in the literature, there were other peaks associated with barium 

silicate glass that were not detected on Cortoss glass or experimental glass (silicate glass 

spectra have peaks at 450 cm-1 or 1157 cm-1) (282-284). In literature, Raman showed several 

spectral peaks for bioactive glasses containing combeite phase. Studies have shown that 

combeite phase give strong peak at 953/ 984 cm-1, which was similar to the finding in this 
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thesis (267, 268). Moreover, The combeite phase might be responsible for the apatite layer 

formation in Cortoss (184). Presence of aromatic C=C peak at 1609 cm-1 and C-O-C peak at 

1115 cm-1  in Cortoss polymer phase are characteristics of BisGMA and BisEMA monomers. 

The absence of aromatic rings in UDMA based formulations was associated with low glass 

transition temperature (Tg) of the monomers, resulting in better handling, more flexibility and 

high monomer conversion compared to BisGMA based formulations.  

3.7.2 Reaction Kinetics 

Reaction kinetics of setting composites affects their physical, mechanical and biological 

properties. It was therefore of utmost importance to fully understand how to control the reaction 

kinetic properties such as inhibition time, half-life, reaction rate and monomer conversion.  

There were several factors, which can influence the polymerization reaction such as initiator/ 

activator levels, inhibitor level, temperature, flexibility of monomer and oxygen permeability 

(51).  

Rate of reaction and monomer conversion had been studied by numerous researchers using a 

variety of different approaches including differential scanning calorimetry (DSC), nuclear 

magnetic resonance (NMR) and attenuated total reflectance fourier transform infrared 

spectroscopy (ATR-FTIR) (285-287). Differential scanning calorimetry (DCS) measures the 

relative polymerization rather than absolute degree of polymerization (51, 287, 288). Both 

Raman spectroscopy and Fourier transform infrared (FTIR) have been commonly applied for 

quantification of monomer conversion (51, 220, 289). Fourier transform infrared spectroscopy 

(FTIR) and Raman are established analytical techniques. They are convenient and reliable 

methods for assessing both the reaction kinetics and monomer conversion in multi-

methacrylate systems (157, 290-292). In addition, they have been used to assess some chemical 

changes in the formulation after immersion in fluids. The use of diamond ATR-FTIR is 



Muhammad Adnan Khan  PhD Thesis 

141 

 

particularly beneficial for monitoring the changes at an early time point, immediately after 

mixing the material.   

Many studied have been undertaken to study methacrylate peaks for the assessment of reaction 

kinetics and monomer conversion (244, 275, 278, 293). Reaction kinetics and monomer 

conversion were measured by changes in absorbance spectra of methacrylate molecules.  

Young et al studied the absorbance spectral changes before and after curing of resin based 

cements containing UDMA, TegDMA, and HEMA.  Absorbance changes in peaks for C=O, 

C-C, C=C of methacrylate groups in resin based cements were identified and found at similar 

wavenumbers with both the commercial and experimental formulations (244). 

During polymerization, a reduction in the intensity of the 1637 cm-1 peak occurs due to the 

reduction in the double bond (C=C) concentration. For BisGMA containing systems, the 

aromatic C=C peak at 1609cm-1 is used as an internal standard. In some studies, when the resin 

doesn’t contain aromatic rings, the C=O vibration at 1720 cm-1 is used as internal standard 

(293). It has been reported that hydrogen bond in NH group can interact with the carbonyl 

group of urethane linkage in UDMA, leading to change in intensity at 1699 cm-1. The peak at 

1720 cm-1 (C=O) in the methacrylate group was thought to be less affected by the hydrogen 

bond (293). Thus application of C=O band can be used as a good internal reference for 

determination of monomer conversion in UDMA monomers (157, 290).  With the use of ATR 

FTIR, however, an internal standard is not required if the paste is cured on the surface of the 

diamond.  This is because the volume of material under examination remains constant. 

The reaction mechanism and different polymerization equations for inhibited free radical 

addition polymerization were given in chapter 1 and chapter 2. Different polymerization 

equations were used to explain the inhibition time, half-life and reaction rate of the addition 

polymerization reaction.  
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Inhibition time of Simplex in literature was found to be around 4-6 minutes, similar to the 

finding in this thesis (52). Simplex has long inhibition time; although the amount of activator 

and initiator in Simplex P is double and the inhibitor levels are low. Early reaction may be 

prevented by the fact that BP must dissolve/ diffuse from the filler powder phase into the 

monomer liquid phase before any reactions starts.  Inhibition time of Cortoss in literature was 

found to be around 2-3 minutes, similar to the finding in this thesis (51). The shorter inhibition 

time of Cortoss compared to Simplex might be due to pre-mixing of initiator with the paste. In 

addition to this, it might be also due to high initiator level, low inhibitor level and better filler 

wettability.  

In majority of studies and commercial formulations, BP was used as a free radical generator, 

whereas DMPT was used as a stabilizer of free radicals (51, 52). It has been reported that free 

radicals produced by benzoyl peroxide are stabilized by DMPT (294). Thus increasing the level 

of DMPT, increases the stabilization of a large number of free radicals. This reduces the time 

taken to use up the inhibitors before polymerization reaction starts. Furthermore, availability 

of more free radicals increases the reaction rate.  Inhibition time and half-life are proportional 

to one over the concentration of activator and initiator, proving the polymerization theories and 

equations in chapter 2.  

Various studies have shown the effect of initiators on the reaction rate of dental and orthopaedic 

bone cements (250). Reaction rate of formulations (I75 and I50) were higher than that of 

Cortoss. This might be due to the use of different base monomer and higher concentration of 

BP and DMPT. It has been shown that UDMA has a higher reaction rate, compared to BisGMA 

due to lower glass transition temperature (250). As expected, in experimental formulations, 

both BP and DMPT increase the reaction rate as BP provides more free radicals and DMPT act 

as stabilizer of these free radicals. This thesis also showed that inhibition time and half-life 
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decreased slightly upon raising the level of the monomer content (wt%). This might be due to 

better wettability of filler particles or less oxygen incorporation into the monomers. 

Higher monomer conversion has been associated with improved mechanical and biological 

properties (293, 295, 296). Higher mechanical properties will decrease the probability of 

failure/ fracture. In addition to this, higher monomer conversion (%) reduces the cytotoxic 

effect of unreacted monomers and initiators (297, 298). Studies have shown that increase level 

of monomer conversion is associated with decrease in the resin permeability and water-

sorption. This could indirectly have an impact on release kinetics of bioactive substances (286). 

Monomer conversion have been shown to be influenced by many factors such as chemical 

structure and glass transition temperature of monomers, temperature of the system and initiator/ 

activator level etc. (293). In this thesis, the percentage of the unreacted double bonds in the 

monomers were assessed  by measuring the peak height corresponding to a C-O bond (1319 

cm-1) in polymerizing double bonds (139, 299). 

Simplex monomer conversions in literature have been found to be around 84 - 93% which was 

slightly higher than in this thesis (72). This may be a consequence of using lower level of 

material in this study. If the amount of material is high, the heat generated during 

polymerization may cause the polymerisation to increase. This study showed that Simplex had 

higher monomer conversion than composite bone cements. The higher monomer conversion in 

Simplex might be due to high level of initiator/activator or use of flexible, low molecular 

weight MMA monomer (low Tg). These low molecular weight MMA monomers are also 

mono-methacrylates with no crosslinking ability (150).  The major problem in mono-

methacrylate monomers is that all molecules must be cured to stop the residual monomer from 

leaking/ leaching into surrounding tissues. Cortoss and experimental formulations contain high 

molecular weight, bifunctional dimethacrylate monomers. In dimethacrylates, each molecule 

has two C=C bonds. If conversion is 50% or higher in dimethacrylates, there would be a strong 
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possibility that one of the double bonds in all dimethacrylate molecules are cured, to prevent 

monomer leaching. With crosslinking dimethacrylates, monomer conversion may cease or at 

least substantially decline in rate after 50% conversion. Monomer conversion of BisGMA 

based composite have been found to be around 50-55 % which is similar to the monomer 

conversion found in this thesis for Cortoss (300, 301). (299, 302, 303). It has also been reported 

that addition of bio-glass into filler also decreases the monomer conversion (304). All 

experimental formulation (UDMA based) had higher monomer conversion than Cortoss 

(BisGMA based). This might be due to lower glass transition temperature of UDMA (-35 ºC) 

and TegDMA (-83 ºC), compared to BisGMA (-8 ºC ) (305, 306). (178). This results in 

enhanced mobility during the polymerization process, results in higher monomer conversion.  

Polymerization shrinkage was calculated from material chemistry and degree of monomer 

conversion (discussed in Chapter 2).  It has been reported that Simplex shrinks by around ~ 7 

% (64, 77, 78), which was similar to the finding in this thesis. The primary reason for higher 

polymerization shrinkage was due to the use of low molecular weight MMA monomer and 

higher monomer conversion. The calculated value of polymerization shrinkage corresponds 

well to the values in literature. For this reason, calculating method for the shrinkage 

determination was thought to be a reasonable way to estimate this property. Cortoss had lower 

shrinkage than Simplex. This was due to the presence of high molecular weight, bifunctional 

dimethacrylate monomers and lower monomer conversion.  All the experimental formulations 

had lower polymerization shrinkage than Cortoss, due to lower volume fraction of monomer 

used. Higher powder ratio was possible due to the fact that UDMA was less viscous than Bis-

GMA although both are high molecular weight monomers (307). 
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3.7.3 Water-sorption (Mass and Volume change) 

Water-sorption plays an important role in the chemical, mechanical and elution characteristics 

of bone cements (308). Upon water-sorption, unreacted monomer can leach out from the 

material and can exert cytotoxic effect on cells (309). Furthermore, the unreacted monomer 

upon water-sorption causes polymer matrix plasticization and hydrolytic degradation (221). 

This series of events can result in deterioration of mechanical properties (310, 311). On the 

other hand, it can beneficially induce expansion of the material, which could overcome the 

polymerization shrinkage of these bone cements (312).  

Water-sorption has been reported to be dependent upon the chemistry of the monomer resins, 

monomer conversion, filler particle size and filler-matrix interfacial bonding (173). It has been 

reported that water-sorption primarily occurs in the polymer matrix (308). Furthermore, it has 

been reported that crosslinking in these polymer matrices plays a vital role (308).  For instance, 

the greater the crosslinking between the monomers, less will be the water-sorption (173). In 

addition, water-sorption is influenced by monomer affinity for water. For instance; presence of 

hydroxyl groups (OH) in HEMA attracts water molecules leading to an increased water-

sorption (313) (314).   

The above study showed that the mass increase upon water-sorption for Simplex and Cortoss 

was ~1.3 and ~2.5 %, which was comparable to different studies in the literature (315-318). In 

addition to this, Cortoss water-sorption was found to be higher than Simplex. A possible 

explanation could be the presence of calcium fillers that induces more water-sorption.  

The water-sorption of these material can be explained by two main processes.  Consider the 

first case; a material with no pores absorbing water. In this case, the volume of the composite 

will be equal to the volume of original sample plus aqueous solution. It can be shown in this 

situation that the percentage volume change should be equal to sample density multiplied by 
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percentage mass change. On the other hand, if material contains pores in it, then there will be 

additional water absorption in to the porosities of the specimen. In this case, the mass will 

increase but the volume will remain constant. In other words, the volume change will be smaller 

than the percentage mass change multiplied by sample density.  The ratio of mass to volume in 

Simplex was lower than Cortoss due to its lower density but possibly also due to a high number 

of pores in Simplex. The higher concentration of pores was also evident from SEM images of 

Simplex.  

The slightly higher mass and volume change in experimental formulation with increase in 

monomer content can be associated with higher amount of hydrophilic monomer. Monomer 

such as HEMA and TegDMA addition in composite have shown high affinity for water leading 

to high water-sorption (314). Therefore, these monomers were added in small quantity to limit 

the water-sorption.  

In this thesis, ratio of mass to volume change was increased on fibre addition. A possible 

explanation could be the incorporation of large number of pores as a result of lower monomer 

wetting.   

3.7.4 Mechanical Properties 

Bone cements should have sufficient mechanical properties to withstand the stresses that are 

created during movement. As discussed in chapter 2, different mechanical techniques may give 

different results. Traditionally, commercial PMMA cements for bone cement application has 

been mechanically characterized using compressive strength, 4 point bend test, and to a lesser 

degree by three-point bend testing (ISO 5833:2002 Acrylic bone cement). There are, however, 

several disadvantages with four and three bend test. The measure of strength in flexural testing 

depends upon the condition of the surface and the tension edges (319). Large variation in the 

flexural strength of the same acrylic bone cement may arise due to flaws or voids incorporation. 
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Biaxial flexural strength is one of the flexural tests, that is not affected by the edge condition 

and may minimize the reported variability in acrylic bone cement results (320, 321). BFS also 

offer advantage of using smaller dimension specimen and less material (322-324). 

Furthermore, it decreases the friction between load/ specimen and specimen/ support (325). 

Moreover, it is more sensitive than compressive strength because mainly it eliminates the 

influence of intersecting plane of shear and edge effects (326). Therefore, it is a useful tool for 

determining the mechanical characteristics of ceramics and glasses (327). In addition, studies 

have shown that spinal segments are subjected to both tensile and compressive forces (328) 

Various studies have been done to assess the mechanical properties of Simplex and Cortoss 

(150, 184, 279). Boyd et al found the biaxial flexural strength (BFS), young modulus (YM) 

and compressive strength (CS) of Simplex and Cortoss at 1, 7 and 28 days. Early biaxial 

flexural strength and modulus of Cortoss were found to be around ~100 MPa and ~3.1 GPa, 

whereas for simplex, it was around ~135 MPa and ~1.5 GPa respectively (184). The values 

were comparable to those found in this thesis.  Biaxial flexural strength of Cortoss declined by 

55% in 30 days in both the previous work and this. As previously discussed in chapter 1, 

chemistry of the cement plays a vital role in characterizing the mechanical properties. The 

addition of bioglass (combeite phase) and presence of hydroxyl groups in BisGMA contribute 

to the water-sorption, leading to plasticization of the cement matrix with time. Abe et al have 

indicated that water-sorption into BisGMA materials results in de-bonding of matrix filler or 

filler failures, resulting in reduced strength (184, 326). BFS of all experimental formulations 

and Simplex remain more stable with only a slight decline in strength at 1 month.  This might 

be due to reduced water-sorption leading to lower degradation and plasticisation of the 

material.  

Initiator concentrations, type of monomers and monomer conversion plays a vital role in 

mechanical properties (72, 178, 307). As previously discussed, monomer conversion improves 
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the mechanical properties of the dimethacrylate cements (293). It can be seen from 

dimethacrylate polymerization in this thesis that the flexural strength of the Cortoss and 

experimental formulations are at least in part related to the level of monomer conversion.  

In composite cements, the point of failure is usually the interface between polymer  and filler 

phase (329).  Better filler wettability improves the interaction, reduces the voids and enhances 

micromechanical interlocking between the polymer matrix and filler particles (204, 330, 331). 

Furthermore, chemical bonding between matrix and filler could enable better stress transfer 

between phases. In Cortoss and experimental formulations, silane treatment of the filler phase 

increases filler hydrophobicity, hence improves the monomer wetting.  In addition, during 

polymerization, silane methacrylate’s enables chemical bonding between the filler and 

monomer,  leading to better mechanical properties (205). 

Modulus of the material is dependent on the modulus and volume fraction of each phase (332). 

In addition to this, level of porosity is also correlated with the modulus (62). Strong 

proportional co-relation has been found between the filler wt% in the material and modulus of 

the material, which could explain the higher modulus of the experimental material than 

commercial material (333). In addition to this, manufacture compositional differences between 

the same resin composites; such as size and shape of inorganic filler and kind of monomer 

might influence the mechanical behaviour of the formulations (334). Furthermore, It has been 

shown that modulus of the material increases with the increase in monomer conversion of 

similar resin composites (335).  

PMMA has the lowest modulus. A possible explanation could be lower modulus of the polymer 

fillers and high porosity in its set structure. Modulus of Cortoss in this thesis was found similar 

to other studies (184). This thesis showed that Cortoss and experimental formulations had 

higher modulus than Simplex. This might be due to the use of high modulus glass fillers and 
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higher filler to monomer ratio (336). This study also showed that modulus of the material 

declined with time upon immersion in water. This was probably due to the water-sorption 

induced by monomers and pores (337). Previous studies have shown an inverse relationship 

between the modulus of the material and the level of water-sorption (337). Moreover, it is also 

related to the polarity of the resin. If the resin is more polar, the higher will be the water-

sorption or water uptake, the greater will be the reduction in modulus (338).  

Fibre addition into the composite have been shown to enhance the strength, however, other 

factors such as chemistry of fibre, size of fibre and critical concentration of fibre will play an 

important role in strength (200, 204, 330).  Literature shows conflicting effects of fibre on 

strength.  Some studies showed that fibre incorporation in small volume fraction improves 

flexural strength of composites material (201-203), whereas in other studies fibre may act as 

stress point or crack initiation sites or forming void formation, resulting in decreased flexural 

strength (205). The main purpose of fibre addition was to hinder or control the crack 

propagation by mechanisms such as fibre deformation, fibre pulling and fibre bridging between 

the two materials (200, 339, 340). In this thesis, fibre addition up to 20 wt% had no adverse 

effect over flexural strength. More than that, however, significantly decreases the strength of 

the material by ~15%. This might have been due to poor wettability of the fibre by monomer 

or agglomeration of the fibre particles (341). There was no significant effect of fibre on 

modulus. This might be due to the fact that modulus of fibre being similar to the modulus of 

glass fillers. 

Compressive strength was done according to ISO 5833-2002. A number of studies have been 

done on the compressive strength of Simplex and Cortoss (184, 342). In different studies, 

Simplex compressive strength was found to be around 80-100 MPa, which was similar to the 

finding in this thesis (342, 343). It has been reported that compressive strength might vary 

between same material due to difference in loading or strain rate (81).  Haas, Brauer, and 
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Dickson reported that when barium sulphate was added to PMMA cement, the average strength 

was reduced by ~10 % (81, 344). This reduction of PMMA strength has been due to poor 

interphase interaction of barium sulphate and the polymer network. The compressive strength 

of Cortoss and experimental formulations were found higher than Simplex (184). A possible 

explanation could be use of high filler content, low monomer content and highly cross-linked 

dimethacrylate monomers. Cortoss compressive strength decreases significantly from 1 to 30 

days. The reasons of deterioration of strength with time have been discussed in the biaxial 

flexural strength section.  

PMMA cements shows elastic–plastic stress/strain behaviour (345). The fracture behaviour of 

PMMA in literature was similar to the finding in this thesis (345). A possible explanation for 

ductile behaviour might be the use of similar phases having lower glass transition temperature 

and lower modulus. On the other hand, resin composite material usually shows a quasi-brittle 

fracture behaviour with no plastic deformation. Fracture surface of Cortoss shows large angular 

particles protruding along with the indentation holes (SEM images). This might give an 

indication that weak interface exist between the polymer and glass fillers. These weak 

interfaces can act as crack initiation site (346). The same brittle effect can be seen in 

experimental formulation without fibres.  

One of the most successful approaches to toughen brittle materials is to reinforce the matrix 

with fibres (198). As previously discussed in chapter 1, different fibre reinforcements have 

been added to the matrix in order to improve the fracture toughness and fatigue properties of a 

bone cement such as PMMA, calcium phosphate cements (196-198). Fibre addition to 

experimental formulations enables a ductile behaviour. In addition, they are also silane treated, 

which might give a better interphase between glass fibre and polymer phase. As it can be seen 

on SEM images, fibres can bridge incipient fatigue cracks and arrest their propagation. Fibre 
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addition in high concentration could result in poor workability and fibre dispersion within the 

matrix (341). This was similar to the finding in this thesis.  

3.8 Conclusion 

Raman and SEM were useful tools for characterizing the microstructure and chemistry of the 

commercial materials. Large Simplex polystyrene beads did not dissolve into the monomer 

phase and remain separate. In addition, poor monomer wetting of the polymer beads and weak 

interphase between barium sulphate and polymer phase, resulted in poor mechanical properties.  

Inhibition time, half-life and reaction rate were dependent on the concentration of BP and 

DMPT. Inhibition time was found proportional to the inverse of BP and DMPT wt%. 

Reaction rate was proportional to the square root of BP and DMPT wt%. Moreover, 

monomer conversion of composite bone cements was found lower than Simplex (PMMA bone 

cement). Polymerization shrinkage of Simplex was found to be much higher than the new 

experimental composite based bone cements. Furthermore, monomer conversion and 

polymerization shrinkage of experimental formulations (UDMA based) were advantageously 

found to be far higher and lower than Cortoss (BisGMA based) respectively. Cortoss mass and 

volume change was found higher than Simplex and experimental formulations.  

Monomer conversion affects the mechanical properties of composite bone cements. All 

experimental material have higher flexural strength than Cortoss. Strength and modulus 

decline with time upon immersion in water. Fibre addition up to certain limit had no adverse 

effect on strength. Moreover, it improves the fracture behaviour of the cement. Fracture 

behaviour might give good indication about the fracture toughness of the material.  
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4 NTGGMA and PPGDMA based Novel Composite  

4.1 Abstract 

The aim of this study was to produce composite that is more biocompatible and flexible without 

strength reduction. This was achieved by using a new activator NTGGMA and diluent 

monomer PPGDMA instead of DMPT and TegDMA. In the 1st series (NTGGMA based study), 

reaction kinetics and mechanical properties were assessed for composite containing varying 

levels of NTGGMA and BP. In the 2nd series of results (NTGGMA and PPGDMA based study), 

factorial analysis was used to assess the relative effect of fibres (20/ 0 wt%) and different 

diluent monomer (PPGDMA/ TegDMA) on reaction kinetics and mechanical properties in 

NTGGMA based formulations. In addition, the properties were compared with I50 (Group I) 

formulation of chapter 3.   

UDMA, PPGDMA or TegDMA and HEMA were mixed with initiator BP and activator 

(NTGGMA or DMPT) to form initiator and activator monomer phases respectively. Monomer 

phases were then combined with filler phase containing only glass powder or glass powder 

with glass fibres (0-20 wt%) in 3:1 powder liquid ratio (25 wt% monomer content).  In the 1st 

series (NTGGMA based study), 10 formulations were made with varying levels of NTGGMA 

and BP (0.25 - 1.00 wt%). In the 2nd series (NTGGMA and PPGDMA based study), four 

formulations were made based on factorial design. Variables of the factorial design were 

diluent monomer (PPGDMA/ TegDMA) and varying levels of fibres (20/ 0 wt%). BP and 

NTGGMA levels were fixed at 1.00 wt% BP and 0.75 wt% NTGGMA. Reaction kinetics was 

assessed via FTIR. Mechanical properties investigated included biaxial flexural strength, 

modulus and compressive strength after 1 day or 1 month in DW. 

In NTGGMA based study, inhibition time and half-life were proportional to one over the levels 

of BP and NTGGMA (wt%) (R2 =0.98). On average, inhibition time and half-life of all the 
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formulations were between 41 and 1897 s. Inhibition time and half-life were reduced by 

half, when temperature of the system changed from 24 ºC to 37 ºC. Maximum and half-

life reaction rate were proportional to square root of BP and NTGGMA wt% with high R2 

value (0.98). Maximum (Rmax) and half-life reaction rate (Rt50) of all the formulations were 

between 0.8 and 13.0 E-03 s-1. Reaction rate approximately doubled, when the temperature of 

the system increased from 24 to 37 ºC. Monomer conversion, biaxial flexural strength (BFS) 

and Young’s modulus (YM) decreased linearly with the inverse square root of BP and 

NTGGMA levels. BFS and YM declined by ~10 %, when specimens were stored for 1 month 

in DW, compared to 1 day. 

In NTGGMA and PPGDMA based study (2nd series), inhibition time and half-life of all 

formulations were between 123 and 229 s.  PPGDMA (P) based formulations had ~15 % higher 

inhibition time than TegDMA (T) based formulations, however, half-life were similar.  

Moreover, fibre had no significant effect on inhibition time and half-life.   PPGGMA based 

formulations had ~30 % faster reaction rate than TegDMA based formulations. PPGGMA 

based formulations had ~4 % higher monomer conversion than TegDMA based formulations. 

PPGGMA based formulations had ~20 % lower polymerization shrinkage than TegDMA based 

formulations. NTGGMA based formulations had ~20 % higher BFS, modulus and compressive 

strength, compared to DMPT based formulations. PPGDMA and TegDMA based formulations 

had similar BFS and compressive strength. PPG-DMA based formulations, however, had 20 

% lower modulus than TegDMA based formulations. Fibre reinforced composites showed a 

more ductile fracture behaviour than composites without fibre.  

In conclusion, NTGGMA was shown to be an effective activator similar to DMPT. In addition 

to this, high strength and modulus was achieved using NTGGMA compared to DMPT. 

Moreover, TegDMA replacement by PPGDMA could provide lower composite shrinkage and 

modulus without adversely affecting the strength.  
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4.2 Introduction 

The short comings of commercial bone cements have been described in chapter 1 and chapter 

3. Some of the many short comings of commercial bone cements include slow curing, low 

monomer conversion, high polymerization shrinkage, high DMPT toxicity, and low 

mechanical properties. Initiator/ activator and type of monomer strongly affect the above 

mentioned properties. DMPT has been used for radical polymerisation of PMMA bone cement 

for more than 60 years (186). As previously mentioned in chapter 1, polymerization of PMMA 

bone cements is rarely complete   (347, 348). As a result of incomplete polymerization, uncured 

monomers and activator are left in the polymer matrix that can leach out into the surrounding 

environment. Therefore, patient are constantly exposed to the potential toxic side effects of 

MMA and DMPT (349). Several studies have reported the toxicity of DMPT. Concerns with 

its use include blood disorders, allergic reaction and gastrointestinal problems (188, 189). 

Therefore, a novel less toxic activator should be developed and assessed to be used as an 

alternative to DMPT for polymerization reaction.  NTGGMA is a surface active tertiary 

aromatic amine. It has been traditionally used as a dental adhesive and tertiary activator (190-

192).  In addition, it has also been added to a number of dental adhesive systems as an adhesion 

promoting monomer (193-195). Furthermore, it has shown to be less toxic to osteoblast cells 

compared to DMPT based composite (182).  

TegDMA is commonly used as a diluent monomer in many UDMA and BisGMA based 

commercial composite cements. TegDMA, however, has a lower molecular weight that can 

lead to higher polymerization shrinkage. In addition, unreacted TegDMA has been shown to 

be one of the major monomers released from the dental composite into the pulp tissue, inducing 

pulp inflammation (350, 351). To avoid the problems associated with TegDMA, high 

molecular weight polypropylene glycol 600 dimethacrylate (PPGDMA) was used as an 

alternative diluent monomer. PPGDMA molecular weight is 2.2 times higher than TegDMA. 
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Moreover, PPGDMA has been shown to have lower modulus compared to TegDMA.  This 

may be a consequence of the high ratio of more flexible propylene glycol to stiffer methacrylate 

units in the monomer. In addition, PPGDMA based composites have shown to have higher 

monomer conversion, compared to TegDMA based composites.  This may be due to a 

combination of lower density of methacrylate units in addition to the longer chain between the 

methacrylate groups lowering steric hindrance to enable greater crosslinking (352) (139, 182). 

This chapter will discuss how the new activator (NTGGMA) and diluent monomer (PPGDMA) 

will affect the reaction kinetics and mechanical properties of novel composite bone cements.  
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4.3 Aims and Objectives 

The aims of this chapter was to assess the reaction kinetics and mechanical properties of 

composites containing novel activator (NTGGMA) and diluent monomer (PPGDMA).  In 

NTGGMA based study (1st series), reaction kinetics and mechanical properties were assessed 

for composite containing varying levels of NTGGMA and BP. In NTGGMA and PPGDMA 

based study (2nd series), composite properties will be assessed based on changing the diluent 

monomers (PPGDMA/ TegDMA) and fibre levels. Composite properties that will be assessed 

include inhibition time, half-life, reaction rate, monomer conversion, shrinkage and mechanical 

properties. In addition to this, the above series 2 properties will be compared with I50 (DMPT 

and TegDMA based formulation) of Chapter 3.  

Reaction kinetics will be assessed via FTIR. FTIR analysis will include inhibition time, half-

life, reaction rate and monomer conversion. Calculated polymerization shrinkage will be 

assessed from manufacturer information, the molecular weight of monomers, number of 

double bonds per dimethacrylate monomer and monomer conversion. Mechanical properties 

will be assessed at 1 day and 1 month. Mechanical properties will include biaxial flexural 

strength, Young’s modulus, and compressive strength and fracture behaviour. Possible links 

between curing properties and mechanical properties will be discussed, including possible 

fracture/ failure mechanisms. 
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4.4 Null hypothesis 

As discussed in chapter 2, inhibition time and half-life are predicted to be inversely 

proportional to the levels of BP and NTGGMA (wt%). Furthermore, increasing the 

temperature of the system will decrease the inhibition time and increase the reaction rate. 

In addition, reaction rate, monomer conversion and mechanical properties will be 

associated with the levels of BP and NTGGMA. Polymerization shrinkage will be lower 

in higher molecular weight PPGDMA based formulations than TegDMA based 

formulations.  

Curing kinetics and monomer conversion of the cement will affect the mechanical 

properties of the formulations. According to the literature, higher monomer conversion 

will result in higher flexural strength and modulus. Moreover, strength and modulus will 

decrease with time due to water-sorption. It has been hoped that the silane coated glass 

fibre would improve the fracture behaviour (ductile behaviour) of the brittle composite 

cements, without altering their flexural strength.  
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4.5 Material and Methods 

In NTGGMA based study (series 1), activator NTGGMA was used instead of DMPT. Ten 

different formulations were made based on factorial design to assess the effect of varying levels 

of BP and NTGGMA on inhibition time, half-life, reaction rate, BFS and Young’s modulus. 

Monomer was prepared by mixing 70 wt% UDMA, 25 wt% TegDMA and 5 wt% HEMA. This 

was combined with varying levels of BP and NTGGMA to form activator and initiator 

monomers. These monomers were then combined with filler phase (glass powder only) in 3:1 

powder liquid ratio. BP and NTGGMA levels were varied from 0.25 wt% - 1.00 wt% (Table 

4.1).  In series 2 study, two variable factorial design was used to assess the effect of fibre 

addition (0 or 20 wt % fibre), and diluent monomer (PPGDMA or TegDMA) on reaction 

kinetics, and mechanical properties of NTGGMA based formulations. I50, Cortoss and 

Simplex of chapter 3 were taken as control.   

Reaction kinetics was assessed via FTIR analysis.  FTIR analysis was done at 24 °C and 37 

°C. FTIR analysis includes inhibition time, half-life, reaction rate, monomer conversion, and 

polymerization shrinkage. Calculated polymerization shrinkage were assessed from 

manufacturer information, the molecular weight of monomers, number of double bonds per 

dimethacrylate monomer and monomer conversion. Biaxial flexural strength, Young’s 

modulus and compressive strength were determined using Instron testing machine after 1 day 

and 1 month in water (DW).  
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Table 4.1 NTGGMA based study: Ten different experimental formulations were made with varying levels of BP 

and NTGGMA. Filler phase consists of glass powder (GP) only. Series 2: NTGGMA and PPGDMA based study; 

Experimental formulations with different diluent monomer and fibre levels. Initiator levels were fixed at 1.00 wt% 

BP/ 0.75 wt% NTGGMA (N2). Monomer phase consists of 70 wt% UDMA, 25 wt% TegDMA or PPGDMA, with 

5 wt% HEMA added. Monomer content was fixed at 25 wt% (3:1 PLR). Initiator, activator and diluent monomers 

were added into the monomer phase. Glass fibre re was added into filler phase. 

 

 

 

       

 

 

     

        

        Series 1; NTGGMA based study             Series 2; NTGGMA and PPGDMA based study 

 

 

 

Code 

Initiator 

(BP) 

(wt%) 

Activator 

(NTGGMA) 

(wt%) 

N10 0.25 0.25 

N9 0.25 0.5 

N8 0.5 0.25 

N7 0.5 0.5 

N6 0.5 0.75 

N5 0.75 0.5 

N4 0.75 0.75 

N3 0.75 1 

N2 or NT 1 0.75 

N1 1 1 

Code Activator 

Type 

Diluent 

monomer 

Type 

Glass 

fibre 

(wt%) 

I50 / DT DMPT TegDMA 20 

NT NTGGMA TegDMA 0 

NP NTGGMA PPGDMA 0 

NT20 NTGGMA TegDMA 20 

NP20 NTGGMA PPGDMA 20 
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4.6 Results 

4.6.1 Series 1- NTGGMA based study 

4.6.1.1 Reaction Kinetics  

4.6.1.1.1 FTIR spectra 

Representative FTIR spectra of before and after polymerization of N4 (Figure 4.1). FTIR 

spectra gave peaks at 1244 cm-1 (C-O), 1319 cm-1 (C-O stretch), 1452 cm-1 (C-O stretch), 1480 

cm-1, 1528 cm-1 (N-H deformation), 1609 cm-1 (C-C), 1636 cm-1 (C=C stretch), 1709 cm-1 

(C=O stretch). Largest absorbance change upon polymerisation was observed at 1244 cm-1, 

1300 cm-1, 1319 cm-1 and 1636 cm-1. During methacrylate monomer polymerization, the C-O 

peak at 1319 cm-1 shifts to 1244 cm-1, whereas the C=C peak at 1636 cm-1  reduces in intensity 

(C=C loss).  In this study, polymerization reaction level was determined from the change in 

intensity of the peak at 1319 cm-1 relative to a base point at1352 cm-1.  

 

Figure 4.1 Representative FTIR spectra of before and after polymerization reaction of N4 experimental 

formulations containing 0.75 wt% BP and NTGGMA. Peak at 1319 cm-1 was used for determination of 

polymerization reaction and evaluation of monomer conversion. FTIR spectra were generated for up to 45 minutes 

(mins) at every 4 seconds (s). 
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4.6.1.1.2 Curing time 

Table 4.2 shows the inhibition time and half-life of experimental formulations with varying 

levels of BP and NTGGMA at 24 ºC and 37 ºC.  All experimental formulations showed a 

period of inhibition, followed by a period of rapid polymerization reaction.  Inhibition time 

and half-life of all the formulations were between 41 and 1897 s.  On average, half-life 

was ~1.7 times higher than their respective inhibition time for all experimental 

formulations. Inhibition time and half-life were reduced by increasing the levels of the BP 

and NTGGMA. Inhibition time and half-life were reduced by half, when temperature of 

the system changed from 24 ºC to 37 ºC.  

Table 4.2 Inhibition time (ti) and half-life (t50) of experimental formulations with varying levels of initiator (BP) 

and activator (NTGGMA). FTIR analysis was performed at 24 ºC and 37 ºC. Formulation contains fixed levels of 

monomers (70 wt% UDMA, 25 w% TegDMA and 5 wt% HEMA). Monomer content was fixed at 25 wt% (PLR= 

3:1). For formulations composition and code, see Table 4.1. (Error bars = 95%CI, n=5). 

 

Code 

Initiator 

(BP) 

(wt%) 

Activator 

(NTGGMA) 

(wt%) 

Inhibition time (ti) (s) Half-life (t50) (s)  

24 ºC 37 ºC 24 ºC 37 ºC 

N10 0.25 0.25 1317 ±64 622 ±30 1897 ±44 857 ±24 

N9 0.25 0.5 658 ±34 353 ±17 999 ±30 488 ±18 

N8 0.5 0.25 561 ±15 254 ±13 853 ±29 378 ±19 

N7 0.5 0.5 365 ±14 145 ±7 553 ±25 232 ±8 

N6 0.5 0.75 292 ±7 108 ±6 429 ±14 179 ±7 

N5 0.75 0.5 257 ±6 107 ±5 393 ±10 186 ±5 

N4 0.75 0.75 194 ±8 60 ±6 310 ±8 123 ±5 

N3 0.75 1 187 ±6 70 ±4 292 ±7 122 ±5 

N2 or NT 1 0.75 125 ±7 54 ±5 226 ±8 107 ±4 

N1 1 1 94 ±4 41 ±4 183 ±6 98 ±5 
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Table 4.3 shows gradient of inhibition time and half-life versus one over BP and NTGGMA 

wt% at 24 ºC and 37 ºC. According to the inhibition time equation (see chapter 2), inhibition 

time is inversely proportional to initiator and activator concentration.  Upon plotting maximum 

and half-life reaction rate versus one over BP and NTGGMA wt%, straight lines were obtained 

with high R2 (0.98) (Table 4.3). Gradient for the inhibition time was 82 and 39 s. wt%2 at 24 

ºC and 37 ºC respectively. For half-life, the gradient was 120 and 57 s. wt%2 at 24 ºC and 37 

ºC respectively. Gradient for inhibition time and half-life was almost halved (~47%), when the 

temperature of the system increased from 24 ºC to 37 ºC. Gradient of half-life was ~1.45 times 

higher than the gradient of inhibition time.  

 

Figure 4.2 Linear regression analysis of inhibition time and half-life versus one over BP and NTGGMA wt%.  

Table 4.3 Gradient of the inhibition time and half-life versus one over BP and NTGGMA wt% at 24 ºC and 37 ºC. 

Gradient was found linear via linear regression analysis.  Intercept was set to zero. Formulations contain varying 

levels of BP and NTGGMA (0.25- 1.00 wt%) (Error bars = 95%CI, n=5).  

y(s) x(wt%-2) Temp (ºC) Gradient (s. wt%2) R2 

Inhibition time  [BP]-1[NTGGMA]-1   37 39 ±2 0.98 

Inhibition time  [BP]-1[NTGGMA]-1   24 83 ±3 0.98 

Half-life  [BP]-1[NTGGMA]-1   37 56 ±2 0.98 

Half-life   [BP]-1[NTGGMA]-1     24 126 ±4 0.98 
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4.6.1.1.3 Reaction rate 

Maximum reaction rate (Rmax) and half-life reaction rate (Rt50) of experimental formulations at 

24 ºC and 37 ºC are shown in Table 4.4 (a). Maximum Reaction rate (Rmax) and half-life 

reaction rate (Rt50) of all the formulations were between 0.8 and 13.0 E-03 s-1. For any 

formulation, maximum reaction rate was ~1.4 times higher than half-life reaction rate.  

Table 4.4 (b) shows the gradient of maximum and half-life reaction rate versus square root 

(SQRT) of BP and NTGGMA wt% at 24 ºC and 37 ºC. According to the reaction rate equation, 

maximum and half-life reaction rate are expected to be proportional to the square root of BP 

and NTGGMA concentrations (see chapter 2). Upon plotting maximum and half-life reaction 

rate versus SQRT of BP and NTGGMA, straight lines were obtained with high R2 (0.99). 

Gradient of half-life reaction rate was 6.1 and 8.6 E-03 s. wt%-1 at 24 ºC and 37 ºC respectively. 

For maximum reaction rate, the gradient was 7.9 and 12.0 E-03 s. wt%-1 at 24 ºC and 37 ºC 

respectively. The gradient of the maximum and half-life reaction rate, therefore, approximately 

doubled, when the temperature of the system increased from 24 to 37 ºC.  Furthermore, gradient 

of maximum reaction rate was ~1.4 times higher than the gradient of half-life reaction rate.  

 

Figure 4.3 Linear regression analysis of reaction rate versus square root of BP and NTGGMA wt%. 
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Table 4.4 (a) Maximum and half-life reaction rate of experimental formulations with varying levels of BP and 

NTGGMA at 24 ºC and 37 ºC.  (b) Gradient of the maximum and half-life reaction rate versus the square root of 

BP and NTGGMA concentration at 24 ºC and 37 ºC. Intercept was set to zero. For formulations composition 

and code, see Table 4.1. (Error bars = 95%CI, n=5). 

 

Code 

Initiator 

(BP) 

(wt%) 

Activator 

(NTGGMA) 

(wt%) 

Half-life reaction rate 

(Rt50) (10-3 s-1) 

Maximum reaction rate 

(Rmax) (10-3 s-1) 

24 ºC 37 ºC 24 ºC 37 ºC 

N10 0.25 0.25 0.8 ±0.2 1.9 ±0.2 1.2 ±0.1 2.9 ±0.2 

N9 0.25 0.5 0.9 ±0.2 2.8 ±0.2 1.4 ±0.1 4.0 ±0.2 

N8 0.5 0.25 1.4 ±0.2 2.9 ±0.2 2.1 ±0.1 4.4 ±0.2 

N7 0.5 0.5 1.9 ±0.1 4.3 ±0.1 2.7 ±0.1 6.5 ±0.2 

N6 0.5 0.75 2.6 ±0.1 5.4 ±0.1 4.0 ±0.1 7.7 ±0.2 

N5 0.75 0.5 2.7 ±0.1 4.9 ±0.1 4.2 ±0.1 7.6 ±0.2 

N4 0.75 0.75 3.2 ±0.2 6.3 ±0.2 4.8 ±0.2 9.5 ±0.2 

N3 0.75 1 3.8 ±0.2 7.7 ±0.2 6.1 ±0.2 11.4 ±0.3 

N2 or NT 1 0.75 3.9 ±0.2 7.7 ±0.2 5.7 ±0.2 12.2 ±0.2 

N1 1 1 4.6 ±0.2 8.7 ±0.2 7.2 ±0.2 13.0 ±0.3 

                                                                                        (a) 

y (s-1) x (wt%) Temp 

(ºC) 

Gradient  

(10-3 s. wt%-1) 

 

R2 

Half-life reaction rate  [BP]0.5[NTGGMA]0.5  37 8.6 ±0.1 0.98 

Half-life reaction rate  [BP]0.5[NTGGMA]0.5 24 6.1 ±0.1 0.96 

Maximum reaction rate  [BP]0.5[NTGGMA]0.5 37 12.0 ±0.1 0.99 

Maximum reaction rate  [BP]0.5[NTGGMA]0.5 24 7.9 ±0.1 0.99 

                                                                                        (b) 

4.6.1.1.4 Monomer conversion 

Figure 4.4 shows the monomer conversion of experimental formulations with varying levels of 

BP and NTGGMA at 24 ºC and 37 ºC. Monomer conversions of all the experimental 
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formulations were between 62 and 82 %. On average, monomer conversion at 37 ºC was ~7 % 

(~1.1 times) higher than at 24 ºC. Monomer conversion increased upon raising BP and 

NTGGMA levels. The effect of BP and NTGGMA on monomer conversion was assessed via 

linear regression analysis (Table 4.5). According to the analysis, monomer conversion 

decreased linearly with the inverse square root of BP and NTGGMA (R2 = 0.95).   

 

Figure 4.4  Monomer conversion (%) of the experimental formulations with varying levels of BP and 

NTGGMA. For formulations composition and code, see Table 4.1. (Error bar = 95%CI, n= 5). 

 

Figure 4.5 Linear regression analysis of monomer conversion versus inverse SQRT of BP and NTGGMA wt% 

Table 4.5 Gradient and intercept of the monomer conversion against one over the square root of BP and 

NTGGMA concentrations at 24 ºC and 37 ºC.  (Error bars = 95%CI, n=5). 
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y(%) 

 

x(wt%-1) 

Temp 

(ºC) 

Gradient 

(%. wt%) 

Intercept 

(%) 

 

R2 

Monomer conversion [BP]-0.5[NTGGMA]-0.5 37 -4.9 ±0.3 85 ±1 0.95 

Monomer conversion [BP]-0.5[NTGGMA]-0.5 24 -4.4 ±0.3 80 ±1 0.95 

 

 

4.6.1.2 Mechanical properties 

4.6.1.2.1 Biaxial flexural strength (BFS) 

Figure 4.6 (a) shows the biaxial flexural strength of experimental formulations with varying 

levels of BP and NTGGMA at 1 day and 1 month. On average, BFS of all the formulations 

were between 72 and 189 MPa. BFS increased upon raising BP and NTGGMA levels. BFS 

decreased by ~10 %, when discs were stored for 1 month in DW, compared to 1 day. Effect of 

BP and NTGGMA wt% on BFS was assessed via linear regression analysis (Table 4.6). 

According to the analysis, BFS decreased linearly with inverse SQRT of BP and NTGGMA 

wt%. 

 
Figure 4.6 BFS at 1 day and 1 month for experimental formulations containing varying levels of BP and 

NTGGMA. For formulations composition and code, see Table 4.1 (Error bars = 95CI, n=8). 
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Figure 4.7 Linear regression analysis of BFS versus inverse square root of BP and NTGGMA wt%.. 

Table 4.6 Gradient and intercept of the BFS against one over the square root of BP and NTGGMA wt% at 1 day 

and 1 month.  (Error bars = 95%CI, n=8). 

 

y(MPa) 

 

x(wt%-1) 

Storage time 

(days) 

Gradient 

(MPa. wt%) 

Intercept 

(MPa) 

 

R2 

BFS [BP]-0.5[NTGGMA]-0.5 1 -34 ±3 221 ±6 0.96 

BFS [BP]-0.5[NTGGMA]-0.5 30 -36 ±2 210 ±5 0.97 

 

 

4.6.1.2.2 Young’s Modulus (YM) 

Figure 4.8a shows the Young’s modulus of the experimental formulations at 1 day and 1 month. 

On average, Young’s moduli of all the formulations were between 1.9 and 5.0 GPa. Modulus 

increased upon raising BP and NTGGMA wt%. Young’s modulus decreased by ~15 %, when 

discs were stored for 1 month in DW, compared to 1 day. The effect of BP and NTGGMA wt% 

on Young’s modulus was assessed via linear regression analysis (Table 4.7). According to the 

analysis, Young’s modulus decreased linearly with the inverse square root of BP and 

NTGGMA concentration (R2= 0.96). 
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Figure 4.8 YM at 1 day and 1 month for experimental formulations containing varying levels of BP and 

NTGGMA. For formulations composition and code, see Table 4.1. (Error bar = 95%CI, n=8). 

 

Figure 4.9 Linear regression analysis of Young’s modulus versus one over square root of BP and NTGGMA wt%. 

Table 4.7 Gradient and intercept of the YM against one over the square root of BP and NTGGMA wt% at 1 day 

and 1 month.  (Error bars = 95%CI, n=8). 

 

y(GPa) 

 

x(wt%-1) 

Storage time 

(day) 

Gradient 

(GPa. wt%) 

Intercept 

(GPa) 

 

R2 

YM [BP]-0.5[NTGGMA]-0.5 1 -0.88 ±0.07 5.7 ±0.2 0.95 

YM [BP]-0.5[NTGGMA]-0.5 30 -0.82 ±0.05 5.1 ±0.1 0.97 
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4.6.2 Series 2- NTGGMA and PPGDMA based study 

4.6.3 Reaction kinetics 

4.6.3.1 FTIR Spectra 

Representative FTIR spectra of before and after polymerization of NT (Figure 4.10a). In 

addition, absorbance changes for various formulations are shown in Figure 4.10 (b). The 

absorbance change versus wavenumber observed were characteristic of methacrylate 

polymerization. Troughs at 1300 cm-1, 1319 cm-1 and 1636 cm-1 are observed due to the shift 

of C-O stretch or  loss of C=C double bonds. Peaks appear at 1244 cm-1, and 1720 cm-1 due to 

vibrational shift of the C-O and C=O bonds respectively.  

 

Figure 4.10 (a) Representative FTIR spectra of before and after polymerization reaction of N2 formulation 

containing 1.00 wt% BP and 0.75 wt% NTGGMA. Polymerization reaction level was determined from the change 

in intensity of the peak at 1319 cm-1 relative to a base point at 1352 cm-1. (b) Absorbance change upon 

polymerization for formulation I50/ DT, NT and NP. Spectra for “Before polymerization” reaction were taken at 

10 s, while “After polymerization” spectra were taken at 45 minutes.  
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4.6.3.2 Inhibition time and half-life 

Figure 4.11 shows the inhibition time and half-life of series 2 formulations containing different 

diluent monomers and varying fibre levels. Inhibition time of the NTGGMA based 

formulations was similar to Cortoss (136 s), but half-life was shorter than Cortoss (288 s). 

DMPT based Formulation I50 (or DT) had shorter inhibition time (~20 s) than NTGGMA 

based formulations. Half-life of DMPT formulation, however, was similar to NTGGMA 

formulations. This shows that the NTGGMA gave a sharper set.  Factorial design was used to 

assess the effect of fibre and diluent monomer on inhibition time and half-life in NTGGMA 

based formulations (N). When the diluent monomer was changed from TegDMA to PPGDMA, 

inhibition time increased by an average of ~15 % (a2). On average, Half-life of PPGDMA 

and TegDMA was ~1.5 and ~1.7 times higher than their respective inhibition time. 

 

 

Figure 4.11 (a) Inhibition time and half-life of series 2 experimental formulations.  I50 / DT was used as a control 

containing DMPT and TegDMA. Formulations abbreviation are as follows; D: DMPT, N: NTGGMA, T: 

TegDMA, P: PPGDMA. Formulations are as follow; NT= NTGGMA (N) + TegDMA (T), NP= NTGGMA + 

PPGMA, NT20= NTGGMA (N)+ TegDMA (T) + 20 wt% fibre, NP20= NTGGMA (N)+ PPGDMA (P)+ 20 wt% 

fibre. (b) Mean a-values for inhibition time and half-life. Variables were (a1) fibre (20 / 0 wt%) and (a2) diluent 

monomer (PPGGMA/ TegDMA). (Error bars= 95%CI, n=5). 
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4.6.3.3 Reaction rate 

Maximum and half-life reaction rate of series 2 formulations are shown in Figure 4.12 (a). 

Maximum reaction rate and half-life reaction rate of all experimental formulations was higher 

than Simplex (3.1 E-03 and 2.2 E-03 s-1) and Cortoss (2.1 E-03 and 1.8 E-03) respectively. 

Maximum reaction rate was 1.4 times higher than half-life reaction rate. In experimental 

formulations, NT had a 30 % higher maximum and half-life reaction rate than I50/ DT. 

Factorial design was used to assess the effect of fibre and diluent monomer on maximum and 

half-life reaction in NTGGMA based formulations (Figure 4.12 b). There was no significant 

effect of fibre on maximum and half-life reaction rate (a1). Maximum and half-life reaction 

rate, however, increased by ~28 %, when diluent monomer was changed from TegDMA to 

PPGDMA (a2). Variable interaction effect (a12) was small to insignificant.  

 

 

Figure 4.12 (a) Maximum and half-life reaction rate of series 2 experimental formulations. I50 or DT was used 

as a control containing DMPT and TegDMA. Formulations abbreviation are as follows; D: DMPT, N: NTGGMA, 

T: TegDMA, P: PPGDMA. (b) Mean a values for maximum and half-life reaction rate. Variables were (a1) fibre 

(20 / 0  wt%) and (a2) diluent monomer (PPGGMA/ TegDMA). (Error bars = 95%CI, n=5). 
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4.6.3.4 Monomer Conversion 

Figure 4.13 (a) shows monomer conversion of series 2 experimental formulations with 

varying levels of fibres (20 /0 wt%) and different diluent monomer (PPGDMA/ TegDMA). 

On average, monomer conversion of all the experimental formulations were between 74 

and 80 %. All experimental formulations had higher and lower monomer conversion than 

Cortoss (61 %) and Simplex (82%) respectively. There was no significant difference 

between monomer conversion of NT and DT/ I50. Factorial analysis was used to assess 

the effect of fibres and diluent monomers on monomer conversion in NTGGMA based 

formulations (Figure 4.13 b). According to the analysis, fibre had no significant effect on 

monomer conversion (a1). Monomer conversion, however, increased by 10 %, when 

diluent monomer was changed from TegDMA to PPGDMA (a2). There was negligible 

interaction effect between the two variables (a12).   

 

Figure 4.13 (a) Monomer conversion of series 2 experimental formulations.  I50 or DT was used as a control 

containing DMPT and TegDMA. Formulations abbreviation are as follows; D: DMPT, N: NTGGMA, T: 

TegDMA, P: PPGDMA. (b) Mean a values for monomer conversion. Variables of the formulations were (a1) fibre 

(20 / 0  wt%) and (a2) diluent monomer (PPGGMA/ TegDMA). (Error bars = 95%CI, n=5). 
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4.6.3.5 Polymerization shrinkage (PS) 

Figure 4.14a shows polymerization shrinkage of series 2 experimental formulations. On 

average, polymerization shrinkage of all experimental formulations was between 3.0 and 

3.6 vol%. All experimental formulations had lower polymerization shrinkage than Cortoss 

(5.1 %) and Simplex (7.6 %). There was no significant difference in PS between NT and 

I50. Factorial analysis was used to assess the effect of fibre and diluent monomer on 

monomer conversion in NTGGMA based formulations (Figure 4.14b). According to the 

analysis, fibre had no significant effect on PS (a1). Polymerization shrinkage, however, 

decreased by 12 %, when diluent monomer was changed from TegDMA to PPGDMA (a2). 

There was negligible interaction effect between the two variables (a12). 

 

 

Figure 4.14 (a) Polymerization shrinkage of series 2 experimental formulations.  I50 was used as a control 

containing DMPT and TegDMA. Formulations abbreviation are as follows; D: DMPT, N: NTGGMA, T: 

TegDMA, P: PPGDMA. (b) Mean a values for polymerization shrinkage. Variables of the formulations were 

(a1) fibre (20 / 0  wt%) and (a2) diluent monomer (PPGGMA/ TegDMA). (Error bars = 95%CI, n=5). 

0

2

4

6

I50 or DT NT NP NT20 NP20

P
o
ly

m
er

iz
at

io
n
 

sh
ri

n
k
ag

e(
%

)

-0.20

-0.10

0.00

0.10

M
ea

n
 a

-v
al

u
e

a1 = Fibre (20 / 0 wt%) 

a2 = Diluent Monomer (PPGDMA / TegDMA) 

 

a 

b 
     a1                                   a2                                   a12 



Muhammad Adnan Khan  PhD Thesis 

175 

 

4.6.4 Mechanical properties 

4.6.4.1 Biaxial flexural strength (BFS) 

Figure 4.15 (a) shows the biaxial flexural strength of series 2 experimental formulations. 

BFS of all the experimental formulations were between 141 and 189 MPa. All 

experimental formulations had higher BFS than Cortoss (~93 and ~45 MPa) and Simplex 

(~128 and ~114 MPa) at 1 day and 1 month respectively. In experimental formulations, NT 

had 18 % higher BFS than I50/ DT. Factorial design was used to assess the effect of fibre 

and diluent monomer on BFS (Figure 4.15b). Fibre addition decreased BFS by an average 

of ~8 % (a1). BFS decreased by an average of ~6 %, when diluent monomer was changed 

from TegDMA to PPGDMA (a2).  BFS reduced by ~10 %, when the discs were stored for 

1 month in DW, compared to 1 day (a3). Variable interaction effects were insignificant.  

 

 

Figure 4.15 (a) Biaxial flexural strength of series 2 experimental formulations.  I50 was used as a control 

containing DMPT and TegDMA. BFS was done at 1 day and 1 month. Formulations abbreviation are as follows; 

D: DMPT, N: NTGGMA, T: TegDMA, P: PPGDMA. (b) Mean a-values for BFS. Variables of the formulations 

were (a1) fibres (20 / 0 wt%), (a2) diluent monomer (PPGGMA/ TegDMA) and (a3) storage time. (Error bars = 

95%CI, n=8).  
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4.6.4.2 Young’s Modulus (YM) 

Figure 4.16a shows the Young’s modulus of the series 2 experimental formulations. 

Young’s moduli of all the the experimental formulations were between ~2.9 and 4.8 GPa.  

On average, NTGGMA based formulations had higher modulus than Cortoss (~3.3 and 

~2.8 GPa) and Simplex (1.7 and 1.6 GPa) at 1 day and 1 month respectively. In 

experimental formulations, NT had 16 % higher Young’s modulus than I50/ DT. Factorial 

design was used to assess the effect of fibre, diluent monomer and storage time on modulus 

of NTGGMA based formulations (Figure 4.16b). According to the factorial analysis, fibre 

addition decreased modulus by an average of ~ 12% (a1). Modulus decreased by an average 

of ~ 19 %, when diluent monomer was changed from TegDMA to PPGDMA (a2). Modulus 

decreased by ~14 %, when discs were stored for 1 month compared to 1 day (a3). Variable 

interaction effects were small to insignificant. 

 

 

Figure 4.16 (a) Young’s modulus of series 2 experimental formulations.  I50 was used as a control containing 

DMPT and TegDMA. (b) Mean a values for Young’s modulus. Variables of the formulations were (a1) fibres (20/ 

0 wt%), (a2) diluent monomer (PPGGMA/ TegDMA) and (a3) storage time (Error bars = 95%CI, n=8).  
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4.6.4.3 Compressive strength (CS) 

Figure 4.17a shows the compressive strength of series 2 experimental formulations. 

Compressive strength of all the experimental formulations were between 178 and 278 

MPa. All experimental formulations had higher compressive strength than Cortoss (~140 

and ~93 MPa) and Simplex (80 and 72 MPa) at 1 day and 1 month respectively. In 

experimental formulations, NT had 25 % higher CS than I50/ DT. According to the factorial 

analysis (Figure 4.17b), fibre addition decreased CS by an average of ~ 8 % (a1). CS 

decreased by an average of 8%, when diluent monomer was changed from TegDMA to 

PPGDMA (a2). CS decreased by ~5 %, when the formulations were stored in the medium 

for 1 month compared to 1 day (a3). Interaction effects were small to insignificant. 

 

 

Figure 4.17 (a) Compressive strength of series 2 experimental formulations. I50 was used as a control containing 

DMPT and TegDMA. YM was done at 1 day and 1 month. Formulations abbreviation are as follows; D: DMPT, 

N: NTGGMA, T: TegDMA, P: PPGDMA. (b) Mean a values for CS. Variables of the formulations were (a1) fibres 

(20/ 0 wt%), (a2) diluent monomer (PPGGMA/ TegDMA) and (a3) storage time (Error bars = 95%CI, n=8).  
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4.6.4.4 Fracture behaviour 

Figure 4.18 shows representative load/ deflection graph of experimental formulations with 

varying levels of fibres and different diluent monomer. Fibre reinforced composites exhibit 

a more ductile fracture behavior, compared to experimental composites without fibres. 

PPGDMA Based formulation showed a more ductile fracture behavior compared to 

TegDMA based formulations.  

 

Figure 4.18 Representative load/deflection plot of experimental formulations with 0 and 20 wt% fibres in 

TegDMA and PPGDMA based formulations. (b) Fibre reinforced formulation exhibit a more quasi-ductile 

fracture. (a) Whereas no fibre containing formulations exhibit more a quasi-brittle fractures. 
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4.7 Discussion 

The above study have been divided into two parts. The 1st series of materials studied showed 

the effect of varying levels of NTGGMA and BP on reaction kinetics and mechanical 

properties. The 2nd series of formulations demonstrated the effect of different diluent monomer 

and fibre levels on reaction kinetics and mechanical properties. In addition, new material 

properties were compared with I50, Cortoss and Simplex (chapter 3). 

4.7.1 Reaction Kinetics 

4.7.1.1 Inhibition time and half-life 

Reaction kinetics of methacrylate’s have already been described in chapter 1 and chapter 3.  To 

explain how reaction kinetics vary with reactant concentrations, reaction mechanisms are 

proposed (chapter 2).  The rate of each step in the mechanism is proportional to the 

concentrations of the reactants in the step. Steady state assumption can then be used to produce 

equations that show which components affect the reaction rates and by how much.  The rate of 

the polymerisation initiation is proportional to the concentrations of BP and NTGGMA.  

Assuming all the inhibitors must react before any polymerisation, it can then be shown that 

inhibition time should be inversely proportional to BP and NTGGMA levels. This was 

observed in the above results. Half-life of the reaction in this thesis showed a similar 

dependence on BP and NTGGMA levels because the reaction after the inhibition period is fast.  

The half-life is therefore dominated by the inhibition period.  Raising BP levels increases the 

concentration of free radicals. In turn, more free radicals mean more frequent collision of the 

molecules (Collision theory). Hence reducing the time taken to use up the inhibitors before 

polymerization reaction starts. This study also showed that inhibition time and half-life are 

reduced by half, when the temperature of the system increased from 24 to 37 ºC. This can be 

explained by kinetic theories and Arrhenius type equations. According to the theories, 

increasing the temperature, gives more energy to the BP and NTGGMA molecules, increasing 
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their speed of motion and hence the number of effective collisions that subsequently consumes 

the inhibitor (353). Moreover, at higher temperature, more molecules have sufficient energy to 

overcome the activation energy barrier. 

4.7.1.2 Reaction rate 

Reaction rate describes how fast or slow the reaction will take place. It is dependent on the 

concentration of the reactant, number of effective collision between molecules, pressure and 

temperature . The above study in this thesis also showed that reaction rate was proportional to 

the square root of the concentration of BP and NTGGMA. This was to be expected from the 

polymerisation mechanism given in chapter 1.  The reaction rate of NTGGMA was higher than 

DMPT. A possible explanation could be higher NTGGMA initiator efficacy compared to 

DMPT (see Equation 2.20).  The study also showed that reaction rate was doubled, when the 

temperature of the system increased from 24 to 37 ºC. For many reactions, it can be estimated 

that for every 10 ºC rise in temperature, reaction rate will double (354). Arrhenius equation 

gives the relationship between rate constant for a reaction step and temperature. It is given by 

Equation 4.1. 

𝑘 = 𝐴𝑒𝑥𝑝(
𝐸𝑎

𝑅𝑇⁄ )                                Equation 4.1 

 

Where k; rate constant of the chemical reaction or a reaction step in a reaction with multiple 

steps in the mechanism, Aexp; Pre-exponential factor or frequency factor, Ea; activation energy, 

R; Universal gas constant and T; Temperature in Kelvin. 
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4.7.1.3 Monomer conversion 

Monomer conversion has been previously described in chapter 1 and chapter 3. Monomer 

conversion affects the mechanical and biological properties of the cement (293, 295, 296).  In 

fact, higher monomer conversion improves the biocompatibility of the cement (297, 298). 

Degree of conversion is influenced by many factors such as chemical structure and glass 

transition temperature of monomer, temperature, initiator system etc. (293). Usually the 

polymerisation reaction ceases soon after the glass transition temperature of the polymer / 

monomer mixture reaches the temperature of the surroundings. This is because the material 

then solidifies and reactions substantially slow down.  The study in this chapter showed that 

the monomer conversion (%) increased upon raising BP and NTGGMA levels. It has also 

previously been shown that initiator levels can have an effect on monomer conversion (72, 

355). This increase of monomer conversion might be due to the fact that more free radicals are 

present in the material when it solidifies enabling the process to continue for a little longer. 

Also a faster reaction might cause localised temperature rise. At higher temperature, the 

polymer will solidify and conversion begin to slow at higher conversion (356) (285).  Monomer 

conversion noted at 37 ºC was higher than at 24 ºC. This could be due to faster reaction resulting 

in more free radicals as the material is setting, in addition to the material not solidifying until 

a higher monomer conversion level is achieved.   

The reaction rate starts to decline much rapidly after the maximum reaction rate. In 

dimethacrylates, most of the free monomer is likely to have been consumed at 50% conversion 

and further methacrylates conversion is subsequently due to crosslinking. Virtification may 

explain the sharper decline in reaction rate after the maximum reaction rate (autoacceleration) 

(357). As monomer are converted into polymer, glass transition temperature increases (157). It 

has been suggested that polymerization process ceases when the Tg of the material is 20 - 40 

°C above the surrounding environment (358). Morgan, however suggested that glass transition 
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temperature ceases when Tg of material is equal to temperature of the system because of 

vitrification (285). Polymers with lower glass transition temperature will have higher possible 

monomer conversion at a given temperature (285). BisGMA, UDMA and TegDMA have glass 

transition temperature of 135 0C, 68 0C and 65 0C respectively (156, 157). Therefore, monomer 

conversion of BisGMA based composite will be lower than UDMA, due to limited glass 

transition temperature and polymerization temperature (293). On the other hand, PMMA has a 

glass transition temperature of 107 0C, preventing monomer conversion to reach 100 % at room 

temperature (25 0C), leaving uncured toxic free monomer in the matrix (359).  

In this thesis, PPGDMA based composite showed higher monomer conversion compared to 

TegDMA based formulation. This may be due to a combination of lower density of 

methacrylate units in addition to the longer chain between the methacrylate groups which 

causes lowering of steric hindrance to enable greater crosslinking (359) (139, 182).  The greater 

chain flexibility and lower glass transition temperature of PPGDMA allow higher monomer 

conversion (139, 359). 

4.7.1.4 Polymerization Shrinkage 

Polymerization Shrinkage has been previously described in chapter 2 and chapter 3. 

Polymerization shrinkage is related to the molecular weight of monomers, number of double 

bonds in each methacrylate monomer, monomer conversion and molecular weight of the 

monomers. In this thesis, all experimental formulations showed lower polymerization 

shrinkage than commercial material. This was due to the use of higher powder content and high 

molecular weight of the monomers. In addition, polymerization shrinkage for PPGDMA based 

formulation was lower than TegDMA based formulations due to the higher molecular weight 

of PPGDMA.  
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4.7.2 Mechanical properties 

Mechanical properties of composites have been previously described in chapter 2 and 3. 

Initiator concentration, monomer type and filler type plays an important role in the mechanical 

properties of dimethacrylate bone cements (72, 178, 307). Improved mechanical properties in 

dimethacrylates have been associated with higher monomer conversion (293, 301, 322) and 

therefore, enhanced mechanical properties were observed for UDMA composite, compared to 

BisGMA composite  (304). In addition, amount of diluent monomer also plays a vital role in 

strength. Laura et al reported the change in dimethacrylate strength values varies upon 

changing UDMA/ TegDMA ratios (304). Furthermore, maximum strength was achieved when 

the UDMA/TegDMA ratio was 75/25 ratio (304). Therefore, the ratio UDMA/ TegDMA or 

UDMA/ PPGDMA in this thesis was fixed at 70/ 25.   

The above study showed that biaxial flexural strength increased upon raising BP and 

NTGGMA levels. Given that the conversion and strength both decrease linearly with the 

inverse square root of these concentrations the two properties are strongly correlated.  Higher 

monomer conversions mean more molecules are converted into polymer of higher strength. 

Furthermore, in dimethacrylates, high conversion means that the molecules are more cross-

linked, thereby enhancing the strength values (360). In this thesis, NTGGMA based 

experimental formulation had higher strength compared to DMPT based formulation. This 

could be explain by the following explanations. One of the explanation could be the higher 

conversion of monomer to high strength polymer. Moreover, NTGGMA is a polymeric 

surfactant which might improve the wetting  and interaction of the fillers phase with the 

polymeric phase leading to higher strength (190).  

Flexural and compressive strength declined when stored for 1 month in DW, compared to 1 

day. A likely explanation would be water-sorption. It has been reported that the decline of 
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strength has been found to be related to the micro-porosities formation and monomer 

hydrophilicity resulting in high water-sorption leading to hydrolytic degradation and 

plasticisation of the resin matrix (361, 362). The decline of BFS with time was similar to other 

studies findings (184).  

Modulus of the material is dependent on the modulus and volume fraction of each phase (332). 

In addition to this, level of porosity can also correlate with the modulus (62). Strong 

proportionality has been found between the filler loading and modulus of the material, which 

could explain the higher modulus of the experimental material, compared to commercial 

material (333). In addition to this, modulus of material have been shown to increase with the 

increase in monomer conversion of the similar resin composites (335). Moreover, size and 

shape of inorganic filler and kind of monomer might also influence the mechanical behaviour 

of the formulations (334). The above study in this thesis showed that the modulus of the 

material increases with the increase in monomer conversion. With higher conversion, more 

monomer is converted into stiff polymer, resulting in high modulus (363). The above thesis 

also showed that PPGDMA formulations have lower modulus compared to TegDMA based 

formulation. This may be a consequence of the high ratio of more flexible propylene glycol to 

stiffer methacrylate units in the monomer. In addition, the longer chain between the 

methacrylate groups lowers the steric hindrance enabling more flexibility (359, 364).  

Previous studies showed that modulus of the dimethacrylates material decreases proportionally 

with the amount of water-sorption (337). In addition, they are also related to the polarity of the 

resin. If the resin is more polar, the higher will be the water-sorption or water uptake, and the 

greater will be the reduction in modulus (338). In all experimental formulations, there was a 

slight decline in modulus of the material with time. This was more likely due to water-sorption 

leading to plasticization and hydrolytic degradation of the resin matrix (337).  
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It has been reported that fibre addition into the composite could increase the strength, however; 

the chemistry of fibre, size of fibre and critical concentration of fibre plays an important role 

(200, 204, 330).  Literature shows conflicting effects of fibre on strength.  Some studies showed 

that fibre incorporation in small volume fraction improves flexural strength of the composites 

material (201-203), whereas other studies shows they may act as stress point, which may act 

as crack initiation sites resulting in decrease in flexural strength (205). The main purpose of 

fibre is to hinder or control the crack propagation by fibre deformation, fibre pulling and fibre 

bridging (200, 339, 340).  This thesis showed that fibre addition slightly decreases the strength. 

This might be due to poor wetting of the fibres by monomer or agglomeration of the fibres 

particles  (204, 341). 
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4.8 Conclusion 

This chapter has discussed the effect of NTGGMA and BP on reaction rate and mechanical 

properties of composite based bone cements. In addition to this, it shows the effect of different 

diluent monomer and fibre level on the above mentioned properties.   

Inhibition time and half-life were proportional to one over BP and NTGGMA wt%. 

Furthermore, both times were halved, when the temperature of the system was raised from 24 

to 37 °C. Maximum reaction rate and half-life reaction rate were proportional to square root of 

BP and NTGGMA wt%. Furthermore, both reaction rate were doubled, when the temperature 

of the system raised from 24 to 37 °C. Monomer conversion, strength and modulus all are co-

related with the level of BP and NTGGMA wt%. All mechanical properties decreased, when 

stored for 1 month in DW, compared to 1 day. 

NTGGMA and PPGDMA based formulations have a longer inhibition time but similar half-

life, compared to DMPT and TegDMA based formulations enabling sharper set.  PPGDMA 

based formulation have a faster reaction rate than TegDMA based formulations. PPGDMA 

based formulations have higher monomer conversion and lower polymerization shrinkage than 

TegDMA based formulations. Higher monomer conversion may decrease the level of possible 

monomer elution into body fluids. Biaxial flexural strength, Young’s modulus and compressive 

strength of NTGGMA formulation were higher than DMPT based formulations. Glass fibre 

addition improved the fracture behaviour (ductile behaviour) of the brittle composite 

cements. The ductile behaviour of the cement can potentially improve the toughness and 

fatigue life of the bone cements. 
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CONTAINING COMPOSITE 
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5 Calcium and Strontium phosphate containing Composites 

5.1 Abstract 

The aim of this chapter was to assess the reaction kinetics, volumetric changes and mechanical 

properties of experimental composite containing varying levels of strontium (SrP) or calcium 

fillers (CaP) that will have the potential to solve some of the problems associated with PMMA 

and composite bone cements. Monomer mixture was prepared by combining 70 wt% UDMA, 

25 wt%, PPGDMA and 5 wt% HEMA, mixed with an initiator system (1.00 wt% BP/ 0.75 wt% 

NTGGMA) to form initiator (BP) and activator (NT GGMA) monomer phase respectively. 

Filler phase consisted of glass powder (GP) and glass fibre (GF) mixed with varying levels (0-

40 wt%) of strontium (SrP) and calcium fillers (CaP). Filler phase was then combined with 

each monomer phase in 3:1 powder liquid ratio. Reaction kinetics was assessed via FTIR. 

Subsequent mass and volume change upon water immersion were determined over a period of 

6 weeks. Mechanical properties including biaxial flexural strength (BFS), Young’s modulus 

(YM) and compressive strength (CS) were determined after 1 day and 1 month DW immersion. 

Regression analysis were used for fitting the data into equations. 

Inhibition time and half-life decreased linearly upon raising SrP or CaP level (R2 =0.99). On 

average, the inhibition time and half-life time of all formulations were between 145 and 

523 s. There was no significant difference in the inhibition time and half-life of SrP versus CaP 

fillers. Reaction rate decreased linearly upon raising SrP or CaP level with high R2 (0.98). On 

average, maximum reaction rate (Rmax) and half-life reaction rate (Rt50) of all formulations were 

between 1.8 and 7.5 E-03 s-1. Maximum reaction rate was ~1.4 times higher than half-life 

reaction rate. Monomer conversion and polymerization shrinkage decreased linearly upon 

raising SrP or CaP levels (R2 =0.98). For formulations with 0, 10, 20, 40 wt% SrP or CaP, 

monomer conversion was 79, 77, 76 and 73 % respectively.  For formulations with 0, 10, 20, 

40 wt% SrP or CaP, polymerization shrinkage was 3.9, 3.8, 3.7 and 3.5 % respectively.  Early 
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water-sorption increased linearly upon raising SrP or CaP level. Initial gradient and maximum 

value of volume change was ~1.6 times higher than values for mass change. For formulations 

with 0, 10, 20, 40 wt% SrP or CaP, maximum mass change was 0.5, 1.2, 2.3 and 4.9 % 

respectively. For formulations with 0, 10, 20, 40 wt% SrP or CaP, maximum volume change 

was 1.0, 2.1, 3.9 and 7.7 % respectively. All three mechanical properties i-e BFS, YM and 

CS decreased linearly upon raising SrP or CaP level. On average, biaxial flexural strength 

of all the formulations was between 80 and 165 MPa at any time point. On average, YM of all 

the formulations was between 1.6 and 4.0 GPa at any time point.   On average, CS of all the 

formulations was between 117 and 245 MPa at any time point. For formulation with 0, 10, 20 

and 40 wt% SrP or CaP wt%, mechanical properties (BFS, YM and CS) decreased by an 

average of 4, 6, 13 and 26 %, when specimens were stored for 1 month in DW, compared to 1 

day.  

Addition of strontium and calcium filler would enable the bone cements to be osteoconductive 

and remineralising. SrP or CaP addition prolong the working time and reaction rate. This might 

give an indication to add more initiator to make the curing time in desirable range (2-3 

minutes). 10 and 20 wt% SrP or CaP enabled sufficient water-sorption to compensate for the 

polymerization shrinkage. A lower modulus was achieved with higher calcium or strontium 

filler that may help to reduce the risk of fracture in already weakened bone structure. 
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5.2 Introduction 

The short comings of commercial bone cements have already been described in chapter 1 and 

chapter 3. PMMA bone cements have been extensively used in dental and orthopaedic fields 

since 1950’s. There are, however, several disadvantages of using PMMA bone cements. Some 

of the disadvantages includes monomer toxicity, cement leakage, aseptic loosening of the bone 

cement and adjacent vertebral fracture (365, 366). Due to its high monomer toxicity and cement 

leakage, allergic reaction can occur (49, 367). Previous studies have shown that biological 

reaction in response to PMMA causes granuloma formation and peri-prosthetic bone 

resorption, eventually leading to loosening of the bone cement and prosthesis (64, 368) . 

Brushite and HA materials are used as bone substitutes and bone grafting materials (369, 370). 

Both brushite and HA cements have been shown to promote mineralization and 

osteoconduction at the surface (371). Due to its osteoconductive properties, direct physico-

mechanical bonding between the bone and material is possible, enhancing chemical and 

mechanical stability of the bone cement (369, 370). Brushite cement, however, has several 

disadvantages such as low strength, high modulus and high degradation rate (124). To counter 

balance polymer drawbacks and use brushite cement osteoconductive properties, brushite 

cement components (MCPM plus β-TCP) were added to the filler phase in this study.  

Previous studies have shown the positive effect of strontium on bone (225). It has been shown 

to stimulate new bone formation and inhibit bone resorption, leading to improved bone 

structure and bone mechanical properties (225-227). Therefore, many studies have added 

strontium into bone cements (HA and brushite cement). These cements have shown improved 

mechanical properties, osteoblastic proliferation and collagen synthesis (225, 227, 372). 

Therefore, use of tri-strontium phosphate versus tri-calcium phosphate was investigated in this 

study.  
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This chapter will discuss how calcium and strontium filler addition into resin based composite 

will affect the reaction kinetics, water-sorption and mechanical properties of novel composite 

bone cements.  
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5.3 Aims and Objectives 

The aim of this chapter will be to determine the reaction kinetics, water-sorption changes and 

mechanical properties of novel calcium and strontium containing composite that will have the 

potential to solve the problems associated with PMMA and composite bone cements.  

Reaction kinetics will be assessed via FTIR Analysis. FTIR analysis will be done at 24 °C.  

Data analysis will include inhibition time, half-life, monomer conversion and reaction rate 

determination. Calculated polymerization shrinkage will be assessed from molecular weight 

of monomers, monomer conversion and number of double bonds per dimethacrylate 

monomer. Mass and volume change were measured gravimetrically in DW using a balance 

with its density kit. Mechanical properties will be determined at 1 day and 1 month after 

immersion in DW. Mechanical properties will include biaxial flexural strength (BFS), 

Young’s modulus (YM) and compressive strength (CS). Possible links between the curing 

kinetics, water-sorption and mechanical properties will be discussed. 
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5.4 Null hypothesis 

As discussed in chapter 1, reactive strontium and calcium fillers were included to provide 

osteoconductive and remineralising properties to the experimental formulations.  

It was hypothesized that strontium (MCPM plus SP) (SrP) and calcium fillers (MCPM plus β-

TCP) (CaP) addition will decrease the inhibition time, half-life, reaction rate and monomer 

conversion and polymerization shrinkage.  

It was hypothesized that composites containing SrP and CaP fillers will swell upon immersion 

in water. Mass and volume change will be proportional to the level of SrP or CaP fillers.  

BFS, YM and CS will decrease upon raising SrP or CaP levels and on immersion in water for 

longer periods of time.  The aim, however, will be to still have superior mechanical properties 

to Cortoss. 
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5.5 Material and Methods 

Table 5.1 shows a summary of filler phase composition for samples investigated in this chapter. 

These have varying levels of calcium or strontium fillers. Monomer was prepared by mixing 

70 wt% UDMA with 25 wt% PPGDMA and 5 wt% HEMA. Monomer was then mixed with 

BP and NTGGMA to form activator and initiator monomer phase respectively. Filler phase 

consisted of glass powder (GP) and glass filler (GF) mixed with varying level of strontium 

(SrP) and calcium fillers (CaP) (Table 5.1).  The level of strontium or calcium fillers (CaP or 

SrP) in the filler phase was 10, 20 and 40 wt%. Calcium filler (CaP) consisted of equal wt% of 

mono calcium mono phosphate (MCPM) and β-tricalcium phosphate (TCP). Strontium filler 

(SrP) consisted of equal wt% of mono-calcium mono phosphate (MCPM) and strontium 

phosphate (TSP). MCPM and TCP/ TSP could not be added together due to reaction between 

the two components. Therefore, MCPM was mixed with initiator monomer (BP), whereas, TCP 

or TSP was mixed with activator monomer (NTGGMA) to form initiator and activator paste 

respectively. Both pastes were then put into double barrel syringe. Cement was extruded from 

the double barrel syringe via a syringe tip to produce either calcium filler formulation (CaP) or 

strontium filler formulation (SrP) (For more detail, see chapter 2).  

Reaction kinetics were assessed via FTIR analysis.  FTIR analysis was done at 24 °C. FTIR 

analysis include inhibition time, half-life, reaction rate, monomer conversion, and 

polymerization shrinkage. Mass and volume change (water-sorption) were measured in DW 

using a balance with its density kit. Biaxial flexural strength, modulus and compressive strength 

were determined using Instron testing machine after 1 day and 1 month water (DW) immersion. 

Linear regression analysis was used to analyse the effect of CaP or SrP levels. 
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Table 5-1: Summary of the composition of experimental filler phase based on varying levels of either SrP or CaP 

fillers.  Remineralizing component consists of MCPM in the initiator paste and TCP or TSP in the activator paste. 

Initiator/activator level was fixed at 1.0 wt% for BP/ 0.75 wt% NTGGMA. Monomer mixture consists of 70 wt% 

UDMA, 25 wt% PPGDMA and 5 wt% HEMA. Monomer content was fixed at 25 wt% in all formulations (Powder 

Liquid Ratio; 3:1). 

 

 

Code 

Re-mineralizing component  

Glass powder (GP) 

(wt% of filler phase) 

 

Glass fibre (GF) 

(wt% of filler phase) 

 

Filler type 

 

Level (wt% of 

filler phase)  

NP - - 80 20 

CaP10 CaP 10 70 20 

SrP10 SrP 10 70 20 

CaP20 CaP 20 60 20 

SrP20 SrP 20 60 20 

CaP40 CaP 40 40 20 

SrP40 CaP 40 40 20 
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5.6 Results 

5.6.1 Reaction Kinetics 

5.6.1.1 Curing time 

Figure 5.1 shows the inhibition time and half-life of experimental formulations with 

varying levels of strontium and calcium fillers (CaP or SrP).  All experimental 

formulations showed a period of inhibition, followed by a period of rapid polymerization 

reaction.  On average, the inhibition time and half-life of all formulations were between 

145 and 523 s. For all formulation, half-life was ~1.5 times higher than the inhibition time, 

irrespective of SrP or CaP level.  Gradient, intercept and high R2 (0.99) were obtained upon 

fitting linear equations to inhibition time and half-life versus the square of SrP or CaP 

levels (Figure 5.2). Gradient and intercept of half-life was ~1.5 times higher than the gradient 

of inhibition time, irrespective of SrP or CaP level (Table 5.2). Moroever, gradient of CaP was 

~1.2 times higher than the gradient of SrP.  

  

 

Figure 5.1 Inhibition time (ti) and half-life (t50) of experimental formulations with varying levels of SrP or CaP 

fillers. NP was used as a control with no CaP or SrP fillers. CaP fillers consist of equal wt% of MCPM plus TCP. 

SrP filler consist of equal wt% of MCPM plus TSP. Initiator level was fixed at 1.00 wt% BP/ 0.75 wt% NTGGMA. 

FTIR analysis was performed at 24 ºC. Monomer mixture contains fixed levels of monomers (70 wt% UDMA, 25 

w% TegDMA and, 5 wt% HEMA). Monomer content was fixed at 25 wt%  (3:1 PLR). (Error bars = 95%CI, n=5). 
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Figure 5.2 Regression analysis of inhibition time and half-life versus square of SrP or CaP levels. Zero value is 

considered as NP (control) without any SrP or CaP fillers. 

Table 5-2 Gradient and intercept of inhibition time and half-life versus square of CaP or SrP levels. Curing time 

= inhibition time and half-life (Error bars = 95%CI, n=5). 

   y(s)  x (wt%2) Gradient(s. wt%-2 ) Intercept (s) R2 

Inhibition time  [CaP]2   0.11 ±0.01 148 ±5 0.99 

Inhibition time [SrP]2   0.09 ±0.01 148 ±3 0.99 

Half-life [CaP]2   0.18 ±0.01 231 ±5 0.99 

Half-life [SrP]2   0.14 ±0.01 230 ±5 0.99 

 

5.6.1.2 Reaction rate 

Maximum reaction rate (Rmax) and half time reaction rate (Rt50) of experimental formulations 

at 24 ºC is shown in Figure 5.3b. On average, maximum reaction rate (Rmax) and half-life 

reaction rate (Rt50) of all formulations were between 1.8 and 7.5 E-03 s-1. Maximum reaction 

rate was ~1.4 times higher than half-life reaction rate. Among all formulations, NP had the 

steeper and sharper reaction rate profile (Figure 5.3a). Whereas, CaP40 had the lowest and 

more prolonged reaction rate profile. In experimental formulations, steepness/ sharpness 

of reaction rate profile decreased upon raising SrP or CaP level. Maximum reaction rate 

was ~1.4 times higher than half-life reaction rate, irrespective of SrP or CaP level. Gradient 
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and intercept were obtained upon fitting linear equation between reaction rate and square 

root of SrP or CaP levels (Figure 5.3c). According to the analysis, maximum and half-life 

reaction rate were proportional to the square root of SrP or CaP level with high R2 (0.99).  

 

  

 

Figure 5.3 (a) Reaction rate profiles of experimental formulations containing varying levels of CaP fillers. 

The highest point of the reaction rate peak represents the maximum reaction rate (b) Maximum (Rmax) and 

half-life reaction rate (Rt50) of experimental formulations containing varying levels of SrP or CaP fillers. NP 

was used as a control with no CaP or SrP. (c) Linear regression analysis of reaction rate versus square root of 

SrP or CaP wt%.. Zero value is considered as NP  without any SrP or CaP fillers (Error bars = 95%CI, n=5). 

0.E+00

2.E-03

4.E-03

6.E-03

8.E-03

1.E-02

0 500 1000 1500

R
ea

ct
io

n
 r

at
e 

(s
-1

)

time (s)

NP (control)

10 CaP

20 CaP

40 CaP

0.E+00

2.E-03

4.E-03

6.E-03

8.E-03

1.E-02

NP (control) CaP10 SrP10 CaP20 SrP20 CaP40 SrP40

R
ea

ct
io

n
 r

at
e 

(s
-1

)

Maxiumium reaction rate Half-life reaction rate

0.E+00

2.E-03

4.E-03

6.E-03

8.E-03

1.E-02

0 1 2 3 4 5 6 7

R
ea

ct
io

n
 r

at
e 

(s
-1

)

[SrP or CaP]0.5 (wt%0.5)

Maxiumium reaction rate (SrP) Maxiumium reaction rate (CaP)

Half-life reaction rate (SrP) Half-life reaction rate (CaP)

b 

a 

c 



Muhammad Adnan Khan  PhD Thesis 

199 

 

In Table 5.3, the magnitude of the gradient of the maximum reaction rate (SrP or CaP) was 

~1.4 times higher than that of half-life reaction rate, irrespective of SrP or CaP level. 

Furthermore, magnitude of the gradient of maximum and half-life reaction rate of SrP fillers 

were ~1.2 times higher than that of CaP fillers. 

Table 5-3  Gradient and intercept of maximum reaction rate (Rmax) and half-life reaction rate (Rt50) versus square 

root of CaP or SrP level. (Error bars = 95%CI, n=5).  

  y(s-1) x (wt%0.5) Gradient (10-4 s-1. wt%-0.5) Intercept (10-3 s-1) R2 

Rmax  [CaP]0.5   -7.5 ±0.2 7.5 ±0.1 0.99 

Rmax [SrP]0.5   -6.6 ±0.2 7.6 ±0.4 0.99 

Rt50 [CaP]0.5   -5.9 ±0.2 5.6 ±0.2 0.99 

Rt50 [SrP]0.5   -5.0 ±0.3 5.6 ±0.2 0.99 

 

5.6.1.3 Monomer conversion 

Figure 5.4 shows monomer conversion of experimental formulations with varying levels of SrP 

or CaP fillers. The monomer conversions of all formulations were between 73 and 79 %. There 

was no significant difference seen in the monomer conversion of composites with same levels 

of SrP and CaP fillers. Gradient and intercept were obtained upon fitting linear equation to 

the plots of monomer conversion versus SrP or CaP levels (Figure 5.5).  

 

Figure 5.4: Monomer conversion (%) of experimental formulations containing varying levels of SrP or CaP 

fillers. NP was used as a control with no CaP or SrP. Initiator level was 1.00 wt% BP/ 0.75 wt% NTGGMA. FTIR 

analysis was performed at 24 ºC. Monomer mixture contains fixed level of monomers mixture (70 wt% UDMA, 

25 w% TegDMA and 5 wt% HEMA). Monomer content was fixed at 25 wt%. (Error bars = 95%CI, n=5). 
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According to the analysis, monomer conversion decreased linearly with SrP or CaP wt% (R2= 

0.99) (Table 5.4).  

 

Figure 5.5 Linear regression analysis of monomer conversion versus SrP or CaP wt%. 

Table 5-4 Gradient and intercept of monomer conversion versus CaP or SrP level (Error bars = 95%CI, n=5) 

y(%) x (wt%) Gradient ( %. wt%-1) Intercept (%) R2 

Monomer conversion [CaP] -0.16 ±0.02 79.1 ±0.7 0.99 

Monomer conversion [SrP] -0.14 ±0.02 79.1 ±0.7 0.99 

 

5.6.1.4 Polymerization shrinkage (PS) 

Figure 5.6a shows the calculated polymerization shrinkage (PS) of experimental 

formulations containing varying levels of SrP or CaP. Polymerization shrinkage of all 

formulations were between 3.5 and 4.0 %. Polymerization shrinkage decreased upon raising 

the level of SrP or CaP wt%. Gradient and intercept were obtained upon fitting linear 

equation to plots of PS versus SrP or CaP levels (Figure 5.6b). According to the analysis, 

monomer conversion decreased linearly upon raising the level of SrP or CaP wt% (R2= 0.99) 

(Table 5-5). There was no significant difference seen in the polymerization shrinkage of 

composites with same levels of SrP and CaP fillers. 
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Figure 5.6 (a) Polymerization shrinkage of experimental formulations containing varying levels of SrP or CaP 

fillers. (b) Linear regression analysis of polymerization shrinkage versus SrP or CaP wt%.. Zero value is 

considered as NP (control) without any SrP or CaP fillers (Error bars = 95% CI, n=5). 

Table 5-5 Gradient and intercept of polymerization shrinkage (PS) versus CaP or SrP level (Error bars = 95%CI, 

n=5). 

 y (%) x (wt%) Gradient (%. wt%-1) Intercept (%) R2 

PS [CaP] -0.12 ±0.01 3.9 ±0.01 0.99 

PS [SrP] -0.11 ±0.01 3.9 ±0.1 0.99 

 

5.6.2 Mass and volume change 

Mass and volume change of experimental formulations versus the square root (SQRT) of time 

in hours over 6 weeks is shown in Figure 5.7 (CaP) and Figure 5.8 (SrP). Initial mass and 

volume plots were linear up to 48 hr (t0.5  = 7 hr0.5) for formulations with 0 and 10 wt% SrP or 

CaP, but up to 1 week (t0.5= 13 hr0.5) for formulations with 20 and 40 wt% SrP or CaP 

(R2>0.98). This linear relationship was expected for diffusion controlled water-sorption. Initial 
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volume change was ~1.7 times higher than mass change, irrespective of SrP or CaP content. 

Gradient and intercept were obtained upon fitting linear equation to plots of initial gradient 

and maximum value of mass and volume change versus square root of time (hrs). There was 

no significant difference seen in the initial gradient and maximum value of mass and volume 

change of composites with same levels of SrP and CaP fillers.  

 

 

Figure 5.7(a) Mass change and (b) Volume change versus square root of time in hours for experimental 

formulation containing varying levels of calcium (CaP) fillers. NP was used as a control with no SrP or CaP 

fillers (Error bars = 95%CI, n=5). 
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Figure 5.8 (a) Mass change and (b) Volume change versus square root of time in hours for experimental 

formulation containing varying levels of strontium fillers (SrP). NP was used as a control with no SrP or CaP 

fillers (Error bars = 95%CI, n=5). 

Initial Gradient of the early mass and volume change versus square root of time (hrs) was 

~0.010 wt%/ hr0.5 and ~0.017 vol%/ hr0.5 respectively (see Table 5.6). Gradient of the maximum 

value of mass and volume change verses square root of time (hrs) was ~0.14 wt%/ hr0.5 and 

~0.19 vol%/ hr0.5 respectively. Maximum value of mass and volume change increased linearly 

from 0.5 to 4.9 wt% and 1.0 to 7.8 vol%, when SrP or CaP were added from 0 to 40 wt% 

respectively.Maximum value of volume change was ~1.7 times higher than that of mass change 
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Table 5-6: Initial gradient versus square root of time in hours (hrs) and maximum value of mass and volume 

change for experimental formulations containing varying levels of SrP or CaP fillers ( 0, 10, 20 and 40 wt%). 

Specimens were stored in DW for up to 6 weeks.   Initial gradient of mass and volume change  versus SrP or CaP 

levels, were calculated using data up to 48 hr for formulations with 0 and 10 wt% SrP or CaP and 1 week for 

formulations with 20 and 40 wt% SrP or CaP. The maximum mass and volume change were obtained at 6 weeks. 

Gradient, intercept and R2 values were obtained by plotting linear regression value of each property (column) 

versus the SrP or CaP level using linest equation. (Error bars = 95%CI, n=3).       

 

 

Code 

Initial 

gradient of 

mass vs SQRT 

of time (M-Gi) 

 (wt% / hr0.5) 

 

Maximum 

mass (wt%) 

(Mm) 

Initial gradient 

of volume vs 

SQRT of time 

(V-Gi) 

 (vol% / hr0.5) 

 

Maximum 

volume (vol%) 

(Vm) 

SrP40 0.42 ±0.02  4.8 ±0.1 0.71±0.03  7.8 ±0.2 

CaP40 0.41 ±0.02  4.9 ±0.1 0.72 ±0.04  7.7 ±0.3 

SrP20 0.21 ±0.02  2.6 ±0.1 0.36 ±0.02  4.2 ±0.2 

CaP20 0.21 ±0.02  2.5 ±0.1 0.34 ±0.04  4.1 ±0.2 

SrP10 0.09 ±0.02  1.2 ±0.1 0.16 ±0.04  2.1 ±0.1 

CaP10 0.08 ±0.01 1.3 ±0.1 0.15 ±0.02  2.2 ±0.1 

NP (control) 0.05 ±0.01  0.5 ±0.1 0.09 ±0.05  1.0 ±0.1 

Gradient  of Column 

vs SrP (column unit 

/wt% SrP) 

 

0.009  ±0.001 

 

0.14  ±0.01 

 

0.017  ±0.004 

 

0.21 ±0.02 

Gradient of column 

vs CaP (column unit 

/wt% CaP) 

 

0.010  ±0.001 

 

0.13  ±0.02 

 

0.018  ±0.004 

 

0.22 ±0.02 

Intercept (%) 0 0 0 0 

R2 98 98 98 98 

 

 

5.6.3 Mechanical properties 

5.6.3.1 Biaxial flexural strength (BFS) 

Figure 5.9a shows the biaxial flexural strength (BFS) of experimental formulations with 

varying levels of SrP or CaP fillers at 1 day and 1 month. On average, biaxial flexural strength 

of all the formulations was between 80 and 165 MPa. For formulations with 10, 20 and 40 wt% 
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SrP or CaP, BFS decreased by an average of ~5, ~12 and ~24 %, when specimens were stored 

for 1 month, compared to 1 day. Gradient and intercept were obtained upon fitting linear 

equation to plots of BFS versus SrP or CaP levels (Figure 5.9b).  According to the analysis, 

BFS decreased linearly with SrP or CaP filler level with high R2 (0.99) (Table 5-7).  

 

 

Figure 5.9 (a) Biaxial flexural strength of experimental formulations with varying levels of SrP or CaP at 1 

day and 1 month. NP was used as a control. BFS decreased upon raising SrP or CaP fillers levels (b) 

Regression analysis of biaxial flexural strength versus SrP or CaP wt%.. Zero value is considered as NP 

(control) without any SrP or CaP fillers (Error bars= 95%CI, n=8).  

Table 5-7 Gradient and intercept of BFS versus CaP or SrP filler level. (Error bars = 95%CI, n=8). 

y ( MPa) x (wt%) time (days) Gradient ( MPa. wt%-1) Intercept (MPa) R2 

BFS [CaP] 1  -1.25 ±0.08 161 ±5 0.97 

BFS [CaP] 30 -1.71 ±0.11 149 ±5 0.99 

BFS [SrP] 1  -0.99 ±0.08 163 ±5 0.99 

BFS [SrP] 30 -1.54 ±0.12 151 ±5 0.99 
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5.6.3.2 Young’s modulus (YM) 

Figure 5.10a shows the Young’s modulus of experimental formulations with varying levels of 

SrP or CaP fillers at 1 day and 1 month. On average, YM of all the formulations was between 

1.4 and 4.0 GPa. For formulations with 10, 20 and 40 wt% SrP or CaP, YM decreased by an 

average of ~8, ~15 and ~34 %, when specimens were stored for 1 month, compared to 1 day. 

Gradient and intercept were obtained upon fitting linear equation to plots of YM versus 

SrP or CaP levels (Figure 5.10b). According to the analysis, YM decreased linearly with 

level of SrP or CaP fillers (R2= 0.98) (Table 5-8). There was no significant difference seen 

in the Young's Modulus of composites with same levels of SrP and CaP fillers. 

 

Figure 5.10 (a) Young’s modulus of experimental formulations with varying levels of SrP or CaP at 1 day 

and 1 month respectively.  NP was used as a control. (b) Regression analysis of Young’s modulus versus SrP 

or CaP wt%.. Zero value is considered as NP without any SrP or CaP fillers(Error bars = 95%CI, n=8). 
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Table 5-8 Gradient and intercept of YM versus CaP or SrP filler levels. (Error bars = 95%CI, n=8). 

y ( GPa) x (wt%) time (days) Gradient ( GPa. wt%-1) Intercept (GPa) R2 

YM [CaP] 1  -0.03 ±0.01 3.7 ±0.3 0.97 

YM [CaP] 30 -0.05 ±0.01 3.4 ±0.3 0.99 

YM [SrP] 1  -0.03 ±0.01 3.7 ±0.3 0.97 

YM [SrP] 30 -0.04 ±0.01 3.4 ±0.3 0.99 

 

5.6.3.3 Compressive strength (CS) 

Figure 5.11a shows the compressive strength (CS) of experimental formulations with varying 

levels of SrP or CaP at 1 day and 1 month. On average, CS of all the formulations was between 

117 and 245 MPa. For formulation with 10, 20 and 40 wt% SrP or CaP, CS decreased by an 

average of ~5, ~10 and ~21 %, when specimens were stored for 1 month, compared to 1 day. 

Gradient and intercept were obtained upon fitting linear equation to plots of CS versus SrP 

or CaP levels (Figure 5.12). According to the analysis, CS was proportional to the level of 

SrP or CaP fillers with high R2 (0.98) (Table 5-9).  There was no significant difference seen 

in the compressive strength of composites with same levels of SrP and CaP fillers.    

  

Figure 5.11 Compressive strength of experimental formulations with varying levels of SrP or CaP at 1 day 

and 1 month respectively. NP was used as a control. (Error bars = 95%CI, n=8). 
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Figure 5.12 Regression analysis of compressive strength versus SrP or CaP wt%.. Zero value is considered 

as NP (control) without any SrP or CaP fillers (Error bars = 95%CI, n=8).  

 

Table 5-9 Gradient and intercept of CS versus CaP or SrP filler levels. (Error bars = 95%CI, n=8). 

y ( MPa) x (wt%) time (days) Gradient ( MPa. wt%-1) Intercept (MPa) R2 

CS [CaP] 1  -1.97 ±0.07 219 ±5 0.99 

CS [CaP] 30 -2.12 ±0.08 203 ±4 0.98 

CS [SrP] 1  -1.66 ±0.08 216 ±4 0.98 

CS [SrP] 30 -1.92 ±0.09 204 ±4 0.99 
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5.7 Discussion 

The above results demonstrated how curing time, reaction rate, polymerization shrinkage, 

water-sorption, biaxial flexural strength, modulus and compressive strength of UDMA based 

experimental formulations varied with SrP or CaP levels and time.  

5.7.1 Reaction kinetics 

The above thesis showed that calcium or strontium filler addition increased the curing time and 

decreased the reaction rate. A possible explanation could be the incorporation of air bubbles or 

oxygen into the bone cement that may inhibit the free radical formation; thereby slowing the 

polymerization reaction (75). In addition to this, it has been reported that presence of calcium/ 

strontium ions in the bone cements may form complexes with initiators/ activators, acting as 

an inhibitor. Thereby, slowing the reaction rate and curing time of the cement (373-375).  

MCPM plus TCP addition into composite has shown to decrease the monomer conversion 

(359). Similar findings were found in this thesis. This might be due to oxygen or air 

incorporation into composite bone cement with higher calcium filler that may inhibit the free 

radicals to react with monomer, thereby slightly decreasing the monomer conversion of the 

composites (364). 

Polymerisation shrinkage of the experimental formulation (~3.5 %) was well below the range 

of current commercial PMMA (Simplex = ~7.1 %) and composite (Cortoss = ~5.1 %) 

materials. As previously discussed, polymerization shrinkage is related to monomer volume 

fraction, number of double bond per dimethacrylate monomer, average monomer molecular 

weight and monomer conversion. There was a slight decrease of polymerization shrinkage, 

when SrP or CaP were added. This was due to lower monomer conversion.  



Muhammad Adnan Khan  PhD Thesis 

210 

 

5.7.2 Water-sorption (Mass and volume change) 

Water-sorption plays an important role in the chemical, mechanical and elution characteristics 

of composite materials (308). Water-sorption can lead to plasticization and hydrolytic 

degradation of the composite material (221). Furthermore, unreacted monomer can be eluted 

from the material upon water-sorption, inducing cytotoxic effect on cells (309).  Beneficially, 

however, water-sorption induces expansion of the material, which could overcome the 

polymerization shrinkage of resin based composite (312).  

Water-sorption can be attributed to material affinity for water. It depends upon the amount of 

hydrophilic component in the material (314, 359). For e.g. hydroxyl group within a material 

forms hydrogen bonds with water. Studies had been undertaken to show that water-sorption 

depends upon the monomer chemistry, degree of monomer conversion, filler particle size and 

interfacial properties (between filler and monomer phase) (376-379). In a resin composite 

material, water-sorption is influenced predominantly by the hydrophilicity of the  resin matrix 

such as HEMA, TegDMA etc (380, 381).  

Water-sorption in the above study of this thesis can be due to a combination of the following 

processes. In the first instance, if it is assumed that there are no pores in the specimen and water 

expands the material, then the total volume will be the original volume of the specimen plus 

the volume of water. In this case it can be shown that for small mass change, the volume change 

of the specimen will be specimen density multiplied by mass change. On the other hand, if 

there are pores in the specimen, water would occupy those pores. Therefore, mass of the 

specimen will increase while the volume will remain constant. In addition to this, if water 

replaces calcium phosphate particles of greater density, volume will remain constant but mass 

decrease. Also there may need to be water absorbed before the calcium phosphate is released. 

A further issue can be, if the reactive fillers form products of differing density. 
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In experimental control composite (NP), density (~2.05 g/cm3) of the specimen was similar to 

ratio of volume change divided by the mass change (~1.96 g/cm3). This suggested that the 

change is mostly due to expansion of the specimen and to a lesser extent due to pores. As 

previously described in chapter 3, water-sorption in control composite  with no calcium fillers, 

was mainly due to the presence of hydrophilic monomers (380, 381).   As the SrP or CaP level 

increased from 10-40 wt%, the ratio of volume change divided by mass change lowered than 

the actual density of the specimens. This might be due to the incorporation of large number of 

pores upon mixing and water-sorption. 

The above study in this thesis showed the initial and maximum water-sorption was proportional 

to the level of SrP or CaP.  This might be due to the addition of hydrophilic MCPM that attracts 

water into the specimen (122). MCPM has the ability to increase the internal osmotic pressure 

upon dissolution in the absorbed water (364) Previous studies have shown that water enables 

the reaction of MCPM and TCP to form brushite (122). 

Brushite chemical reaction is shown as below: 

                    β-Ca3(PO4)2 + Ca(H2PO4)2H2O + 7 H2O → 4 CaHPO4.2 H2O          Equation 5.1 

                     TCP          +        MCPM                              Brushite 

 

The above reaction shows that 0.5 gram of water is required for 1 gram of MCPM to react fully.  

For the experimental formulations, this would mean 0.25 wt% increase in mass for every 1 

wt% of CaP filler addition should be expected.  From Table 5-6, it can be anticipated that ~50 

% (0.14/ 0.25) of the water is absorbed by MCPM for brushite formation irrespective of SrP or 

CaP level. The remaining 50 % MCPM might be released to enhance remineralisation of the 

bone or react with TCP to form monetite (anhydrous form of brushite).  
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The early phase of water-sorption is a diffusion controlled process (382, 383). Fick’s law of 

diffusion predicts the water-sorption at early period of time to be given by                                       

Equation 5.2 (376). 

∆𝑀𝐺𝑖

∆𝑀𝑚
= 2 √

𝐷𝑡

𝜋ℎ2
                                      Equation 5.2    

Rearranging the Equation  5.2. 

 

𝐷 =  
𝜋ℎ2

2𝑡
(

∆𝑀𝐺𝑖

∆𝑀𝑚
 )                              Equation 5.3 

Where ∆MGi  and  ∆Mm is the gradient of early release and maximum value of mass and volume 

change versus the square root of time (t), h is the specimen thickness (cm), D is the water uptake 

diffusion coefficient (cm2. s-1). ∆MGi  and  ∆Mm are taken as gradient of initial gradient and 

maximum value from Table 5-6.  Putting the value of ∆MGi , ∆Mm and h into Equation 5.3. 

𝐷 =
3.14∗(0.1)2

2∗3600
 (

0.009

0.14
)2

                       Equation 5.4  

The calculated diffusion coefficient at early period of water-sorption was D = 1.8 x 10-8 cm2 s-

1. The value is found similar to the diffusion coefficient seen with other dimethacrylates based 

dental composites studies (220, 376). This initial diffusion coefficient of water into the 

composite is independent of SrP or CaP level.  This might suggest water-sorption rate is 

strongly influenced by the composition of the matrix polymer phase.   

The volume change of 20 wt% SrP or CaP was around ~3.9 vol%. This could potentially 

balance out the polymerization shrinkage (~3.8 %). 

5.7.3 Mechanical properties 

Mechanical properties of composites have already been discussed in chapter 2, 3 and 4. Initiator 

concentration, type of monomers, filler composition and monomer conversion play an 

important role in mechanical properties (72, 178, 307). Brushite cement has been shown to be 
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biocompatible, resorbable and osteoconductive (384) and therefore, it has been used as a 

substitution bone material in orthopaedic surgery (385). It has, however, several disadvantages 

such as difficultly in handling, fast setting and low mechanical properties (386). Flexural and 

compressive strength of brushite cements have been found to be around ~6 MPa and ~15 MPa 

respectively (385, 387, 388) and therefore, they cannot be used in load bearing areas. 

Alternatively, to make use of their osteoconductive properties, brushite cements components 

have been added as a filler phase into a predominantly polymeric matrix (389-394).  These HA/ 

Brushite- PMMA cement, however, have low flexural (~35 MPa) and compressive strength 

(~65 MPa) (370).   In this thesis, strontium or calcium loaded composite cements showed 

higher flexural and compressive strength than the above mentioned HA/ Brushite-PMMA 

cements. Using low level of SrP or CaP fillers and glass fillers with highly cross-linked 

dimethacrylate monomers might be the reason for higher mechanical properties.  

Previous studies have shown that mechanical properties of calcium containing composite are 

related to the water-sorption and interfacial bonding (122) (301, 395). In this thesis, BFS and 

compressive strength decreased upon raising the level of SrP or CaP fillers and upon immersion 

in DW with time. Linear decline of strength upon increasing SrP or CaP level might be due to 

increased porosity and poor interfacial bonding (lack of coupling agent) between calcium fillers 

and polymeric matrix. Decline of strength with time  might be due to MCPM addition which 

induces high water-sorption (221). Water-sorption causes plasticization and filler disruption 

(377, 395) .  In addition to this, filler disruption/ release upon water-sorption can also be a 

contributing factor for decline in strength. Control composite without any calcium filler (SrP 

or CaP) showed low reduction of strength, in comparison to CaP or SrP composites. This might 

be due to several factors, including good interfacial bonding, high monomer conversion, highly 

crosslinking linked polymer chains and a low number of pores.  Slight reduction of the modulus 

of control composite with time might be due to the polymer being plasticized as a result of 
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water-sorption. Linear reduction of the modulus was observed upon addition of SrP or CaP 

levels and upon immersion in DW with time. This might be a consequence of poor interfacial 

bonding (lack of coupling agent between SrP or CaP filler and polymer matrix) and increased 

porosity.  

5.8 Conclusion 

This study shows the effect of strontium and calcium fillers on reaction kinetics, water-sorption 

and mechanical properties of composite bone cements.  

Inhibition time and half-life increased linearly with the addition of SrP and CaP level. 

Maximum reaction rate and half-life reaction rate decreased linearly upon raising SrP or CaP 

level. Moreover, monomer conversion and polymerization shrinkage linearly decreased upon 

raising SrP or CaP level.  Water-sorption increased linearly with SrP or CaP level. BFS, YM 

and CS linearly decreased upon raising the SrP or CaP levels. Furthermore, these properties 

decreased upon immersion in water for longer periods of time.  

Addition of strontium and calcium fillers would enable the bone cements to be osteoconductive 

and remineralising. Higher water-sorption and strength reduction at higher SrP or CaP might 

limit the quantity of SrP or CaP fillers being added into the fillers. 10 and 20 wt% SrP or CaP 

enabled sufficient water-sorption to compensate for the polymerization shrinkage. A lower 

modulus was achieved with higher calcium or strontium fillers that may help to reduce the risk 

of fracture in already weakened vertebral bone structure. 
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6 Remineralising and Antimicrobial based Composite  

6.1 Abstract 

The study aim was to develop high strength composite bone cement that would release 

strontium/ calcium ions and antimicrobials (PLS and Gen) to provide mechanisms to promote 

re-mineralisation and reduce infection risk. This was achieved by the addition of strontium 

fillers and antimicrobials (PLS and Gen) into the bone cements. 

Monomer mixture was prepared by combining 70 wt% UDMA, 25 wt% PPGDMA and 5 wt% 

HEMA mixed with initiator system (1.00 wt% BP/ 0.75 wt% NTGGMA) to form initiator (BP) 

and activator monomer phase (NTGGMA) respectively. Filler phase consisted of glass powder 

(GP) and glass fibre (GF) mixed with varying levels of strontium fillers (SrP) (10-20 wt%), 

polylysine (PLS) (2-10 wt%) and gentamicin (Gen) (0-5 wt%). Filler phase was then combined 

with monomer phase in 3:1 powder liquid ratio. Eight formulations were made based on 3 

variable factorial design containing variables SrP, PLS and Gen. Reaction kinetics was assessed 

via FTIR. Subsequent mass and volume changes upon water immersion were determined over 

a period of 8 weeks. Antimicrobials and ion release were measured via UV and ICP-MS. 

Mechanical properties included biaxial flexural strength, Young’s modulus and compressive 

strength. They were determined over a period of 1 day, 1 month and 2 months. Apatite layer 

formation on the composite surface was assessed via Raman and SEM.  Factorial analysis was 

used to assess the relative effects of different variables. 

Inhibition time and half-life increased upon raising SrP (~40 %) and Gen fillers (~34 %) from 

their low to high values. In addition to this, fivefold decrease in PLS, increased the inhibition 

time and half-life by ~40 %. On average, fivefold increase in PLS level and twofold 

decrease in SrP level, increased the reaction rate by ~27 %. On the other hand, Gen addition 

increased the reaction rate by ~22 %. Maximum reaction rate was ~1.4 times higher than half-
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life reaction rate. Two fold decrease in SrP level and fivefold increase in PLS increased the 

monomer conversion and polymerization shrinkage by 3 %.  

Maximum value of mass and volume change varied from 1.1 to 5.2 wt% and 1.7 to 6.9 vol% 

respectively.  Gradient of mass and volume change versus SQRT time varied from 0.01 to 0.41 

wt% and 0.02 to 0.61 vol% respectively. On average, initial gradient of mass and volume 

change versus SQRT time was ~5 times higher than that of final gradient values. Moreover, 

gradient and maximum value of mass and volume change in deionized water (DW) was ~1.6 

times higher than that in simulated body fluid (SBF) respectively. On average, raised SrP, 

PLS and Gen filler level increased the gradient (versus SQRT time) and maximum value 

of mass and volume change by an average of 58, 110 and 18 % respectively 

In 8 weeks, total PLS release was between 36 and 72 %.  On average, initial gradient (versus 

SQRT time), final gradient (versus SQRT time) and total PLS release in DW were ~1.3, ~1.8 

and ~1.3 times higher than in SBF. On average, two fold increase in SrP and fivefold decrease 

in PLS, increased the gradient (versus SQRT time) and PLS release by an average of 33 

and 16 % respectively. Gen addition increased the gradient (versus SQRT time) and PLS 

release by 16%.  

In 8 weeks, total Gen release was between 3 and 25 %.  On average, initial gradient (versus 

SQRT time), final gradient (versus SQRT time) and total Gen release in DW was ~1.7, ~2.1 

and ~1.7 times higher than in SBF respectively. Raised levels of SrP and PLS fillers increased 

the release gradient and total release of Gen by an average of 82 and 125 % respectively. 

Medium change from DW to SBF increased the above mentioned properties by 53 %. 

In 8 weeks, total calcium ion release was between 2.6 and 9.8 %.  On average, initial gradient 

of calcium ion release in DW (versus SQRT time) was ~5 times higher than the final gradient. 
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Raised levels of SrP, PLS and Gen addition increased the release gradient and the total 

release of calcium ions by an average of 68, 120 and 17 % respectively.  

In 8 weeks, total strontium ion release was between 0.9 and 6.9 %.  Gradient of strontium 

release versus SQRT time varied from 0.01 to 0.32 %/ hr0.5. On average, release gradient and 

total strontium ion release in DW was ~1.7 times higher than in SBF respectively. On average, 

initial gradient of strontium release versus SQRT of time, was ~5 times higher than the final 

gradient.  Raised levels of SrP, PLS and Gen fillers increased the gradient and the total 

strontium ion release by an average of 77, 128 and 18 % respectively. 

On average, biaxial flexural strength of all the formulations was between 44 and 128 MPa. 

Two fold decrease in SrP level and fivefold decrease in PLS level increased the BFS by an 

average of 24 and 51 % respectively.  YM of all the formulations was between 0.7 and 3.4 

GPa. Two fold decrease in SrP level and fivefold decrease in PLS level increased the 

Young’s modulus by an average of 28 and 65 % respectively. Two fold decrease in SrP 

level and fivefold decrease in PLS level increased the Young’s modulus by an average of 

28 and 65 % respectively. On average, CS of all the formulations was between 80 and 189 

MPa. Two fold decrease in SrP level and fivefold decrease in PLS level increased the 

compressive strength by an average of 16 and 34 % respectively. Gentamicin addition 

decreased the BFS, YM and CS by an average of 12 %.  

Upon immersion in SBF, apatite layer was formed on the composite surface for all formulations 

except; fomulation with low level of SrP and PLS (S10L2G5 and S10L2G0). 

Strontium and antimicrobial addition would enable the bone cements to be osteoconductive, 

remineralising and antibacterial. Polylysine was released in high concentration. In addition to 

this, it has also improved the elution kinetics of other ions and antimicrobials. Strontium and 

calcium ions release may help to remineralise the already weakened bone structure. 
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Furthermore, a lower modulus was achieved with strontium fillers and polylysine that may help 

to reduce the risk of fracture in already weakened vertebral bone structure. 
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6.2 Introduction 

Since the 1950’s, PMMA bone cements have been extensively used in dental and orthopaedic 

fields. There are, however, several disadvantages of commercial PMMA bone cements. Some 

of the disadvantages includes DMPT toxicity, methyl-methacrylate toxicity, limited 

osteoconductivity and cement leakage during and after setting etc. High polymerization heat 

and shrinkage result in necrotic tissue formation and aseptic loosening of bone cement (182, 

365, 366). Moreover, cement leakage into the surrounding can initiate allergic and anaphylactic 

reactions (49, 367). In addition to this, PMMA bone cement has been associated with 

granulomas formation and  peri-prosthetic bone resorption that eventually result in loosening 

of the bone cement and prosthesis (64, 368). To compensate some of the drawbacks of PMMA 

bone cement, dimethacrylate composite bone cements (Cortoss®) have been reported as 

alternatives (144-146). The advantages and disadvantages of Cortoss have already been 

discussed in previous chapters.  

Brushite and HA material have been used as bone substitute and bone grafting material due to 

their osteoconductive and remineralizing properties (369-371). As a result, direct physico-

chemical bonding forms between the bone and material, enhancing chemical and mechanical 

stability (369, 370). These cements, however, have several disadvantages such as low 

mechanical properties and high degradation rate (124). To counterbalance their drawbacks and 

use their osteoconductive properties, brushite cement components (MCPM) have been added 

into the polymer matrix in this study. In addition to this, tri-strontium phosphate (TSP) has 

been added due to the positive role of strontium in bone formation (225, 227, 372). Moreover, 

strontium has shown bactericidal properties that could be advantageous in bone cements (396).  

Gentamicin is one the most common antibiotics added into commercial bone cements. It has a 

broad spectrum antimicrobial action. In addition, it has a higher water solubility, thermal 
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stability and gives lower allergic response than other antibiotics (397, 398). Its release, 

however, is low in PMMA bone cements (<8 %) (117, 118). Bacterial resistance is on the rise 

due to the slow sub-lethal antibiotics release with time (92, 231). Alternative antimicrobial 

should therefore be developed and evaluated for use in bone cements. Polylysine (PLS) is wide 

spectrum antimicrobial that has been used in food industry for many years.  Its antimicrobial 

activity is due to its polycationic nature. Due to its wide antimicrobial efficacy and low toxicity, 

its addition into bone cement will be of clinical interest. 

This chapter will discuss how strontium fillers and antimicrobials (PLS and Gen) addition into 

resin based composite affects the reaction kinetics, water-sorption, elution kinetics and 

mechanical properties of novel composite bone cements.  
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6.3 Aims and Objectives 

The aim of this study was to develop high strength composite bone cement that would release 

strontium/ calcium ions and antimicrobials (PLS and Gen) to promote remineralisation and 

reduce/ prevent infection in an already weakened vertebral bone. This will be achieved by 

assessing the reaction kinetics, mass and volume change, elution kinetics and mechanical 

properties of the experimental materials containing varying levels of SrP, PLS and Gen fillers. 

In addition, apatite layer formation on the surface of composite will be assessed. 

Reaction kinetics will be assessed via FTIR analysis. FTIR analysis will be done at 24 °C. 

FTIR analysis will include inhibition time, half-life, monomer conversion and reaction rate.  

Calculated polymerization shrinkage will be assessed from molecular weight of monomers, 

monomer fraction and monomer conversion. Mass and volume change will be measured in 

DW and SBF gravimetrically using a balance with its density kit. Calcium and strontium ions 

release in DW and SBF will be assessed via inductively coupled plasma mass 

spectroscopy (ICP-MS). Mechanical properties will be determined at 1 day, 1 month and 2 

months. Mechanical testing will include biaxial flexural strength (BFS), Young’s modulus 

(YM) and compressive strength (CS). Apatite layer formation will be qualitatively assessed 

via Raman and SEM. Possible links between the reaction kinetics, mass and volume change, 

elution kinetics and mechanical properties will be discussed. 
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6.4 Null hypothesis 

As discussed in previous chapters, reactive strontium fillers were included to provide 

osteoconductive and remineralising properties to the experimental formulations. In addition, 

polylysine (PLS) and gentamicin (Gen) were added as antimicrobials to reduce infection risk.  

It has been hypothesized that addition of strontium fillers (SrP) and gentamicin (Gen) will 

increase the inhibition time, half-life and decrease the reaction rate and monomer conversion. 

Furthermore, PLS will decrease the curing time and increase the reaction rate and monomer 

conversion due to its secondary amine structure.  

SrP filler addition will induce water-sorption that can enhance the release of ions and 

antimicrobials. The ions release may supersaturate surrounding solutions and cause apatite 

precipitation on the surface of composite in simulated body fluid. Furthermore, due to the 

apatite layer formation and high osmotic gradient in SBF, the release of ions in SBF will be 

lower than in DW. 

Due to the high solubility and polycationic nature, PLS will cause high water-sorption and 

improve the elution kinetics of gentamicin. In addition, it will also improve the release of 

calcium and strontium ions. Higher osmotic gradient of SBF will result in lower release of 

antimicrobials and ions in SBF than in DW.  

It was hypothesized that Gen release will increase with the addition of hydrophilic MCPM and 

PLS.  

It was also anticipated that increased levels of SrP, PLS and Gen will reduce the strength and 

modulus due to enhanced water-sorption and release of antimicrobials and ions. 
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6.5 Material and Methods 

Table 6.1 shows a summary of the composition of filler phase that are investigated in this 

chapter. Formulations were based on 3 variable-2 level factorial design. The three variables 

were strontium fillers (10 or 20 wt%), polylysine (PLS) (2 or 10 wt%) and gentamicin (Gen) 

(0 or 5 wt%).  Strontium fillers (SrP) consist of equal wt% of mono-calcium phosphate 

(MCPM) and tri-strontium phosphate (TSP). Same initiator and activator monomers were used 

from the previous chapter 5. Filler phase consisted glass powder (GP) and glass fibre (GF) 

mixed with varying levels of strontium fillers (SrP), polylysine (PLS) and gentamicin (Gen). 

Filler phase was then combined with monomer phase in 3:1 powder liquid ratio. MCPM was 

mixed with initiator monomer (BP) and TSP was mixed with activator monomer (NTGGMA) 

to form initiator and activator paste respectively. Both pastes were then put into double barrel 

syringe. Cement pastes were extruded from the double barrel syringe via a syringe tip (For 

more detail mixing, see chapter 2).  

Reaction kinetics were assessed via FTIR analysis.  FTIR analysis was done at 24 °C. FTIR 

analysis includes inhibition time, half-life, reaction rate and monomer conversion. 

Polymerisation shrinkage was determined theoretically via molecular weight of monomers, 

monomer fraction and monomer conversion (%). Mass and volume change was assessed in 

DW and SBF via balance with its density kit. PLS and gentamicin release was assessed via 

HPLC and UV at different time points. Strontium and calcium release was assessed via 

inductively coupled plasma mass spectroscopy (ICP-MS) at different time points. Biaxial flexural 

strength, modulus and compressive strength were determined using Instron testing machine at 

1 day, 1 month and 2 months. Apatite layer formation on the specimen’s surface was 

qualitatively assessed via SEM and Raman. Factorial analysis was used to assess the relative 

effect of different variables. For more detail, see chapter 2.  
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Table 6.1 Summary of the filler phase composition, based on varying levels of SrP (20-10 wt%), PLS (2-10 wt%) 

and Gen (0-5) wt%). Glass powder in the filler phase varied from 45-68 wt%. Strontium filler consist of equal 

wt% MCPM plus TSP. Initiator/activator levels was fixed at 1.00 wt% BP/ 0.75 wt% NTGGMA. Monomer mixture 

consists of 70 wt% UDMA, 25 wt% PPGDMA and 5 wt% HEMA. Monomer content was fixed at 25 wt% in all 

formulations (3:1 PLR). Abbreviation in the code are as follows: S; SrP, L; PLS, G; Gen. Values given in the 

table represent wt% of filler phase. 

 

Code 

 

 

 

 

Strontium filler 

(SrP)  

(wt%) 

 (a1) 

 

Polylysine 

(PLS)  

(wt%) 

(a2) 

 

Gentamicin 

(Gen) 

 (wt%)  

(a3) 

 

Glass 

powder 

 (GP) 

 (wt%) 

 

Glass 

fibre 

(GF)  

wt% 

 (wt% of filler Phase) 

S20L10G5 20 10 5 45 20 

S20L10G0 20 10 0 50 20 

S20L2G5 20 2 5 53 20 

S20L2G0 20 2 0 58 20 

S10L10G5 10 10 5 55 20 

S10L10G0 10 10 0 60 20 

S10L2G5 10 2 5 63 20 

S10L2G0 10 2 0 68 20 
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6.6 Results 

6.6.1 Reaction Kinetics  

6.6.1.1 Curing time 

Figure 6.1 shows the inhibition time and half-life of experimental formulations with 

varying levels of strontium fillers (SrP), polylysine (PLS) and gentamicin (Gen). All 

experimental formulations showed a period of inhibition, followed by a period of rapid 

polymerization reaction.  On average, inhibition time and half-life of all formulations were 

between 106 and 488 s. Factorial analysis was used to assess the effect of varying levels 

of SrP (20 / 10 wt%)(a1), PLS (10/ 2 wt%) (a2) and Gen (5/ 0 wt%) (a3) on inhibition time 

and half-life (Figure 6.2). Factorial analysis showed an increase in curing time with high 

level of SrP fillers and Gen addition. Moreover, with PLS increase, a decrease in curing 

time was noted. On average, two fold increase in SrP level and fivefold decrease in PLS 

level, increased the inhibition time and half-life by ~40 % (a1) (a2). Gen addition by 5 wt%, 

increased the inhibition time and half-life by an average of ~34 % (a3). Variable interaction 

effects were small to insignificant.     

                                         

Figure 6.1 Inhibition time (ti) and half-life (t50) of the experimental formulations with varying levels of Gen, PLS 

and SrP. Initiator level was fixed at 1.00 wt% BP/ 0.75 wt% NTGGMA. FTIR analysis was performed at 24 ºC. 

Monomer mixture contains fixed levels of monomers (70 wt% UDMA, 25 w% PPGDMA and 5 wt% HEMA). 

Monomer content was fixed at 25 wt% (3:1 PLR). (Error bars = 95%CI, n=5).  
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Figure 6.2 Mean a-values for inhibition time (ti) and half-life (t50). Experimental formulations were based on 3 

variables: SrP (a1), PLS (a2) and Gen (a3). (Error bars = 95%CI, n=5). 

 

6.6.1.2 Reaction rate 

Maximum (Rmax) and half time reaction rate (Rt50) of the experimental formulations at 24 ºC 

are shown in Figure 6.3. On average, maximum reaction rate (Rmax) and half-life reaction rate 

(Rt50) of all formulations were between 1.9 and 6.9 E-03 s-1. Maximum reaction rate was ~1.4 

times higher than half-life reaction rate.  

Factorial analysis was used to assess the effect of varying levels of SrP (20 / 10 wt%)(a1), 

PLS (10/ 2 wt%) (a2) and Gen (5/ 0 wt%) (a3) on maximum and half-life reaction rate (Figure 

6.4). Factorial analysis showed a decrease in the reaction rate with Gen addition and high 

level of SrP fillers. Moreover, with PLS increase, an increase in reaction rate was noted. 

On average, two fold decrease in SrP level and fivefold increase in PLS level, increased 

the reaction rate by ~27 % (a1) (a2). Adding 5 wt% Gen, decreased the reaction rate by an 

average of ~22 % (a3). Variable interaction effects were negligible to insignificant. 
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Figure 6.3 Maximum (Rmax) and half-life reaction rate (Rt50) of experimental formulations containing varying 

levels of Gen, PLS and SrP. Initiator level was fixed at 1.00 wt% BP/ 0.75 wt% NTGGMA. FTIR analysis was 

performed at 24 ºC. Monomer mixture contains fixed levels of monomers (70 wt% UDMA, 25 w% PPGDMA and 

5 wt% HEMA). Monomer content was fixed at 25 wt%. (Error bars = 95%CI, n=5). 

 

 

Figure 6.4 Mean a-values for maximum reaction rate and half-life reaction rate. Experimental formulations were 

based on 3 variables: SrP (a1), PLS (a2) and Gen (a3). (Error bars = 95%CI, n=5). 
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6.6.1.3 Monomer conversion 

Figure 6.5 shows monomer conversion of the experimental formulations with varying levels of 

SrP, PLS and Gen. Monomer conversions of all formulations were between 76 and 81 %. 

Factorial analysis was used to assess the effect of varying levels of SrP (20 / 10 wt%)(a1), 

PLS (10/ 2 wt%) (a2) and Gen (5/ 0 wt%) (a3) on monomer conversion (Figure 6.6).  Factorial 

analysis showed a decrease in monomer conversion with high level of SrP addition. 

Moreover, with PLS increase, an increase of monomer conversion was observed. On 

average, two fold decrease in SrP level and fivefold increase in PLS level, increased the 

monomer conversion by ~3 % (a1) (a2). Gen addition had no significant effect on monomer 

conversion (a3). Variable interaction effects were negligible to insignificant. 

 

Figure 6.5: Monomer conversion (%) of experimental formulations containing varying levels of SrP, PLS and 

Gen. (Error bars = 95%CI, n=5). 

 

Figure 6.6 Mean a-values for monomer conversion. Experimental formulations were based on 3 variables: SrP 

(a1), PLS (a2) and Gen (a3). (Error bars = 95%CI, n=5). 
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6.6.1.4 Polymerization shrinkage (PS) 

Figure 6.7 shows calculated polymerization shrinkage of the experimental formulations 

with varying levels of SrP, PLS and Gen. Polymerization shrinkage of all formulations was 

between 3.7 and 3.9 vol%. Factorial analysis was used to assess the effect of varying levels 

of SrP (20 / 10 wt%)(a1), PLS (10/ 2 wt%) (a2) and Gen (5/ 0 wt%) (a3) on PS (Figure 6.8).  

Factorial analysis showed a decrease in PS with high levels of SrP fillers. Moreover, with 

high levels of PLS, an increase of PS was observed. On average, two fold decrease in SrP 

level and fivefold increase in PLS level, increased the polymerization shrinkage by ~3 % 

(a1) (a2). Gen addition had no significant effect on monomer conversion (a3). Variable 

interaction effects were negligible to insignificant. 

 

Figure 6.7:  Polymerization shrinkage of experimental formulations containing varying levels of Gen, PLS and 

SrP. (Error bars = 95%CI, n=5). 

 

Figure 6.8: Mean a-values for PS of experimental formulations. Experimental formulations were based on 3 

variables: SrP (a1), PLS (a2) and Gen (a3). (Error bars = 95%CI, n=5). 
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6.6.2 Mass and volume change 

 

  

 

Figure 6.9 (a) Mass and (b) Volume change of chapter 6 formulations in deionized water (DW) versus square 

root of time in hours. Variables of the formulations were strontium fillers (20/10 wt%), polylysine (10/ 2 wt%) 

and gentamicin (5/ 0 wt%). Specimens were immersed in deionized water (DW) for 8 weeks Abbreviation in the 

formulation code for the variables are as follows: S; SrP, L; PLS, G; Gen (Error bars = 95%CI, n=5).  
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Figure 6.10 (a) Mass and (b) Volume change of chapter 6 formulations in SBF versus square root of time in hours. 

Variables of the formulations were strontium fillers (20/10 wt%), polylysine (10/ 2 wt%) and gentamicin (5/ 0 

wt%). Specimens were immersed in simulated body fluid (SBF) for 8 weeks Abbreviation in the formulation code 

for the variables are as follows: S; SrP, L; PLS or polylysine, G; Gen or gentamicin. (Error bars = 95%CI, n=5). 
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Mass and volume change of chapter 6 formulations in DW and SBF versus the square root of 

time in hours is shown in Figure 6.9 and 6.10. Initial mass and volume plots were linear up to 

48 hours-1 week (t0.5 (hr) = 7-13 hr0.5) for formulations with 2 wt% PLS, but up to 1-2 week 

(t0.5 (hr) = 13-18 hr0.5) for formulations with 10 wt% PLS.  This linear relationship was expected 

for a diffusion controlled water-sorption. Values of gradient versus SQRT time and maximum 

values of mass and volume change are given in Table 6.2. Gradient of mass and volume change 

versus SQRT time varied from 0.01 to 0.41 wt% and 0.02 to 0.61 vol% respectively. On 

average, initial gradient of the mass and volume change versus SQRT time in deionized water 

(DW) was ~1.6 times higher than that in simulated body fluid (SBF). Furthermore, initial 

gradient was ~6 times higher than that of final gradient. Among all formulations, S20L10G5 had 

the highest initial gradient of mass (0.41 wt%/ hr0.5) and volume change (0.61 vol%/ hr0.5).  

Maximum value of mass and volume change varied from 1.1 to 5.2 wt% and 1.7 to 6.9 vol% 

respectively. Ratio of maximum volume to mass change decreased from 1.9 to 1.4 times as the 

levels of strontium filler and polylysine increased. On average, maximum value of mass and 

volume change in DW was ~1.6 times higher than that in SBF. 

Factorial analysis was used to assess the effect of varying levels of SrP (20 / 10 wt%) (a1), 

PLS (10/ 2 wt%) (a2) and Gen (5/ 0 wt%) (a3) on gradient (versus SQRT time) and maximum 

mass and volume change (Figure 6.11). Factorial analysis showed that SrP and PLS had the 

largest effect on mass and volume change. On average, two fold increase in SrP level, 

increased the initial gradient (versus SQRT time) and maximum value of mass and volume 

change by an average of ~58 % (a1). On average, fivefold increase in PLS level increased 

the initial gradient (versus SQRT time) and maximum value of mass and volume change 

by an average of ~110 %, (a2). On average, Gen addition increased the initial gradient 

(versus SQRT time) and maximum value of mass and volume change by ~18 % (a3). 

Variable interaction effects were small to insignificant.
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Table 6.2 Initial and final gradient versus SQRT time and maximum value (m) of mass (M) and volume change (V) in (a) DW and (b) SBF. Variables of the formulations were 

SrP (20/10 wt%), PLS (10/ 2 wt%) and Gen (5/ 0 wt%). Specimens were immersed in (a) deionized water (DW) or (b) simulated body fluid (SBF) for 8 weeks.   Initial gradient 

of mass and volume change versus SQRT time, was calculated using data up to 48 hours for formulation with 2 wt% PLS and 1 week for formulations with 10 wt% PLS (R2 = 

>0.95). Final gradient versus SQRT time was calculated using data from 4-8 weeks (Error bars = 95%CI, n=5). 

 

Code 

Initial gradient of mass 

vs SQRT of time 

 (M-Gi) (wt% / hr0.5) 

Final gradient of mass 

vs SQRT of time 

(M-Gf) (wt% / hr0.5) 

Maximum  

mass 

 (wt%) (Mm) 

Initial gradient of 

volume vs SQRT of time 

(V-Gi)(vol% / hr0.5) 

Final gradient of 

volume vs SQRT of 

time 

(V-Gf) (vol% / hr0.5) 

Maximum 

volume  

(vol%) (Vm) 

 DW SBF DW SBF DW SBF DW SBF DW SBF DW SBF 

S20L10G5 0.41 ±0.02 0.28 ±0.02 0.07 ±0.01 0.04 ±0.01 5.2 ±0.3 3.7 ±0.3 0.61 ±0.03 0.42 ±0.03 0.10 ±0.01 0.06 ±0.01 6.9 ±0.3 5.3 ±0.3 

S20L10G0 0.36 ±0.02 0.24 ±0.02 0.06 ±0.01 0.04 ±0.01 4.6 ±0.3 3.2 ±0.2 0.55 ±0.04 0.41 ±0.04 0.08 ±0.01 0.05 ±0.01 6.4 ±0.3 4.8 ±0.3 

S20L2G5 0.24 ±0.02 0.14±0.02 0.04 ±0.02 0.02 ±0.02 2.7 ±0.1 1.9 ±0.2 0.37 ±0.02 0.22 ±0.02 0.06 ±0.02 0.04 ±0.02 4.3 ±0.2 3.3 ±0.2 

S20L2G0 0.20 ±0.02 0.13 ±0.02 0.03 ±0.01 0.02 ±0.01 2.5 ±0.1 1.8 ±0.1 0.32 ±0.04 0.21 ±0.02 0.05 ±0.01 0.03 ±0.01 4.0 ±0.2 2.9 ±0.2 

S10L10G5 0.27 ±0.03 0.19 ±0.03 0.05 ±0.01 0.02 ±0.01 3.6 ±0.2 2.6 ±0.2 0.42 ±0.04 0.30 ±0.02 0.07 ±0.01 0.04 ±0.01 4.9 ±0.3 3.8 ±0.2 

S10L10G0 0.25 ±0.02 0.17 ±0.01 0.04 ±0.01 0.02 ±0.01 3.3 ±0.1 2.3 ±0.1 0.39 ±0.03 0.27 ±0.03 0.06 ±0.01 0.04 ±0.01 4.5 ±0.3 3.4 ±0.2 

S10L2G5 0.13 ±0.02 0.09 ±0.02 0.02 ±0.01 0.01 ±0.01 1.6 ±0.1 1.3 ±0.2 0.24 ±0.05 0.16 ±0.05 0.04 ±0.01 0.02 ±0.01 2.7 ±0.1 2.1 ±0.1 

S10L2G0 0.11 ±0.02 0.07 ±0.02 0.02 ±0.01 0.01 ±0.01 1.4 ±0.2 1.1 ±0.2 0.21 ±0.03 0.15 ±0.03 0.03 ±0.01 0.02 ±0.01 2.4 ±0.2 1.7 ±0.2 
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Figure 6.11 Mean a-values for initial gradient (Gi), final gradient (Gf) versus SQRT time and maximum value (m) 

of (M) mass and (V) volume change of chapter 6 formulations. Variables of the formulations were (a1) strontium 

filler (20/ 10 wt%), (a2) polylysine (10/ 2 wt%) and (a3) gentamicin (5/ 0 wt%). Specimens were either immersed 

in deionized water (DW) or simulated body fluid (SBF) for 8 weeks. M-Gi; initial gradient of mass change versus 

SQRT of time, V-Gi; initial gradient of volume change versus SQRT of time, M-Gf; final gradient of mass change 

versus SQRT of time, V-Gf; final gradient of volume change versus SQRT of time Mm; Maximum mass value, Vm; 

Maximum volume value (Error bars = 95%CI, n=5).  

-0.20

0.00

0.20

0.40

0.60

M
ea

n
 a

-v
al

u
e 

M-Gi (DW) M-Gi (SBF)

V-Gi (DW) V-Gi (SBF)

M-Gf (DW) M-Gf (SBF)

V-Gf (DW) V-Gf (SBF)

Mm (DW) Mm (SBF)

Vm (DW) Vm (SBF)

a1 = SrP (20/ 10 wt%)  

a2 = PLS (10/ 2 wt%) 

a3 = Gen (5/ 0 wt%) 

 

a1              a2              a3               a12              a13           a23               a123 



Muhammad Adnan Khan  PhD Thesis 

236 

 

6.6.3 Polylysine and Gentamicin release 

6.6.3.1 Polylysine (PLS) release 

 

 

 

Figure 6.12 Polylysine release in (a) DW and (b) SBF versus the square root of time in hours. Variables of the 

formulations were strontium fillers (20/ 10 wt%), polylysine (10/ 2 wt%) and gentamicin (5/ 0 wt%). Specimens 

were immersed in either deionized water (DW) or simulated body fluid (SBF) for 8 weeks. Abbreviation in the 

formulation code for the variables are as follows: S; SrP, L; PLS, G; Gen (Error bars = 95%CI, n=5). 

0

20

40

60

80

100

0 10 20 30 40

P
L

S
 r

el
ea

se
 (

%
)

SQRT (time/ hours)

S20L10G5

S20L10G0

S20L2G5

S20L2G0

S10L10G5

S10L10G0

S10L2G5

S10L2G0

0

20

40

60

80

100

0 5 10 15 20 25 30 35 40

P
L

S
 r

le
el

as
e 

(%
)

SQRT (time/ hours)

S20L10G5

S20L10G0

S20L2G5

S20L2G0

S10L10G5

S10L10G0

S10L2G5

S10L2G0

a

-

D

W 

b 



Muhammad Adnan Khan  PhD Thesis 

237 

 

Figure 6.12 shows polylysine release in (a) DW and (b) SBF up to 8 weeks for formulation 

containing varying levels of SrP, PLS and Gen. Polylysine release in DW and SBF was linear 

up to 6 weeks (t0.5 [hr] = 32 hr0.5) for most of the formulations. This linear relationship for 

polylysine release was expected for a diffusion controlled process.  

Table 6.3 shows the average values of initial release gradient (versus SQRT time), final release 

gradient (versus SQRT time) and total release of PLS in DW and SBF. Gradient of PLS release 

versus SQRT time in DW and SBF varied from 0.8 to 2.8 %/ hr0.5. On average, initial and final 

gradient of PLS release versus SQRT of time in DW was ~1.3 times higher than that in SBF. 

Moreover, initial gradient of PLS release was ~1.8 times higher than that of final gradient. 

Cumulative total release of PLS for all formations varied between 36 and 82 % in 8 weeks. On 

average, the cumulative total release of PLS in DW was ~1.3 times higher than that in SBF. 

Among all formulations, S20L2G5 had the highest release gradient and cumulative total PLS 

release in both DW and SBF.  

Factorial analysis was used to assess the effect of varying levels of SrP (20 / 10 wt%) (a1), 

PLS (10/ 2 wt%) (a2) and Gen (5/ 0 wt%) (a3) on PLS release gradient versus SQRT of time 

and total PLS release (Figure 6.13Figure 6.11).  On average, two fold increase in SrP level, 

increased the release gradient (versus SQRT time) and total PLS release by an average of 33 

% (a1). On average, fivefold decrease in PLS level increased the release gradient and total 

PLS release by an average of 16 % (a2). Gen addition increased the PLS release gradient and 

total PLS release by an average of 16 % (a3). Variable interaction effects were small to 

insignificant. 
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Table 6.3: Initial and final gradient of PLS release versus SQRT time and total PLS release. Variables of the 

formulation were SrP, PLS and Gen. Specimens were either immersed in deionized water (DW) or simulated body 

fluid (SBF) for 8 weeks.   Initial gradient of PLS release versus SQRT time, was calculated using data up to 1 

week. Final gradient versus SQRT time, was calculated from data of 4 to 8 weeks (Error bars = 95%CI, n=5). 

 

 

Code 

Initial 

gradient of 

release vs 

SQRT of 

time (Gi) 

 (%/ hr0.5) 

DW 

Final 

gradient of 

release vs 

SQRT of 

time (Gf) 

 (%/ hr0.5) 

DW 

 

 

Total 

release 

(Rt) 

(%)  

 DW 

Initial 

gradient of 

release vs 

SQRT of 

time (Gi) 

 (%/ hr0.5) 

SBF 

Final 

gradient of 

release vs 

SQRT of 

time (Gf) 

 (%/ hr0.5) 

SBF 

 

 

Total 

Release 

(Rt) 

(%)  

   SBF 

S20L10G5 2.4 ±0.1 1.4 ±0.1 72 ±3 1.9 ±0.1 1.1 ±0.1 55 ±3 

S20L10G0 2.1 ±0.2 1.2 ±0.1 61 ±2 1.6 ±0.2 0.9 ±0.1 45 ±2 

S20L2G5 2.9 ±0.1 1.6 ±0.1 83 ±2 2.2 ±0.1 1.4 ±0.1 63 ±3 

S20L2G0 2.6 ±0.1 1.4 ±0.1 76 ±2 1.8 ±0.1 1.1 ±0.1 55 ±3 

S10L10G5 1.7 ±0.1 1.0 ±0.1 54 ±2 1.3 ±0.1 0.8 ±0.1 39 ±3 

S10L10G0 1.5 ±0.1 0.8 ±0.1 46 ±3 1.0 ±0.1 0.5 ±0.1 32 ±3 

S10L2G5 2.2 ±0.1 1.3 ±0.1 67 ±2 1.6 ±0.1 1.0 ±0.1 44 ±2 

S10L2G0 1.9 ±0.1 1.1 ±0.1 55 ±3 1.4 ±0.1 0.8 ±0.1 36 ±2 

 

 

Figure 6.13 Mean a-values for initial release gradient (Gi), final release gradient (Gf) and total cumulative 

release (Rt) of polylysine. Variables were (a1) strontium filler (20/10 wt%), (a2) polylysine (10/ 2 wt%) and (a3) 

gentamicin (5/ 0 wt%). Specimens were either immersed in deionized water (DW) or simulated body fluid (SBF) 

for 8 weeks.  (Error bars = 95%CI, n=5) 
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6.6.3.2 Gentamicin release 

 

 

Figure 6.14 Gentamicin release in (a) DW and (b) SBF versus square root of time in hours. Variables were 

strontium fillers (20/10 wt%), polylysine (10/ 2 wt%) and gentamicin (5/ 0 wt%). Specimens were immersed in 

either (a) deionized water (DW) or (b) simulated body fluid (SBF) for 8 weeks. Abbreviation in the formulation 

code for the variables are as follows: S; SrP, L; PLS, G; Gen (Error bars = 95%CI, n=5). 
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Figure 6.14 shows Gen release in (a) DW and (b) SBF against square root of time in hours. 

Variables were SrP, PLS and change of medium (SBF/ DW). Gen release was linear up to 2 

week (t0.5 [hr] = 18 hr0.5) for most of the formulations. This linear relationship for release was 

expected for a diffusion controlled process. Table 6.4 shows average values of initial release 

gradient (versus SQRT time), final release gradient (versus SQRT time) and total Gen release 

in DW and SBF. Gradient of Gen release versus SQRT of time in DW and SBF varied from 

0.03 to 1.01 %/ hr0.5. On average, initial and final gradient of Gen release versus SQRT time in 

DW was ~1.7 and ~2.1 times higher than that in SBF. Moreover, initial gradient was ~5 times 

higher than that of final gradient. 

The cumulative total release of Gen in both SBF and DW varied between 3 and 25 % in 8 

weeks. On average, the cumulative total release of Gen in DW was ~1.7 times higher than that 

in SBF. Among all formulations, S20L10G5 had the highest release gradient and cumulative total 

Gen release in both DW and SBF.  

Factorial analysis was used to assess the effect of varying levels of SrP (20 / 10 wt%) (a1), 

PLS (10/ 2 wt%) (a2) and medium (SBF/ DW) (a3) on the Gen release gradient versus SQRT 

time and total Gen release (Figure 6.15).  Factorial analysis showed that PLS increase, had the 

greatest effect on Gen release gradient and total Gen release. On average, two fold increase 

in SrP level, increased the release gradient (versus SQRT time) and total Gen release by an 

average of 62 % (a1). On average, fivefold increase in PLS level increased the release 

gradient and total Gen release by an average of 125 % (a2). Change of medium from DW 

to SBF, decreased the Gen release gradient (versus SQRT time) and total Gen release by 

~53 % (a3). Variable interaction effects were small to insignificant. 
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Table 6.4 Initial and final gradient of Gen release versus SQRT of time and total Gen release. Variables were 

SrP, PLS and change of medium (SBF/ DW). Specimens were either immersed in deionized water (DW) or 

simulated body fluid (SBF) for 8 weeks. Initial gradient of gentamicin release versus SQRT of time, was calculated 

using data up to 1 weeks. Final gradient of Gen release versus SQRT of time, was calculated from data of 4 to 8 

weeks (Error bars = 95%CI, n=5). 

 

 

Code 

Initial 

gradient of 

release vs 

SQRT of 

time (Gi) 

(% / hr0.5) 

DW 

Final 

gradient of 

release vs 

SQRT of 

time(Gf) 

(% / hr0.5) 

DW 

 

 

Total 

release 

(Rt) (%) 

DW 

Initial 

gradient of 

release vs 

SQRT of 

time(Gi) 

(% / hr0.5) 

SBF 

Final 

gradient of 

release vs 

SQRT of 

time (Gf) 

(% / hr0.5) 

SBF 

 

 

Total 

Release 

(Rt) 

(%) 

SBF 

S20L10G5 1.01 ±0.03 0.26 ±0.03 25 ±2 0.64 ±0.06 0.13 ±0.01 14 ±1 

S20L2G5 0.42 ±0.03 0.09 ±0.01 11 ±1 0.23 ±0.07 0.05 ±0.01 6 ±1 

S10L10G5 0.67 ±0.03 0.15 ±0.02 16 ±2 0.30 ±0.02 0.05 ±0.01 10 ±1 

S10L2G5 0.22 ±0.02 0.04 ±0.04 5 ±1 0.13 ±0.01 0.02 ±0.01 3 ±1 

 

 

 

Figure 6.15 Mean a-values for initial gradient (Gi), final gradient (Gf) and total cumulative release (Rt) of 

gentamicin. Variables of the formulations were (a1) strontium (20/ 10 wt%),  (a2) polylysine (10/ 2 wt%) and (a3) 

medium (SBF/ DW) (Error bars = 95%CI, n=5). 
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6.6.4 Calcium and strontium ion release 

6.6.4.1 Calcium ion release in deionized water (DW) 

 

Figure 6.16 Calcium ion release in DW versus square root of time in hours. Variables were SrP, PLS and Gen. 

Specimens were immersed in DW for 8 weeks. Abbreviation in the formulation code for the variables are as 

follows: S; SrP, L; PLS, G; Gen. For formulation code, see Table 6.1. (Error bars=95%CI, n=5). 

Figure 6.16 shows calcium ion release in DW up to 8 weeks for formulation containing varying 

levels of SrP, PLS and Gen. Calcium ion release in DW and SBF was linear up to 1 week (t0.5 

[hr] = 13 hr0.5) for formulations with 2 wt% PLS, but up to 2 weeks (t0.5 [hr] = 18 hr0.5) for 

formulations with 10 wt% PLS.  This linear relationship for release was expected for a diffusion 

controlled process. Table 6.5 shows average values of initial release gradient (versus SQRT 

time), final release gradient (versus SQRT time) and total calcium ion release in DW. Gradient 

of calcium ion release versus SQRT of time varied from 0.02 to 0.46 %/ hr0.5. On average, 

initial gradient of calcium ion release versus SQRT of time was ~5 times higher than that of 

final gradient. The cumulative total release of calcium ion varied between 2.6 and 9.8 % in 8 

weeks. Among all formulations, S20L10G5 had the highest release gradient and cumulative total 

calcium ion release. Factorial analysis was used to assess the effect of varying levels of SrP 

(a1), PLS (a2) and Gen (a3) on the release gradient (versus SQRT of time) and total release of 
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calcium ions (Figure 6.17). On average, two fold increase in SrP level, increased the release 

gradient (versus SQRT time) and total calcium ion release by an average of 68 % (a1). On 

average, fivefold increase in PLS level increased the release gradient and total calcium ion 

release by an average of 120 % (a2). Moreover, Gen addition increased the release gradient 

and total release of calcium ions by an average of 21 % (a3).  

Table 6.5: Initial and final gradient of calcium ion release versus SQRT time and total calcium ion release. 

Variables of the formulations were SrP, PLS and Gen. Specimens were either immersed in deionized water (DW) 

or simulated body fluid (SBF) for 8 weeks.   Initial gradient of calcium ion release versus SQRT time, was 

calculated using data up to 1 week. Final gradient of release versus SQRT time, was calculated from data of 6 to 

8 weeks (Error bars = 95%CI, n=5).  

 

Code 

Initial gradient of 

release vs SQRT of time 

(Gi) (%/ hr0.5) DW 

Final gradient of release 

vs SQRT of time 

(Gf) (%/ hr0.5) DW 

Total release 

(Rt) (%) 

DW 

S20L10G5 0.46 ±0.03 0.09 ±0.01 9.8 ±0.9 

S20L10G0 0.42 ±0.03 0.06 ±0.01 9.0 ±0.5 

S20L2G5 0.26 ±0.02 0.04 ±0.01 4.7 ±0.3 

S20L2G0 0.24 ±0.02 0.03 ±0.01 4.4 ±0.2 

S10L10G5 0.33 ±0.02 0.06 ±0.01 6.8 ±0.3 

S10L10G0 0.25 ±0.01 0.05 ±0.01 6.2 ±0.3 

S10L2G5 0.13 ±0.01 0.03 ±0.01 2.7 ±0.1 

S10L2G0 0.11 ±0.01 0.02 ±0.01 2.3 ±0.1 

  

Figure 6.17 Mean a-values for initial release gradient, final release gradient and total cumulative release of 

calcium ions. Variables were (a1) strontium filler (SrP 20/10 wt%),  (a2) polylysine (PLS 10/ 2 wt%) and (a3) 

gentamicin (Gen 5/ 0 wt%). Variable interaction effect were small to insignificant (Error bars = 95%CI, n=5).  
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6.6.4.2 Strontium ion release in DW and SBF 

 

 

Figure 6.18 Strontium ion release in (a) DW and (b) SBF versus square root of time in hours. Variables of the 

formulations were strontium filler (20/10 wt%), polylysine (10/ 2 wt%) and gentamicin ( 5/ 0 wt%). Specimens 

were immersed in either (a) deionized water (DW) or (b) simulated body fluid (SBF) for 8 weeks. Abbreviation in 

the formulation code for the variables are as follows: S; SrP, L; PLS, G; Gen (Error bars = 95%CI, n=5). 
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Figure 6.18 shows strontium ion release in (a) DW and (b) SBF up to 8 weeks. Variable of the 

formulations were SrP, PLS and Gen. Strontium ion release in DW and SBF versus SQRT time 

(hours) was linear up to 1 week (t0.5 (hr) = 13 hr0.5) for formulations with 2 wt% PLS, but up to 

2 week (t0.5 (hr) = 18 hr0.5) for formulations with 10 wt% PLS. This linear relationship for 

release was expected for a diffusion controlled process. Table 6.6 shows average values of 

initial release gradient, final release gradient and total release of calcium ions in DW and SBF. 

Gradient of strontium release versus SQRT of time in both DW and SBF varied from 0.08 to 

0.32 %/ hr0.5. On average, both initial and final gradient of strontium release versus SQRT time 

in DW were ~1.7 times higher than the values observed in SBF. Moreover, initial gradient was 

~5 times higher than that of final gradient in all formulations. 

The cumulative total release of strontium ions varied between 0.8 and 6.9 % in 8 weeks. On 

average, the cumulative total strontium ion release in DW was ~1.7 times higher than in SBF. 

Among all formulations, S20L10G5 had the highest release gradient and cumulative total 

strontium ion release in both DW and SBF.  

Factorial analysis was used to assess the effect of varying levels of SrP (a1), PLS (a2) and 

gentamicin (a3) on release gradient of strontium ions versus SQRT of time and total strontium 

ion release (Figure 6.19).  On average, two fold increase in SrP level, increased the release 

gradient (versus SQRT time) and total strontium ion release by an average of 77 % (a1). On 

average, fivefold increase in PLS level increased the release gradient and total strontium 

ion release by an average of 128 % (a2). Moreover, Gen addition increased the release 

gradient (versus SQRT time) and total release of strontium ions by an average of 23 % (a3). 

Variable interaction effects were small to insignificant. 
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Table 6.6: Initial and final gradient of strontium ions release versus SQRT of time and total strontium ion release 

in DW and SBF.  Variables of the formulations were strontium filler (20/10 wt%), polylysine (10/ 2 wt%) and 

gentamicin ( 5/ 0 wt%). Specimens were immersed in either (a) DW or (b) SBF for 8 weeks.   Initial gradient of 

strontium ion release versus SQRT of time, was calculated using data up to 1 week. Final gradient of strontium 

ion release versus SQRT of time, was calculated from data of 4 to 8 weeks (Error bars = 95%CI, n=5). 

 

 

Code 

Initial 

gradient of 

release vs 

SQRT of 

time (Gi) 

(% / hr0.5) 

DW 

Final 

gradient of 

release vs 

SQRT of 

time (Gf) 

(% / hr0.5) 

DW 

Total 

release 

(%) 

(Rt) 

DW 

Initial 

gradient of 

release vs 

SQRT of 

time (Gi) 

(% / hr0.5) 

SBF 

Final 

gradient of 

release vs 

SQRT of 

time (Gf) 

(% / hr0.5) 

SBF 

Total 

release 

(%) 

(Rt) 

SBF 

S20L10G5 0.32 ±0.03 0.07 ±0.01 6.9 ±0.2 0.18 ±0.01 0.05 ±0.01 3.7 ±0.2 

S20L10G0 0.26 ±0.02 0.06 ±0.01 6.6 ±0.2 0.15 ±0.01 0.04 ±0.01 3.3 ±0.2 

S20L2G5 0.19 ±0.01 0.04 ±0.01 3.1 ±0.2 0.12±0.01 0.02 ±0.01 1.7 ±0.1 

S20L2G0 0.16 ±0.01 0.03 ±0.01 2.9 ±0.1 0.10 ±0.01 0.02 ±0.01 1.6 ±0.1 

S10L10G5 0.21 ±0.01 0.05 ±0.01 4.7 ±0.2 0.12 ±0.01 0.03 ±0.01 2.6 ±0.1 

S10L10G0 0.16 ±0.01 0.04 ±0.01 4.1 ±0.2 0.10 ±0.01 0.02 ±0.01 2.3 ±0.1 

S10L2G5 0.10 ±0.01 0.02 ±0.01 1.9 ±0.1 0.07 ±0.01 0.01 ±0.01 1.0 ±0.1 

S10L2G0 0.08 ±0.01 0.01 ±0.01 1.5 ±0.1 0.05 ±0.01 0.01 ±0.01 0.8 ±0.1 

 

 

Figure 6.19 Mean a-values for initial release gradient (Gi), final release gradient (Gf) and total cumulative ion 

release (Rt) of strontium ion release. Variables of the formulations were (a1) strontium filler (SrP 20/10 wt%),  

(a2) polylysine (PLS 10/ 2 wt%) and (a3) Gen (5/ 0wt%). Specimens were either immersed in deionized water 

(DW) or simulated body fluid (SBF) for 8 weeks. (Error bars = 95%CI, n=5). 
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6.6.5 Mechanical properties 

6.6.5.1 Biaxial flexural strength (BFS) 

Figure 6.20a shows biaxial flexural strength of the experimental formulations with varying 

levels of SrP, PLS and Gen at 1 day, 1 month and 2 months. On average, biaxial flexural 

strength of all formulations was between 44 and 128 MPa. Factorial analysis was used to assess 

the effect of each variable on BFS (Figure 6.20b).  On average, two fold decrease in SrP level 

increased BFS by an average of 24 % (a1).  On average, fivefold decrease in PLS level 

increased the BFS by an average of 51 % (a2). Gen addition decreased the BFS by an average 

of 10 % (a3). The interaction effects of the variables were small to insignificant.  

  

 

Figure 6.20 (a) Biaxial flexural strength of experimental formulations at 1day, 1 month and 2 months. (b) 

Mean a-values for BFS of experimental formulations with varying levels of SrP, PLS and Gen. (Error bars= 

95%CI, n=8). 
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6.6.5.2 Young’s modulus (YM)  

Figure 6.21a shows Young’s modulus of the experimental formulations with varying levels of 

SrP, PLS and Gen at 1 day, 1 month and 2 months. On average, YM of all the formulations 

was between 0.7 and 3.4 GPa. Factorial analysis was used to assess the effect of each variable 

on YM (Figure 6.21b). On average, two fold decrease in SrP level increased the YM by an 

average of ~28 % (a1). On average, fivefold decrease in PLS level increased the YM by an 

average of 65 % (a2).  Gen addition decreased YM by ~13 % (a3). The interaction effects of the 

variables were small to insignificant.  

 

    

 

Figure 6.21 (a) Young’s modulus of experimental formulations at 1day, 1 month and 2 months. (b) Mean a-

values for YM of experimental formulations with varying levels of SrP, PLS and Gen. (Error bars= 95%CI, 

n=8). 
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6.6.5.3 Compressive strength (CS)  

Figure 6.22a shows the compressive strength (CS) of the experimental formulations with 

varying levels of SrP, PLS and Gen at 1 day, 1 month and 2 months. On average, CS of all the 

formulations varied between 80 and 189 MPa. Factorial analysis was used to assess the effect 

of each variable on CS (Figure 6.22b). On average, two fold decrease in SrP level increased 

the CS by ~16 (a1). On average, fivefold decrease in PLS level increased the CS by an 

average of ~34 % (a2). Gen addition decreased the CS by an average of 9 % (a3). Interaction 

effects of the variables were small to insignificant. 

 

 

Figure 6.22 (a) Compressive strength of experimental formulations at 1day, 1 month and 2 months. (b) Mean 

a-values for compressive strength of experimental formulations with varying levels of SrP, PLS and Gen. (Error 

bars= 95%CI, n=8). 
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6.6.6 Apatite formation on discs surface 

6.6.6.1 Raman analysis of disc surface 

Figure 6.23 (a) shows representative Raman spectra of S10L10G0 disc surface of before and after 

immersion in SBF or DW at 0 and 28 days. Dry surface specimen gave peaks at 1455, 1640 

and 1720 cm-1 due to the polymer phase. Polylysine gave peaks at 1070 (C-C stretch), 1261 

(C-N stretch), 1571 (N-H bend) and 1672 cm-1 (C=O stretch).  Moreover, glass gave a peak at 

1400 cm-1. Phosphate peaks (P-O stretch) at 945 and 990 cm-1
 was due to TSP and at 901 and 

912 cm-1 was due to MCPM. Following immersion of specimen in SBF or DW for 28 days, 

MCPM peaks disappeared. Peaks associated with TSP remained after DW immersion. 

However, in SBF, they were covered by intense peak at 958 cm-1, due to apatite layer formation 

on the discs surface. Apatite layer was formed on the surface of all chapter 6 formulations 

except formulations with low level of strontium fillers and polylysine (S10L2G5 and S10L2G0).   

 

 
Figure 6.23 Representative Raman spectra of formulation S10L10G0 at 0 and 7 days in DW and SBF. The MCPM 

peaks dissapeared with time in DW. This might suggest that MCPM was dissolved from the surface into the 

medium.  
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6.6.6.2 SEM analysis of Disc surface 

Figure 6.24 (a, b, c) shows SEM images of the surface of formulation S10L10G0 after immersion in 

SBF for 1, 7 and 28 days. In addition, Cortoss 28 day’s surface image in SBF has also been shown 

in Figure 6.24 (d). As previously discussed, apatite layer (HA) was formed on the surface of all 

formulations except formulations with low level of strontium fillers and polylysine (S10L2G5 and 

S10L10G0). As, it can be seen from Figure 6.24 (a, b,c), HA layer formation was increased with time. 

At day 1 (a), there was no HA layer on the surface. Pores, however, can be seen through the surface.  

At day 7 (b), HA layer was formed in different areas of the surface. In addition, the thickness of 

HA layer varied from area to area. An area of pure composite can be seen along with multiple pores 

(~40 µm in diameter). The pore size increased with time suggesting the release of various 

components into the medium. At day 28 (c), the whole surface was covered by thick apatite layer 

with small crakes in between the apatite layer. There was small to insignificant apatite layer 

formation on Cortoss surface after 28 days (d).    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.24 (a, b, c) shows SEM images of surface of formulation S10L10G0 after 1, 7 and 28 days in SBF. (d) 

Cortoss surface after 28 days in SBF. There was no HA layer formation on the surface of Cortoss.  
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 Figure 6.25 shows higher magnification of apatite layer for S10L10G0 after 28 days in SBF. At 

higher magnification (a), cracks can be seen between the two brittle apatite layers. These ropes 

like structures are believed to be PLS. PLS layer appears to be holding/ bridging the two sides 

of the cracks of HA layer. From Figure 6.25 (b) and (c), it appears that HA spherical particles 

are held together by rope shaped structure. At higher magnification (d), HA particles appear to 

be sponge like spherical structure (~10 µm). These spherical structures contain indentation or 

small pores of around ~0.2 µm in size.  The spheres are held together by rope like structure to 

the composite surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.25 SEM images of apatite layer for S10L10G0 with (a) 500x, (b) 1000x, (c) 2000x, and (d) 10,000x, after 

immersion in SBF for 28 days. The ropes like structures are probably PLS polymer. They are holding the HA 

spherical apatite.   
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6.7 Discussion 

The above results demonstrated how reaction kinetics, mass and volume change, elution 

kinetics (antimicrobial and ion release) and mechanical properties of UDMA based 

experimental formulations varied with varying levels of strontium fillers, polylysine and 

gentamicin. Strontium phosphate fillers (SrP) were added into the filler phase to enhance 

remineralization and osteoconduction. Addition of tri-strontium phosphate (SrP) has 

potentially three beneficial effects on bone cements in this thesis.  Primarily, it would 

neutralize/ buffer the acidic MCPM by consuming the protons released from MCPM. This 

would provide favourable environment for apatite layer precipitation. Furthermore, dissolution 

of tri-strontium phosphate with time, would allow the release of strontium ions for bone 

mineralization. Moreover, strontium has been shown to have antibacterial activity that would 

be beneficial to reduce infection risk. 

6.7.1 Reaction kinetics 

Reaction kinetics have been discussed in chapter 3, 4 and 5. Reaction kinetics of setting 

composites affects the physical, mechanical and biological properties. It was therefore of 

utmost importance to fully understand how to control reaction kinetic properties such as 

inhibition time, half-life, reaction rate and monomer conversion.  There were several factors, 

which can influence the polymerization reaction such as initiator/ activator levels, inhibitor 

level, temperature, flexibility of monomer, filler type and oxygen permeability (51).  A detailed 

discussion about reaction kinetics had been written in chapters 3, 4 and 5. 

As previously discussed in chapter 5, addition of strontium filler decreases the curing time and 

increases the reaction rate. A possible explanation could be the incorporation of air bubbles or 

oxygen that might inhibit the free radical formation; thereby slowing the polymerization 

reaction (75). Another possible explanation could be the presence of calcium/ strontium ions, 
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which might form complexes with initiators/ activators, acting as inhibitors, thereby affecting 

the curing time and reaction rate (373, 374).  The above results in this thesis also showed that 

addition of polylysine decreased the curing time and increased the reaction rate. This might be 

due to the highly positive cationic polylysine molecule, acting like a secondary amine activator, 

thereby decreasing the curing time and increasing the reaction rate (355, 399). The above thesis 

also showed that gentamicin addition increased the curing time and decreased the reaction rate. 

A possible explanation could be air or oxygen incorporation into the bone cement with the 

addition of filler resulting in inhibition of free radicals, thereby slowing the polymerization rate 

(75).  

As previously discussed in chapter 3, monomer conversion decreased with the addition of 

strontium filler.  A possible explanation  could be oxygen or air incorporation with the addition 

of strontium and gentamicin fillers that might inhibit the free radicals formation, thereby, 

affecting the reaction rate and possible monomer conversion (364). Another possible 

explanation could be the interaction of calcium/ strontium ions with initiator/ activator thereby 

affecting the reaction rate and monomer conversion (373, 374). On the other hand, polylysine 

increased the monomer conversion. This could be likely due to the fact that polylysine act as a 

secondary amine activator, affecting the reaction rate and monomer conversion.  

Polymerisation shrinkage of the experimental formulations (~3.8 %) were well below the range 

of current commercial PMMA (Simplex = ~7.1 %) and composite (Cortoss = ~5.1 %) materials 

(64, 77, 78). Polymerization shrinkage is related to monomer fraction, the number of double 

bond per monomer molecule, average monomers molecular weight and monomer conversion. 

In the above study of this thesis, Polymerization shrinkage increases or decreases due to the 

higher or lower monomer conversion respectively.  



Muhammad Adnan Khan  PhD Thesis 

255 

 

6.7.2 Water-sorption (mass and volume change) 

Water-sorption was previously discussed in chapter 3 and 5. It plays an important role in the 

chemical, mechanical and elution characteristics of the composite materials (308). Most resin 

based composite materials shows some degree of water-sorption upon immersion in aqueous 

medium. Water-sorption can lead to plasticization and hydrolytic degradation of the composite 

material (221). Moreover, water-sorption induces volumetric expansion of the material, which 

could overcome the polymerization shrinkage of resin based composite (312). Furthermore, 

Unreacted monomer can be eluted from the material upon water-sorption, that can exert  

cytotoxic effect on bone cells (309, 400).   

Water-sorption can be related to the material affinity for water and depends upon the 

concentration of hydrophilic components in the material (359, 401). For example, hydroxyl 

groups within a material forms hydrogen bonds with water, binding water molecules. In a resin 

based composite material, water-sorption can be influenced predominantly by the 

hydrophilicity of the  resin matrix (380, 381). In addition to this, water-sorption also depends 

upon filler type and volume.  

Mass and volume change for formulations were noted for 8 weeks. This prolonged period of 

immersion was important to study as all formulation contains high levels of hydrophilic 

components that can enhance the water-sorption and other chemical changes associated with 

it.  Studies have been undertaken to show that water-sorption depend upon the monomer 

chemistry, degree of monomer conversion, filler particle size and interfacial properties between 

filler and monomer phase (376-379).  

The early phase of water-sorption is a diffusion controlled process (382, 383). Fick’s law of 

diffusion predicts the water-sorption at early period of time and is given by Equation 5.2  (376). 

In this chapter 6, the average calculated diffusion coefficient (Dt) at early period of water-
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sorption was ~2.2 x 10-8 cm2 s-1, which was found similar to the diffusion coefficient of other 

dimethacrylate based dental composites studies (220, 376). This might suggest water-sorption 

rate is strongly influenced by the composition of the matrix polymer phase and is independent 

of SrP, PLS and Gen filler level.  

The above result in this thesis also showed that strontium fillers and PLS had the greatest effect 

on water-sorption. Previous result in chapter 5 showed that water-sorption (mass and volume 

change) is proportional to the level of calcium or strontium fillers. This might be due to the 

addition of hydrophilic MCPM and incorporation of large number of pores upon water-

sorption, resulting in increased mass change and volume change (122, 359, 394). This study 

also showed that PLS encouraged high water-sorption (mass and volume change). Previous 

studies have shown that polylysine is a cationic charged hydrophilic polymer due to presence 

of amine group (RNH2
+) (232, 402). Due to its highly positively charged surface and 

hygroscopic nature, it induces high water-sorption. Furthermore, it has higher solubility in both 

SBF and DW (403).  Gentamicin addition also increased mass and volume change by a small 

amount, compared to strontium fillers and PLS. This increase water-sorption was due to the 

presence of hydroxyl groups (hydrophilicity) in gentamicin structure. Additionally, presence 

of hydrophilic monomers such as HEMA also induces high water-sorption due to the presence 

of hydroxyl groups that can bind to water molecules (220, 404). This water-sorption causes 

plasticization of polymer chains, thereby reducing the glass transition temperature and 

increasing the mobility of polymer chains (122, 220).  Moreover, crosslinking is reduced due 

to HEMA addition resulting in more diffusion of water and polymer swelling (122, 220).  

The ratio of maximum volume to mass change decreased as the levels of strontium filler and 

polylysine increased. A possible explanation could be the filling of pores rather than expansion 

of the polymer plus more replacement of high density filler by lower density water molecules. 
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Formulations immersed in simulated body fluid showed lower mass and volume change, 

compared to DW. This could be explained by reduced osmotic gradient between hydrophilic 

droplet inside the composite (MCPM and PLS) and external solution (SBF). This would 

suggest that water-sorption is osmotically driven process. Moreover, lower water-sorption over 

long time period might also cause low/ limited filler loss.  

At the end of 8 weeks, mass and volume change were stable and greater than the initial values. 

This might be as a consequence of additional volume of water bonded to brushite/ MCPM / 

PLS exceeding the mass and volume of any component being released. (122).   

6.7.3 Elution of gentamicin and polylysine 

6.7.3.1 Gentamicin release 

Gentamicin is a potent aminoglycoside antibiotics that is commonly used as an antibacterial in 

commercial bone cements to reduce infection risk.  It has high shown high water solubility, 

high thermal stability and low allergic response as compared to other antibiotics (397, 398). 

Gentamicin added PMMA bone cement have shown higher and faster elution rate, compared 

to bone cements with tobramycin and vancomycin (99). In addition, it has shown to be release 

for a longer period of time. Furthermore, it showed a more effective antibacterial activity in 

the above study (99). Different antibiotics have different elution characteristics (405). Elution 

of antimicrobial from bone cement is a complex process and it depends upon several factors. 

It includes the type and amount of antimicrobial/ antibiotics added, chemical composition of 

bone cement, the mixing conditions, exposed surface, porosity and medium of release (56, 92, 

114-116). Release usually occur from cracks, voids and surface of the cement (92). Antibiotic 

addition to bone cements is based on the principle that antibiotics will be released locally over 

time, achieving high concentration of local antimicrobial in situ. For many bone cements, a 

higher local antibiotic concentration was achieved than achieved via systemic administration 
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(406). Antibiotics laden bone cement and their elution characteristics have been studied since 

1970’s. Elution of the antimicrobial is characterized by an initial burst release followed by a 

slow prolong release of over a period of 2 to 3 months. In PMMA bone cements, release is 

influenced by the penetration of fluids into the polymer matrix. Inherent properties of the bone 

cements such as porosity , wettability and hydrophilicity of the polymer matrix play an 

important role in the elution of antibiotics (117).  For instance, higher release of antibiotic was 

observed from Palacos® (PMMA bone cements) compared to Simplex® (115). This was 

attributed towards the higher porosity of Palacos bone cement.  Hydrophobic nature of PMMA 

cements, however, allows only < 8 % of antibiotics to be eluted (117, 118). In addition, large 

amount of drug would be trapped inside the polymer phase (407). 

Studies have shown improved elution kinetics of antibiotics, when they were added into 

calcium phosphate cements. However, this improvement involves high reduction of strength 

(408).  In addition to this, higher and rapid release of antibiotics (>98% in 4 days) from calcium 

phosphate cement have been reported to have negative effect on osteoblast proliferation and 

would cause sudden death of cells (409-411). Gentamicin has also been added into 

dimethacrylate based composite. Dicicco et al, added gentamicin into BisGMA based 

composite (Cortoss). Dicicco et al showed that gentamicin released was approximately ~ 6 % 

in 1 month (118). The release of gentamicin in this thesis was found higher than in the above 

Dicicco et al study. This could be attributed towards higher concentration of hydrophilic 

components in the composite material (for e.g. MCPM, SrP, PLS, HEMA) that induces higher 

water-sorption. Liu et al , however, found a higher percentage release in HA based BisGMA-

PMMA based composite (~ 30 % ) (412). This higher release compared to the release in 

Dicicco’s study might be due to use of  higher amount of hydrophilic fillers (118).  

In this thesis, release of the gentamicin was found to be around 3 – 27%. The release was 

affected by strontium filler (MCPM plus SrP) and polylysine that induces high water-sorption. 
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Early release of gentamicin was proportional to the square root of time. This was expected for 

a diffusion controlled process. The release slowed substantially in the period between 6-8 

weeks. The low release of gentamicin could be a consequence of lower water-sorption and drug 

being trapped inside the bulk of the composite material.  

Increasing strontium fillers (MCPM plus SrP) and polylysine substantially increased the 

release of gentamicin. This might be a consequence of higher water-sorption upon raising 

strontium fillers and polylysine (221).  Furthermore, high polylysine release into the medium 

will increase the number of pores. These additional channels/ pores due to the release/loss of 

fillers will provide extra channels for the gentamicin to be released from the bulk of composite. 

It has been shown that higher porosity increases or improves the release of gentamicin into the 

medium (118) (115).  

Gentamicin release decreased substantially in SBF medium compared to deionized water. This 

could be attributed to lower water-sorption. Lower water-sorption could be explained by the 

reduction of osmotic gradient between hydrophilic droplet inside the composite (MCPM and 

PLS) and external solution (SBF). This would suggest that water-sorption is osmotically driven 

process. Another possible explanation could be the entrapment of gentamicin inside the apatite 

layer that is form on the surface of composite over a period of time.  

6.7.3.2 Polylysine release 

In this thesis, early polylysine release was proportional to the square root of time. This was 

expected for diffusions controlled process. Due to the cationic nature (RNH2
+), PLS binds to 

the water molecule and causes an increase in water-sorption.  The release of PLS also increased 

with the addition of strontium fillers and gentamicin. This could be a consequence of high 

water-sorption upon raising strontium filler content (MCPM/ SrP) (221). PLS release continued 

for several weeks even after mass and volume change stabilises after a week or two. A possible 
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explanation could be PLS higher solubility in both DW and SBF (403).  Moreover, the initial 

filler loss (MCPM and Gen) might increase the porosity of the material. This would provide 

excess channels via the polymer phase for the drug to be release. The total percentage release 

of polylysine was decreased upon increasing PLS level. This could be explained by Higuchi 

equation (122, 413, 414). 

(𝐾0.5)2 =  
𝐷𝐶𝑠(2𝐶𝑖−𝐶𝑠)

4𝑑2𝐶𝑖
2                        Equation 6.1 

 

Where D; diffusion coefficient, Ci; initial resin drug concentration, Cs; solubility of the drug in 

the resin matrix, and d; sample thickness.  K0.5 represents a rate constant related with early 

diffusion controlled drug release, and is equal to the gradient of fractional release versus the 

square root of time. For Ci>>Cs, the K0.5 can be represented as; 

(𝐾0.5)2 =  
𝐷𝐶𝑠

2𝑑2𝐶𝑖
                                    Equation 6.2 

 

As Cs is constant, the drug release gradient should be inversely proportional to the 

concentration of drug in the material. Therefore, drug release gradient of 2 wt% PLS was higher 

than 10 wt% PLS. However, the cumulative PLS release in μg. ml-1 was 5 times higher for 

formulations with 10 wt% PLS than with 2 wt% PLS. 

PLS release decreased slightly in SBF medium, compared to deionized water. A possible 

explanation could be lower water-sorption. Lower water-sorption could be explained by the 

reduction of osmotic gradient between hydrophilic droplet inside the composite (MCPM and 

PLS) and external solution (SBF). Another possible explanation might be the cationic 

polylysine binding to the anions in the SBF solutions to forms salt of lower solubility. At later 

stage, the polylysine after its release can become entrapped within the apatite layer that is 

formed on the surface of composite  
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6.7.4 Calcium and strontium release 

6.7.4.1 Calcium ion release 

One of the main aims of adding MCPM and tri-strontium phosphate was to provide source of 

calcium and strontium ions for bone regeneration or remineralisation (136, 415). In addition to 

this, calcium ions via dissolution and precipitation process would result in apatite layer 

formation. This apatite layer in the presence of osteogenic compounds (e.g. BMPs) could 

initiate new bone formation (396, 416, 417). In addition, calcium ions can act as nucleation 

sites along the collagen fibrils. This will in turn increase the mineralization along the collagen 

fibrils (418). Previous studies have been undertaken on elution kinetics of calcium ions from 

MCPM based composites. Mehdawi et al had previously shown ~10 % calcium ions release 

from MCPM based composites (122, 416).  

In this chapter of thesis, all formulations exhibited a diffusion controlled release of calcium 

ions over a period of 1- 2 weeks, followed by a decline in the release rate for the remaining 

time period. Initial  diffusion controlled  release was proportional to square root of time and 

was due to the surface dissolution of the hydrophilic components present in composite, largely 

due to MCPM and PLS. Previous studies have shown that MCPM addition enhances the release 

of calcium ions due to its  high solubility constant (Ksp= 2.0 x 10-33 at 25°C) (419).  After 1-2 

weeks, there was a decline in calcium release. This might be due to elimination of MCPM from 

the surface or near the surface. This phasing out of MCPM was either due to brushite formation 

inside the core or complete dissolution from the surface. Moreover, brushite has a lower 

solubility than MCPM (Ksp= 2.49 x 10-7 at 25°C) (419). This lower solubility of brushite 

compared to MCPM, will explain the decline of calcium ion release  (419). In addition, excess 

water will move out due to lower osmotic pressure created by brushite. Calcium ions release 

increased upon raising MCPM level. This might be due to increased water-sorption and ion 

source (221).  
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The above result also showed that PLS had the greatest effect on release of calcium ions. Poly-

cationic PLS has the ability to  pull water into the polymer phase, resulting in increased water-

sorption (420) (421). In addition, due to its high hydrophilicity, it has the potential to be 

released into the medium. This would provide excess channels for the calcium ions to be 

released from the core of the material.  

6.7.4.2 Strontium ions release 

Strontium compounds have been recommended  as a viable treatment for osteoporosis, bone 

repair and bone regeneration (422).   Strontium is naturally present in the inorganic phase of 

bone, especially  in the area of active metabolism (turnover ) (423). Studies have shown that 

strontium can substitute calcium in the bone mineral phase (424). Moreover, strontium plays 

an important role in maintaining a balance between bone formation and resorption with lowered 

prevalence of fracture (425, 426). Studies have been undertaken on strontium addition into bio-

glass (427) (428, 429), HA (430, 431), a- and β-TCP  (432, 433). The major disadvantage of 

these strontium based ceramics is their low chemical solubility (228, 229). Therefore low 

strontium ions would be released into surrounding tissues. Strontium has also been 

incorporated into polymers (PMMA) to form composite material that has improved bioactivity 

(397, 434). Strontium based PMMA polymer, however, showed low release of strontium (<2 

%) (397). Strontium has also been added into brushite  (228). Mohammad et al found that 

strontium based brushite will release three times more strontium than strontium based HA-

ceramics (228, 229). This might be due to higher solubility of brushite cements.  

All the formulations in this chapter showed a diffusion controlled release of strontium ions 

over a period of 1-2 weeks, followed by a decline in the release rate for the remaining time 

period. The initial diffusion controlled release was proportional to square root of time and was 

due to surface dissolution of the hydrophilic components present in composite, largely due to 

MCPM and PLS. This dissolution allowed the strontium ions from TSP to be released into the 
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medium.   In addition, MCPM and PLS caused an increased water-sorption. The water-sorption 

caused more strontium ion to be released into the medium. After 1-2 weeks, there was a slight 

decline in the release of strontium ions. This decline of release was presumably due to either 

decrease in water-sorption or elimination of  TSP or MCPM from the surface or near the surface 

(419). In addition, strontium ions release increased upon raising TSP levels. This might be due 

to the increased water-sorption and ion source (221). As percentage releases are comparable, 

final strontium ions release was 1/3rd less, compared to calcium ions release at 8 week in DW. 

This might be due to the higher solubility of MCPM to TSP (221, 435). Furthermore, TSP 

would react with MCPM inside the core of the material to form strontium based brushite. This 

brushite will be more soluble than TSP and less soluble than MCPM resulting in constant 

release of strontium and calcium over prolong period of time.  

The above result showed that PLS had the greatest effect on the release of strontium ions. As 

previously mentioned, PLS induces high water-sorption resulting in higher release of ions  

(420) (421). In addition to this, high PLS release will increase the number of pores. These pores 

would provide excess channels for the release of the strontium ions from the core of composite 

into the medium.  

Strontium ions release decreased substantially in SBF medium (~0.6 times) compared to 

deionized water. A possible explanation could be lower water-sorption. Lower water-sorption 

could be explained by the reduction of osmotic gradient between hydrophilic droplet inside the 

composite (MCPM, PLS, TSP) and external solution (SBF). Furthermore, the ions released 

from composite can supersaturate the solution leading to precipitation in the form of apatite 

layer on the surface of composite.  
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6.7.5 Mechanical properties 

6.7.5.1 BFS and CS 

Mechanical properties of composite had already been discussed in chapter 2, 3, 4 and 5. 

Initiator concentration, type of monomers, filler composition and monomer conversion play an 

important role in mechanical properties (72, 178, 307). Previous studies had shown that 

brushite cement is a biocompatible, resorbable and osteoconductive material that is used as a 

substitution bone material in orthopaedic surgery (385). It has, however, several disadvantages 

such as handling, fast setting and lower mechanical properties (386). Flexural and compressive 

strength of brushite cements has been found to be around ~6 MPa and ~15 MPa respectively 

(385, 387, 388) and therefore, they cannot be used in load bearing areas. Alternatively, to make 

use of their osteoconductive properties, brushite cement components have been added as a filler 

phase into predominantly polymeric matrix (436, 437). These HA/ Brushite- PMMA cements, 

however, have low flexural (~45 MPa) and compressive strength (~70 MPa) (370) (394).  

The above thesis showed that SrP and antimicrobial fillers addition decreased the strength of 

the composite. A possible explanation could be the addition of hydrophilic component inducing 

higher water-sorption. In addition to this, lack of coupling agent between the filler and polymer 

result in poor interfacial bonding and higher porosity.  

Previous studies have shown that mechanical properties of calcium containing composite are 

related to the water-sorption and interfacial bonding (122) (301, 395). In this thesis, BFS, YM 

and CS decrease upon raising the level of SrP fillers . Addition of reactive fillers especially 

MCPM induces high water-sorption, resulting in filler disruption and material plasticization. 

Furthermore, decline of strength upon raising SrP level (a1) might be due to incorporation of 

increased porosity and poor interfacial bonding (lack of coupling agent between fillers and 

polymer matrix).  
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The thesis also showed a decline of strength with addition of antimicrobial (PLS and 

gentamicin). The largest effect was seen with PLS. A possible explanation might be high water-

sorption and high solubility of antimicrobials. In addition to this, high quantities of PLS and 

Gen were released into the medium, creating large number of pores in the composite.  

6.7.5.2 Young’s modulus 

YM of composite had already been discussed in chapter 2, 3, 4 and 5. YM is dependent on the 

modulus and volume fraction of each phase (332). In addition to this, level of porosity was also 

correlated with the modulus (62). Modulus of the material have been shown to increase with 

the increase in monomer conversion of the similar resin composites (335). YM of vertebral 

cancellous bone has been reported to be around  0.1-0.8 GPa (438). YM of all the experimental 

formulations were between 0.8 and 3.4 GPa.  

In this thesis, reduction of modulus was observed upon raising the SrP, PLS and Gen fillers 

levels. Modulus reduction with filler levels and time might be a consequence of poor interfacial 

bonding (lack of coupling agent between SrP or CaP filler and polymer matrix) and increased 

porosity.  

The decline in strength and modulus was in line with water-sorption. Higher the water-sorption 

caused by a variable, the higher was reduction observed in strength and modulus. For instance, 

PLS induced a higher water-sorption, therefore resulting in higher decline in strength and 

modulus.  
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6.7.6 Apatite layer formation on the surface of discs 

Simulated body fluid as a storage medium has been studied for many years (414, 439, 440).  It 

has been extensively used for many orthopaedic and medical purposes (152, 441). ISO 23317: 

2007 was developed to be used for the preparation and assessment of material immersed in 

SBF.  Kokubo et al used SBF medium for the assessment of chemical changes on the surface 

of bioactive glasses  (147). It is used since then to predict in-vitro bone bioactivity (442). It is 

considered as an essential prerequisite for the evaluation of bone bonding ability of 

biomaterials (442) (443).  Apatite precipitation in SBF is a complex process involving various 

association/ disassociation reactions (444).  Previous studies have shown many factors 

involved in the nucleation of apatite on the substrate (443, 445). Some of the primary factors 

that governed the process of nucleation are calcium, phosphate and hydroxyl ion release from 

the cement (152).  

Previous studies have shown that Cortoss is a bioactive bone cement (152). It forms a thin 

patches of apatite layer, when it is stored for 28 days in SBF (152).  In this thesis, however, 

apatite layer formation on the Cortoss surface was small to negligible. A possible explanation 

might be a difference in Cortoss components between batches or a different ionic concentration 

in the SBF medium.   All experimental formulation exhibited a thick apatite layer on the 

composite surface except S10L2G5 and S10L2G0. A possible explanation could be the release of 

lower concentration of ions that were not enough to cause precipitation on the surface of 

composite. The morphology of apatite layer from SEM in this study was similar to other studies 

in the literature (439, 446, 447).  Previous studies have shown that large concentration of 

MCPM could be released into the medium due to its higher solubility rate (122). Therefore, 

higher quantities of calcium and phosphate ions would be released into the medium, making 

the medium supersaturated. This super saturation of the medium would initiate the process of 

precipitation on the surface. On the other hand, MCPM can cause a decrease in the pH of the 
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medium. To counterbalance the low pH of acidic MCPM, tri-strontium phosphate, polylysine 

were added to act as buffer.  As it can be seen from the SEM images of HA layer, rope like 

structure appear to adhere to the apatite crystals. These rope like structure possibly might be 

PLS. This has to be investigated in further work.  

.   
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6.8 Conclusion 

This study shows the effect of SrP filler and antimicrobials on reaction kinetics, mass and 

volume change, ions and antibacterial release kinetics, mechanical properties and apatite 

precipitation.  

Curing time was increased with SrP and gentamicin addition, but decreased upon PLS addition. 

Maximum reaction rate and half-life reaction rate decreased with SrP and gentamicin addition, 

but increased upon raising PLS.  Water-sorption increased upon raising strontium fillers and 

antimicrobial especially SrP and PLS. Water-sorption in DW was 1.6 times more than in SBF. 

PLS was released in high quantities both in DW and SBF (~36-80 %). Its release was a 

diffusion controlled for most of the time. It improved the release of gentamicin, calcium and 

strontium ions. Release of calcium and strontium ions was increased by all three variables 

especially PLS. All three variables cause a decline in strength with time. All formulation 

exhibited HA layer formation except formulations with lower level of strontium filler and PLS. 

Strontium and antimicrobial addition would enable the bone cements to be osteoconductive, 

remineralising and antibacterial. Polylysine was released in higher concentration. In addition 

to this, it has improved the elution kinetics of ions and other antimicrobials. Strontium ions and 

calcium ions will be release that will help to reminerlise the already weakened bone structure. 

Furthermore, a lower modulus was achieved with strontium filler and polylysine that may help 

to reduce the risk of adjacent fracture in already weakened vertebral bone structure. 
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CHAPTER 7 

ANTIMICROBIAL EFFICACY OF 

ANTIMICROBIAL LOADED COMPOSITE  
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7 Antimicrobial efficacy of Composite bone cements  

7.1 Abstract 

The aim of this study was to assess the antimicrobial efficacy of commercial and experimental 

antimicrobial loaded bone cements so as to prevent or reduce infection. In addition, MIC’s and 

MBC’s of the different antimicrobials were also measured.   

Simplex, Simplex plus gentamicin and Cortoss were used as commercial controls. NP was used 

as an experimental control (chapter 4). CaP20 (C20), SrP20 (S20), and SrP40 (S40) are calcium 

or strontium filled composites with no antimicrobial added (Chapter 5). Chlorhexidine (CHX) 

was added in 5 and 10 wt% to CaP20 (chapter 5) to form X5 and X10. Polylysine (PLS) was 

added in 2, 5 and 10 wt% to SrP20 (chapter 5) to form L2, L5 and L10. In addition, 5 wt% 

gentamicin (Gen) was added to L2 and L10 to form L2G5 and L2G10. Minimum inhibitory 

concentrations (MIC’s) and minimum bactericidal concentrations (MBC’s) of different 

antimicrobials were measured via broth microdilution method against Staphylococcus aureus 

(NCTC 8325), Staphylococcus epidermidis (NCTC 11047), Staphylococcus aureus (MRSA 

st3986x), Staphylococcus aureus (MRSA) (EMRSA 16) and Staphylococcus aureus (MRSA) 

(ATCC 43300). In addition, to confirm the methicillin resistance of S. aureus (MRSA) strains, 

E-test was used. Release kinetics of different antimicrobials from antimicrobial added bone 

cements were measured via UV and HPLC at different time points.  Two biofilm studies were 

done. In the 1st pilot MSSA 8325 study, discs were directly placed into the TSB (Tryptic Soy 

Broth) medium along with the S. aureus MSSA 8325 inoculum. Initial inoculum was ~5 x105 

CFU/ ml. Bacterial colony forming units (CFU) in suspension and on disc were determined at 

24 hours and 4 days via serial dilution method. In the 2nd MRSA 43300 biofilm study, discs 

were divided into two groups; non-pre-soaked discs and pre-soaked discs. In the non-pre-

soaking group, discs were directly placed into the TSB (Tryptic Soy Broth) medium along with 

the S. aureus (MRSA) ATCC 43300 inoculum. On the other hand, the pre-soaked discs were 
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pre-soaked in simulated body fluid (SBF) for 24 hours before putting them into the medium 

along with the inoculum. Initial inoculum and CFU counting methods were similar to the above 

mentioned MSSA 8325 biofilm pilot study. One way Anova, Two way Anova, Kruskal–Wallis 

test and regression analysis were used for statistical analysis. 

MIC’s and MBC’s of gentamicin against staphylococci strains were between 0.125 and 256 

µg. ml-1. All S. aureus strains mentioned in this thesis were sensitive to gentamicin, except 

MRSA 43300. On average, MIC’s and MBC’s of PLS against S. aureus strains were ~16 and 

~32 µg. ml-1 respectively. MIC’s and MBC’s of CHX against different strains of staphylococci 

were between 0.125 and 2 µg. ml-1. In addition, MRSA st3986x and EMRSA 16 were shown 

to be sensitive to oxacillin (<4 µg. ml-1). 

In MSSA 8325 pilot study, there was no significant difference of bacterial growth in suspension 

for all formulations containing no antimicrobials (~9.5 log CFU/ ml). Bacterial attachments, 

however, to the discs were different. Bacterial attachment was in the following order for 

formulations containing no antimicrobials; Simplex > Cortoss > NP and C20 > S20 > S40. 

Furthermore, no bacterial growth was detected in suspension and on disc for formulations 

containing antimicrobials.  

In MRSA 43300 biofilm study, there was no significant difference of bacterial growth in TSB 

medium for formulations containing no antimicrobials (~9.5 log CFU/ ml). In addition to this, 

there was no significant difference in bacterial CFU in suspension between pre-soaking and 

non–pre-soaking treatment. Bacterial attachment however was different in non-antimicrobial 

added formulations. On average, bacterial attachment on the disc was in the following 

descending order for non-antimicrobial added formulations; Simplex > Cortoss > NP, C20 and 

S20 > S40.  S40 showed significantly lowered bacterial attachment compared to Simplex and 

NP (p<0.0001).  
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X5 showed significant bacterial inhibition in suspension and on discs, compared to S20 

(p<0.0001).  CFU’s in suspension and on disc were ~4.5 log CFU/ ml. No bacterial growth was 

detected in suspension or on disc for X10 (p<0.0001).  

On average, bacterial growth in suspension and on disc decreased upon raising the level of PLS 

in the formulations. L2 showed similar bacterial growth in suspension (~9.2 log CFU/ ml) and 

on disc (~ 7.2 log CFU/ ml), compared to S20. Furthermore, there was no effect of pre-soaking 

treatment. In L5, bacterial growth in suspension decreased significantly (~5.1 log CFU/ ml), 

compared to S20 and L2 <0.01, p<0.04. Bacterial attachments on L5 discs decreased 

significantly (~4.1 log CFU/ ml), S20 and L2 (p<0.0001, p<0.04). In L10, bacterial growth in 

suspension decreased significantly (~1.4 log CFU/ ml), compared to S20 and L5 (p<0.001 and 

p<0.01). In addition to this, CFU in suspension increased significantly (~5.8 log CFU/ ml upon 

pre-soaking treatment (p<0.01). No growth was detected in non-pre-soaked discs of L10 

(p<0.0001 and p<0.04 relative to S20 and L5). ). This rose, however, to ~3.6 log CFU/ ml if 

the discs were pre-soaked in SBF (p<0.0001). 

Gentamicin addition showed no significant effect on bacterial growth in suspension and on 

disc. 

In conclusion, polylysine loaded composite significantly reduced the bacterial growth in 

suspension and on disc. It can potentially be used as an alternative to antibiotics in 

antimicrobial loaded bone cements and may be able to stop or treat MRSA colonisation and or 

perhaps infection. 
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7.2 Introduction 

Infections are a common issue in orthopaedic surgery. The use of biomaterials involves a high 

risk of developing an orthopaedic related infection (85). Use of antibiotic-containing bone 

cements has been widely used to treat orthopaedic infections especially, in case of arthroplasty 

revision and septic failure of arthroplasties (96, 97).  Most common bacteria that are involved 

in orthopaedic bone infection are Staphylococcus spp. 55-65 % particularly Staphylococcus 

aureus (S.aureus) (33-43 %) and Staphylococcus epidermidis (S.epidermidis) (15-30 %) (93-

95). Nearly 30 year ago, Bulchoz et al added antibiotics (gentamicin, erythromycin) into bone 

cements and achieved a high local concentration of antibiotics along with good hip stability 

(96).  Since then, antibiotic loaded bone cements have been extensively used for the prevention 

of biomaterial related infections (49). Extracellular polysaccharide matrix (mostly glycocalyx) 

is produced by bacteria that help in adhesion of bacteria to other bacteria and biomaterial 

surface (448). Furthermore, this extracellular matrix causes physiological changes in the 

bacteria itself, making it less permeable to different antibiotics (105, 106). It has been reported 

that biomaterial hydrophobicity and surface roughness also contribute to the formation of 

biofilm (107, 108).   

Bacterial resistance is a fundamental issue requiring clinical attention. Different strains of S. 

aureus exhibit an alarming rate of antibiotic resistance (95, 449). Furthermore, biofilms formed 

on the implants or bone cements are particularly resistant to antibiotics (109, 110).  In fact 

some of the S. aureus (MRSA) strains shows multi resistance to several antibiotic classes such 

as macrolides, aminoglycosides, lincosamides, tetracycline and sulphonamide (104). Bacterial 

resistance to gentamicin has been reported in 88% of cases of arthroplasty infection, when 

antibiotic loaded bone cements were used (102, 103).  
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New antimicrobials should be developed and evaluated to be used as an alternative to 

antibiotics that have high antibiotic resistance. Epsilon polylysine is widely used in food 

industry due to its excellent antimicrobial activity and established safety (450, 451). It has 

shown wide antimicrobial action against various Gram positive, Gram negative, yeasts and 

moulds (452). Due to its wide antimicrobial action and low toxicity, it is be of clinical interest 

for use in antimicrobial loaded bone cements. 
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7.3 Aims and Objectives 

The aim of this chapter will be to produce composite with new antibacterial that has the 

potential to reduce infection rate and address the problem associated with gentamicin 

resistance. It was achieved by assessing the antimicrobial efficacy of composite bone cement 

in bacterial growth medium and as a biofilm on the discs. In addition to this, MIC’s and MBC’s 

of different antimicrobials against S. aureus and S epidermidis will be determined.  

MIC’s and MBC’s will be measured via broth micro-dilution method2. In addition, to confirm 

the methicillin resistance of S. aureus, E-test will be used. Release kinetics of different 

antimicrobials from antimicrobial added bone cements will be measured via UV and HPLC at 

6 hours, 24 hours, 48 hours and 1 week.   For biofilm studies, specimens will be either directly 

placed into the growth medium along with the inoculum or they will be pre-soaked in simulated 

body fluid for 24 hour before putting them into the TSB medium along with the initial 

inoculum. Initial inoculum will be ~5 x105 CFU/ ml. Bacterial colony forming units (CFU) in 

TSB medium/ suspension and on disc will be determined at 24 hours and 4 days via serial 

dilution method respectively. SEM images of the discs after 4 days will be taken to assess the 

morphology of S. aureus. 

 

 

 

 

 

                                                 
2 Broth micro-dilution and E-test are methods used to test the susceptibility of bacteria to 

antibiotics. 

https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Antibiotics
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7.4 Null hypothesis 

It was hypothesized that the bacterial strains will be sensitive to chlorhexidine (CHX), 

polylysine (PLS) and gentamicin (Gen). Additionally it was also assumed that MRSA strains 

(MRSA st-3986x, EMRSA 16 and MRSA 43300) will be be resistant to oxacillin.  

It will be hypothesized that all formulations without antimicrobials will show similar bacterial 

growth in the TSB suspension / medium. Bacterial attachment, however, to the discs will be 

different due to different hydrophilic nature of the material. Simplex will have the highest 

bacterial attachment to the discs due to PMMA hydrophobic nature. Strontium containing 

formulations should show lower bacterial attachment on the discs due to its antibacterial action.  

CHX, PLS and Gen will inhibit bacterial growth in the suspension. Furthermore, they will also 

prevent biofilm formation on the discs.  
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7.5 Material and Methods 

This chapter used a number of the commercial and experimental formulations from previous 

chapters. The details of different formulation are shown in Table 7.1. Simplex, Simplex plus 

gentamicin and Cortoss were used as commercial controls. Experimental formulations were 

selected from previous chapter 3, 4, 5 and 6. NP was used as experimental control with no 

added calcium filler or strontium filler and antimicrobials (chapter 4). CaP20, SrP20, and SrP40 

are calcium or strontium filled composite with no antimicrobial addition (Chapter 5). 

Chlorhexidine (CHX) was added at 5 and 10 wt% to CaP20 to form X5 and X10. Polylysine 

(PLS) was added in 2, 5 and 10 wt% to SrP20 to form L2/ S20L2G0, L5 and L10/ S20L10G0 

(chapter 6). In addition, 5 wt% gentamicin (Gen) was added to S20L2 and S20L10 to form L2G5/ 

S20L2G5 and L2G10/ S20L2G5 respectively (chapter 6). All the antimicrobials were added as a 

wt% of filler phase. Release kinetics of different antimicrobials added to the bone cements 

were measured via UV and HPLC at 6 hours, 24 hours, 48 hours and 1 week. 

Various strains of S. aureus and S. epidermidis were used. S. aureus (NCTC 8325, UK), S. 

epidermidis (NCTC 11047, UK) were obtained from National Collection of Type Cultures, UK 

(NCTC).  Methicillin resistant S. aureus strains MRSA st3986x and EMRSA 16 were obtained 

from an orthopaedic infection in patient at King’s college Hospital, UK. Methicillin resistant 

S. aureus strain MRSA (ATCC 43300) was obtained from American Type Culture Collection 

(ATCC). All isolates of microorganisms were stored at −80 °C in 1 ml cryovial. Before each 

experiment, the isolates were removed from the freezer and put into 10 ml tryptic-soy-broth 

(TSB) medium (Sigma, UK). Overnight fresh cultures were used for different experiments. 
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Table 7.1 Summary of the commercial and experimental formulations for antimicrobial testing. Details of 

commercial formulations are in chapter 3. Experimental formulation were selected from chapter 4, 5, 6. 

Experimental monomer mixture consist of 70 wt% UDMA, 25 wt% PPGDMA and 5wt% HEMA. Experimental 

initiator level was fixed at 1.00 wt% BP and 0.75 wt% NTGGMA.  Antimicrobials or calcium fillers  were added 

into filler phase as a wt% of filler phase. 

 

Minimum inhibitory concentrations (MIC’s) and minimum bactericidal concentration (MBC’s) 

were measured via broth microdilution method (BSAC; Methods for Antimicrobial 

Susceptibility testing 2012) (453). MIC and MBC was performed in 96 well plates. ISO-

sensitise broth (Oxoid, UK) was used as medium for growth. Fresh standard solution of 

antimicrobials were made and added into the well plates in a range of 1024 – 0.12 µg.ml-1. 

 

 

Code 

 

 

    

Names  

Calcium or 

Strontium filler  

(CaP or SrP) (wt% 

of filler phase) 

Chlorhexidine 

(CHX)  

(wt% of filler 

phase) 

Polylysine 

(PLS)  

(wt% of 

filler phase) 

Gentamicin 

(Gen) 

 ( wt% of 

filler phase ) 

S Simplex - - - - 

C Cortoss - - - - 

S-G5 Simplex+Gen - - - 5 

NP NP - - - - 

C20 CaP20 20 - - - 

S20 SrP20 20 - - - 

S40 SrP40 40 - - - 

X5 S20X5 20 5 - - 

X10 S20X10 20 10 - - 

L2 S20L2G0 20 - 2 - 

L5 S20L5G0 20 - 5 - 

L10 S20L10G0 20 - 10 - 

L2G5 S20L2G5 20 - 2 5 

L10G5 S20L10G5 20 - 10 5 
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Overnight bacterial culture were diluted to an OD600
3 = ~0.4 (~5 x108 CFU/ ml) (454). This 

dilution was further diluted to 1:1000 and added into the well plates so that the bacterial count 

in each well should be ~5 x105 CFU/ ml. Well plates were incubated for 18-24 hours. After 

overnight culture, MIC was determined as the lowest concentration of antimicrobial at 

which there was no visible growth of the bacteria in the well (clear solution). After 

assessing the MIC, 200 µl from each well was plated on to Iso-sensitise agar plates (Oxoid, 

UK). The plates were then incubated at 37 °C for 18-24 hours. MBC was determined as the 

lowest concentration of an antimicrobial required to kill the bacteria (no growth on the agar 

plates) (455).  

To confirm the methicillin resistance of S. aureus, E-test was used (BioMerieux E-test). 

Mueller hinton agar plates (Oxoid, UK) and 0.5 McFarland solution (Oxiod, UK) were 

obatined for E-test use. Overnight culture were obtained and were diluted to 0.5 McFarland 

solution4. 200 µl was plated on the agar plates. E-strips5 of different antibacterial agent were 

applied on the agar plates. The plates were then incubated room at 37 °C for 18-24 hours. The 

MIC was taken as lowest point where no bacterial growth was seen near the E-strip as shown 

on E-test instructions (456). 

For biofilm study, only MSSA NCTC 8325 and MRSA ATCC 43300 strains were used. Discs 

(n = 9) were made from various cements (Ø = 10 mm, h = 1 mm) and were sterilized on each 

side for 30 minutes under UV light (EB bonemay®).  These cement discs were then either; 

(i) Directly placed into 2 ml tryptic soy broth (TSB) medium along with the inoculum 

(Non pre-soaking treatment or Non-pre-soaked discs) (NPD). 

                                                 
3 Optical density, measured via UV and can be used as a measure of the concentration of bacteria in a suspension. 
4 McFarland standards are used as a reference to adjust the turbidity of bacterial suspensions so that the number 

of bacteria will be within a given range to standardize microbial testing. 0.5 McFarland = 1 x 108 CFU/ ml. 
5 E-test is a sterile pre-prepared reagent strip with a predefined gradient of antibiotic for the determination of MIC. 

https://en.wikipedia.org/wiki/Turbidity
https://en.wikipedia.org/wiki/Bacteria
https://en.wikipedia.org/wiki/Suspension_%28chemistry%29
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Or  

(ii) They were pre-soaked in simulated body fluid (SBF) for 24 hours and then placed 

into 2 ml of TSB medium (pre-soaking treatment or pre-soaked discs) (PD). Pre-

soaking treatment was not done in the MSSA 8325 biofilm study.  

The initial inoculum was ~5 x105 CFU/ ml (58). Bacterial colony forming units (CFU) in TSB 

suspension/ medium and on disc were determined at 24 hours and 4 days respectively via a 

serial dilution method. At 24 hours, 1 ml of TSB medium was taken out from each well and 

fresh 1ml of TSB medium was added. The 1 ml which was taken out from the well plates was 

serially diluted to determine the bacterial CFU/ ml. Serial dilution was prepared from 108 -101 

in the order of 10 fold dilution. Phosphate buffered saline (PBS) (Oxoid, UK) was used as a 

medium for serial dilution. The solutions were then plated on TSB agar plates (Oxoid, UK) and 

incubated at 37 °C for 18- 24 hours. Number of colonies were counted and multiplied with 

dilution factor to get the bacterial CFU/ ml. 

For enumeration of the bacterial attachment, the discs were removed from the original TSB 

medium/ suspension at 4 day. The discs were dipped into the deionized water to remove the 

suspended cells and loosely attached cells. The discs were then removed from deionized water 

and placed into 5 ml fresh PBS and subsequently vortexed at 50 Hz (Vortex-Genie-2, UK) for 

2 minutes (457). Afterward, serial dilution was performed as above. For SEM images, the discs 

were removed from the original TSB medium/ suspension at 4 day (same as the above 

procedure). The discs were then dipped into the DW to remove the suspended cells and loosely 

attached cells. The discs were removed from DW and were used for SEM analysis. For more 

detail on SEM analysis, see chapter 2. 

One way ANOVA, Two-way ANOVA, Kruskal–Wallis test and regression analysis were used 

for statistical analysis (n= 9). For more detail on statistical analysis, see chapter 2.  
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7.6 Results 

7.6.1 Minimum inhibitory concentration (MIC) and minimum bactericidal 

concentration (MBC) 

Table 7.2 shows MIC’s and MBC’s of Gen, PLS and CHX against various strains of S. aureus 

and S. epidermidis. MBC’s values for all antimicrobials were one dilution higher than their 

respective MIC’s values. 

MIC’s and MBC’s of Gen against different strains of staphylococci were between 0.125 and 

256 µg. ml-1. All bacterial strains were sensitive to Gen, except MRSA 43300. MRSA 43300 

was resistant to Gen (>126 µg. ml-1). MIC’s and MBC’s of Gen were in the following 

descending order; MRSA 43300 > EMRSA 16 > MRSA st3986x > MSSA 8325 and MSSE 

11047.  

On average, MIC’s and MBC’s of PLS against different strains of S. aureus were ~16 and ~32 

µg. ml-1 respectively. On the other hand, MIC’s and MBC’s of PLS against S. epidermidis 

NCTC 11047 were ~8 and ~16 µg. ml-1 respectively.  

MIC’s and MBC’s of CHX against different strains of staphylococci were between 0.125 and 

2 µg. ml-1. EMRSA16 and MRSA 43300 showed the highest MIC (~1 µg. ml-1) and MBC (~2 

µg. ml-1) against CHX.  

Table 7.3 shows E-test result of MIC’s of oxacillin (OXA), gentamicin (Gen) and amoxicillin 

(AMO) against different strains of staphylococci. MSSA 8325, MSSE 11047 and EMRSA-16 

were sensitive to all three antimicrobials. Only MRSA 43300 was resistant to OXA, Gen and 

AMO. Gen had a MIC of ~128 against MRSA 43300. 
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Table 7.2 Minimum inhibitory concentrations (MIC’s) and minimum bactericidal concentrations (MBC’s) of 

gentamicin (Gen), polylysine (PLS) and chlorhexidine (CHX) against various strains of S. aureus and S. 

epidermidis. MSSA stands for Methicillin sensitive staphylococcus aureus, MSSE stands for Methicillin sensitive 

staphylococcus epidermidis, MRSA stands for methicillin resistant staphylococcus aureus. Growth medium was 

ISO-sensitise medium (ISA). MIC was done according to BSAC; Methods for Antimicrobial Susceptibility testing 

2012. All experiments were performed in triplicates. 

Bacteria strain  Antimicrobial 

agent 

 MIC (µg. ml-1) MBC (µg. ml-1)  

 

MSSA NCTC 8325 

GEN 0.125 0.25 

PLS 16 32 

CHX 0.5 1 

 

MSSE NCTC 11047 

GEN 0.125 0.25 

PLS 8 16 

CHX 0.25 0.5 

 

MRSA st3986x 

GEN 0.25 0.5 

PLS 16 32 

CHX 0.5 0.5 

 

EMRSA 16 

GEN 0.5 1 

PLS 16 32 

CHX 1 2 

 

MRSA ATCC 43300 

GEN 128 256 

PLS 16 32 

CHX 1 2 

 

Table 7.3 E-Test minimum inhibitory concentration (MIC) of oxacillin (OXA), gentamicin (Gen) and amoxicillin 

(AMO) against various staphylococcus aureus and s. epidermidis. Agar plates were made of mueller hinton agar 

(MHA) + 2% sodium chloride. The MIC was done according to E-Test manufacture instructions. All experiments 

were performed in triplicates. 

Bacteria strain Antimicrobial 

agent 

MIC (µg. ml-1) 

 

MSSA NCTC 8325 

OXA 0.5 

GEN 0.25 

AMO 0.5 

 

MSSE NCTC 11047 

OXA 0.125 

GEN 0.125 

AMO 0.25 

 

MRSA st3986x 

OXA 1 

GEN 0.25 

AMO 3 

 

EMRSA 16 

OXA 2 

GEN 0.5 

AMO 2 

 

MRSA ATCC 43300 

OXA 16 

GEN 128 

AMO 16 
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7.6.2 Release of Gen, PLS and CHX in SBF medium 

Table 7.4 shows the release of different antimicrobials at various time points in SBF medium. 

(For more detail on the release of antimicrobials, see chapter 6). All antimicrobials showed an 

initial burst release (0-6 hours), followed by decline in release over a period of time. 

Antimicrobial release was high in the formulations that included higher amounts of the 

antimicrobials. Antimicrobial release for all formulations were between 2 and 150 µg. ml-1 at 

various time points. Less Gen was released from S-G5 (Simplex), compared to the 

experimental formulations with added PLS and SrP fillers (L2G5 and L10G5). CHX release 

was the lowest among all antimicrobials in SBF. Among all antimicrobials, PLS was released 

in higher concentration than any other antimicrobials. In addition, Gen and PLS addition 

enhanced their respective release at any time point.     

Table 7.4 Antimicrobial release in SBF at various time points for antimicrobial loaded formulations. For 

formulations code, refer to Table 7.1.  Burst/ surface release refer to 0-6 hour release. Codes in the formulations 

are abbreviated as follows; S= Simplex, S-G5= Simplex + 5 wt% gentamicin, L= polylysine, G= gentamicin, X= 

chlorhexidine. Storage volume was 10 ml. (Error bars= 95%CI, n=5).  

Code Antimicrobials 

agents 

Release (µg. ml-1) 

0-6 hours 6-24 hours 24-48 hours 48 hours - 1week 

S-G5 Gen 8 ±1 4 ±1 4 ±1 3 ±1 

X5 CHX 3 ±1 2 ±1 2 ±1 3 ±1 

X10 CHX 9 ±1 5 ±1 4 ±1 8 ±2 

L2 PLS 6 ±1 4 ±1 4 ±1 23 ±3 

L5 PLS 18 ±2 10 ±2 13 ±1 41±4 

L10 PLS 35 ±3 22 ±2 21 ±1 72 ±3 

 

L2G5 

Gen 15 ±2 15 ±2 11 ±1 38 ±3 

PLS 10 ±2 7 ±1 7 ±1 17 ±1 

 

L10G5 

Gen 29 ±3 59 ±3 26 ±4 150 ±7 

PLS 41 ±3 32 ±3 27 ±4 86 ±8 
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7.6.3 MSSA 8325 Pilot biofilm study 

 The pilot MSSA 8325 study was done to assess the biofilm model suitability. Furthermore, it 

also showed whether antimicrobial addition into bone cement would kill the bacteria or not. In 

this pilot study, discs were directly placed into the TSB medium along with the inoculum (Non-

pre-soaked treatment). Figure 7.1 shows the log of MSSA 8325 colony forming units (CFU/ml) 

in the TSB medium/ suspension and on disc specimens after 24 hours and 4 days respectively.  

On average, non-antimicrobial loaded formulations showed similar bacterial growth in the 

suspension (~9.5 log CFU/ ml). Bacterial attachments, however, to the discs were different. 

Bacterial attachment was in the following descending order; Simplex > Cortoss > NP and C20 

> S20 > S40. On average, Simplex had the highest bacterial attachment on the discs. There was 

no significant difference in the bacterial attachment between NP and C20. S40, however, had 

~3 log CFU/ ml lower bacterial attachment than NP (p<0.01). No growth was detected in 

suspension or on disc for formulations with CHX, PLS and Gen. (Relative to S20, p<0.0001).  

 
Figure 7.1 Log CFU/ ml for commercial and experimental formulations. For formulations code, refer to Table 

7.1. Initial inoculum was ~5 x 105 cells/ ml. CFU was calculated via serial dilution method. CFU/ml in the 

suspension was calculated at 24 hours after inoculation. Bacterial CFU for the disc specimens were calculated 

at 4 day. Formulation code in the formulations are abbreviated as follows; S= Simplex, S-G5= Simplex plus Gen, 

L= polylysine, G=gentamicin, X= chlorhexidine. One way ANOVA and Kruskal–Wallis test were used for 

statistical analysis. p = <0.05. For statistical significant abbreviation: (S); significant relative to Simplex, (n); 

significant relative to NP (z); significant relative to S20.  (Error bars= 95%CI, n=9).                                                     

1

3

5

7

9

11

13

Control S C NP C20 S20 S40 X5 X10 L5 L10 L10G5

Commercial Experimental

L
o
g
 (

C
F

U
. 
m

l-1
)

Suspension Disc

N
o

 G
ro

w
th

N
o

 G
ro

w
th

N
o

 G
ro

w
th

N
o

 G
ro

w
th

N
o

 G
ro

w
th

s 

n 

z 



Muhammad Adnan Khan  PhD Thesis 

285 

 

7.6.4 MRSA 43300 biofilm study 

In the previous biofilm pilot study, antimicrobials were released in high concentrations leading 

to no bacterial growth in both TSB medium and on disc for antimicrobial loaded formulations. 

Therefore in this biofilm study, the discs were pre-soaked in SBF for 24 hours before putting 

them into the TSB medium along with the inoculum (pre-soaking treatment). In addition to 

pre-soaked treatment, discs were also directly placed into the TSB medium to see the effect of 

before and after pre-soaking treatment on bacterial CFU in both TSB medium/ suspension and 

on discs. Pre-soaking treatment for 24 hours in SBF will remove the initial burst of 

antimicrobial release from the surface of the disc specimens.  After 24 hours, the release occurs 

at a much slower rate. Therefore the bacterial count in pre-soaking treatment will be more, 

compared to non-pre-soaking treatment.  

MRSA 43300 biofilm study was divided into two sections. In the 1st section, Log CFU/ml were 

determined for bacteria that were in the suspension at 24 hours. In the 2nd section, Log CFU/ 

ml were determined for bacteria that were attached/ adhered to the disc at 4th day (biofilm on 

the disc).    

7.6.4.1 MRSA 43300 CFU of suspension/ TSB medium 

Figure 7.3 (a) shows the log CFU’s for MRSA 43300 in the TSB medium/ suspension for 

commercial and experimental formulations. Commercial formulations with or without Gen 

showed similar bacterial growth in the suspension (~9.6 Log CFU/ ml). Similarly, NP, C20, 

S20 and S40 showed similar CFU values, compared to commercial materials. There was no 

significant effect of pre-soaking treatment in the above formulations.   

For all antimicrobial containing experimental formulations, the number of CFU rose after pre-

soaking treatment. For instance, growth in X5 was ~3.5 log CFU/ ml, that increased to ~4.7 

log CFU/ ml with pre-soaked disc treatment. On the other hand, no bacterial growth was 
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detected in the suspension for X10. In both cases, bacterial CFU in suspension decreased upon 

raising the level of CHX.  X5 and X10 decreased the bacterial significantly compared to S20 

(p<0.003, p<0.001). 

Bacterial CFU/ml decreased linearly upon raising the level of PLS. L2 showed no bacterial 

inhibition and the CFU/ml values with and without pre-soaking were similar to S20. On the 

other hand, L5 significantly decreased the number of bacterial cells (~5.1 log CFU/ ml) 

compared to S20 (p<0.01). Moreover, bacterial CFU/ml increased (~7.61 log CFU/ ml) after 

pre-soaking treatment, however, they were significantly lower than S20 and L2 (p<0.01, 

p<0.04). In L10, CFU counts significantly declined to ~1.4 log CFU/ ml (p<0.001 and p<0.01 

relative to S20 and L5).  This rose, however, to ~5.8 log CFU/ ml if the discs were pre-soaked 

(p<0.01).  

L2G5 had no effect on the CFU/ ml in the suspension (pre-soaked or not) and the number of 

CFU/ ml was similar to S20 and L2. On the other hand, no growth was detected for non-pre-

soaked disc of L10G5, similar to L10. CFU significantly increased to ~4.2 log CFU/ ml after 

the discs were pre-soaked (p<0.001). There was no significant difference of bacterial growth 

in suspension between L10 and L10G5. 

All commercial formulation and non-antimicrobial added experimental formulations showed 

no bacterial inhibition in TSB suspension. Antimicrobial added formulation showed bacterial 

inhibition depending on the type and level of antimicrobial added.  
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Figure 7.2 Log CFU / ml in the TSB medium/ suspension. Discs were either directly placed into the TSB medium or pre-soaked in SBF for 24 hours before placing them into 

the TSB medium along with the initial inoculum. Discs were taken out after 4 days. For formulations code, refer to Table 7.1. For more details on methods, refer to material 

and method section, chapter 7. Components in the formulations were abbreviated as; S= Simplex, S-G5= Simplex plus Gen, L= polylysine, G=gentamicin, X= chlorhexidine. 

Two way ANOVA and Kruskal–Wallis test were used for statistical analysis. p = <0.05. For statistical significant abbreviation: (*); significant relative to before and after 

soaking, (n); significant relative to NP (z); significant relative to S20. (Error bars= 95%Cl, n=9).
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7.6.4.2 MRSA 43300 CFU’s on disc specimens 

Figure 7.3 shows log of CFU’s for MRSA 43300 on the disc specimens for commercial and 

experimental formulations. For formulation code, refer to Table 7.1. There was no effect of 

pre-soaking treatment on bacterial attachment on discs for all commercial and experimental 

formulations except; L10 and L10G5.  

Simplex showed the highest bacterial attachment on discs. Cortoss showed slightly lower 

bacterial attachment (~8.0 Log CFU/ ml), but not significantly different from Simplex bacterial 

attachment. 

NP, C20 and S20 showed slightly lower bacterial attachments (~7.6 Log CFU/ ml), but not 

significantly different from Simplex and Cortoss bacterial attachments. S40, however, had 

approximately ~2.2 and ~1.3 log CFU/ ml times lower bacterial attachment compared to 

Simplex and NP (p<0.0001). 

In X5, bacterial attachment was significantly reduced to ~4.2 log CFU/ ml, compared to S20 

(p<0.0001). On the other hand, no bacterial growth was detected on the discs for X10 (relative 

to S20; p<0.0001).    

Log bacterial attachment on discs decreased linearly upon raising PLS levels.  On average, 

bacterial attachment on L2 discs was ~1 log CFU/ ml lower than S20, however, there was no 

significant difference between them. Moreover, there was no effect of pre-soaking treatment 

in L2. As the level of PLS increased to 5wt% (L5), bacterial attachment on the discs were 

significantly reduced (~4.1 log CFU/ ml), compared to S20 and L2 (p<0.0001, p<0.04). 

Moreover, pre-soaking treatment on L5 discs increased the bacterial attachment to ~5.4 log 

CFU/ ml. On the other hand, when PLS level increased to 10 wt% (L10), CFU counts in non-

pre-soaked discs declined further to a non-detectable level (p<0.0001 and p<0.04 relative to 
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S20 and L5). This rose, however, to ~3.6 log CFU/ ml if the discs were pre-soaked in SBF 

(p<0.0001).  

 On average, L2G5 showed similar bacterial attachment compared to L2. On the other hand, 

non-pre-soaked discs of L2G5 showed no detectable bacterial growth on discs, similar to L10. 

Bacterial attachment, however, increased to ~2.6 log CFU/ ml after the discs were pre-soaked 

(p<0.04). There was no significant difference in bacterial growth on discs between L10 and 

L10G5.  

Regression analysis was performed between the Log of CFU/ml and amount of PLS in wt% 

(Table 7.5). According to the analysis, Log CFU decreased linearly upon raising the level of 

PLS (wt%). 

In summary, Simplex showed the highest growth on discs. Bacterial growth decreased when 

strontium fillers were added. Bacterial attachment on the discs were reduced upon increasing 

the level of antimicrobial in the formulations.
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Figure 7.3  Log CFU/ ml on the discs. Discs were either directly placed into the TSB medium or pre-soaked in SBF for 24 hours before placing them into the TSB medium 

along with the initial inoculum. Discs were taken out after 4 days. For formulations code, refer to Table 7.1. For more details on method, refer to material and method section, 

chapter 7. Components in the formulations were abbreviated as follows; S= Simplex, S-G5= Simplex plus Gen, L= polylysine, G=gentamicin, X= chlorhexidine. Two way 

ANOVA and Kruskal–Wallis test were used for statistical analysis. p = <0.05. For statistical significant abbreviation: (*); significant relative to before and after soaking, (n); 

significant relative to NP (z); significant relative to S20. (Error bars= 95%Cl, n=9).
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Figure 7.4 Straight line plots for log CFU/ ml of (a) Suspension and (b) On disc versus amount of PLS in wt%. 

 

Table 7.5 Gradient and intercept of log CFU/ ml of suspension and on disc versus amount of PLS in wt%. Gradient 

was found linear via regression analysis (Error bars = 95%CI, n=9). 
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0.96 

Bacterial (CFU/ml) 

on discs 

(non-pre-soaked) 

 

PLS  

 

-0.40 ±0.4 
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7.6.5 SEM Images of attached MRSA 43300 on the surface 

Figure 7.5 shows representative SEM images of MRSA 43300 attached to the surface of the 

X5. Panels a and b show small clusters of cells, adhered either to each other or to the surface 

of the composite material. On average, MRSA 43300 are of spherical shape with an average 

diameter of ~1 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.5 Representative SEM images of methicillin resistant S. aureus 43300 on the surface of X5 at  (a) 8000x, 

(b) 8000x.  
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Figure 7.6 shows SEM images of bacterial attachment on the disc of NP (control), L2, L5 and 

L10. The number of cells attached decreased upon raising the level of PLS in the formulations. 

Panel (a) shows large clusters of MRSA 43300 adhered to the surface of NP. Panel (b) showed 

slightly lower number of cells on L2 surface than on NP. In addition, some of the S. aureus 

bacteria appear to be larger in diameter (~3 µm).  Panel (c) showed lower number of bacteria 

on L5 surface than on L2. Small cluster of cells can be seen along with composite surface. 

Panel (d) shows the composite surface devoid of cells on its surface (L10).  

 

 

 

 

 

 

 

 

 

 

Figure 7.6 Representative SEM images of attached MRSA 43300 on without pre-soaked discs of (a) NP (b) L2, 

(c) L5, (d) L10. SEM images were taken at 2000x magnification. Disc specimens were directly placed into the 

TSB medium along with inoculation and removed after 3 days of inoculation (Non-pre-soaked discs).  
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7.7 Discussion 

This chapter is a preliminary study of the antimicrobial nature of a range of compounds against 

some staphylococci (including MRSA). Furthermore, antimicrobials were added into bone 

cements and were tested for their antimicrobial efficacy in both suspension and on discs.  

7.7.1 MIC and MBC 

A range of antimicrobial agents were used to assess the bacterial resistance and susceptibility 

of different strains of staphylococci via MIC and MBC.  MIC and MBC assays are used as 

important tools for assessing the invitro bacterial susceptibility to specific antimicrobial agents. 

Broth microdilution method has been used for several years for determination of MIC’s and 

MBC’s (458). In addition to broth microdilution method, E-test  provides another tool for the 

assessment of bacterial susceptibility against various antimicrobials (458).  

In this thesis, all bacteria except S. aureus MRSA 43300, showed no resistance to gentamicin 

and oxacillin. Oxacillin and gentamicin susceptibility were further confirmed by E-test, which 

showed similar result for gentamicin against various strain of S. aureus and S. epidermidis.  

Methicillin resistant strains of S. aureus (MRSA st3986x and EMRSA 16) supplied from frozen 

stocks showed no resistance to oxacillin. Griethuysena et al in his study observed loss of 

methicillin resistance in some strains of MRSA after 2 years of storage at -80 °C. This might be 

due to loss of MecA gene during storage for long time (459).  On the other hand, MRSA 43300 

showed resistance to both gentamicin and oxacillin, which was similar to other studies in the 

literature (57, 460). Thierry et al and Baltch et al in their respective studies showed similar 

resistance of S. aureus MRSA 43300 against gentamicin ( ~64 - 256 µg. ml-1) and oxacillin 

(~16 µg. ml-1) (57, 460). Chlorhexidine had the lowest MIC’s among all antimicrobials. This 

low MIC’s might be due its strong antimicrobial activity (461).  In this thesis, MIC’s of 

polylysine corresponds to other studies in the literature. Ying-Qin et al and Zhou et al in their 

http://www.ncbi.nlm.nih.gov/pubmed/?term=van%20Griethuysen%20A%5Bauth%5D
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respective studies showed similar  MIC values (12-16 µg. ml-1) of polylysine against different 

strains of S. aureus (237, 238). 

7.7.2 Release Kinetics of antimicrobials  

It should be noted that the release kinetics of antimicrobials (PLS, Gen, CHX) were determined 

in simulated body fluid. It was not possible to measure the release of these antimicrobials in 

TSB medium due to high protein content in the TSB medium. A possible explanation could the 

high proteins content in the TSB medium interfering with the wavenumbers at which the 

antimicrobials can be measured. Therefore, in this thesis, assumption was made that the 

antimicrobial release in SBF will be similar to the release in TSB medium.  Furthermore, in the 

literature, elution kinetics of antibiotics are mostly done in SBF, whereas their antimicrobial 

efficacy are assessed in different growth media such as TSB etc. (412, 457, 462).  

7.7.3 Biofilm studies 

The above experimental antimicrobials were added to bone cements and their antimicrobial 

efficacy was assessed via bacterial growth in the TSB medium and biofilm formation on the 

discs.   

7.7.3.1 MSSA 8325-4 Biofilm study 

The above MSSA 8325 biofilm pilot study showed similar bacterial growth in the suspension 

for formulations without antimicrobials. Bacterial attachment, however, to the discs were 

different for formulations without antimicrobial addition.  Simplex showed the highest 

bacterial attachment to the disc. This might be due to the hydrophobic surface of PMMA that 

might enhance the biofilm formation on the disc (463). Cortoss and basic composite with or 

without calcium fillers (NP and C20) showed slightly lower bacterial attachment than Simplex. 

This might be due to the hydrophilic components in the composite that might prevent an early 

bacterial attachment (464). Studies have shown that bacteria adhere more rapidly to 
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hydrophobic, nonpolar surfaces than to hydrophilic materials such as glass (465). Formulations 

with tri-strontium phosphate fillers showed significantly lower bacterial attachment, compared 

to commercial and experimental basic composite (NP).  Previous studies have shown that 

strontium addition into bone cements decreases bacterial attachment due to its bactericidal 

properties (396, 466, 467). No growth was detected in antimicrobial loaded formulations. This 

might be due to either higher release of antimicrobials or higher sensitivity of S. aureus MSSA 

8325 to the antimicrobials. 

In the MSSA 8325 pilot study, none of the antimicrobial loaded bone cements showed bacterial 

growth in the suspension or on discs. The possible explanation for this might be the initial burst 

release of antimicrobials in the first few hours killing all the bacteria. Release can be either 

from surface or core of the material. Surface release is faster and mostly occurs in first few 

hours followed by slow release from the core of the material.  

  

7.7.3.2 MRSA 43300 Biofilm study 

To understand the antimicrobial efficacy in more detail, discs were pre-soaked in SBF for 24 

hours before placing them in the TSB medium along with the inoculum. This 24 hours pre-

soaking in SBF was aimed at removing the “24 hours antimicrobial burst or surface release” 

from the discs. In addition, a gentamicin and oxacillin resistant strain (MRSA 43300) was used 

in the 2nd biofilm study. MRSA 43300 had been previously used to study antimicrobial efficacy 

of antibiotic laden orthopaedic bone cements. (468-471).  

7.7.3.2.1 CFU in Suspension 

The above MRSA 43300 biofilm study showed that pre-soaking in SBF had no effect on the 

CFU/ ml in the suspension/ TSB medium for formulations containing no antimicrobials. 

Furthermore, there was no effect of pre-soaking in specific antimicrobial loaded formulations 

i-e; S-G5 (Simplex plus 5 wt% gentamicin), L2 (2 wt% PLS) and L2G5 (2 wt% PLS plus 5wt% 
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gentamicin). A possible explanation could be lower antimicrobial release from the above 

mentioned antimicrobial loaded formulations (Table 7.4). When the release of antimicrobial 

from a formulation is lower than the MIC of specific antimicrobial, then the bacteria will not 

be inhibited and will continue to grow. For instance, L2 had a burst release of 6 µg. ml-1 in the 

first 6 hours which was lower than the MIC of PLS (16 µg. ml-1). Therefore, bacteria will not 

be killed or inhibited (see antimicrobial release of the above formulation and compare the MIC 

and MBC values of these antimicrobial against MRSA 43300).   

In the above biofilm study, chlorhexidine added formulations (X5 and X10) showed reduced 

bacterial growth or no growth in suspension. X5 formulation showed bacterial inhibition in 

suspension and the number of CFU recovered was similar to the initial inoculum. The inhibition 

effect of X5 was due to the higher MRSA 43300 sensitivity against chlorhexidine (CHX MIC= 

1 µg. ml-1). Furthermore, release of CHX (~2 µg. ml-1) was similar to MBC value of CHX. On 

the other hand, X10 showed no detection of bacteria in the suspension. A possible explanation 

could be the higher CHX release of X10 formulation (~9 µg. ml-1), compared to its MBC value 

of ~2 µg. ml-1 (Table 7.4). Chlorhexidine is a cationic antiseptic. It causes perturbation of lipid 

bilayer membranes (472) (473). At low concentration, it binds to the anionic sites on the cell 

membrane causing a permeability change, affecting the physiological function (474).  

Moreover, cell membrane loses its structural integrity, permeating the leakage of cellular 

materials (475). At higher concentrations, chlorhexidine causes coagulation of the intracellular 

contents (475). 

L5 formulation showed bacterial inhibition and the number of CFU/ml was similar to the initial 

inoculum. The inhibition effect of L5 was probably due to its burst release (~18 µg. ml-1) being 

similar to its MIC value (~16 µg. ml-1) (See PLS release for L5 and PLS MIC values).  

Furthermore, pre-soaking of discs increased the number of CFU counts in suspension. A 

possible explanation could be lower release rate of antimicrobials after 24 hours.  Pre-soaking 
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in SBF causes a burst antimicrobial release from the disc surface.  In addition, most of the 

release after 24 hours occurs mostly from the core or near the surface of the material, which is 

comparatively slower than the surface release. Therefore, with pre-soaking treatment, it would 

be expected to have lower bacterial reduction, compared to non-pre-soaking treatment. 

L10 formulation without pre-soaking in SBF showed higher bacterial reduction (~1 log 

CFU/ml) of cell in the suspension, compared to the initial inoculum. A possible explanation 

could be high PLS burst release (~35 µg. ml-1) being similar to the MBC value of PLS (~ 32 

µg. ml-1). Pre-soaking treatment, however, increases the recovery of bacteria, compared to no 

pre-soaking treatment. Furthermore, bacterial cell counts were similar to the initial inoculum 

for pre-soaked discs. A possible explanation could be the PLS release (~21 µg. ml-1) being 

similar to MIC value of PLS (~16 µg. ml-1). The effect of pre-soaking has already been 

described above. L10G5 with no pre-soaking treatment showed no growth in the suspension 

and on disc. A possible explanation can be higher PLS and Gen release. In addition, they exert 

a synergistic effect on each other’s release (See Table 7.4).  

7.7.3.2.2 CFU on disc 

Figure 7.3 (b) showed MRSA 43300 bacterial attachment on the disc specimen. The above 

MRSA 43300 biofilm study showed that the disc specimens with or without pre-soaking 

treatment had no significant effect on bacterial adhesion for formulations containing no 

antimicrobials. Moreover, gentamicin addition to simplex (S-G5) had no significant effect on 

bacterial adhesion.  Simplex showed the highest bacterial attachment to the discs. As previously 

described, this might be due to the hydrophobic nature of PMMA that might enhance the 

bacterial adhesion to the discs (463). S40 showed significantly lower bacterial attachment, 

compared to commercial and basic composite (NP).  A possible explanation might be the 

bactericidal activity of strontium that prevented the attachment of bacteria. The exact 

mechanism of bacterial inhibition, however, is not clear (396, 466, 467) (476). Chlorhexidine 
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showed lower bacterial attachment compared to commercial, NP and S20. Previous studies 

have shown the effectiveness of chlorhexidine in prevention of plaque and biofilm (477-479). 

The mechanism of action of CHX has already been previously described in MSSA 8325 

biofilm study  section.  

Previous studies have shown the effectiveness of polylysine against biofilm of S. aureus (480, 

481). As expected, log CFU on disc and suspension decreased linearly upon raising PLS level 

in the bone cements. Bacterial attachment was in the order of ~6.31 and 4.11 log CFU/ ml for 

L2 and L5 respectively (non-pre-soaked). Pre-soaking treatment in PLS formulations 

significantly increased the bacterial attachment, compared to discs without pre-soaking 

treatment. The reason for increased attachment after pre-soaking treatment had already been 

described above. 

Previous studies showed that gentamicin addition into bone cements decreased the biofilm 

formation on the bone cements (482). In this thesis, gentamicin had no effect on bacterial 

growth in suspension or on disc. A possible explanation could be use of gentamicin resistance 

bacteria. Furthermore, the release of gentamicin from the disc was lower than the MIC/MBC 

value against MRSA 43300.  
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7.8 Conclusion 

MIC’s and MBC’s of different antimicrobials were determined against various strains of S. 

aureus and S. epidermidis. In addition, antimicrobial loaded bone cements were assessed for 

their antimicrobial efficacy in TSB medium against various strains of S. aureus.  Moreover, 

biofilm formations on these discs were evaluated.  

All bacterial strains were sensitive to CHX and PLS. In addition, they were also sensitive to 

gentamicin except MRSA 43300. MRSA st3986x and EMRSA 16 showed no resistance to 

oxacillin, gentamicin and ampicillin. MRSA 43300 was found resistant to oxacillin, gentamicin 

and ampicillin. Non-antimicrobial loaded formulations showed similar bacterial growth in the 

TSB medium, but different bacterial attachment on the discs. Simplex showed the highest 

bacterial attachment to disc. Strontium added formulations decreased the bacterial attachment 

on the discs, but had no effect on the bacterial growth in suspension.  

Chlorhexidine and polylysine loaded formulations showed bacterial inhibition in suspension. 

In addition, both decreased the bacterial attachment on discs. Gentamicin showed no effect on 

bacterial growth in suspension but decreased the bacterial attachment on the discs.   

Polylysine can potentially be used as an alternative to antibiotics in antimicrobial added bone 

cements and may be able to stop or treat MRSA colonisation and or perhaps infection. 
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8 Conclusion and Future Work 

This chapter summarizes the main conclusions of each chapter. Furthermore, future work will 

be discussed to further characterize the properties of novel composite bone cements. 

8.1 Conclusions 

As mentioned in the chapter 1 and 2, the main of aim of this thesis was to develop novel 

composite cements that can be used as an alternative to PMMA and other composite bone 

cements. More ideal composite bone cements would have optimized curing time, better 

monomer conversion, lower shrinkage, higher strength antibacterial properties and ability to 

remineralizing the already weaken bone structure. This thesis has covered the selection and 

modification of monomer and filler phases that result in production of superior composites 

compared to commercial composite material. The properties evaluated included inhibition 

time, half-life, reaction rate, monomer conversion, polymerization shrinkage, water-sorption, 

drug and ion release and mechanical properties.  Furthermore, the surfaces of the composites 

were evaluated for apatite layer formation.  

There are presently a number of commercial PMMA material available for vertebroplasty such 

as Simplex P, CMW1 (Depuy, UK), Palacos (Zimmer, USA) etc.  All these commercial PMMA 

cements presents with clinical complication including exothermic setting reaction, high 

shrinkage, toxic monomer leaching and lack/ limited osseointegration. SimplexP is available 

in powder liquid form that has to be mixed on the operating table leading to decrease sterility 

and can potentially be toxic to surgeon and patient. On the other hand, composite bone cement 

(Cortoss) possess appropriate curing time and lower curing temperature with improved 

osseontegration. Furthermore, it is available in two paste system that can be easily injected. 

This composite bone cement, however, possess several disadvantages such as lower reaction 

rate, lower monomer conversion, high shrinkage and poor mechanical properties.  
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8.1.1 Chapter 3 

In chapter 3, two commercial bone cements (Simplex and Cortoss) were evaluated in terms of 

their set microstructure/ chemistry, reaction kinetics and mechanical properties. The above 

mentioned properties were critical to the development of novel composite bone cements. 

Commercial material properties were compared with different experimental formulations 

containing varying levels of BP/ DMPT, monomer content and fibres.  

In experimental formulations, curing time and reaction rate were dependent on the 

concentration of activator and initiator. Both inhibition time and reaction rate can be 

controlled by the activator and initiator concentrations. Inhibition time (working time) of an 

ideal material should be around 2-4 minutes (24 °C) (483). Most of the experimental material 

had their inhibition time within the normal range.  

Monomer conversion of Simplex was found higher than composite bone cement. In the 

monomethacrylate PMMA based formulations such as Simplex, however, all monomer 

molecules must be cured to stop the residual monomer from leaking/ leaching into surrounding 

tissues. On the other hand, in dimethacrylates, each molecule has two carbon double bonds. In 

this case, having monomer conversion 50% or higher in dimethacrylates, typically enables 

most dimethacrylate molecules to be bound to prevent monomer leaching. Furthermore, with 

crosslinking dimethacrylates, monomer conversion may cease or at least substantially decline 

in rate after 50% monomer conversion. This is because reaction of the second double bonds 

attached to polymer chains is slower than reaction of the smaller dimethacrylate monomers. 

Due to the use of lower molecular weight MMA monomer, polymerization shrinkage of 

Simplex was found higher than composite based bone cements. High shrinkage induces stress 

within the material that can damage the interface between PMMA based bone cement and bone, 

leading to aseptic loosening or failure of prosthesis (50, 76).  
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Cortoss mass and volume change was found higher than Simplex and experimental 

formulations due to presence of calcium filler. The ratio of mass to volume in Simplex was 

lower than Cortoss primarily due to its lower density but possibly also due to a high number of 

pores in Simplex. The higher concentration of pores was also evident from SEM images of 

cured Simplex. The biaxial flexural strength, modulus and compressive strength are dependent 

on the type of filler used. Other factors that affected the mechanical properties include 

monomer conversion and water-sorption. Most of the experimental materials in this chapter 

have higher compressive strength and flexural strength than the available composite bone 

cement (Cortoss). Fibre incorporation improved the fracture behaviour pattern that could 

potentially overcome the problem of brittle fracture associated with Cortoss. In summary, the 

use of high molecular weight and flexible monomers combined with silane treated fillers 

resulted in superior properties, compared to the Cortoss. 

 

8.1.2 Chapter 4 

In chapter 4, a new activator NTGGMA and diluent monomer PPGDMA were introduced as 

potentially less cytotoxic replacements for DMPT and TegDMA. The properties of NTGGMA 

and PPGDMA based composites were tested and compared with formulations containing 

DMPT and TegDMA.  

Inhibition time was found to be dependent on the initiator BP, activator NTGGMA and 

temperature of the system. Moreover, monomer conversion and mechanical properties were 

related to the level of initiator and activator in this study. Incorporation of PPGDMA with 

NTGGMA into composites resulted in better curing time and faster reaction rate than 

composite with DMPT and TegDMA. This could potentially lower the leaching of monomer 

and activator into the surrounding tissues. NTGGMA has shown to be an effective activator 
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similar to DMPT that could solve the problems related with DMPT toxicity. Incorporation of 

PPGDMA improved monomer conversion, lowered polymerization shrinkage and lowered 

composite modulus with slight reduction in strength.  

8.1.3 Chapter 5  

In chapter 5, varying levels of calcium and strontium fillers were added to NTGGMA and 

PPGDMA based formulations to enable the bone cements to be osteoconductive and 

remineralising. Reaction kinetics, mass and volume change and mechanical properties were all 

studied.   

Inhibition time (working time) increased upon raising calcium or strontium fillers. On the other 

hand, reaction rate and monomer conversion decreased upon raising calcium or strontium 

fillers. Water-sorption increased upon raising calcium and strontium fillers. Biaxial flexural 

strength, modulus and compressive strength decreased upon raising calcium and strontium 

fillers. Mechanical properties decreased upon immersion in water for prolong period of time. 

A lower modulus was achieved with higher calcium or strontium filler that may help to reduce 

the risk of fracture in already weakened vertebral bone structure. Furthermore, calcium and 

strontium ions release would potentially help in the remineralising of already weaken bone 

structure. However, higher water-sorption and strength reduction with time would limit the 

quantity of these fillers being added into the filler phase.   

8.1.4 Chapter 6 

In chapter 6, antimicrobials (polylysine and gentamicin) were added into chapter 5 strontium 

based formulation (SrP20), so as to produce a composite that would release ions and 

antimicrobials to remineralise the weakened vertebral bone structure and reduce infection risk. 

Different properties were investigated.  
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Inhibition time increased upon addition of strontium fillers and gentamicin. Polylysine, 

however, decreased the inhibition time. Faster reaction rate was achieved with higher 

polylysine. Reaction rate, however, decreased with strontium and gentamicin fillers. All 

formulations had faster reaction rate and higher monomer conversion than Cortoss. This would 

enable the bone cement to set quicker and potentially reduce the chances of monomer leakage 

into surrounding tissues.   

Polylysine was released in higher quantities both in DW and SBF (~36-80 %). Moreover, 

gentamicin was released in higher percentages in experimental formulations than in 

commercial material (Simplex = <2 %). This higher release of both antimicrobial could 

potential reduce the infection risk and overcome the problems associated with increasing 

bacterial resistance as a result of sub-lethal antibiotic doses. 

Release of calcium and strontium ions increased upon addition of all three variables especially 

polylysine. High release of strontium and calcium ions could potentially remineralise the 

weakened bone structure.    

Most of the experimental formulations in this chapter showed improved mechanical properties 

compared to Cortoss. A lower modulus was achieved with higher PLS that may help to reduce 

the risk of fracture in already weakened vertebral bone structure.  

All formulations exhibited apatite layer formation except formulations with lower level of 

strontium filler and polylysine. The apatite layer formation on the composite surface indicates 

that in vivo, it may form a direct bond with bone quicker than the commercial materials (147). 

8.1.5 Chapter 7 

In chapter 7, commercial and experimental antimicrobial loaded bone cements were assessed 

for their antimicrobial efficacy against various strains of S. aureus, so as to prevent or reduce 

the infection. MIC’s and MBC’s of different antimicrobials were also determined against 

different strains of S. aureus and S. epidermidis.  
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All bacterial strains were sensitive to chlorhexidine and polylysine. As expected, MRSA 43300 

was found resistant to oxacillin, gentamicin and ampicillin. As predicted, non-antimicrobial 

loaded formulations showed similar bacterial growth in suspension, but different bacterial 

attachment on the discs. Simplex showed the highest bacterial attachment to disc, compared to 

Cortoss and experimental formulations. Strontium filler addition decreased the bacterial 

attachment on the discs, but had no effect on the bacterial growth in suspension. Chlorhexidine 

and polylysine loaded formulations showed bacterial inhibition in suspension. In addition, both 

decreased the bacterial attachment on discs.  Polylysine loaded bone cement significantly 

reduced bacterial growth in suspension and on discs.  

Polylysine have shown the potential to be used as an alternative to antibiotics in antimicrobial 

loaded bone cements that may be able to reduce the risk of infection. 
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8.2 Future Work 

Whilst the materials inhibition time, half-life, monomer conversion, polymerisation shrinkage, 

water-sorption, mechanical properties and antibacterial properties have been characterised, 

there are other areas that could be further explored. The areas for future investigation will be 

suggested and any preliminary work that had been conducted will also be described in the 

following section. 

 As previously mentioned, viscosity of the bone cements will play an important role. 

Ideal material should exhibit constant viscosity until the material is set. Viscosity of the 

PMMA bone cement changes during setting due to swelling of polymer beads in MMA 

liquid. In contrast to PMMA, composite bone cements exhibit a constant viscosity until 

it is set. In this study, viscosity of the composite was qualitatively analysed by whether 

the material is syringeable or not. Viscosity of the material changes with the addition 

of the different types of fillers and should be quantified using either capillary rheometer 

or a cone and plate rheometer (484). Furthermore, viscosity of the material should not 

change by more than 10 % on storing, according to the ISO 5833-2012. 

 In this project, polymerization shrinkage was calculated theoretically but was not 

measured experimentally. Polymerization shrinkage should be experimentally 

measured via a density bottle method and computer controlled mercury dilatometer 

method (421, 485).  

 All polymeric materials should exhibit viscoelastic behaviour. This property is 

particularly important when the material will experience variable strain rates in invivo. 

As previously mentioned, spinal segments are often under variable compressive and 

tensile loads. Loading is often flexural, therefore flexural stresses will be created and 

hence tensile creep behaviour is of particular interest (486). The tensile and 

compressive modulus of creep may be assessed using ASTM D2990.  



Muhammad Adnan Khan  PhD Thesis 

309 

 

 One of the major shortfalls in current commercial bone cements is poor fatigue life. 

Addition of fibre has been shown to improve the fracture behaviour of the cements. 

Fracture toughness and fatigue strength should be evaluated to show the full effect of 

fibres. ISO 16402 and ISO 13586 may be used for assessing the fatigue and fracture 

toughness of the material respectively. Furthermore, bone cements should be able to 

resist to failure and perform when struck by a sudden blow (294). The impact strength 

should be evaluated using ISO 179/ 80. 

 Preliminary studies have shown chemical changes upon immersion in DW and SBF. 

Apatite layer was formed on the surface when immersed in SBF.  Chemical changes on 

the surface and core of the composite should be characterized after and before 

immersion in DW and SBF via Raman spectroscopy. Furthermore, apatite layer 

formation will be determined via Raman spectroscopy and X-ray powder diffraction 

(XRD) and Energy dispersive X-ray spectroscopy (EDX). EDX will identify the 

calcium to phosphate ratio. From the ratio of these two elements, the nature of the 

apatite layer will be determined.  

 The release of antimicrobial and ions release in this thesis was found lower in SBF than 

in DW. This low release might be due to different osmotic gradient. Another 

explanation could be apatite layer formation that might hinder the release of 

antimicrobial and ions. Additionally, the antimicrobials and ions might be trapped 

inside the apatite layer. This will be proved by analysing the apatite layer for any 

entrapped drugs and ions. The apatite layer will be scraped off the composite surface 

and dissolved in DW. The solution will be analysed for drugs via HPLV and UV. This 

will prove that the limited release of antimicrobials in SBF is due to its entrapment in 

the apatite layer. 
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 Preliminary studies have shown that NTGGMA and calcium or strontium filler 

improved the adhesion of the composite to dentine which is similar in composition to 

bone. Adhesive nature of the composite should be further evaluated via shear bond test 

and push out test (ISO 29022: 2013). 

 Ideally bone cement should be non-toxic to bone cells and surrounding bone tissues. 

The biocompatibility of the composite formulations should be investigated. As 

previously said, the monomer and activator leaching from the cements have shown to 

cause detrimental effect on cells. In this thesis, possible leachable components from the 

monomer have been assessed via monomer conversion level. Monomer leaching should 

be experimentally measured via HPLC. This should involve analysing the solution at 

various time points. Furthermore, the solution should be assessed via in-vivo cell work. 

Initial in-vivo work has shown better biocompatibility of NTGGMA based composite, 

compared to DMPT based composite.  

 Following the in vitro work, a suitable formulation should be selected and the material 

should be assessed for in vivo work. The main objectives for in vivo work should be to 

assess the ability of material to wet and bond bone in the presence of blood. 

Furthermore, bone integration should be assessed via micro-CT and histology. 
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